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Significant decrease in the ionization energy of
dinaphtho[2,3-b:20,30-f]thieno[3,2-b]thiophene
(DNTT) solid induced by a pinacolborane group

Kazuo Takimiya, *abc Sayaka Usui,b Ryota Hanaki,b Kirill Bulgarevich, a

Kohsuke Kawabata, ab Kyohei Nakano a and Keisuke Tajima a

The low carrier density in organic semiconductors leads to high

resistivity and contact resistance in electronic devices. Doping has

been implemented to solve these issues. We describe herein a mole-

cular modification approach to increase the carrier density. A repre-

sentative p-type organic semiconductor, dinaphtho[2,3-b:20,30-

f]thieno[3,2-b]thiophene (DNTT), was modified with a pinacolborane

(Bpin) group, a reactive functional group in the Suzuki–Miyaura cross-

coupling reaction. The resulting Bpin-modified DNTT (Bpin–DNTT) has

a low-lying HOMO energy level at the single molecular level (5.4 eV

below the vacuum level) and excellent transistor characteristics with

mobility of greater than 2 cm2 V�1 s�1. However, the Bpin–DNTT solid

was easily oxidized upon exposure to ambient air, generating hole

carriers. To clarify this unprecedented behavior, we investigated Bpin–

DNTT in detail through single-crystal field-effect transistor (SC-FET),

electron spin resonance (ESR) spectroscopy, ultraviolet photoelectron

spectroscopy (UPS), and theoretical calculations. The SC-FET and ESR

spectra demonstrated that the surface of the Bpin–DNTT solid in air

was readily oxidized, which was due to the significantly decreased

ionization energy of 4.58 eV, confirmed by UPS. These results reveal

the potential of the Bpin group to increase the carrier density in p-type

organic semiconductors.

1. Introduction

Organic semiconductors have several disadvantages that render
them inferior to their inorganic counterparts. One of the most
significant disadvantages is their low carrier mobility.1 Over the
last three decades, however, we have witnessed marked carrier
mobility improvements in organic semiconductors,2–4 from

field-effect mobility of the order of B10�5 cm2 V�1 s�1 reported
for the first organic field-effect transistors (OFETs)5 to several
tens cm2 V�1 s�1 recently reported for the state-of-the-art
OFETs.6–11 Another disadvantage is their low carrier
density,12–14 which originates in the closed-shell electronic
structure of organic semiconductor molecules. A low carrier
density may be beneficial for applying active semiconducting
materials in OFETs. However, it can pose a significant disad-
vantage in other device applications, such as carrier transport
materials used in photovoltaic and thermoelectric devices. To
address this issue, molecular doping—charge transfer between
a dopant and a host organic semiconductor—was developed.13

On the other hand, the spontaneous air-doping of p-type
organic semiconductors having high-lying HOMO energy levels
at the single molecular level (EHOMO) is often observed.15–18 This
‘‘unwilling doping’’ is generally uncontrollable for p-type organic
semiconductors with EHOMO higher than 5.0 eV below the vacuum
level (VL) and is one of the causes of p-channel OFET
degradation.19 For this reason, lowering EHOMO is critical in the
design of air-stable p-type organic semiconductors.20 The optimal
EHOMO values of organic semiconductors are 5.0–5.5 eV below the
VL. Dinaphtho[2,3-b:20,30-f]thieno[3,2-b]thiophene (DNTT; Fig. 1a)
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New concepts
So far, no functional group has been found that can induce a downward
shift of the vacuum level (VL) in organic semiconductor solids, in contrast
to fluorine groups that can induce an upward VL shift. The finding in this
work is that the pinacolborane (Bpin) group, frequently used for Suzuki–
Miyaura cross-coupling chemistry in organic synthesis, has an unprece-
dented function that induces a significant downward VL shift as well as
an upward shift of the HOMO band edge of p-type organic semiconductor
DNTT, resulting in a significant ionization energy decrease to 4.58 eV of
Bpin–DNTT solid. As a result, the surface of the Bpin–DNTT molecule was
easily oxidized by ambient air, resulting in a significantly high carrier
density on the surface. These results are expected to provide a new
strategy for tuning the carrier density of p-type organic semiconductors,
which will be beneficial for organic electronics, materials science, and
other related fields.
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is a representative thienoacene-based organic semiconductor that
acts as an excellent channel material for the fabrication of stable
and high-performance OFETs.21,22 The stability of DNTT in
ambient air is due to its low-lying EHOMO (B5.4 eV below the
VL), which prevents unwilling doping. Reliable DNTT-based
integrated circuits have been utilized in state-of-the-art flexible
devices.23–26 Molecular modifications of DNTT have also afforded
promising materials with high mobility, thermal stability, and
solution processability. Recently developed 2-bromodi-
naphtho[2,3-b:20,30-f]thieno[3,2-b]thiophene (Br–DNTT; Fig. 1a)
is a versatile reactant in cross-coupling reactions that yields
solution-processable DNTT derivatives.27–29 To further extend the
cross-coupling chemistry, we converted Br–DNTT into the corres-
ponding pinacolborane-substituted DNTT: 2-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)dinaphtho[2,3-b:20,30-f]thieno[3,2-b]thio-
phene (Bpin–DNTT; Fig. 1a).

