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This study reports the fabrication and performance of single-crystal

organic field-effect transistors (SC-OFETs) based on three 5,15-bisaryl-
tetrabenzoporphyrin (BP) derivatives: C8Ph-BP, C8Ph-Ph-BP, and Ph-BP, where
C8Ph and Ph are 4-n-octylphenyl and phenyl groups, respectively. These com-
pounds are designed to investigate how meso-substituted C8Ph and Ph groups
affect molecular packing and charge transport properties of BP derivatives. X-
ray crystallography analysis confirms that all derivatives exhibit a herringbone
packing structure. SC-OFETs using single crystals of each derivative demon-
strate maximum hole mobilities of 1.64 cm? V= s~ for C8Ph-BP, 0.89 cm?
V-1 s~ for C8Ph-Ph-BP, and 1.21 cm? V="' s~ for Ph-BP. The high mobility
of C8Ph-BP is attributed to its interdigitated parallel z-stacking, enhanced

by van der Waals interactions between n-octyl groups. In contrast, Ph-BP and
C8Ph-Ph-BP show lower charge mobilities. This work demonstrates the influ-
ence of the n-octyl and meso-phenyl groups on the packing arrangements and for
the charge transport efficiency in SC-OFETs, offering insights into optimizing
organic semiconductors for high-performance electronic applications.

1. Introduction

Organic semiconductors have garnered significant attention in
recent years due to their potential for lightweight, flexible, and
solution-processable electronic devices, such as organic field-
effect transistors (OFETs).['-3] Their unique characteristics make
them promising candidates for applications in flexible displays,
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sensors, and low-cost electronics.*!

A key challenge in this field is to
enhance the charge-carrier mobility,
which largely depends on the molecular
packing and interactions within the
solid-state structures of these materials.

Among small-molecule organic semi-
conductors, rod-like molecules such
as acenes and thienoacenes have been
extensively studied due to their relatively
high charge mobility and predictable
packing behavior.’-8! In these mate-
rials, the substitution of functional
groups plays a pivotal role in modulat-
ing the z—z stacking interactions and
packing structures, which are crucial
improving device performance.
For instance, Anthony and cowork-
ers demonstrated that substituents
such as trimethylsily(TMS)-ethynyl,
triisopropylsilyl(TIPS)-ethynyl, and other
bulky groups could effectively tailor
the packing of pentacene molecules, resulting in enhanced
charge transport properties (Figure 1A).°~'!l Another ex-
ample, symmetrical [1]benzothieno[3,2-b][1]benzothiophene
(BTBT), has two substituents at the end of the rod-shaped
structure (Figure 1B).[212-15] The two linear alkyl groups showed
clear dependency of charge carrier mobility on alkyl chain
lengths because of the van der Waals interaction between
alkyl groups. Asymmetric 2-decyl-7-phenyl[1]benzothieno|3,2-
b][1]benzothiophene (Ph-BTBT-10) was liquid crystalline-type
materials with FET hole mobility (4,) over 10 cm?V~! g7
(Figure 1C).[B%

Tetrabenzoporphyrins (BPs) are another class of promising p-
type organic semiconductors with a unique square-shaped struc-
ture that exhibits strong z—r interactions.[?*~?’] These interac-
tions lead to stable solid-state structures but also limit the flexibil-
ity of molecular rotation compared to rod-like molecules. While
unsubstituted BPs generally form cofacial herringbone packing
in single crystals,[?®] they are insoluble in common organic sol-
vents, limiting their processability. Therefore, the introduction of
substituents is necessary to render these materials soluble and
suitable for solution processing techniques like dip coating and
spin coating.
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Figure 1. Molecular structures discussed in this paper: A) trialkylsilylethynyl-pentacene,[°~111 B) BTBT derivatives,['?~141 C) Ph-BTBT-10,['*] D) symmet-
rical 5,15-disubstituted BPs,[16-22] E) asymmetrical 5,15-disubstituted BP,123] F) symmetrical and asymmetrical 5,15-bisaryl-BPs.

Previous research has demonstrated that 5,15-di(TMS-
ethynyl)-BP (TMS-BP) led to herringbone structures but
insufficient solubility for practical processing.!'*1#] By changing
one of the methyl groups of TMS-group in TMS-BP to an
n-octyl (C8) or n-dodecyl (C12) group, the cupper porphyrins,
C8DMS-CuBP and C12DMS-CuBP, achieved OFET mobility of
4.1 cm? V! 57! with stability up to 200 °C.[2*/Additionally, BPs
substituted with TIPS-ethynyl groups (TIPS-BP) exhibited poly-
morphism, yielding both brickwork and 1D packing structures
depending on crystallization conditions.?”! The single crystal
(SC)-OFET of TIPS-BP showed comparable performance with
TIPS-PEN with an average hole mobility (u, ) of 2.4 cm? V~!
s7! (the maximum hole mobility (uy, 1,): 6.1 cm? V™' s7!) and
an average electron mobility (u, ,.)of 0.007 cm? V™" s7! (the
maximum value electron mobility (u,, .,): 0.029 cm? V-1 s71) by
heating treatment of the crystalline film.[21:22]

