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A new class of solution-processable thieno[3,2-f:4,5-f'|bis[1]benzothiophene (TBBT-V) semiconductors are
investigated. Semiconductors with decyl substituents and two kinds of m-extended decylthienyl
substituents are facially derivatized from functionalized dibromo-substituted TBBT-V via either a Negishi or
a Stille cross coupling procedure. The solubilities of TBBT-V semiconductors are somewhat higher than
those of their previously developed dinaphthol[2,3-b:2’,3'-d]thiophene (DNT-V) counterparts. Single crystal
analysis together with a calculation study on the transfer integral and the band structure in decyl-
substituted TBBT-V (C40-TBBT-V) clarifies that these semiconductors form two-dimensionally ordered
herringbone packing structures and the effective mass in the columnar direction rivals that of the
previously developed decyl-substituted DNT-V. The carrier mobilities of TBBT-V derivatives in solution
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grown into single-crystalline films are remarkable (up to 6.2 cm? V™ s7%). Furthermore, their operation
voltages are apparently lower than those of previously developed DNT-V derivatives due to the optimized
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Introduction

Powered by organic syntheses, structural and electronic mod-
ifications of organic molecules represent desired functional-
ities in the field of materials science. Recently, functionalized
organic m-conjugated materials have expanded the potential of
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ionization potential of the TBBT-V core and further n-extension by substitution of the thienyl groups.

plastic electronics, and have received great interest as next-
generation printable and flexible electronic devices."”” Among
the n-conjugated organic materials developed to date, linearly
benzene/heterole fused molecules have been extensively studied
as organic field-effect transistors (OFETs).>™ Highly n-electron
conjugated pentacene® and dinaphtho[2,3-b:2',3"-f]thieno[3,2-b]-
thiophene (DNTT)’ are regarded as the benchmark due to their
excellent semiconducting behavior compared to that of amor-
phous silicon (carrier mobility: ~1 cm> V"' s ).

However, thin films are fabricated by the vacuum deposition
method because solution processing is problematic due to their
poor solubilities. The fatal drawbacks of DNTT have been overcome
by structural modifications; for example, the introduction of long
alkyl chains (C;o-DNTT) as well as the replacement of the smaller
n-conjugated core of [1]benzothieno[3,2-b][1]benzothiophene with
long alkyl chains (Cg-BTBT) have realized solution-processable
organic semiconductors with high carrier mobilities, which exceed
10 cm® V' s 1.57'% Recently, we reported that conceptually new
V-shaped n-conjugated molecules, dinaphtho[2,3-5:2’,3'-d|thio-
phene (DNT-V) and alkylated derivatives, are promising candi-
dates for solution-processable organic semiconductors.™

Due to the presence of an internal dipole moment (1.10 debye
calculated at the B3LYP/6-31G* level) in the DNT-V core, DNT-V
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itself exhibits a good solubility of over 0.1 wt% at room tempera-
ture in common organic solvents, whereas pentacene and DNTT
have two-orders of magnitude lower solubilities under the same
conditions. Furthermore, alkylated DNT-V derivatives exhibit one
order of magnitude higher solubility than the parent DNT-V,
realizing solubilities exceeding 1.0 wt%, which means that
alkylated DNT-Vs should be applicable to commonly used
solution-processing techniques. However, one drawback of
the DNT-V core is that the HOMO energy level of DNT-V
(—5.41 eV) is somewhat high compared to those of pentacene
(—4.60 eV) and DNTT (—5.18 eV) due to the shorter m-conjugation
length (estimated by the theoretical calculations). This results
in the large voltage operation in OFETs."" Therefore, further
n-electron conjugation of the m-core is demanded. Additionally,
from the viewpoint of synthetic methodology, selective and direct
functionalization on the outer benzene ring of the DNT-V core
is not straightforward due to the poor regioselectivity of the
parent DNT-V.

In this work, we focus on thieno[3,2-f:4,5-f |bis[1]benzothiophene
(hereinafter denoted TBBT-V), where two thiophene rings replace
the outer benzene rings of the DNT-V core. Thus, TBBT-V is a
platform for selective functionalization at the o-position of the
outer thiophene ring. As described in Fig. 1, a density functional
theory (DFT) calculation study suggests that TBBT-V exhibits a
similar orbital distribution in the highest occupied molecular
orbital (HOMO) to that of DNT-V. The calculated HOMO energy
level of TBBT-V (—5.46 €V) is almost the same as that of DNT-V
(—5.41 eV). Taking into account the injection barrier from com-
monly used gold electrodes (Fermi level: —5.1 to —4.9 eV), this
trend is beneficial for designing p-type materials for low threshold
voltage applications. Furthermore, TBBT-V and its derivatives are
assumed to have a sufficient solubility for printing processes due
to the internal dipole moment (2.26 debye).

