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ABSTRACT: Toward the development of high-performance
organic semiconductors (OSCs), carrier mobility is the most
important requirement for next-generation OSC-based electronics.
The strategy is that OSCs consisting of a highly extended z-electron
core exhibit two-dimensional (2D) aggregated structures to offer
effective charge transport. However, such OSCs, in general, show
poor solubility in common organic solvents, resulting in limited
solution processability. This is a critical trade-off between the
development of OSCs with simultaneous high carrier mobility and
suitable solubility. To address this issue, herein, five-membered ring-
fused selenium-bridged V-shaped binaphthalene with decyl sub-
stituents (C,(—DNS—VW) is developed and synthesized by an
efficient method. C;;—DNS—VW exhibits significantly high
solubility for solution processes. Notably, C;,—DNS—VW forms a
one-dimensional z-stacked packing motif (1D motif) and a 2D herringbone (HB) packing motif (2D motif), depending on the
crystal growth condition. On the other hand, the fabrication of thin films by means of both solution process and vacuum deposition
techniques forms only the 2D HB motif. External stress tests such as heating and exposure to solvent vapor indicated that 1D and 2D
motifs could be synergistically induced by the total balance of intermolecular interactions. Finally, the single-crystalline films of C,;,—
DNS—VW by solution process exhibit carrier mobility up to 11 cm* V™' s™' with suitable transistor stability under ambient
conditions for more than two months, indicating that C;,—DNS—VW is one of the most promising candidates for breaking the
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trade-off in the field of solution-processed technologies.

1. INTRODUCTION

In the area of printed and flexible electronics with organic
semiconductors (OSCs), control of molecular ordering and
resultant molecular orbital overlaps of OSC molecules is one of
the most important factors to achieve high carrier mobility' ™"
toward high-end devices such as radiofrequency identifier (RF-
ID) tags, sensors, and energy harvesting devices. Toward such
electronics, solution processability and chemical and thermal
stability are additional requirements for decreasing total costs
of material purifications and device fabrications. To accomplish
these requirements, there are several reports regarding designs
of OSC molecules. A series of thienothiophene-based OSCs
has been developed among which alkyl-substituted-[1]-
benzothieno[3,2-b][1]benzothiophenes (C,—BTBT)> and
-dinaphtho[2,3-b:2,3’-f Jthieno[3,2-b]thiophene (C,—
DNTT) exhibit high chemical stability under ambient
conditions and charge carrier mobility more than 10 cm?
V™! 57! in solution-processed films.>>® In particular, the 7-
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extended C,—DNTT exhibits poor solubility at room temper-
ature, resulting in a disadvantage for solution processes below
100 °C.”> Although less 7-extended C,—BTBTs exhibit good
solubility in common organic solvents at room temperature,
they possess relatively deep energy levels of the highest
occupied molecular orbital (HOMO) as a p-type OSC, often
resulting in large operating voltages in field-effect transistors
(FETs) with gold and carbon electrodes. Recently, we also
developed conceptually new oxygen- and sulfur-bridged V-
shaped binaphthalene 7-electron cores (7-cores), dinaphtho-
[2,3-b:2",3'-d]furan (DNF—V) and -thiophene (DNT-V)
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(Figure 1a).%"*~"® Both V-shaped derivatives showed (1) high
chemical stability under ambient conditions due to deep
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Figure 1. (a) Chemical structures of oxygen- and sulfur-bridged V-
shaped derivatives, DNF—V and DNT—V. (b) HOMO coefficients
and their levels, molecular shape, and dipole moments (calculated at
the B3LYP/6-311G(d)//B3LYP/6-31G(d) level of theory). (c)
Molecular and aggregated structures in single crystals, and molecular
displacements of tail-to-tail (T-to-T) directions for DNF—V and
DNT-V derivatives. (d) Molecular design of selenium-bridged 7-
electron core R-DNS—VW in this work.