Besides its role as a key reactant in the Suzuki–Miyaura cross-
coupling reaction, Bpin–DNTT is useful as an active material in

thin-film transistors (TFTs), showing ideal normally-off behavior
with a mobility of up to 2.5 cm2 V�1 s�1. Intriguingly, the Bpin–
DNTT-based TFTs are extremely sensitive to ambient air despite
the low-lying EHOMO of Bpin–DNTT (B5.4 eV below the VL). To
clarify this unexpected behavior, we evaluated Bpin–DNTT
through single-crystal field-effect transistor (SC-FET), electron
spin resonance (ESR) spectroscopy, ultraviolet photoelectron
spectroscopy (UPS), and theoretical calculations. We conclude
that the Bpin group has a hitherto unknown function—it signifi-
cantly reduces the ionization energy (IE) in the solid state.

2. Methods
2.1 Synthesis of Bpin–DNTT

4,4,40,40,5,5,50,50-Octamethyl-2,20-bi(1,3,2-dioxaborolane) (54 mg,
0.21 mmol), Br–DNTT27 (29 mg, 0.070 mmol), and palladium
acetate (0.30 mg, 0.0013 mmol) were added to a Schlenk tube.
The Schlenk tube was evacuated, backfilled with argon gas, and

Fig. 1 Chemical structures, synthesis, and crystal structure. (a) Chemical structures of DNTT, Br–DNTT, and Bpin–DNTT. (b) Synthesis of Bpin–DNTT. (c)
Crystal structure of Bpin–DNTT (CCDC-2372480) viewed along the crystallographic b-axis, representing the layered structure of the DNTT part
separated by Bpin groups. (d) A sandwich herringbone arrangement in the DNTT layer (a-axis projection) with the calculated intermolecular electronic
couplings of HOMOs (meV). For clarity, the Bpin groups are omitted.
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then kept under a nitrogen atmosphere. 1,4-Dioxane (2 mL,
purified by distillation) was added via syringe. The reaction
mixture was heated to 110 1C for 37 hours. After the reaction
mixture was allowed to cool to room temperature, it was sub-
jected to chromatography on silica gel (eluent: toluene) and
purified by reprecipitation from a hexane/toluene mixed solvent
to yield Bpin–DNTT as yellow microcrystals (17 mg, 51%). Mp
363.5 1C (DSC peak temperature). 1H NMR (CDCl3, 500 MHz):
d (ppm) 8.48 (s, 1H), 8.45 (s, 1H), 8.42 (s, 1H), 8.38 (s, 1H), 8.35
(s, 1H), 8.05–8.03 (m, 1H), 8.01 (d, J = 9.0 Hz, 1H), 7.96–7.94
(m, 1H), 7.87 (dd, J = 8.0, 1.0 Hz, 1H) 7.55–7.52 (m, 2H), 1.42
(s, 12H). 13C NMR (CDCl3, 125 MHz): d (ppm) 140.89, 140.69,
135.91, 134.42, 133.84, 133.23, 132.68, 132.36, 131.56, 131.28,
130.86, 130.07, 128.35, 127.37, 127.32, 125.99, 125.70, 123.33,
122.47, 120.29, 119.97, 84.07, 24.99 (a signal from the ipso-
carbon atom to the pinacolborane group was too weak to be
observed probably due to the quadrupole moments of the boron
nuclei). HRMS (FD) m/z: calcd. for C28H23B1O2S2 [M]+: 466.1237.
Found: 466.1230. Anal. calcd. for C28H23B1O2S2: C, 72.10; H,
4.97%. Found: C, 72.34; H, 4.99%.