Although the TBBT-V core and its device performance in
vacuum deposited thin-film transistors have been reported by
Neckers et al.,">"* the series of TBBT-V derivatives is yet to be
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Fig.1 Chemical structures and DFT calculations of TBBT-V and its

derivatives. DNT-V and its derivatives are shown for comparison.
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studied, especially the aggregated structures and the carrier-
transporting properties. Herein we demonstrate that alkylated
TBBT-V with decyl groups (C4,-TBBT-V) and n-extended thienyl-
substituted TBBT-V molecules with decyl groups at the alpha
and beta positions of the thienyl groups (a-C;-Th-TBBT-V and
B-C1o-Th-TBBT-V) have potential as a new class of organic
semiconductors (Fig. 1). a-C4¢-Th-TBBT-V and B-C,o-Th-TBBT-V
should have higher HOMO levels (Fig. S1, ESIT).

Starting from the functionalized TBBT-V, which is brominated
at the o positions of the outer thiophene rings, all TBBT-V
derivatives are easily synthesized via a coupling reaction. The
solubilities of TBBT-V and C,o-TBBT-V are somewhat higher than
those of their DNT-V counterparts, while those of the n-extended
Th-TBBT-V derivatives are two-orders of magnitude lower even at
elevated temperatures. In terms of the ionization potentials,
TBBT-V itself exhibits a smaller value (5.61 eV) compared
to DNT-V (5.72 eV). Furthermore, those of C;,-TBBT-V and
C;o-Th-TBBT-Vs range from 5.01-5.26 eV. Single crystal analysis
reveals that C,o-TBBT-V aggregates into two-dimensional typical
herringbone packing structures. Finally, the charge transporting
properties of TBBT-V derivatives evaluated on transistors using
solution-crystallized single-crystalline thin-films result in a high
carrier mobility of up to 6.2 cm®> V' s~ with an apparently lower
voltage in p-type operations than in the DNT-V cases. As expected,
n-extended B-C;o-Th-TBBT-V exhibits a much lower or negligible
threshold voltage due to the smaller ionization potential.

Results and discussion
Synthesis

Scheme 1 illustrates the synthetic route for the TBBT-V derivatives.
The TBBT-V core was synthesized according to the literature.'” By
treatment of TBBT-V with lithium 2,2,6,6-tetramethylpiperidide
(LITMP) as a base, the o positions of the outer thiophene rings
were selectively deprotonated and subsequent bromination by
1,2-dibromo-1,1,2,2-tetrachloroethane afforded Br-TBBT-V as a
platform for facile functionalization. Alkylation and arylation
reactions were easily carried out via palladium-catalyzed cross
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s L0

CjoH, MgBr s

ZnCl,

/

C,-TBBT-V
H2Cpo 64% yield CioH2
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Scheme 1 Reaction conditions: (a) "CioH21MgBr (4.0 mol amt.), ZnCl,
(4.0 mol amt.), PdCly(dppf)-CH,Cl,, PhMe (0.1 M), 70 °C, 18 h and
(b) trimethylstannyl derivatives (2.6 mol amt.), Pd(PPhs)4 (5 mol%), LiCl
(2.6 mol amt.), DMF (0.1 M), 100 °C, 10 h.
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Table 1 Solubilities and IP of TBBT-V and DNT-V derivatives

Solubility (wt%)

Compounds CHCl; Toluene 1,2-Dichlorobenzene IP (eV)
TBBT-V 0.17 0.15 0.25 5.61
C1o-TBBT-V 1.1 0.54 0.99 5.26
@-C1o'Th-TBBT-V  0.017°  0.019% 0.016% 5.10
B-C1o'Th-TBBT-V  0.093°  0.065% 0.055% 5.01
DNT-V 0.18 0.17 0.25 5.72
C10-DNT-VW 0.47 0.38 0.47 5.45

4 Solubility at 60 °C.

coupling in moderate yields of 64-92%, while hexyl and
dodecyl-substituted TBBT-V reported previously were synthe-
sized from the corresponding alkylated thiophenes as starting
materials in the initial step.™