HOMO levels of <—5.0 eV to resist oxidation by ambient
0,," (2) suitable solubility in common organic solvents owing
to their intramolecular dipole moments (Figure 1b),”* (3) high
thermal stability without any reactive chemical bonds, and (4)
charge carrier mobility equal or superior to currently used
amorphous silicon semiconductors (0.5—-1.0 cm? V™! s71),
Comprehensive studies of their decyl-substituted derivatives,
3,9-didecyldinaphtho[2,3-b:2',3’-d]furan (C,;,—DNF—VW)

and -thiophene (C;,—DNT—VW), suggested that the central
bridging elements and the lateral alkyl side chains conclusively
affect their molecular geometries, aggregated structures, and
semiconducting properties.”””' Unlike the reported conven-
tional chalcogen-bridged m-cores, V-shaped z-cores form
unique bent molecular structures (bent angles between
naphthalenes: 3.91—13.9°) in the solid state depending on
the bridged elements and substituents (Figure 1c). The long
linear alkyl chains could finely tune their herringbone (HB)-
packing motif by multipoint van der Waals interactions to
eliminate displacements along molecular longitudinal axis
while unsubstituted DNF—V and DNT-V show larger
displacements of 0.43 and 1.20 A, respectively (Figure 1c).
As a result, C;;—DNF—VW and C;(—DNT—VW exhibited
elevated carrier mobility up to 1.3 and 6.5 cm® V7' s71,%'*
respectively, due to effective intermolecular orbital overlaps.

In this work, we focused on selenium-bridged V-shaped 7-
core, dinaphtho(2,3-b:2/,3’-d]selenophene (DNS—V) (Figure
1d). In contrast to DNF—V and DNT-V, DNS—V exhibits
several advantages as follows: (1) larger HOMO coefficients
on the prominent selenium atom than others, (2) improved
intermolecular orbital overlaps in aggregated structures,
leading to higher carrier mobility, and (3) shallower HOMO
level to afford smaller operating voltage (threshold voltage) for
transistors. Hitherto, small molecule-type selenium-containing
OSCs were reported by several groups.””””>” Among them,
benzo[1,2-b:4,5-b"]diselenophenes (BDSs) and [1]-
benzoselenopheno[3,2-b][1]benzoselenophenes (BSBSs) pos-
sessing large HOMO coefficients on selenium atoms have also
been developed to aim for enhancement of intermolecular
orbital overlaps. However, they unexpectedly exhibited device
performances comparable or lower than that of sulfur
counterparts. Therefore, sulfur-containing OSCs are still a
main player in the field of high performance OSCs. Here,
compared with the reported selenium-containing OSCs, it is
expected that the prominent selenium atom as well as the
unique feature of bent molecular structure in the aggregated
form in a V-shaped 7-core can generate new features as OSCs.

Herein DNS—V and its decyl-substituted derivative (3,9-
didecyldinaphtho[2,3-b:2",3’-d]selenophene, C,;,—DNS—VW)
are studied comprehensively. DNS—V and C;,—DNS—-VW
were readily synthesized by a modified methodolo§y of the
reported case of sulfur-bridged V-shaped derivatives.” Surpris-
ingly, DNS—V and C,;—DNS—VW showed one order higher
solubility compared to the reported oxygen- and sulfur-bridged
V-shaped counterparts in commonly used organic solvents.
Unlike all of other V-shaped derivatives with 2D HB packing
motifs (2D motifs) (Figure lc), interestingly, depending on
crystal growth conditions in solutions, C,(—DNS—VW forms a
one-dimensionally z-stacked packing motif (1D motif) and a
2D motif. Its thin film grown by either the vacuum-deposited
or the solution-crystallized process affords only the 2D motif.
Once the 1D motif is heated over 80 °C, the 2D motif forms
and is maintained in the subsequent cooling process. The 1D
motif is obtained again after exposure of the 2D motif to
certain organic solvents. This result implies that 1D and 2D
motifs of long alkyl-substituted C,,—DNS—VW are synergisti-
cally induced by the total balance of the C—H--7 and Se--7w
interactions. Using solution-grown single-crystalline films,
C1o—DNS—VW exhibits carrier mobility up to 11 cm* V'
s! with suitable transistor stability under ambient conditions
for more than two months.
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2. RESULTS AND DISCUSSION a)
2.1. Synthesis. First, a modular synthetic protocol was 100 Tosy = 275 °C Tosy = 367°C
developed toward DNS—V derivatives as shown in Scheme 1.
80 |-
Scheme 1. Synthesis of Unsubstituted DNS—V and C,— -
DNS—-VW* 2 eof
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BuLi, Et,0, =78 to 0 °C, 1 h, (2) SeCl,, =78 °C, 1 h, (d) IC], < 40r
CH,Cl,, =78 to 0 °C, 2 h, (e) n-CyH,;MgBr, ZnCl, LiC],
PdCl,(dppf)-CH,Cl,, toluene, 70 °C, 12 h. (f) PdCl(dppf), 20k
TMEDA, NaBH,, THF, rt, § h. ¢