2.2 Single-crystal X-ray analysis

Single crystals of Bpin–DNTT were grown by recrystallization
from hexane-toluene or by the physical-vapor-transport (PVT)
method. Single-crystal X-ray structural analyses were carried
out using a Rigaku Oxford Diffraction XtaLAB Synergy Custom
DW system with a HyPix-6000HE detector (CuKa radiation,
wavelength: 1.5418 Å, multilayer confocal optics). The struc-
tures were solved by the SHELXT program.30 Non-hydrogen
atoms were refined anisotropically.31 All calculations were
carried out by using the crystallographic software package
Olex2 (ver. 1.5.0).32 Crystal data: yellow plate, monoclinic,
P21/c, a = 25.0771(19), b = 7.6507(4), c = 12.2423(5) Å, b =
93.709(5)1, V = 2343.9(2) Å3, Z = 4, T = 293(2) K, R = 0.0762
(3308), wR2 = 0.2493(4623), GOF = 1.056 (CCDC-2372480).† X-
ray diffraction patterns of evaporated thin films of Bpin–DNTT
on Si/SiO2 substrates were recorded using a Rigaku Ultima IV
with CuKa radiation (wavelength: 1.54184 Å).

2.3 Theoretical calculations

By using the Gaussian 16 program package, the molecular
structure optimization and the estimation of energy levels of
the frontier molecular orbitals and g tensors were carried out at
the B3LYP/6-311G(d) level for the neutral state and the UB3LYP/
6-311G(d,p) level for the radical cationic state.33 Intermolecular
electronic coupling (transfer integral, t) in different molecular
dimers extracted from the crystal structure was calculated with
the Amsterdam density functional (ADF) program.34 Intermo-
lecular interaction energies for dimers of Bpin–DNTT and
DNTT extracted from the crystal structures were calculated by
SAPT methods35 with the jun-cc-pvdz level using the PSI4
program package.36 Band structure calculations and electro-
static potential calculations for DNTT and Bpin–DNTT crystals
with the geometries determined by single-crystal X-ray analysis
were carried out with three- or two-dimensional periodic
boundary conditions with the CRYSTAL17 program package

by the plane-wave DFT method at the B3LYP/6-31G(d,p) level of
theory, where a shrinking factor of 12 for the Pack–Monkhorst
net was used.37

2.4 Fabrication of TFTs and SC-FETs

Onto octylsilane (OTS)-treated Si/SiO2 substrates, Bpin–DNTT
or DNTT thin films (30 nm) were vacuum-deposited under 10�4

Pa with a deposition rate of 0.1 Å s�1 at a substrate temperature
of 100 1C for Bpin–DNTT and 60 1C for DNTT. On top of
the thin films, gold drain and source contact electrodes (thick-
ness: 40 nm) with a channel length of 100 mm and a width of
1500 mm, respectively, were vacuum-deposited through shadow
masks under a pressure of 10�4 Pa.

For SC-FETs, heavily doped n-type Si wafers with thermally
grown SiO2 layers (B200 nm) were used as substrates. The
wafers were cleaned by sonication in acetone for 10 min twice,
followed by ultraviolet-ozone treatment for more than 30 min.
The wafers were spin-coated with 3 wt% CYTOP (AGC) solution
in CT-Solv.180 (AGC) at 3000 rpm for 1 min and dried at 180 1C
on a hot plate in air. The thickness of the CYTOP film (B90 nm)
was measured using AFM (NanoNavi IIs/NanoCute).