Solubility tests

To evaluate solution processability, solubility tests of the synthe-
sized TBBT-V derivatives were conducted at room temperature for
all derivatives and at 60 °C for n-extended derivatives (Table 1). At
first, the solubility of the parent TBBT-V core was compared with
that of DNT-V. TBBT-V exhibits a similar solubility to DNT-V in
several types of solvents. As reported previously, the solubility of
alkyl substituted DNT-V is more than double that of DNT-V itself,
allowing us to apply solution processing at low temperatures.™ In
the case of the TBBT-V core, C;(,-TBBT-V also exhibits an improved
solubility up to 1.1 wt%. In contrast, introduction of the thienyl
rings between the core and the alkyl chain decreases the solubility
due to the extension of the m-electron system. Thus, a- and
B-C1o-Th-TBBT-V exhibit a solubility less than 0.01 wt% at room
temperature and in the range of 0.017-0.093 wt% at 60 °C,
respectively. The results indicate that several solution processes
can be applied to C;,-TBBT-V, although the relatively low solubi-
lities of a- and B-C;o-"Th-TBBT-V prompted us to evaluate single-
crystalline thin films grown by the edge-casting method™ at an
elevated temperature on a hot plate.

Ionization potentials

As summarized in Table 1, the photoelectron yield spectroscopy
(PYS) measurements reveal that TBBT-V itself possesses a smaller
ionization potential (IP) (5.61 eV) than DNT-V (5.72 eV). C;o"TBBT-V
exhibits an IP as small as 5.26 eV. Thienyl embedded a- and
B-C10-Th-TBBT-V have even smaller values of 5.10 and 5.01 eV,
respectively, due to a combination of electron donation by the
alkyl chain and effective m-electron conjugation by the thienyl
moieties (Fig. S2, ESIT). The IP values of TBBT-V derivatives are
almost consistent with the trend obtained from the theoretical
calculations (Fig. 1 and Fig. S1, ESIt).

Regarding a-C;o-Th-TBBT-V and -C,,-Th-TBBT-V, a high
chemical stability is ascertained by measuring the time-
dependent UV-vis absorption spectrum in solution under air.
No spectral change is observed around two weeks (Fig. S3 and
S4, ESIt). Thus, TBBT-V derivatives are chemically stable under
ambient conditions because the TBBT-V core is an isoelectronic
structure with pentaphene. TBBT-V potentially shows a lower

This journal is © The Royal Society of Chemistry 2017
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ionization potential and a higher chemical stability than pen-
tacene, which is active toward photo-oxidation. Their optimized
ionization potentials in the range of 5.01-5.26 eV afford their
chemical stabilities toward photo-oxidation under ambient
conditions. Thus, all of the synthesized TBBT-V derivatives
are air-stable organic semiconductors.

Crystallography and theoretical calculations

To unveil the molecular and packing structure as well as to
calculate the electronic band structure in the aggregated form,
we carried out X-ray single crystal analysis. The single crystals
of C49o-TBBT-V, a-, and p-C,,-Th-TBBT-V were grown by solution
techniques involving two-layer diffusion between good and poor
solvents to obtain platelet single crystals for all compounds.
Among them, X-ray single crystal analyses were successfully
performed on only C;o-TBBT-V. The laboratory X-ray instruments
could not collect satisfactory data for a- and B-Cyo-Th-TBBT-V,
which may be attributed to the low quality of their single crystals,
the intrinsic molecular disordering at the rotations between the
thienyl and the core units, and the large cell size judging from
their low symmetries.

The prominent central sulfur atom interacts with the adja-
cent molecules by C-H- - -n interactions, so that the TBBT-V core
geometry deforms into the bent conformation. Its bent angle
between the inner benzene rings is 11.27° (Fig. 2b), which is
similar to the previously reported C,o-DNT-VW (12.42°) (Fig. S9,
ESIt)." To simplify the following arguments, we define the head
(H) and the tail (T) of the TBBT-V core; the H part corresponds
to the side of the prominent sulfur atom of the core structure
and the T part is the opposite side of the molecule (Fig. 2a).
C10-TBBT-V forms a two-dimensionally ordered herringbone
packing structure (Fig. 3b). In this herringbone packing struc-
ture, C1o-"TBBT-V possesses two types of short contacts (Fig. 3a).
In H-to-H molecules, short contacts by S---m interactions
(S1---C2: 3.359 A and S1---C3: 3.332 A), which are defined as
values smaller than the sum of van der Waals radii for carbon
(1.70 A) and sulfur (1.85 A),'® are observed between the central
thiophene rings. On the other hand, in T-to-T molecules, short