Starting from trimethylsilyl (TMS)-substituted 2-bromonaph-
thalene derivative 1, an ortho-metalation was performed using
t-Bu,Zn(TMP)Li (TMP: 2,2,6,6-tetramethylpiperidine) as a
zinc base,”**” because metalation by other bases such as
lithium diisopropylamide (LDA) and LiTMP resulted in
complex mixtures, likely caused by debromination after the
formation of deprotonated species. The reaction of compound
1 with +Bu,Zn(TMP)Li produced a zincate intermediate
(>90% deuterium incorporation determined by 'H NMR),
which was treated with iodine to generate iodinated compound
2 in 62% yield. After the treatment of compound 2 with
Grignard reagent followed by transmetalation with zinc,
Negishi coupling reaction produced the dibromobinaphthalene
derivative 3. Subsequently, the dilithio intermediate was
generated by n-BuLi, which was trapped by selenium
dichloride™ to produce TMS-substituted DNS—V (4). After
conversion into iodinated DNS—V (I-DNS—VW), the
introduction of a decyl group as a synthetic module afforded
the target compound, C,,—DNS—VW, in high yield. DNS-V
can be synthesized by the reported hydrodehalogenation.*
This synthetic protocol can also be applicable to the synthesis
of our previously developed DNT—V congeners by replace-
ment of reagent from selenium dichloride to sulfur. Thus,
utilizing the developed modular synthetic protocol, a wide
variety of selenium-bridged V-shaped derivatives were
successfully synthesized by coupling reactions, which will be
reported elsewhere.

2.2. Thermal Stability Test and Determination of
lonization Potentials. Thermal properties and ionization
potentials (IPs) were evaluated for DNS—V and C,,—DNS—
VW along with V-shaped derivatives (DNF—V, C,,—DNF-
VW, DNT-V, and C,,(—DNT—-VW) for comparisons.
Thermogravimetric (TG) analysis revealed that no thermal
decomposition was observed for DNS—V and C,;—DNS—VW,
similar to V-shaped derivatives (Figure 2a and Figures S1 and

5.0 52 5.4 5.6 5.8 6.0 6.2
Energy (eV)

Figure 2. (a) Thermogravimetric analysis and (b) photoelectron yield
spectroscopy of DNS—V and C;,—DNS—VW.

S2). This indicates that device-grade materials can be easily
prepared by repeated sublimation. The IPs of DNS—V and
C,o—DNS—VW were estimated by photoelectron yield spec-
troscopy (PYS) which were determined to be 5.63 and 5.39
eV, suggesting that DNS—V derivatives are also promising
candidates as air-stable p-type OSCs (Figure 2b).>° As
expected, DNS—V derivatives exhibit the smallest IPs among
a series of V-shaped derivatives (5.93 eV, 5.73 eV, 5.72 eV, and
5.44 ¢V for DNF—V, C,,—~DNF—VW, DNT-V, and C,,—
DNT—VW, respectively), and the trend is well consistent with
the calculated results (Figure 1b,d and Table S3).