Single crystals of Bpin–DNTT were grown from purified
powder samples using the PVT method under a nitrogen carrier
gas flow. The resulting single crystals were carefully transferred
to the surface of the CYTOP film using a tungsten needle. The
top-contact SC-FETs were completed by placing droplets of
water-based colloidal graphite on each side of the crystals as
the source and drain electrodes. All FET measurements were
performed in air using a probe station and a semiconductor
parameter analyzer (Keithley 4200-SCS). The carrier mobility
was calculated from the forward swing of the transfer charac-
teristics by using the following equation:

Idj j ¼
W

2L
Cim Vg � Vth

� �2
;

where L and W are the channel length and width of the FETs,
respectively, Ci is the gate dielectric capacitance per unit area,
and Vth is the threshold voltage. Ci of the CYTOP/SiO2 layers
was determined to be 8.7–9.0 nF cm�2 by using an Au electrode
(2.5 � 1.5 mm2) deposited on the CYTOP surface.

2.5 ESR spectra

ESR spectra were measured using a Bruker Magnettech
ESR5000 spectrometer at room temperature with an operating
frequency of 9.4 GHz. Evaporated thin films of Bpin–DNTT and
DNTT on OTS-treated glass substrates (3 � 16 mm2, four
sheets) were placed in a natural quartz tube with a 5 mm
diameter. The number of spins was calculated by double
integration of the spectra using the ESRStudio software pack-
age, where the spectra of a TEMPO solution (10�4 mol L�1) in
toluene measured under the same conditions were used as the
external standard. The amount of spin was divided by the total
surface area (192 mm2) on the thin film to give the spin density
per area. ESR spectra of a chloroform solution of Bpin–DNTT
(3.7 mmol L�1) showed no significant signal (blue line in
Fig. S8a). On the other hand, the solid sample, after
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evaporating the chloroform in the sample tube, showed a clear
signal (red line in Fig. S8a).

2.6 Ultraviolet photoelectron spectroscopy (UPS)

UPS measurements were performed with a photoelectron spectro-
scopy system (PHI5000 VersaProbe II, ULVAC-PHI Inc.) with He I
excitation (21.2 eV). Total energy resolution was 120 meV at room
temperature. The bare Si or Au substrates used in the measure-
ments were connected to the sample holder with conductive
silver paste to ensure thermodynamic equilibrium (Fig. S9a).
A �5.0 V bias was applied to the samples. All the measurements
were carried out at room temperature with a pressure of approxi-
mately 1 � 10�6 Pa.

3. Results and discussion
3.1 Synthesis and characterization

Bpin–DNTT was synthesized via a typical Miyaura–Ishiyama
borylation reaction of Br–DNTT and bis(pinacolato)diboron in
51% isolated yield (Fig. 1b).38 Bpin–DNTT is a thermally stable
compound whose decomposition temperature is above 300 1C.
Bpin-DNTT can be vacuum-evaporated to form uniform thin
films on various substrates. The Bpin group in the DNTT core

acts as a solubilizing group, markedly improving solubility in
chloroform at room temperature (2.7 g L�1), which enables
solution deposition of thin films on substrates.27,29 The cyclic
voltammogram of Bpin–DNTT is characterized by a quasi-
reversible oxidation peak with an onset peak at 0.65 V against
the Fc/Fc+ redox couple, corresponding to EHOMO of 5.45 eV
(DNTT: 5.43 eV) below the VL, in good agreement with the DFT
calculation results (Fig. S3). The low-lying EHOMO of Bpin–DNTT
is expected to ensure stability in ambient air, similar to the
parent DNTT and its derivatives.

3.2 Molecular arrangement in the solid state

Similar to the molecular arrangement of DNTT, Bpin–DNTT
forms a layer-by-layer structure of the DNTT core in its crystal
structure, as determined by single-crystal X-ray structural ana-
lysis (Fig. 1c). The molecular arrangement in the DNTT layer is,
however, characterized by a sandwich herringbone structure
(Fig. 1d), markedly different from the parent DNTT with a
herringbone structure. A similar sandwich herringbone struc-
ture was observed for (triisopropylsilyl)ethynyl–DNTT,28 indi-
cating that bulky substituents can alter the crystal structure
from the herringbone to the sandwich herringbone structure.
The sandwich herringbone structure was maintained in thin