In 2023, asymmetrically substituted 5-TIPS-ethynyl-15-
phenyl-BP (TIPS-Ph-BP) was designed to encourage the face-to-
face pairing of two molecules.[?*! The single crystal structure,
however, suggested the formation of a strongly interacting
anti-parallel dimer followed by a 1D-arrangement of the dimer.
As a result, TIPS-Ph-BP gave the slipped z-stacking structure
with alternate two different porphyrin pairs A and B. The pairs A
and B were alternating and the magnitude of the interaction of
each pair was significantly different. The reason for the existence
of the two different pairs came from the difference in size of
TIPS-ethynyl and phenyl groups.

Inspired by the results above, we designed symmetric
5,15-bis(4-n-octylphenyl)BP (C8Ph-BP) and asymmetric 5-(4-n-
octylphenyl)-15-phenyl-BP (C8Ph-Ph-BP) as the next generation.
The phenyl groups at meso-position will improve the solubility
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of the BPs and disturb the strong z—r interaction resulting in
the 1D-packing structure. With and without octyl groups at para-
positions will influence the aligned arrangement of BPs by Van
der Waals interaction between octyl groups. As the reference,
5,15-diphenyl-BP (Ph-BP) was also prepared. The packing struc-
ture of single crystals and SC-OFET performance were compared
to clarify the effect of meso-phenyl groups and alkyl groups at
para-positions of the phenyl groups.

2. Results and Discussion

2.1. Synthesis and Characterization

A series of BP derivatives were prepared following the previ-
ous report (Figure 2). An asymmetric precursor, C8Ph-Ph-CP,
was synthesized by [2 + 2] acid-catalyzed condensation reac-
tion of dipyrromethene 1] using two kinds of aldehydes, 4-n-
octylbenzaldehyde (2)[?l and benzaldehyde (3), in the presence of
boron trifluoride etherate (BF;eOEt,), followed by oxidation with
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). Asymmetric
C8Ph-Ph-CP was isolated by silica gel column chromatography
and reprecipitation in 14% yield, with C8Ph-CP and Ph-CP as by-
products in 8.5 and 14%, respectively. Symmetric C8Ph-CP and
Ph-CP were prepared separately by [2 + 2] acid-catalyzed conden-
sation reactions of dipyrromethene 1 and aldehyde 2 or 3, respec-
tively, in 21 and 57%, respectively. C8Ph-Ph-CP, C8Ph-CP, and
PhCP were heated at 200 °C in a glass tube oven under vacuum
to afford C8Ph-BP, C8Ph-Ph-BP, and Ph-BP, quantitatively. The
obtained derivatives were characterized by 'H-NMR, *C-NMR,
and high-resolution mass spectroscopy (Figures S14-S31, Sup-
porting Information).
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Figure 2. Synthesis scheme of C8Ph-Ph-BP, C8Ph-BP, and Ph-BP.

The UV-vis absorption spectra of BPs were measured in CHCI,
(Figure 3). The Soret bands in absorption spectra were observed
at 425 and 438 nm, and Q bands were at 572, 612, and 667 nm
for the three BPs. The cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) of C8Ph-Ph-BP, C8Ph-BP, and Ph-BP
were also measured to reveal the substitution effect on the elec-
trochemical property (Figure 4; Figure S1, Supporting Informa-
tion). These porphyrins showed two reversible oxidation waves
(E,x) and one reduction waves (E,.4): E,, = 0.08 and 0.25 V (vs
Fc/Fc*) and E, 4 = —1.69 V (vs Fc/Fc*) for C8Ph-BP, E,, = 0.09
and 0.27 V (vs Fc/Fc*) and E, 4 = —1.69 V (vs Fc/Fc*) for C8Ph-
Ph-BP, and E , = 0.12and 0.27 V (vs Fc/Fc*) and E, 4 = -1.67 V
(vs Fc/Fc*) for Ph-BP.