(a) _ Tail (T) .
21C10~7 N-CioH2)
S
Head (H)
(b) C,o-TBBT-V
Front view )
' -
\:‘"\_44\‘1"\ oL -/i.y/" f“‘ 4
- O ¥ 2 B Ry U
e oeA Bpo
- 3 -9
o O SGgTTRTTTR
Side view - 1088 p-a0 %0
A Plane Angle betweenA and B: ~ -~ R o,
11.27° s

Fig. 2 (a) Chemical structure of Cyo-TBBT-V and the definition of
head (H) and tail (T). (b) Front and side views of the molecular structure
of C40-TBBT-V.
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Fig. 3 (a) Packing structure of C4o-TBBT-V with short contacts (decyl
groups are omitted for clarity). (b) Packing structure of C40-TBBT-V. (c)
Image of a typical herringbone packing structure together with the hole
effective masses in the columnar direction (m;*) and the transverse
direction (m, *). (Decyl groups are omitted for clarity.)

contacts (C13---H7: 2.858 A) are observed due to the C-H- - -1
interactions between the inner benzene and the outer thio-
phene. Furthermore, in the H-to-T relationship, a slightly
longer short contact due to the S---m interactions (S1---C12:
3.476 A) is observed between the inner benzene and the inner
thiophene. Although C;o-TBBT-V shows a slight molecular
displacement of 0.35 and 0.64 A, 0.23 A, 1.01 and 1.33 A for
H-to-H, H-to-T, and T-to-T, respectively (Fig. S10a, ESIt), com-
pared with C;o-DNT-VW of the layer-by-layer lamella structures
without displacement in the molecular long axis direction
(Fig. S10b, ESIY), such attractive herringbone-type packing
arrangements with small displacements lead to effective carrier
transport along with a higher solubility than C;o-DNT-VW.
Based on the packing structure, we estimated the inter-
molecular electronic couplings by the transfer integral (¢) for holes
using the dimer approach’” at the PBEPBE/6-31G(d) level. The ¢
values of C,,-TBBT-V are —67, 52, and —10 meV for tyy, tyr, and
trr, respectively. In the case of C,o-DNT-VW, the energy levels of
the HOMO and NHOMO are very close (Fig. S13, ESIY), but their
calculated ¢ values are —14, 18, and —32 meV for tyy, tyr, and trr
(between HOMOs), and —61, 45, and —37 meV for tyyy, tyr, and
trr (between NHOMOSs), respectively (Table 2 and Fig. S14, ESIY).

Table 2 Transfer integrals and effective masses of TBBT-V and DNT-V
derivatives

Transfer integral® (meV) Effective mass

Compounds H-H H-T T-T Column  Transverse
C,o-TBBT-V ~ —67° 52¢ —10° 2.07 9.75
C1o)DNT-VW  —14¢ 184 —32¢ 1.48 2.73

-61” 45° -37¢

@ Transfer integrals between HOMOs. ? Transfer integrals between
NHOMOs.
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We also calculated the electronic band structure to quantitatively
analyze the carrier transporting ability at the same level as the
intermolecular electronic couplings via the periodic boundary
condition. The carrier mobility is inversely proportional to the
effective mass as described by the following equation

u=qr/m*

where u: mobility, g: carrier charge, 7,: relaxation time, and m*:
effective mass.*®

Here, we formulate the effective masses in the columnar
direction as m* and in the transverse direction as m *. Fig. 3¢
summarizes the calculated effective hole masses for C,,-TBBT-V
and C,o-DNT-VW. The mass of the columnar direction (m,*/my,)
for C;o-TBBT-V is slightly larger than that of C;o-DNT-VW.
Clearly, m*/my, (2.07) is smaller than m  */my, (9.75) (Table 2
and Fig. S15, ESIt), indicating that C4,-TBBT-V has a somewhat
larger effective mass and less-balanced two-dimensional trans-
port than C,o-DNT-VW. Furthermore, the columnar direction
of C,o-TBBT-V is preferable for transport to the transverse
direction.