Fig. 2 Field-effect transistors. (a) Schematic of the device structure of a bottom-gate, top-contact TFT, and a photograph of the device. (b) and (c)
Transfer curves of Bpin–DNTT- and DNTT-based TFTs fabricated on OTS-modified substrates, respectively. The blue trace was that recorded under N2,
and the red trace was obtained after exposure to ambient air. (d) Schematic of the device structure of SC-FET and a photograph of the device. (e) and (f)
Transfer and output curves of Bpin–DNTT-based SC-FET, respectively, with simulated transfer curves postulating the overlap of two independent
transistors.
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films on Si/SiO2 substrates, judging from the out-of-plane and
in-plane thin-film X-ray diffraction (XRD) patterns. In the in-
plane XRD pattern, four peaks characteristic of the sandwich
herringbone structure were observed (Fig. S5).

We estimated the intermolecular transfer integrals of the
HOMOs on the basis of the crystal structure (Fig. 1d). Along
with the largest transfer integral (B150 meV) calculated for the
anti-parallel Bpin–DNTT dimer, relatively large transfer inte-
grals between the dimers (B75 meV in two directions) enabled
a two-dimensional (2D) interactive electronic structure in the
semiconducting layer, which was suitable for efficient carrier
transport (vide infra).

3.3 Thin-film transistors

The Bpin–DNTT thin films were fabricated by spin-coating
from a chloroform solution or vacuum deposition on Si/SiO2

substrates. On top of the thin films, gold source and drain
electrodes were vacuum-deposited through a shadow mask to
define the source and drain electrodes (Fig. 2a). All the device
fabrication processes through the solution and the vacuum
deposition methods were conducted under air-free conditions.
Fig. 2b (blue trace) shows the transistor characteristics of the
Bpin–DNTT-based TFTs with the vapor-deposited thin film. The
extracted mobility from the saturation regime (Vd = �60 V) is as
high as 2.5 cm2 V�1 s�1 (0.1 cm2 V�1 s�1 for the solution-
processed devices; Fig. S4) and comparable to that for the
DNTT-based TFTs (Fig. 2c). Such high mobility could be ratio-
nalized by the 2D electronic structure with large intermolecular
transfer integrals of the HOMOs (Fig. 1d).

However, these superior transistor characteristics were dras-
tically changed upon exposure to ambient air. Once the devices
were taken out of the nitrogen-filled glovebox, a significantly
large threshold voltage (Vth) shift was observed, resulting in no
clear off-state (Fig. 2b, red trace). This phenomenon could be
understood by considering air oxidation; thermoelectric mea-
surements of the Bpin–DNTT thin film after exposure to ambient
air revealed that the active carrier species were holes (see SI,
Fig. S6). Although similar hole doping has been reported in
p-type organic semiconductors with EHOMO higher than 5.0 eV
below the VL,19 this result was puzzling as the electrochemical
and theoretically estimated EHOMO values were approximately
5.4 eV below the VL, which should be sufficiently low lying for
EHOMO of ‘‘air-stable’’ p-type organic semiconductors. Note that
the TFT of parent DNTT with an EHOMO of approximately 5.4 eV
below the VL did not show such an increase of Id at Vg = 0 V upon
exposure to ambient air (Fig. 2c, red trace).

3.4 Single-crystal field-effect transistors

The evaporated Bpin–DNTT thin films consisted of crystalline
grains (or crystallites; Fig. S7); thus, the grain boundary could
affect the transistor characteristics of the TFTs. SC-FETs could
exclude the effects of the grain boundary and be used to assess
the intrinsic transport properties. Thus, SC-FETs were fabri-
cated with vapor-grown single crystals of Bpin–DNTT with a ca.
150 nm thickness (Fig. 2d). Note that single crystals were grown

in an air-free environment, and the device fabrication of Bpin–
DNTT SC-FETs was performed in air.