2.2. Molecular Packing in Single Crystals
X-ray diffraction (XRD) analyses of single crystals were per-
formed for C8Ph-BP, C8Ph-Ph-BP, and Ph-BP. Single crystals

of C8Ph-BP and C8Ph-Ph-BP were obtained from toluene and
n-octane, and those of Ph-BP were from THF and n-octane us-

6.0

4.0

£(10° M em™)

2.0

0 N

400 500 600 700 800
Wavelength (nm)

Figure 3. UV-vis absorption spectra of C8Ph-BP (blue), C8Ph-Ph-BP (red),
and Ph-BP (green) in CHCl;.
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Figure 4. Cyclic voltammogram of C8Ph-BP (upper), C8Ph-Ph-BP (mid-
dle), and Ph-BP (lower). Solvent: CH,Cl,, electrolyte: 0.1 M n-BuyNPFg,
working electrode: glassy carbon; counter electrode: Pt wire, reference
electrode: Ag/AgNO; (0.1 m in CH;CN) electrode; scan rate: 0.1V s™".

ing a vapor diffusion method (Figure S2, Supporting Informa-
tion). The corresponding crystallographic parameters and data
are summarized in Table S1 (Supporting Information), and ellip-
soid plots of molecules are provided in Figures 5 and S3 (Sup-
porting Information). Phenyl groups at meso-positions are highly
tilted from the porphyrin planes: 85.07 °for C8Ph-BP, 87.45 °and
89.13 °for phenyl groups and octyl phenyl groups of C8Ph-Ph-BP,
and 87.53 °for Ph-BP (Figure S3, Supporting Information). All of
them showed herringbone packing structures with z—= distances
between porphyrin planes of 3.460, 3.477, and 3.489 A for C8Ph.-
BP, C8Ph-Ph-BP, and Ph-BP, respectively. They showed slipped-
stack packing arrangement, with perpendicular phenyl groups at
meso-positions.

The octyl groups at the para-position are in all-antiperiplanar
conformation, extending the length of the molecular long axis
of 37.5 A for C8Ph-BP. The octyl groups interdigitated with the
neighboring molecules, creating a layered structure. This dif-
fers from layer-by-layer structures of C,,-BTBT consisting of al-
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Figure 5. Packing structure in single crystals of A) C8Ph-BP, B
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ternatively stacked aliphatic layers and BTBT core layers.['*] The
alkyl groups of C,,-BTBT don't interpenetrate each other as in
C8Ph-BP. This difference likely arises from the contrasting aro-
matic frameworks, with C12-BTBT being rod-like and C8Ph-
BP being square-like. C8Ph-Ph-BP exhibited an interdigitated
bilayer-type parallel slipped z-stacking. Due to the van der Waals
interactions of the octyl groups, anti-parallel packing like TIPS-
Ph-BP??l was not obtained for C8Ph-Ph-BP. Ph-BP also demon-
strated a layered structure by CH-x interaction.

To discuss charge transport properties in single crystals in
detail, the charge transfer integrals (t) of the highest occupied
molecular orbitals (HOMOs) between the neighboring molecu-
lar pairs were calculated using the ADF2023 program?] at the
PBE/TZ2P level of theory (Figure S4 and Table S2, Supporting In-
formation). Along the z-stacking direction (the crystallographic
b-axis), the t values were 38.3, 28.6, and 22.3meV, for C8Ph-BP,
C8Ph-Ph-BP, and Ph-BP, respectively. The t value of pair A for
C8Ph-BP is 1.5 times larger than that of Ph-BP. C8Ph-Ph-BP
showed the middle value of C8Ph-BP and Ph-BP. TIPS-Ph-BP
showed nonequivalent alternative values of 62.3 and 15.9 meV
in b-axis direction, but C8Ph-Ph-BP showed one t value in the
b-axis direction, which suggests the balanced packing of asym-
metrical C8Ph-Ph-BP. The t values along the crystallographic c-
axis (pairs B and C) were moderate and in the range of 7.1-
7.9 meV for C8Ph-BP, C8Ph-Ph-BP, and Ph-BP. This is because
the phenyl groups are common for all of the three BPs and
the packing structures of porphyrin frameworks are similar to
each other.

2.3. Hole Mobility in Single Crystals

The hole transport capability in SC-OFETs of BP derivatives was
evaluated with the bottom-gate-top-contact (BGTC) structure (see
Experimental Section and Supporting Information for the de-
tails of device fabrication and measurements). The optical and
crossed-Nicols polarized micrographs of the best-performing de-
vices of C8Ph-BP, C8Ph-Ph-BP, and Ph-BP are shown in Figure 6.

The obtained FET parameters are summarized in Table 1,
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while the transfer curves of the best-performing devices are
shown in Figure 7 and Figures S8-S10 (Supporting Informa-
tion) with the corresponding output curves. The p, . (U ave)
of C8Ph-BP, C8Ph-Ph-BP, and Ph-BP were 1.64 (1.18), 0.89
(0.51) and 1.21 (0.73) cm? V! s7!, respectively. Symmetric
C8Ph-BP showed the best performance and the asymmetric
C8Ph-Ph-BP was about half of C8Ph-BP, but the number of
octyl groups at para-position of phenyl groups did not dras-

A B

Figure 6. A,C,E) Optical and B,D,F) crossed-Nicols polarized micrographs
of the best performing OFET (Device 1) of (A,B) C8Ph-BP, (C,D) C8Ph-Ph-
BP, and (E,F) Ph-BP.
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Table 1. SC-OEFT Characteristics of C8Ph-BP, C8Ph-Ph-BP, and Ph-BP.