Transistor performance

Next we studied the performance of the field-effect transistors
using single-crystalline thin films of TBBT-V derivatives and
compared the results with those of C;o-DNT-VW. Single-
crystalline films were grown on the substrates by the edge-
casting method."® Each crystalline film had a thickness of tens
of nanometers. After removing the residual solvent by heating
in a vacuum, F,~TCNQ, which helps hole injection into the organic
semiconductors, gold electrodes were successively deposited on
top of the prepared single-crystalline thin film through a patterned
shadow mask to construct the bottom-gate-top-contact struc-
ture (Fig. 4a and b).

To determine the direction of the crystals, we performed
transmission X-ray diffraction measurements. The diffractions
were measured using a Rigaku R-AXIS RAPID II imaging plate
diffractometer with CuKo radiation. Fig. 4c and d show the
obtained diffraction patterns. The Laue spots for the C;,-TBBT-V
film can be attributed as described in the figure assuming that
the crystalline film has the same structure as that obtained from
the single crystal structure analysis. As shown in the in-plane
diffraction pattern (Fig. 4c), the direction of the crystal growth, or
the channel direction, is almost along the b-axis. (The b-axis
agrees with the b*-axis because of the monoclinic structure
with f # 90°) Furthermore, the c*-axis should be almost
perpendicular to the substrate (Fig. 4d). The results indicate
that a favorable transporting channel can be constructed in the
C1o-TBBT-V solution-crystallized film (Fig. 4e).

Furthermore, AFM images indicate that the surface of a
C1o-TBBT-V crystalline film is molecularly flat (Fig. S17, ESIT).
TFT performances were measured under ambient conditions.
Table 3 summarizes the transistor parameters, including the
maximum and average values of mobility, imax and fye, threshold
voltage, Vi, and current on/off ratio, I,n/Iosg All the compounds
exhibit typical p-type behaviors with different threshold voltages,
which reflect their ionization potentials. C,,-TBBT-V shows a

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Optical microscope images of the C10-TBBT-V crystalline thin
film fabricated by the edge-casting method. (b) Device configuration
of solution-processed transistors. (c) In-plane diffraction pattern and (d)
out-of-plane diffraction pattern of the Cq0-TBBT-V solution-crystallized
film. (e) A molecular orientation of Cy4o-TBBT-V in solution-crystallized
thin films. (f and g) Transfer and output characteristics of a C40-TBBT-V
based device (L = 100 um, W = 21 um after laser cut) fabricated on a
p-PTS-treated SiO, substrate.

high carrier mobility up to 6.2 cm> V™' s7" along the columnar
direction, as confirmed by the transmission X-ray diffraction
measurements.

Considering that this molecule assumes a less-balanced two-
dimensional transporting property as revealed by the band
calculation, the obtained value from the single-crystal film is
about three times higher than that of a polycrystalline thin
film (1.8 em® V™! s7') (see the ESIt). The carrier mobility of
the C;o-TBBT-V single crystal is comparable to or slightly
lower than those of the previously reported C;o-DNT-VW and
Ce-DNT-VW (6.5 and 9.5 cm® V' s, respectively) because the
effective mass of C,o-TBBT-V is larger and more isotropic than
that of C1o-DNT-VW. However, it is noteworthy that, as expected,

Table 3 OFET characteristics of TBBT-V derivatives

#a (Cm2 V—l S—l)

Compounds Hmax Have Vthb (V) Ion/Iogs
C,0-TBBT-V 6.2 4.6 —15 to —20 10°
-C1o-Th-TBBT-V 0.55 0.53 0to —10 10°
p-C10-Th-TBBT-V 2.3 1.6 0to —10 10°

“ Data from 6-10 good devices. Estimated from the saturation regime.
» §i0, 200 nm.
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the threshold voltage of C,o-TBBT-V, —20 to —15V, is lower than
that of C4o-DNT-VW (Vy, = —30 to —25 V, Fig. S21, ESIf) for
the same device structure. Furthermore, the n-extended molecule,
B-C10-Th-TBBT-V, shows a much lower voltage operation (Vy, =
—10 to —5 V) with a carrier mobility as high as 2.3 cm* V"' s7!
(Fig. S20, ESIT). Due to the small ionization potential of 5.01 eV,
this device does not require the F,~TCNQ, while C;,-TBBT-V
(IP: 5.4 eV) based TFT without F,~TCNQ results in larger thresh-
old voltages of —35 V (see Fig. S22, $23 and Table S5, ESIt). On
the other hand, the lowly soluble a-C,,-Th-TBBT-V does not form
a well-oriented crystal thin film, resulting in a low mobility of
0.55 cm®> V' s~ (Fig. S19, ESIt). Further studies on the optimiza-
tion of the length of alkyl chains, resultant solubility, and crystal-
linity may elucidate the potential of the carrier transporting ability.