2.3. Aggregated Structures. To determine molecular and
aggregated structures of DNS—V and C,;;—DNS—VW, single
crystals were grown from either physical-vapor transport or
recrystallization techniques. Both DNS—V and C,,—DNS—
VW single crystals were obtained as colorless needles whose
structural data were successfully collected by single crystal X-
ray diffraction (SC-XRD) analysis (Figure SS and 3a for
DNS—V and C,;,—DNS—VW). Although sterically less
demanding oxygen- and sulfur-bridged DNF—V and DNT—
V form bent molecular structures and HB packing motifs
(Figure 1c), DNS—V having the much larger selenium atom
does not assume HB packing but rather a slipped one-
dimensional (1D) z-stacking motif showing an almost planar
molecular structure (the bent angle between the two
naphthalene planes is 2.25°) (Figure SSa). In C,(—DNS—
VW colorless crystals (C,,—DNS—VW-colorless), the molec-
ular structure of DNS—V unit also assumes almost planar
geometry with the bent angle of 1.53° (Figure 3a), which is
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stacking motif with interdigitated alkyl chains (Figure 3b).
Surprisingly, during quick recrystallization and reprecipitation
from alcohol solvents, C,;—DNS—VW was obtained as yellow
microcrystals and powders. By a careful recrystallization, we
successfully obtained yellow platelet single crystals and
performed the SC-XRD analysis, as shown in Figure 3¢,d. In
the C,,—DNS—VW yellow platelet crystals (C;(—DNS—VW-
yellow), the molecular structure of the z-core assumes a bent
molecular structure with the bent angle of 15.3°, resembling
geometries of other bent-shaped derivatives (Figure 1c). Cyo—
DNS—VW-yellow forms the 2D HB packing motif, which is
preferable for carrier transport.*® The bent angles between the
two naphthalene units becomes larger in the order of oxygen,
sulfur, and selenium owing to the increase in van der Waals
radius of chalcogens. Thus, such unique crystal polymorphism
of C;;—DNS—VW could be synergistically induced by the
steric repulsion force between adjacent selenium atoms and the
multiple van der Waals interactions between long decyl side
chains, while such structural and color changes are not
observed in the case of the furan or thiophene analogues due
to less steric effect.

2.4. Aggregation Behavior. In the course of melting
point measurements, the following phenomena of C,;—DNS—
VW were observed in solid state. Once the colorless solid was
heated to approximately 80 °C, it turned to the yellow solid
and maintained its color upon cooling to room temperature
(Figure 4a). The phenomena were further investigated by
differential scanning calorimetry (DSC) (Figure 4b and Figure
S6) together with variant temperature X-ray diffraction (VI—

10 °c
1.73° (35.7 A)
98°C

n 2.63° (235 A)
| | 30°C

I 2 3 4 5 6 7 10 15 20 25
2theta (°) 2theta (°)

Figure 4. (a) Transitions between colorless and yellow phases by
means of heating and solvent vapor. (b) DSC measurement of C,o—
DNS—VW in the range from room temperature to 200 °C in the first
scan at the rate of S K/min under a nitrogen flow. (¢, d) Variant
temperature XRD patterns of C,;—DNS—VW on heating: (c) in the
small-angle region and (d) in the wide-angle region.

XRD) measurements using synchrotron radiation®” with the
wavelength at 1.08 A (Figure 4c,d and Figures S8—S10). In the
first heating process, a large endothermic peak (AH = 39.2 kJ/
mol) was observed at 77 °C. In this process, the VT—XRD
profile dramatically changed corresponding to the colorless-to-
yellow-crystal transformation. Notably, the lowest angle
diffraction peak highly shifted from 2.63° (measured at 30
°C) to 1.73° (measured at 98 °C) corresponding to the d-
spacing change from 23.5 to 35.7 A, which is identical to a half
of the cell axis length along the molecular long axis of C;,—
DNS—VW-colorless- and -yellow-phases, 46.87 and 70.15 A,
respectively. Note that the yellow phase does not convert back
to colorless by cooling to room temperature (Figures S8 and
$10), which indicates that the first phase-transition is thermally
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irreversible. Interestingly, the yellow phase turned the colorless
one back again by exposure to organic solvents, as revealed by
powder XRD measurements (Figure S12). That is, two kinds
of solid phases could be reversibly transformed upon external
stimuli. The period of color change depends on the choice of
solvent. For example, in the case of good solvents such as
chloroform and toluene vapor, the color immediately changed
within a few seconds, while in the cases of relatively poor
solvents such as acetone and hexane, the color change was on
the order of minutes. In contrast, acetonitrile and 2-propanol,
which are poor solvents for C,(—DNS—VW, caused little to no
change in color for a long period. With this experimental
knowledge in hand, it is inferred that the colorless phase is
more energetically stable than the yellow one. Such a drastic
phase transition with the change of color’® observed in Co—
DNS—VW is unique among the V-shaped derivatives.