JTA— Hn ave Vi 9 V] Ion/ o ©
Compounds [em? V=157 [em? V=157
C8Ph-BP 1.64 1.18 + 0.32 -8 1.5 % 103
C8Ph-Ph- 0.89 0.51+0.28 -13 7.6 x 107
BP
Ph-BP 1.21 0.73 +£0.28 -6 7.1 x 10?

) Hole mobility of the champion devices; Y Hole mobility of the average of 7, 6,
and 11 devices for C8Ph-BP, C8Ph-Ph-BP, and Ph-BP, respectively; 9 Data of the
champion devices.

tically affect the charge carrier mobilities. This is probably
because of the similar herringbone structure of these three
compounds (Figure 5). The mobility stability was checked for
C8Ph-BP and C8Ph-Ph-BP. It should be noted that nearly identi-
cal curves were observed after 10 cycles for C8Ph-BP and C8Ph-
Ph-BP, (Figure S11, Supporting Information), suggesting the
good bias-stress stability of SC-FETs

Out-of-plane XRD profiles of single crystals prepared for SC-
OFET were measured (Figure 8; Figure S12, Supporting Informa-
tion). C8Ph-BP and C8Ph-Ph-BP showed clear peaks of (h00) with
d spacing (d) = 18.8 and 31.9 A, respectively. The peaks agreed
well with the simulated (h00) peaks from single crystal data with
19.0 and 31.9 A for C8Ph-BP and C8Ph-Ph-BP, respectively. Face
index analysis of C8Ph-BP and C8Ph-Ph-BP based on the sin-

www.advmatinterfaces.de

gle crystal XRD analyses revealed that the crystal face with the
largest area of the platelet crystal corresponds to the (100) face.
These results suggest that the crystallographic bc plane, which
contains z-stacking direction, is parallel to the substrate and cur-
rent flow direction (Figure S13, Supporting Information). For Ph-
BP, experimental peaks were weak and three 100 peak series at
d = 14.8, 12.8, and 9.8 A were observed. The simulated (h00)
peaks from single crystal data (Figure 5c) suggested d = 12.8 A,
which is a minor structure. The other two peaks are assignable
to different packing structures because they did not agree with
the other simulated peaks from the single crystal data (Figure
S13, Supporting Information). These results indicated the pres-
ence of crystal polymorphism, which was observed by optical
microscopy.

Here, we consider why the average hole mobility of C8Ph-BP
is two times higher than that of C8Ph-Ph-BP. One reasonable
reason is that C8Ph-BP has a more appropriate packing struc-
ture enabling superior charge transport as revealed by theoretical
estimation. In addition, the interdigitation between octyl groups
can contribute to the stabilization of packing structures between
the BP core units via intermolecular van der Waals interactions.
Considering this stabilization effect, the C8Ph-Ph-BP should act
efficiently compared to the case of C8Ph-BP, where the BP core
of C8Ph-Ph-BP is fixed at both sides, leading to the successive in-
terlayer connection without interruption. This suppresses a ther-
mal vibration of BP cores that gives rise to a decrease in charge
mobility.

A B C
10° 105 2 105
10
2 10'6' 2 é-\ 2 10-6'
z = <3
= 1074 = 108 1‘\C_>l = 1074
107 o
1084 £ 1084
10—10
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Figure 7. The best transfer characteristics A-C) and output characteristics D-F) of BGTC SC-OFETs of (A, D) C8Ph-BP, (B, E) C8Ph-Ph-BP, and (C, F)

Ph-BP.
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Figure 8. Out-of-plane XRD profiles of single crystals for SC-OFET (upper) and simulated (h00) peaks from single crystal XRD analysis data of Figure 5

(lower). A) C8Ph-BP, B) C8Ph-Ph-BP, and C) Ph-BP.

For the scalability of the devices, solution sharing of the film
is important, but unfortunately, the dip-coated film of C8Ph-BP
could not survive during the vacuum deposition of the gold elec-
trodes. Considering C8DMS-CuBP and C12DMS-CuBP gave sta-
ble films by dip-coating until 200 °C,[*] phenyl groups perpendic-
ular to the porphyrin framework might reduce the stability of the
BP packing structure.