In contrast to the transfer curves of the Bpin–DNTT TFTs
after exposure to ambient air (Fig. 2b, red trace), where no
complete depletion was confirmed even with a very large
positive Vg (up to +80 V), an almost complete off-state was
confirmed in the transfer curves of the SC-FETs (Fig. 2e). More
intriguingly, the transfer curves of the SC-FETs exhibited a
double-slope behavior with a negative transconductance
region,39–41 where two independent transistors operated at
different Vg ranges in the SC-FETs; one transistor operated at
Vg o 0 V and the other at Vg 4 0 V, and an apparent dip
was observed at approximately Vg = 0 V in the square root of
Id (|Id|1/2; orange trace in Fig. 2e). The output characteristics
supported the ‘‘dual transistor’’-like behavior; two series of
output curves (blue and green traces) were observed (Fig. 2f).
The output curves of the first transistor (blue traces) did not
show clear saturation at high Vd, indicating that the transistor
is affected by the contact resistance. On the other hand, those
of the second transistor (green traces) at Vg = 5–15 V show a
kink, implying the contact is not ohmic and Vd-dependent.
Nevertheless, to understand the dual transistor-like behavior,
we considered the following simplified model, neglecting con-
tact characteristics: the channel of the first transistor exists at
the interface between the substrate and the crystal, and that of
the second transistor exists on the crystal’s surface (interface
between the crystal and air). The first transistor was turned on
by applying a negative gate bias (Vg o 0 V) as an ordinary
enhancement-type p-channel FET. On the other hand, the sec-
ond transistor, where hole carriers exist at Vg = 0 owing to air
oxidation, behaved as a depletion-type FET. The hole carriers in
the latter FET could be depleted by applying a large positive gate
bias (Vg B +60 V), realizing the complete off-state of the whole
SC-FET. Based on the dual-transistor model, a simulation was
carried out by assuming the overlap of two independent transis-
tors (Fig. 2f): one transistor (m = 2.9 cm2 V�1 s�1, Vth = +21 V,
Ci = 8.9 nF) was at the interface between the crystal and the
substrate, and the other (m = 2.9 cm2 V�1 s�1, Vth = +57 V, Ci =
6.0 nF) was on the crystal’s surface. The difference in capacitance
corresponded to a crystal of ca. 150 nm thickness, acting as an
additional gate insulator with a relative permittivity of 3. The
superposed transfer curves of the models, shown as dotted lines
in Fig. 2e, fit the experimental transfer curves, indicating that the
dual-transistor model is plausible.

3.5 ESR spectroscopy and estimation of carrier density in
Bpin–DNTT

As discussed above, the active carriers at Vg = 0 V in both TFTs
and SC-FETs after exposure to ambient air were holes. This
meant that the Bpin–DNTT thin films and single crystals were
oxidized to generate radical cations that should be ESR-active.
The ESR spectra of the evaporated Bpin–DNTT thin films
exposed to ambient air showed a clear peak at g = 2.00465,
indicating the existence of radical cations in the Bpin–DNTT
thin film (Fig. 3a).42,43 Note that the air-saturated solution of
Bpin–DNTT in chloroform was ESR-silent (Fig. S8). The parent
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DNTT thin films exposed to ambient air were also ESR-silent
(Fig. 3a). These results indicated that (i) in solution, Bpin–DNTT
was ‘‘air-stable’’ like DNTT, consistent with the results of the
electrochemical EHOMO of Bpin–DNTT, and (ii) Bpin–DNTT was
readily oxidized to generate radical cations in the solid state.

The ESR spectra of the evaporated thin films of different
thicknesses after exposure to ambient air (20, 40, and 60 nm;
Fig. 3b) showed no clear dependence of the peak intensity on
the film thickness. This implies that active carriers are gener-
ated only on the surface of the thin films. The estimated spin
density (carrier density) in the evaporated thin films was 1 �
1013 cm�2. Provided that the molecules only in the first
monolayer (ca. 25 Å, the length of the crystallographic a-axis)
of the surface were oxidized, the carrier density was estimated
to be 4 � 1019 cm�3. This high carrier density is within the
range (1018 to 1021 cm�3) for which maximum conductivity can
be realized in organic semiconductors.44–46

We also estimated the carrier density from the transistor
characteristics. With the drain current (Id) at Vg = 0 in the
transfer curve of the TFTs after exposure to ambient air
(Fig. 2b, red trace), the resistivity of the Bpin–DNTT channel
(L = 100 mm, W = 1500 mm) was calculated to be ca. 0.59 O cm,
assuming that only the first monolayer of the surface contributed
to the electrical conductivity. With the carrier mobility extracted
from the TFT (m, 2.5 cm2 V�1 s�1) and the elementary charge
(q, 1.602 � 10�19 C), the carrier density was estimated to be

approximately 4.2 � 1018 cm�3. Like the TFT case, the carrier
density in the surface monolayer of the SC-FET, estimated
from Id at Vg = 0, was approximately 3.6 � 1018 cm�3. These
values are slightly lower than those determined from the ESR
spectra but are almost consistent, confirming that the carrier
density in Bpin–DNTT solid is significantly higher than that in
ordinary organic semiconductors.