During further heating of C,,—DNS—VW over 90 °C, four
additional phase transition peaks were observed at 102 °C, 121
°C, 132 °C, and 162 °C. Although there exist peak shifts due
to supercooling, these four transition peaks were also detected
during the cooling process, indicating their reversible phase
transitions. XRD patterns measured at 110 °C and 125 °C
show multiple sharp peaks even in wide-angle regions,
indicating the highly ordered-assembled structures of C,y—
DNS—VW. In contrast, over 132 °C, C;;—DNS—VW was
found to form a mobile and ordered liquid-crystalline state. As
measured at 145 °C, only one diffraction peak was observed in
the small angle region with a d spacing of 34.5 A (for instance,
the molecular length in the C;,—DNS—VW-yellow crystal
along the longitudinal axis is 34.18 A, as shown in Figure 3c),
whereas the wide-angle region around 13.6° (4.6 A) shows a
diffused halo, ascribing to the diffraction from the disordered
alkyl chains. The polarizing optical microscopic image at that
temperature shows a fan-shaped texture, indicating that C,,—
DNS—VW forms a smectic A phase in the temperature region
from 132 °C to 162 °C (Figure S11). C;;—DNS—VW
ultimately transforms into the isotropic phase over 162 °C.

2.5. Physicochemical Properties and Chemical Stabil-
ity Test in Solution and Thin Film. To clarify
physicochemical properties and chemical stability of C,,—
DNS—VW, its UV—vis spectra in solution were measured
under ambient conditions. Among a series of V-shaped
derivatives, C;,—DNS—VW has an absorption spectrum
similar to that of C;;—DNT—VW, and they are red-shifted
compared to C,;—DNF—VW. The effect of chalcogen
substitution on the absorption properties of V-shaped
derivatives in both of the single molecular states and
aggregated states is saturated around sulfur and selenium
atoms (Figure Sab). Furthermore, on the basis of time-
dependent spectra of C;(—DNS—VW in both solution and
thin-film states, no spectral change was detected over 1 week,
indicating its excellent chemical stability under ambient
conditions (Figures S14 and S1S). The vacuum-deposited
thin film corresponds to the yellow phase, which is determined
by thin-film XRD (Figure S20).

2.6. Solubility. The solubility of C,,—DNS—VW was
determined using several organic solvents at room temper-
ature. C;;—DNS—VW shows very high solubility in the range
of 0.74—1.97 wt % in chloroform, toluene, and o-
dichlorobenzene (¢DCB) (1.97 wt % in chloroform, 0.74 wt
% in toluene, and 1.73 wt % in 0-DCB) despite the extensively
fused z-system. C;(—DNF—VW and C,;—DNT—-VW exhibit
much lower solubility of below 0.1 and 0.6 wt % in chloroform
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Figure 5. (a) Absorption spectra of C;p—DNF—VW (blue line), C,,—
DNT-VW (green line), and C;(—DNS—VW (red line) in
comparison in 1,2-dichloroethane solution (¢ = 1.0 X 107> M) at
room temperature. (b) Absorption spectra of C;(—DNF—VW (blue
line), C;q-—DNT—VW (green line), and C,;—DNS—VW (red line) in
ca. 100 nm thin film.

under the same conditions, respectively. C,,—DNS—VW-
yellow and -colorless solids exhibited the same solubility,
because C;;—DNS—VW-yellow solids were fully converted
into the C,(—DNS—VW-colorless form upon exposure to good
solvents. Considering that C;(—DNF—VW and C,;,—DNT-—
VW do not show any polymorphisms, this result might indicate
that the high solubility of C;;,—DNS—VW mainly originates
from the unique phase transition behavior from C,(—DNS—
VW-yellow to C;,—DNS—VW-colorless in good solvents,
which later forms 1D aggregated structure with weaker
intermolecular interactions (Figure S17). Furthermore, the
slightly larger dipole moment of DNS—V (1.06 debye)
compared with those of DNF—V (0.94 debye) and DNT—V
(1.02 debye) might also play a role in improved solubility
(Figure 1b,d).”°