3. Conclusion

In this study, we synthesized and characterized three 5,15-
bisaryl-tetrabenzoporphyrin derivatives: C§Ph-BP, C8Ph-Ph-BP,
and Ph-BP, to investigate how meso-substituted phenyl and
n-octyl groups affect molecular packing and charge trans-
port properties in single crystals. Single-crystal XRD analy-
ses revealed that all derivatives exhibit herringbone packing
structures, with notable z—z interactions between porphyrin
planes. The octyl groups in C8Ph-BP and C8Ph-Ph-BP formed
parallel slipped z-stacking with interdigitated layer-by-layer
structure, while Ph-BP exhibited a layered structure without in-
terdigitation. Among the derivatives, C8Ph-BP demonstrated the
highest performance in SC-OFETs, followed by Ph-BP and C8Ph-
Ph-BP. The results show that the presence of two n-octyl groups
plays a significant role in enhancing the packing structure and,
consequently, the charge carrier mobility. One n-octyl group in
a molecule is not so effective and the charge carrier mobility of
C8Ph-Ph-BP is less than that of Ph-BP. The findings emphasize
the importance of fine-tuning molecular substituents to optimize
packing and improve the charge transport properties of organic
semiconductors, offering valuable insights for the design of high-
performance OFET materials.

4. Experimental Section

General:  All reagents and solvents were purchased from FUJIFILM
Wako, Kanoto Chemical, Nacalai Tesque, Tokyo Chemical Industry (TCI),
or Sigma-Aldrich, and were used as received. Thin layer chromatography
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(TLC) was performed on the Merck KGaA 105554 silica gel plates. 'H
and 1C NMR spectra were recorded using JEOL ECS-400, Bruker Avance
NEO 400, or Bruker Avance 111 600 spectrometer at ambient temperature.
Chemical shifts of "H and C signals were quoted to tetramethylsilane
(d = 0.00 ppm) as an internal standard or with reference to residual sol-
vent signals of CHCl; (7.26 ppm for 'H and 77.16 ppm for 13C). High-
resolution mass spectra (HR-MS) were collected by a Bruker solarix FT-
ICR (MALDI) or Bruker timsTOF (APCI-MS) instrument. UV—vis absorp-
tion spectra were measured using a JASCO UV-Visible/NIR spectropho-
tometer V-670. Cyclic voltammetry was performed on an ALS 612D electro-
chemical analyzer and a three-electrode cell equipped with a glassy carbon
electrode, a Pt wire, and an Ag/AgNO; (0.1 M in CH;CN) electrode as a
working, a counter, and a reference electrode, respectively. XRD data were
collected on a Bruker D8 VENTURE system (PHOTONIII 14 with [uS Di-
amond), using Mo Ka radiation (4 = 0.71073 A). Out-of-plane XRD mea-
surements of the single crystals for FET were performed using a Rigaku
SmartLab X-ray diffractometer with a Cu-Ka source (1 = 1.5418 A) in the
0-260 scan mode at scattering angles of 2-30°.

Synthesis:  Bicyclo[2.2.2]octadiene-fused dipyrromethene 1 was pre-
pared according to the literature.[6]

4-n-Octylbenzaldehyde: A solution of n-butyllithium in hexane (1.56 m,
13.1 mL, 20.5 mmol) was added dropwise to a solution of 1-bromo-
4-octhylbenzene (5.00 g, 18.6 mmol) in THF (30 mL) at -78 °C under
Ar. The resulting mixture was stirred at —78 °C. After 30 min, N,N-
dimethylformamide (2.71 mL, 37.2 mmol) was added to the reaction. The
mixture was warmed to room temperature and poured into a separatory
funnel with H,O and ethyl acetate and partitioned. The organic phase was
collected, and the aqueous phase was extracted with ethyl acetate twice.
The combined organic extract was washed with brine, dried over Na,SO,,
and concentrated under reduced pressure. The residue was purified by
column chromatography on silica gel (dichloromethane) to provide 4-n-
octylbenzaldehyde as a colorless liquid in 87% yield (3.52 g, 16.1 mmol).
TH NMR (400 MHz, CDCl3, 8): 9.97 (s, 1 H; CHO), 7.79 (d, J = 8.2 Hz,
2H; Ar H), 7.33 (d, ] = 8.0 Hz, 2H; Ar H), 2.68 (t, | = 7.6 Hz, 2H; CH,),
1.64 (tt, ] = 7.5 Hz, 2H; CH,), 1.37-1.21 (m, 12 H; CH,), 0.88 ppm(t, ] =
6.7 Hz, 3H; CH;); *C NMR(101 MHz, CDCl;, §): 192.25, 150.69, 134.49,
130.05, 129.23, 36.37, 32.00, 31.24, 29.55, 29.41, 29.63, 22.80, 14.25 ppm;
HRMS (APCI-MS): m/z [M + H]* Calcd for Cy5H,30: 219.1743; found:
219.1745.