Conclusions

In summary, we focused on the TBBT-V core as an easily
functionalized core as well as a moderately soluble platform.
Employing brominated TBBT-V we synthesized decyl and alkyl
thienyl moiety substituted derivatives. Although the C;,-TBBT-V
adopts the aggregated form with a non-negligible displacement
along the molecular long axis, the molecules achieve overlapping
packing motifs in the crystal. Substitution of the alkylated thienyl
moieties introduces an efficient extension of the m-conjugated
system, resulting in a small ionization potential. Among the
TBBT-V derivatives, C,o-TBBT-V and p-C;1o-Th-TBBT-V exhibit
high FET performances with mobilities as high as 6.2 and
2.3 cm? V' s in their single crystalline thin films, respectively.
Notably, p-C;o-Th-TBBT-V shows a negligible threshold voltage.
Further systematic investigations of the substituents should lead to a
higher performance by finely modulating the material-solubility as
well as the packing geometry. Extensive exploration of TBBT-V
derivatives and their congeners is now underway in our laboratory.

Experimental section

Materials: reagents and starting materials

2,3-Dibromothiophene, NaCNBHj;, 1-iododecane, 2,2,6,6-tetra-
methylpiperidine, 1,1,2,2-tetrachlorodibromoethane, tetrakis-
triphenylphosphine palladium(0), [1,1'-bis(diphenylphosphino)-
ferrocene]dichloropalladium(u) dichloromethane adduct, 3-decyl-
thiophene, and trimethyltin chloride were purchased from TCI.
2,5-Thiophenedicarboxaldehyde, n-decylmagnesiumbromide, and
zinc chloride were purchased from Sigma-Aldrich Inc. Zinc iodide
was purchased from WAKO chemicals. 1.6 M n-BuLi in hexane,
lithium chloride, and potassium phosphate were purchased from
KANTO chemicals. All anhydrous solvents were purchased from
KANTO chemicals. TBBT-V, 2-decylthiophene, 2-(trimethylstannyl)-
4-decylthiophene, and 2-(trimethylstannyl)-5-decylthiophene were
synthesized according to the literature.'*'%°

General methods for synthesis and characterization

All the reactions were carried out under an atmosphere of
nitrogen. Air- or moisture-sensitive liquids and solutions were
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transferred via a syringe or a Teflon cannula. Analytical thin-
layer chromatography (TLC) was performed on glass plates with
0.25 mm 230-400 mesh silica gel containing a fluorescent
indicator (Merck Silica gel 60 F254). TLC plates were visualized
by exposing them to an ultraviolet lamp (254 nm and 365 nm),
dipping with 10% phosphomolybdic acid in ethanol, and heat-
ing on a hot plate. Flash column chromatography was performed
on Kanto silica gel 60. Open column chromatography was
performed on Wakogel C-200 (75-150 pm). All NMR spectra
were recorded on an ECS400 spectrometer. Chemical shifts were
reported in parts per million (ppm, J scale) from the residual
protons in the deuterated solvent for "H NMR (6 7.26 ppm for
chloroform and ¢ 5.93 ppm for 1,1,2,2-tetrachloroethane) and
from the solvent carbon for "*C NMR (e.g.,,  77.16 ppm for
chloroform). The data were presented in the following format:
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet,
m = multiplet), coupling constant in Hertz (Hz), the signal area
integration in natural numbers, and assignment (italic). Mass
spectra were measured on a JEOL JMS-T100LC APCI/ESI mass
spectrometer. Melting points and elemental analyses were
collected on a Mettler Toledo MP70 Melting Point System and a
J-Science Lab JM10 MICRO CORDER, respectively. Photoelectron
yield spectroscopy (PYS) was performed on a Sumitomo Heavy
Industries Advanced Machinery PYS-202. For the PYS measure-
ments, thin films (100 nm) were thermally evaporated on ITO
coated quartz substrates and measurements were performed in a
vacuum. UV-vis absorption spectra were measured with a JASCO
V-570 spectrometer. Thin films (100 nm thick) were prepared by
vacuum deposition on quartz substrates.