2.7. Carrier Transport Capability Analyzed by
Theoretical Calculations. Based on the packing structure,
intermolecular electronic couplings were estimated by the
transfer integral (t) for holes using the dimer approach™ at the
PBEPBE/6-31G(d) level of theory. On the basis of
calculations based on the molecular structures in single
crystals, C,(—DNS—VW-yellow, C,,(—DNF-VW, and C;;—
DNT—-VW exhibit small energetic differences between
HOMO and next HOMO (NHOMO). The small differences
suggest that ¢t values of HOMO—HOMO and NHOMO-
NHOMO should be taken into account, but t values between
HOMO-NHOMO were estimated to be either zero or
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negligibly small unlike recently reported BTBT derivatives.*’
The calculation results for HOMO—HOMO and NHOMO—
NHOMO of C;,—DNS—VW-colorless and -yellow are
summarized in Figure 6a,b. The C;,—DNS—VW-colorless
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Figure 6. Calculation results of (a) C;(—DNS—VW-colorless and (b)
Co—DNS—VW-yellow crystal phases. Packing structures with transfer
integrals of HOMO—HOMO and NHOMO-NHOMO, electronic
band structure with Eyopo and Enponmo, and effective masses (a—b
and a—c planes) depending on the angle from the column direction
(calculated at the PBEPBE/6-31G(d) level of theory).

exhibits typical features of 1D charge-transport with a large
negative value of —96 meV and very small positive value of
+0.7 meV between HOMOs for t; and t, (in the lateral
directions). On the other hand, C;;—DNS—VW-yellow
exhibits large positive values of +61 meV (tyr) in the column
direction and two negative values of —62 meV (ty) and —25
meV (tpp) in transverse directions, and +18, —12 and —21
meV between NHOMOs for tyr, tyyy, and trr, respectively.
To quantitatively understand the carrier transport capability,
the electronic band structures were also calculated via the
periodic boundary condition at the same level as the estimation
of t values. Theoretically, the hole mobility is inversely
proportional to m*, as described in the following equation: y =
qr/m* (u: mobility, g: carrier charge, 7: relaxation time, m*:
effective mass). The m* values were estimated from the band
dispersion on top of the bands. Figure 6 and Table S4
summarize their effective masses for holes. For C;;—DNS—
VW-colorless, effective masses (contributed by HOMO) were

evaluated to be as small as 1.9m, in the g-axis but more than
6my in the b-axis direction, indicating anisotropic 1D charge
transport behavior (Figure 6a). On the other hand, for the 2D
HB motif of C;;—DNS—VW-yellow, effective masses were well
balanced and estimated to be 1.2m, in the column direction
(my*) and 3.5my in the transverse direction (m,*) (Figure
6b). The values are more isotropic, and small or similar
compared with those of C;,—DNF—VW (m* = 5.2m, and
m,* = 1.8m,) and C,;—DNT—VW (m* = 1.5m, and m * =
2.7my) (Figures S18 and S19) showing the highest mobility up
to 1.3 and 6.5 cm® V! 7}, respectively.”'* Furthermore, the
column direction of C;;—DNS—VW-yellow is preferable for
transport to the transverse direction.

2.8. FET Performances and Stability under Ambient
Conditions. To evaluate FET performance for DNS—V and
C,o—DNS—VW, their thin films on self-assembled monolayer
(SAM)-treated Si/SiO, substrate were prepared in the form of
both polycrystalline and single crystalline by means of vacuum
deposition, manual lamination, or solution process by the
edge-casting method."' For DNS—V, manually laminated
single-crystal OFETs were evaluated at ambient conditions.
The laminated single-crystal transistor exhibits hole mobility
up to 0.11 cm® V™' s7! (Figure $22). For C;;—DNS—VW,
vacuum-deposited polycrystalline and solution-grown single
crystalline thin-film FETs exhibit hole mobility up to 3.2
(substrate temperatures: 90 °C and 115 °C, thickness of
OSCs: 40 nm) and 11 cm® V™' 57!, respectively (Figure S24
and S25 and Figure 7a—d). The maximum value of single
crystalline FET is indeed superior to those of oxygen- and
sulfur-bridged counterparts. Also, its threshold voltage (Vy,) is
reduced to as small as —30 to —15 V, compared to C;,—
DNT-VW (V,, = —40 V) with the same device structure,
resulting from the smaller ionization potential of C;;,—DNS—
VW (Table 1). The device stability of C;,—DNS—VW single-
crystal OFET was investigated against atmospheric stress. No
critical decreases in hole mobility () and Vy, were detected
over two months (Figure 7e). Regarding the initial
deterioration, this may be caused by the evaporation of the
residual solvent at the crystal—substrate interface or in the
crystal.*