Bicyclo[2.2.2]octadiene-fused 5,15-bis(4-n-octylphenyl) porphyrin (C8gPh-
CP):  Asolution of compound 1 (687.4 mg, 2.3 mmol) in MeOH (245 mL)
was deoxygenated by bubbling argon gas for 20 min. After addition
of 4-n-octylbenzaldehyde (543.6 mg, 2.5 mmol), BF;-OEt,, (0.087 mL,
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0.69 mmol) was added dropwise to the mixture at 0 °C. The result-
ing mixture was stirred for 3 h at 0 °C. DDQ (1.0 g, 4.3 mmol) was
added to the mixture, and the solution was stirred for 1 h at room tem-
perature. Then, the solvent was removed under reduced pressure. The
residue was purified by alumina column chromatography (CHCl;) and sil-
ica gel column chromatography (CHCl;) to give C8Ph-CP as a red solid
in 21% yield (242.1 mg, 0.242 mmol). Note that these products were iso-
lated as a mixture of stereoisomers regarding the orientation of the bicy-
clo[2.2.2]octadieno units. "H NMR (600 MHz, CDCl;, 6): 10.34 (s, 2H),
8.22 — 8.06 (m, 4H; Ar H), 7.66 — 7.58 (m, 4H; Ar H), 7.04 — 6.98 (m,
4H; Ar H), 6.74 — 6.68 (m, 4H; Ar H), 5.70 (s, 4H; CH), 3.80 (s, 4H; CH),
3.09 (t, ) = 7 Hz, 4H; CH,), 2.07 — 2.05 (m, 4H; CH,), 2.02 — 1.97 (m,
4H; CH,), 1.91 — 1.78 (m, 4H; CH,), 1.72 — 1.70 (m, 4H; CH,), 1.67 —
1.52 (m, 10H; CH,), 1.51— 1.43 (m, 6H; CH,), 1.42 - 1.38 (m, 8H; CH,),
0.96 (t,/ = 7 Hz, 6H; CH5), -3.83 (s, 2H; NH); 3C NMR (151 MHz, CDCl,
6): 150.6, 150.6, 150.5, 148.6, 142.9, 140.3, 139.8, 137.4, 137.2, 137.2,
136.3, 136.2, 133.2, 133.1, 132.9, 126.8, 126.7, 126.6, 116.9, 116.9, 116.8,
97.0,96.9,37.8,37.8,36.1,36.0,32.0,31.8,29.7,29.6,29.1,27.7,27.2,22.8,
14.2; HRMS (MALDI) m/z: [M]* caled for C;,H;gN,, 998.62210; found,
998.62246.

Bicyclo[2.2.2]octadiene-fused 5-phenyl-15-(4-n-
octylphenyl)porphyrin (C8Ph-Ph-CP): A solution of compound 1
(394.4 mg, 1.3 mmol) in MeOH (140 mL) was deoxygenated by
bubbling of argon gas for 20 min. After addition of 4-n-octylbenzaldehyde
(170.3 mg, 0.78 mmol) and benzaldehyde (84.5 mg, 0.78 mmol), BF;-OEt,
(0.050 mL, 0.39 mmol) was added dropwise to the mixture at 0 °C. The
resulting mixture was stirred for 3 h at 0 °C. DDQ (598 mg, 2.6 mmol)
was added to the mixture, and the solution was stirred for 1 h at room
temperature. Then, the solvent was removed under reduced pressure.
The residue was purified by alumina column chromatography (CHCl;),
silica gel column chromatography (CHCl;) and GPC (CHCl;) to give
C8Ph-Ph-CP as a red solid in 14% yield (78.3 mg, 0.088 mmol), C83Ph-CP
as a red solid in 8.5% yield (55.2 mg, 0.055 mmol) and Ph-CP as a red
solid in 14% yield (70.4 mg, 0.091 mmol). Note that these products were
isolated as a mixture of stereoisomers regarding the orientation of the
bicyclo[2.2.2]octadieno units. C8Ph-Ph-CP: TH NMR (600 MHz, CDCl;,
8): 10.36 (s, 2H), 8.33 — 8.06 (m, 4H; Ar H), 7.93 (t, J = 8 Hz, TH; Ar H),
7.87—7.78 (m, 2H; Ar H), 7.66 — 7.58 (m, 2H; Ar H), 7.04 — 6.98 (m, 4H;
Ar H), 6.72 — 6.70 (m, 4H; Ar H), 5.70 (s, 4H; CH), 3.80 (s, 2H; CH), 3.75
(s, 2H; Ar H), 3.09 (t, / = 7 Hz, 2H; CH,), 2.08 — 2.05 (m, 4H; CH,), 2.02
~1.97 (m, 2H; CH,), 1.91— 1.78 (m, 4H; CH,), 1.74 — 1.70 (m, 4H; CH,),
1.65 — 1.58 (m, 8H; CH,), 1.47 — 1.42 (m, 2H; CH,), 1.40 — 1.38 (m, 4H;
CHj), 0.96 (t,J = 7 Hz, 3H; CH;) -3.80 (s, 2H; NH); *C NMR (151 MHz,
CDCls, 6): 150.7, 150.7, 150.6, 148.6, 148.4, 142.9, 142.6, 140.4, 140.1,
139.8, 137.3, 137.2, 137.2, 137.2, 137.2, 136.3, 136.2, 133.4, 133.2, 133.1,
133.0, 132.8, 128.3, 126.8, 126.7, 126.7, 126.6, 126.6, 126.5, 117.0, 117.0,
117.0, 116.0, 116.0, 116.0, 97.0, 97.0, 37.8, 37.8, 36.1, 36.0, 32.0, 31.8,
29.7, 29.6, 29.1, 27.6, 27.2, 22.8, 14.2; HRMS (MALDI) m/z: [M]* calcd
for Cg4Hgy Ny, 886.49690; found, 886.49635.