Synthesis

Preparation of lithium tetramethylpiperidide (LiTMP). To a
solution of 2,2,6,6-tetramethylpiperidine (TMP) (46.6 mL,
274 mmol) in THF (274 mL) was added n-BuLi (1.60 M hexane
solution, 171 mL, 274 mmol) at -78 °C. After stirring at 0 °C for
30 min, the LITMP solution was obtained.

Synthesis of Br-TBBT-V. To a white suspension of TBBT-V
(2.96 g, 10.0 mmol, 1.00 mol amt.) in THF (100 mL) was added
LiTMP in solution (0.54 M in THF and hexane, 46.3 mL,
25.0 mmol, 2.50 mol amt.) using a Teflon cannula at —78 °C
and stirred at that temperature for 2 h. To the resulting wine red
suspension, 1,1,2,2-tetrachlorodibromoethane (9.77 g, 30.0 mmol,
3.00 mol amt.) in THF (30 mL) was added using a Teflon cannula
at —98 °C. After stirring at -98 °C for 2 h, the reaction mixture was
warmed to room temperature and stirred for 10 h. The resulting
pale pink precipitate was collected by filtration, followed
by recrystallization from 1,2-dichlorobenzene to afford the title
compound (3.68 g, 8.10 mmol, 81%) as a white solid. m.p.: over
300 °C. 'H NMR (400 MHz, CDCIL,CDCl,, 100 °C): & 7.44 (s, 2H,
ArH), 8.12 (s, 2H, ArH), 8.44 (s, 2H, ArH). *C NMR was not
recorded due to the poor solubility. TOF MS (APCI+): Caled for
C,6H,Br,S; [M + H] 453, found, 453. Anal. Caled for C,¢H¢Br,S;: C,
42.31; H, 1.33. Found: C, 42.47; H, 1.20.

Synthesis of C;o-TBBT-V. To an n-decylmagnesium bromide
solution (1.0 M in diethylether, 4.80 ml, 4.80 mmol), a zinc
chloride solution (1.0 M in THF, 4.80 ml, 4.8 mmol) was added
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at 0 °C. To the organozinc reagent, Br-TBBT-V (545 mg,
1.20 mmol), [1,1’-bis(diphenylphosphino)ferrocene]dichloro-
palladium(u) dichloromethane adduct (49 mg, 0.06 mmol)
and toluene (12 mL) were added and stirred at 70 °C for 18 h.
An excess amount of MeOH was added, and the precipitate
was collected by filtration. The precipitate was purified by
recrystallization from 1,2-dichlorobenzene/hexane to afford
the desired product (440 mg, 0.763 mmol, 64% yield) as a
white solid. m.p.: 190.9-191.2 °C. 'H NMR (400 MHz,
CDCL,CDCL,) 6 0.82 (t, J = 6.4Hz, 6H, CH;) 1.21-1.36 (m, 28H,
CH,), 1.72 (quin, J = 7.5 Hz, 4H, ArCH,CH,), 2.88 (t, ] = 7.2 Hz,
4H, ArCH,), 7.09 (s, 2H, ArH), 8.11 (s, 2H, ArH), 8.39 (s, 2H,
ArH). *C NMR (100 MHz, CDCl;, 25 °C): § 14.21, 22.78, 29.25,
29.42, 29.48, 29.65, 29.69, 31.09 (two overlapping carbons),
31.99, 114.66, 115.66, 120.23, 133.25, 135.52, 137.97, 138.94,
146.78. TOF HRMS (APCI+): Caled for CzeH,S; [M + H]
577.2996, found, 577.2983. Anal. Calcd for C3;6H,sS;: C, 74.94;
H, 8.39. Found C, 74.80; H, 8.38.