2.9. Thin-Film Morphology and Molecular Dynamic
Simulations. Out-of-plane XRD measurements of both the
polycrystalline and the single-crystalline thin film indicated that
C,o—DNS—VW forms layer-by-layer lamella structure, judging
from (0 4 0), (06 0), (0 8 0), and (0 10 0) diffraction with a
calculated interlayer d-spacing of about 70.6—70.8 A (Figure
$20). The value is in good accordance with the lattice constant
of the yellow phase (70.15 A) in the molecular long axis. This
is probably because the interdigitated alkyl chain assembly in
the C;;—DNS—VW-colorless crystal structure is energetically
unpreferable in the two-dimensional surface. To investigate the
stable structure of thin films composed of C;,—DNT—-VW-
colorless and -yellow, molecular dynamics (MD) simulations
for the system of thin films on the -PTS-treated SiO, surface
were carried out, respectively (Figure 8). For the thin films of
C,o—DNT—VW-colorless on the substrate, the molecular
alignments of the top and bottom layers were deformed
during S ns of the MD run (Figure 8a). However, the thin films
of C;y—DNT—VW-yellow on the substrate were unchanged
from the bulk crystal structure at the initial state, and the
thickness of two layers calculated from the structure obtained
by MD simulation was about 70 A. This strongly supports the
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Figure 7. (a) A polarized microscopy image and a device illustration,
(b) transfer and (c) output characteristics, (d) effects of V on p,, and
(e) change of the transfer curve on storage under ambient conditions
of a C,;—DNS—VW solution-grown single-crystal FET: channel
length (L) = 100 ym; channel width (W) = 100 um; gate electrode
(G) = n++-Si; insulator (Ins) = SiO, (200 nm, C, = 16.8 nF cm™2);
source (S) and drain (D) electrodes = F,—~TNCQ (1—2 nm)/Au (30
nm).

fact that C;,—DNT—VW-yellow preferably forms layer-by-
layer lamella structure on the substrate (Figure 8b).

To determine the crystal growth direction of solution-grown
single-crystalline films, XRD measurements were performed
using synchrotron radiation with the wavelength at 1.000 and
0.689 A for out-of-plane and in-plane measurements,
respectively (Figure 9). The out-of-plane XRD pattern shows
three reflections at 34.7, 17.5, and 11.6 A (Figure 9b), while

a) C,-DNS-VW-colorless
Ons

b) C,;~DNS-VW.yellow
Ons

Figure 8. Molecular dynamics of (a) C;;—DNS—VW-colorless and
(b) C;q-—DNS—VW-yellow phases on the S-PTS-treated SiO, surface.

some indicative reflections were detected at 3.89 and 3.31 A in
the in-plane XRD pattern (Figure 9c). Out-of-plane reflections
correspond to diffraction from (0 2 0), (0 4 0), and (0 6 0)
planes of the yellow phase whereas in-plane peaks correspond
to (0 02) and (1 0 2) planes, implying that thin films prepared
on the substrate form 2D HB packing structures and a
conduction a—c plane parallel to the substrate. Furthermore,
the column a direction, showing potentially high mobility, is
almost parallel to the crystal growth direction.