Bicyclo[2.2.2]octadiene-fused 5, 15-diphenylporphyrin(Ph-CP): A solu-
tion of compound 1 (50 mg, 0.16 mmol) in MeOH (20 mL) was deoxy-
genated by bubbling argon gas for 20 min. After the addition of benzalde-
hyde (0.02 mL, 0.2 mmol), BF;-OEt,, (0.005 mL, 0.05 mmol) was added
dropwise to the mixture at 0 °C. The resulting mixture was stirred for 3 h at
0°C. DDQ(80 mg, 0.33 mmol) was added to the mixture, and the solution
was stirred for 1 h at room temperature. Then, the solvent was removed
under reduced pressure. The residue was purified by alumina column
chromatography (CHCl;) and silica gel column chromatography (CHCl;)
to give Ph-CP as a red solid in 57% yield (35.3 mg, 0.046 mmol). Note
that these products were isolated as a mixture of stereoisomers regarding
the orientation of the bicyclo[2.2.2]octadieno units. "H NMR (600 MHz,
CDCl3, 6): 10.36 (s, 2H), 8.34 — 8.18 (m, 4H; Ar H), 7.93 (t, / = 8 Hz,
2H; Ar H), 7.87 — 7.78 (m, 4H; Ar H), 7.05 — 6.98 (m, 4H; Ar H), 6.74 —
6.68 (m, 4H; Ar H), 5.71 (s, 4H; CH), 3.75 (s, 4H; CH), 2.08 — 2.05 (m,
4H; CH,), 1.92 — 1.78 (m, 4H; CH,), 1.74 — 1.71 (m, 4H; CH,), 1.67 —
1.57 (m, 4H; CH,), -3.80 (s, 2H; NH); 3C NMR (151 MHz, CDCl;, §):
150.8, 150.7, 148.5, 142.6, 140.2, 137.3, 137.2, 137.2, 137.2, 136.3, 136.2,
133.4, 133.2, 133.0, 128.3, 126.7, 126.6, 126.5, 116.8, 116.7, 116.7, 97.1,
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97.1,37.8,37.8,36.1,27.6,27.6, 27.2; HRMS (MALDI) m/z: [M]* calcd for
CsgHagNy, 774.37170; found, 774.37204.
5,15-Bis(4-n-octylphenyl)tetrabenzoporphyrin (C8Ph-BP): C8Ph-CP
(12.1 mg, 12 pmol) was heated at 200 °C for 1 h under vacuum in a glass
tube oven to give C8 Ph-BP as a green solid in 92% yield (9.8 mg, 11 umol).
C8Ph-BP was further purified by recrystallization with toluene and octane
to provide a highly pure material for photophysical measurements and
fabrications of OFETs. TH NMR (600 MHz, CDCls, 8): 11.02 (s, 2H), 9.62
(d, J = 8 Hz, 4H; Ar H), 8.13 (d, J = 8 Hz, 4H; Ar H), 8.08 (t, ] = 7 Hz,
4H; Ar H), 7.78 (d, J = 8 Hz, 4H; Ar H), 7.74 (t, ] = 7 Hz, 4H; Ar H), 7.50
(d, ) = 8 Hz, 4H; Ar H), 3.16 (t, J = 7 Hz, 4H; CH,), 2.09 — 2.04 (m, 4H;
CH,), 1.72 - 1.67 (m, 4H; CH,), 1.62 — 1.58 (m, 4H; CH,), 1.54 — 1.49
(m, 4H; CH,), 1.46 — 1.43 (m, 8H; CH,), 1.00 (t, ] = 7 Hz, 6H; CH5), -1.47
(s, 2H; NH); C NMR (150 MHz, CDCl5, 6): 144.0, 141.8, 139.0, 138.8,
138.5, 137.0, 132.3, 129.2, 127.1, 126.7, 125.1, 120.9, 116.6, 92.9, 36.2,
32.1,31.8, 29.8, 29.6, 29.3, 22.8, 14.2; HRMS (MALDI) m/z: [M]* calcd
for Cg,Hg, N, 886.49690; found, 886.49689. CCDC 2391322.
5-Phenyl-15-(4-n-octylphenyl)tetrabenzoporphyrin (C8Ph-Ph-BP):
C8Ph-Ph-CP (16.9 mg, 19 umol) was heated at 200 °C for 1 h under
vacuum in a glass tube oven to give C8Ph-Ph-BP as a green solid in
96% yield (14.1 mg, 18 pmol). C8Ph-Ph-BP was further purified by