Typical Stille coupling procedure to synthesize Th-TBBT-V
derivatives: synthesis of B-C,,-Th-TBBT-V. To a suspension of
2-trimethylstannyl-4-n-decylthiophene (1.01 g, 2.60 mmol,
2.60 mol amt.) and Br-TBBT-V (454 mg, 1.00 mmol, 1.00 mol
amt.) in DMF (10 mL) were added tetrakis(triphenylphosphine)-
palladium(0), (57.8 mg, 0.05 mmol, 5.00 mol%) and LiCl (110 mg,
2.60 mmol, 2.60 mol amt.). The resulting mixture was heated to
100 °C and stirred for 10 h. After the reaction mixture was
quenched by a 10% KF aqueous solution, the resulting precipitate
was collected by filtration, and washed with DMF and acetone. The
collected solid material was dissolved in hot 1,2-dichlorobenzene
and passed through Celite and a short pad of a silica gel column to
remove inorganic materials. After removing the solvent in vacuo,
the desired product was obtained (682 mg, 0.921 mmol, 92% yield)
as a pale yellow solid. m.p.: 198.3-198.7 °C. '"H NMR (400 MHz,
CDCLCDCl,, 100 °C) § 0.82 (t, J = 6.4 Hz, 6H, CHj), 1.20-1.32
(m, 28H, (CH,),), 1.60 (quin, J = 7.2 Hz, 4H, ArCH,CH,), 2.56
(t,J = 7.2 Hz, 4H, ArCH,), 6.89 (s, 2H, ArH), 7.12 (s, 2H, ArH), 7.47
(s, 2H, ArH), 8.14 (s, 2H, ArH), 8.44 (s, 2H. ArH). TOF HRMS (APCI+):
Caled for Cy4Hs3S5 [M + H] 741.2751, found, 741.2723. Anal. Caled
for C,4Hs,Ss: C, 71.30; H, 7.07. Found: C, 71.25; H, 7.14.

Synthesis of a-C;o-Th-TBBT-V. Yield: 87%. Pale yellow solid.
m.p.: 261.4-261.9 °C. 'H NMR (400 MHz, CDCLCDCl,, 100 °C)
5 0.89 (t,/ = 6.8 Hz, 6H, CHj), 1.28-1.44 (m, 28H, (CH,),), 1.73 (quin,
J = 7.2 Hz, 4H, ArCH,CH,), 2.83 (t, ] = 7.2 Hz, 4H, ArCH,), 6.74 (d,
J = 3.6 Hz, 2H, ArH), 7.13 (d, ] = 3.6 Hz, 2H, ArH), 7.43 (s, 2H, ArH),
8.14 (s, 2H, ArH), 8.45 (s, 2H, ArH). TOF HRMS (APCI+): Calcd for
CyHs3Ss [M + H] 741.2751, found, 741.2723. Anal. Caled for
CuHs,Ss: C, 71.30; H, 7.07. Found: C, 71.12; H, 7.04.

OFET device fabrication and evaluation procedure

Purification of materials for device fabrication. C;,-TBBT-V,
a-C1o-Th-TBBT-V, and B-C,o-Th-TBBT-V were purified by crystal-
lizing twice from either toluene or 1,2-dichlorobenzene and
subliming twice to obtain pure materials.

Fabrication and evaluation of solution-crystallized single crystal
devices. Powders of Cyy"TBBT-V, a-C;o-Th-TBBT-V, and [-C,,-Th-
TBBT-V were dissolved in anisole and 1,2-dichlorobenzene at a
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hot plate temperature of approximately 40, 50, and 120 °C to
a concentration of 0.05, 010, and 0.10 wt%, respectively. Semi-
conductor films were prepared from the solution by edge-casting.*®
All of the samples were prepared on Si/SiO, substrates treated with
vapor-deposited -PTS-SAMs. The whole setup was heated on a hot
plate at the optimized temperature for each solution (approximately
60-70 °C), and the solution was poured into the edge of the
sustaining piece. The semiconductor crystal grew as the solvent
evaporated in the direction illustrated by the red arrows (Fig. 4a).
The crystalline thin film was typically a few hundred nanometers
thick. Onto the solution-crystallized film, gold electrodes (40 nm) as
well as source and drain contacts were vacuum deposited through a
shadow mask after depositing F,~TCNQ (2 nm) to construct the
device geometry of the top-contact configuration. Finally, to prevent
misevaluation, the channels were shaped into a rectangle using a
laser-etching technique so that L and W were properly identified.
The typical length (L) of the channels was 100 um. The doped-Si
layer acted as the gate electrode, and SiO, behaved as a gate
insulator with a relative dielectric constant of 3.9. The F,~TCNQ
layers between the organic semiconductor and metal contacts were
deposited to reduce the extrinsic contact resistance.”’ Electrical
characterization was performed using a semiconductor parameter
analyzer (Keithley 4200) with two source-measurement units
(SMUs). The field-effect mobility values (i) were estimated from
the saturation regime using the following equation

ID = (WCI/Q‘L),“FET(VG — Vth)Z

where C; is the capacitance of the gate insulator and V4, is the
threshold voltage.
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