3.6 Ultraviolet photoelectron spectroscopy

The absence of an off-state in the Bpin–DNTT-based TFTs after
exposure to ambient air could be explained by the high carrier
density in the air-doped surface. This was in sharp contrast to
DNTT that yielded air-stable TFTs (Fig. 2c). What was puzzling
was that the electrochemical EHOMO values of these two com-
pounds were almost identical and sufficiently low as air-stable
organic semiconductors. These imply that there are differences
in the solid-state electronic structures of the two compounds.
To elucidate the solid-state electronic structures, UPS measure-
ment of the Bpin–DNTT thin film, together with the DNTT thin
film as reference, on Si substrate with native oxide on the
surface (hereafter bare Si) was performed.

The UPS spectra of DNTT and Bpin–DNTT thin films depos-
ited on bare Si substrates are shown in Fig. 4a and b, respec-
tively. The IE of the DNTT thin film was determined to be
5.18 eV, closer to the reported value of a DNTT single crystal
(5.02 eV)47 than that of an evaporated thin film on an Au
substrate (5.44 eV) (see SI and Fig. S9).48 This is likely due to
the higher crystallinity of DNTT on the bare Si substrate than
on the Au substrate (Fig. S7). Fig. 4a and b show that the IE
values of Bpin–DNTT (4.58 eV) and DNTT (5.18 eV) differ by
0.6 eV. It is known that through ordering in the solid state, the
IEs of organic semiconductors often shift from their EHOMO

evaluated by electrochemical methods. As observed in the
present DNTT case, the IE (5.18 eV) shifted from 5.4 eV
(determined by an electrochemical method), but the difference
is only approximately 0.2 eV. In the Bpin–DNTT case, the
difference is unusually large (ca. 0.9 eV), resulting in a very
small IE of 4.58 eV. Thus, the small IE of the Bpin–DNTT solid
is the primary reason for the air-doping of its TFTs and
SC-FETs.

3.7 Origin of the large IE shift in Bpin–DNTT thin film

The energy diagrams aligned with respect to the Fermi level (EF)
show that the IE shift of Bpin–DNTT from that of DNTT can be
deconvoluted into a downward VL shift of 0.37 eV and an
upward valence band top edge (HOMO band) shift of 0.23 eV
(Fig. 4c left). The VL shift of the crystal surfaces in organic
semiconductors is primarily attributed to the surface dipoles,
as described in the literature. A previous study reported only
upward VL shifts induced mainly by the fluorination of the
semiconducting core, where a strong surface dipole moment
from the air side to the crystal side originates from highly
polarized carbon–fluorine bonds that have an opposite polarity
to carbon–hydrogen bonds.49 With this mechanistic
framework, the observed downward VL shift from DNTT to
Bpin–DNTT indicates that the local dipole moments of the

Fig. 3 ESR spectra of Bpin–DNTT and DNTT thin films. (a) ESR spectra
before and after exposure to ambient air. (b) ESR spectra of Bpin–DNTT
thin films with different thicknesses after exposure to ambient air. The
experimental g value, 2.00465, agrees well with the theoretically calcu-
lated one (2.00432) (see SI).
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C–Bpin moiety on the crystal surface point from the crystal side
to the air side, their strengths being greater than the C–H bond
dipole moments in DNTT. Indeed, the local dipole moment of
the C–Bpin moiety was estimated to be approximately 2.1 D in
the direction from the C to the Bpin group, much stronger than
a typical C–H bond dipole moment (0.40 D) (see SI). The Bpin–
DNTT crystal surface (bc plane) has C–Bpin and C–H moieties
pointing to the air side, whereas the DNTT crystal surface
(ab plane) has an array of only C–H moieties. Based on the
Helmholtz equation, the electrostatic potential shift (DV) due to
the surface dipole moments can be calculated by the following
equation:50,51