recrystallization with toluene and octane to provide a highly pure material
for photophysical measurements and fabrications of OFETs. '"H NMR
(600 MHz, CDCl3, 8): 11.02 (s, 2H), 9.62 (d, J = 8 Hz, 4H; Ar H), 8.24 (d,
J =7 Hz, 2H; Ar H), 8.12 (d, J = 8 Hz, 2H; Ar H), 8.09 — 8.06 (m, 4H; Ar
H), 7.97 (t, ) = 8 Hz, 2H; Ar H), 7.78 (d, ] = 8 Hz, 2H; Ar H), 7.74 (t, ] =
7 Hz, 4H; Ar H), 7.50 (d, | = 8 Hz, 2H; Ar H), 7.43 (d, J = 8 Hz, 2H; Ar H),
3.16 (t, / = 7 Hz, 2H; CH,), 2.09 — 2.04 (m, 2H; CH,), 1.71 - 1.67 (m, 2H;
CH,), 1.62— 1.58 (m, 2H; CH,), 1.53 = 1.52 (m, 2H; CH,), 1.45 — 1.42 (m,
4H; CH,), 1.00 (t, ] = 7 Hz, 3H; CH5), —1.46 (s, TH; NH), —1.47 (s, TH;
NH); 13C NMR (151 MHz, CDCl5, §): 144.0, 141.3, 139.0, 138.4, 137.0,
136.9, 132.6, 129.2, 129.1, 127.2, 127.1, 126.8, 125.2, 125.0, 120.9, 120.9,
92.9, 36.2, 32.1, 31.8, 29.8, 29.6, 29.3, 22.8, 14.2; HRMS (MALDI) m/z:
[M]* caled for CsgHygNy4, 774.37170; found, 774.37128. CCDC 2391323.
5,15-Diphenyltetrabenzoporphyrin (Ph-BP): Ph-CP (5.0 mg, 6.4 umol)
was heated at 200 °C for 1 h under vacuum in a glass tube oven to give
Ph-BP as a green solid in 96% yield (4.1 mg, 6.2 umol). Ph-BP was fur-
ther purified by recrystallization with THF and octane to provide a highly
pure material for photophysical measurements and fabrications of OFETs.
TH NMR (600 MHz, CDCl3, 8): 11.09 (s, 2H), 9.66 (d, J = 8 Hz, 4H; Ar H),
8.28 (d, =7 Hz, 4H; Ar H), 8.09 (m, 6H; Ar H), 8.00 (t, ) = 8 Hz, 4H; Ar H),
7.77 (t,) =7 Hz, 4H; Ar H), 7.47 (d, ] = 8 Hz, 4H; Ar H), —1.33 (s, 2H; NH);
13C NMR (151 MHz, CDCl3, 6): 141.7, 141.3, 139.1, 138.9, 137.0, 132.6,
129.3, 129.1, 127.3, 126.9, 125.0, 121.0, 116.6, 93.0; HRMS (MALDI) m/z:
[M]* caled for C4gH3gNy, 662.24650; found, 662.24589; CCDC 2391321.
Preparation Method of SC-OFET Devices: Single crystals of C8Ph-BP
for FET measurements were prepared as follows: 0.1 mL of xylene solution
(0.25 g L=") of C8Ph-BP was dropped on UV-Os-treated Si/SiO, substrate
and kept in n-hexane vapor for 1 day at room temperature. Hexagonal
plate-like single crystals were obtained (Figures S5 and S6, Supporting In-
formation). Toluene and n-octane were used for rich and poor solvents for
C8Ph-Ph-BP and THF/o-dichlorobenzene (1:1) and n-octane was used for
Ph-BP. The single crystals of C8Ph-Ph-BP were hexagonal plate-like crystals
(Figures S7 and S8, Supporting Information), but Ph-BP obtained on the
substrate were a mixture of different shapes. Trapezoidal crystals, which
were the major shapes among them, were used for SC-OFET fabrication
(Figures S9 and S10, Supporting Information). C8Ph-BP and C8Ph-Ph-BP
show plate-like and sharp structures while Ph-BP shows blunt shapes. On
the obtained single crystals, gold source, and drain electrodes were vac-
uum deposited.
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