DV ¼ Ndipolemz
e0enorm

where Ndipole is the number of molecular dipoles per unit area,
mz is the perpendicular component of the surface dipole
moment of molecules with respect to the crystallographic bc
plane (Bpin–DNTT) or the ab plane (DNTT), e0 is the vacuum
permittivity, and enorm is the relative permittivity of ordinary

organic molecules (= 3). The estimated DV values for Bpin–
DNTT and DNTT are ca. 0.61 and 0.20 V, respectively, and their
difference (DDV = 0.41 V) qualitatively agrees with the VL shift
experimentally obtained (see SI). Thus, we conclude that the
strong local dipole moment of the C–Bpin moiety is responsible
for the downward VL shift (Fig. 4c, upper right).

On the other hand, band calculations based on the crystal
structures demonstrate a clear difference in the band edge of
the valence band between DNTT and Bpin–DNTT, although
their bandwidths (W) are almost the same (Fig. 4c, lower right).
The calculated energetic difference in the band edges is 0.43 eV,
which qualitatively agrees with the value estimated by UPS
measurements (0.23 eV). The origin of such a large difference
can be related to the strong dimerization of Bpin–DNTT
(Fig. 1d), which effectively elevates the EHOMO of molecular
clusters (Fig. S14 and S15).52 The strong dimerization of Bpin–
DNTT in an anti-parallel face-to-face manner, promoting the
effective overlap of molecular orbitals, is the outcome of the
large molecular dipole induced by the Bpin group on the DNTT
core (see SI). From the results of experiments and theoretical

Fig. 4 Solid-state electronic structures of Bpin–DNTT and DNTT. (a) and (b) UPS spectra of DNTT and Bpin–DNTT thin films deposited on bare Si
substrates, respectively. (c) Energy diagrams of Bpin–DNTT and DNTT. The large IE shift can be deconvoluted into the VL shift (0.37 eV) and the shift of
the HOMO band edge (0.23 eV). Schematic representation of the impact of Bpin groups aligned on the surface of Bpin–DNTT solid on the
crystallographic bc-plane. A large surface dipole (DV) is induced, resulting in the VL shift. Calculated HOMO bands (gray background) of Bpin–DNTT
(right) and DNTT (left), showing a HOMO band edge difference (DE) of 0.43 eV.
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calculations, we conclude that the Bpin group is the origin of
both the downward VL shift and the upward shift of the HOMO
band edge in the solid state.

4. Conclusions

We experimentally found that the Bpin–DNTT-based TFTs were
easily hole-doped despite the low-lying electrochemical EHOMO.
SC-FET and ESR studies confirmed that the surface of the Bpin–
DNTT solid was easily doped, and the carrier density in the
surface monolayer reached B1019 cm�3. Such spontaneous
doping of the surface was the outcome of the extremely small
IE of the Bpin–DNTT solid, experimentally confirmed by UPS.
Theoretical calculations of the electronic structure of the sur-
face and the bulk of Bpin–DNTT crystal suggested that such a
small IE comes from the downward shift of VL and the upward
shift of the HOMO band edge. These significant effects of the
Bpin group on the solid-state electronic structure were eluci-
dated for the first time, even though a substantial number of
Bpin-modified p-conjugated molecules have been reported.
Furthermore, no functional groups that induce the downward
VL shift, in contrast to the upward shift induced by fluorine
groups, have been reported.

The phenomena reported in the present work show that
the Bpin group, a functional group exclusively used as a
workhorse functional group in the Suzuki–Miyaura cross-
coupling reaction, could be an unprecedented tool for tuning
the low carrier density in p-type organic semiconductors. In
fact, a similar IE shift was also observed in a related molecule,
Bpin-modified [1]benzothieno[3,2-b]naphtho[2,3-b]thiophene
(Fig. S16), with a similar crystal structure, though the result-
ing IE is not low enough for air doping, owing to a less p-
extended core with a low-lying HOMO energy level at the
molecular level. The appropriate design of Bpin-modified
organic semiconductors will be a new molecular design
strategy to solve the issue of low carrier density in p-type
organic semiconductor solids.
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