3. CONCLUSION

In summary, we demonstrated that a selenium-bridged V-
shaped #-core functionalized by long alkyl chains, C,(—DNS—
VW, possesses two types of aggregated forms: a thermally
stable colorless phase having high solubility and a metastable
yellow phase preferably forming on the surface and showing

Table 1. Summary of Transistor Performance in Single Crystal and Polycrystalline Thin Films of C,,—DNS—VW-Yellow, C,,—

DNS—VW-Colorless, and DNS—V

film for FET

material
Co—DNS—VW-yellow single crystal
polycrystalline (T, = rt)
polycrystalline (T, = 90 °C)
polycrystalline (T, = 115 °C)
C,y—DNS—VW-colorless single crystal

DNS-V single crystal

mobility (cm? V™' s71)

Have” W Vi (V) Ton/oft
7.0 £ 2.1 11 —30 to —15 10°
1.0 + 0.05 1.1 —30 to —25 10°
23+ 06 32 —30 to —25 10°
2.8 + 0.4 32 —30 to —25 10°
nat 3.0 X 107 na.? 15
0.088 + 0.13 0.11 —70 to —50 10°

“The average values (average value + standard deviation) are evaluated from S to 10 good-looking devices. ®The value is not available because only
a few devices were successfully measured. “The mobility value is just for reference because the transfer curve has large hysteresis. 4y, is difficult to
determine because the transfer curves have large hysteresis and a small on/off ratio.
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Figure 9. (a) A microscopic image of the solution-grown single-
crystalline films on SAM-treated Si/SiO, substrates. (b) Out-of-plane
(12.4 keV, 1.000 A) and (c) in-plane (18.0 keV, 0.689 A) XRD
patterns of single crystalline film of C;,—DNS—VW.

high carrier mobility. These two phases in the form of bulk
powders reversibly transform by external stimuli under
conditions of thermal annealing and solvent vapor. Owing to
such unique phenomena, C;,—DNS—VW possesses ideal
teatures for applicable OSCs, high solubility around 1-3 wt
% in common organic solvents as a colorless phase, and a HB
packing motif with preferable formation on the 2D surface and
high carrier-transport ability as the yellow phase. This
structural change is a unique phenomenon for a selenium-
bridged V-shaped z-core, because our previously developed
oxygen- and sulfur-bridged derivatives do not show such
behavior. Thus, selenium-bridged V-shaped dinaphthalenes are
a new type of OSCs having unusually high solubility, despite
the highly extended s-electron systems, and high carrier
mobility up to 11 cm® V™' s7'. The discovery of this rational
functionality will open up the possibility of selenium-based
OSCs for printed and flexible electronics.

4. EXPERIMENTAL SECTION

4.1. Solubility Test. To a weighed sample of roughly 5 mg was
added S0 pL of chloroform, toluene, or 0-DCB. The resulting
suspension was shaken and sonicated at room temperature until no
residues remained. The total volume of solvent (mL) was converted
into solubility in wt %.

4.2. Single Crystal Data. Single crystal diffraction data of DNS—
V and C,,—DNS—VW-colorless crystals were collected on a Rigaku
R-AXIS RAPID II imaging plate diffractometer with Mo Ka and Cu
Ka, respectively, whereas those of C;;—DNS—VW-yellow crystal were
collected with synchrotron radiation (4 = 0.8026 A) using a hybrid
photon counting detector at BLO2B1 of SPring-8.

Crystal Data for DNS—V. C,H,,Se, M = 331.27, a pale yellow
platelet, 0.751 X 0.075 X 0.010 mm, monoclonic, P2,/n, a =
12.0403(9), b = 4.0618(3), ¢ = 27.735(2), A, B = 94.164(7)°, V =
1352.78(18) A%, Z = 4, pyeq = 1.626 g cm™, T = 296 K, 20, =
50.7°, Mo Ka radiation, A= 0.71075 A, p = 2.764 mm™’, 8723
reflections measured, 2458 unique reflections, Ry, = 3.55%, 190
parameters, R, = 0.0327 (I > 26(I)), wR, = 0.0921 (all data), CCDC-
200383S.

Crystal Data for C,;—DNS—VW-colorless. C,,Hs,Se, M = 611.82,
a colorless needle, 1.000 X 0.200 X 0.050 mm, monoclinic, C2/c, a =
4.7733(3), b = 14.9798 (8), c = 46.865(2) A, V=3349.4(3) A3, Z = 4,
Paea = 1213 gem™, T = 296 K, 20, = 136.5°, CuKa radiation, A =
1.54187 A, = 1.686 mm™}, 13993 reflections measured, 3056 unique
reflections, R, = 5.11%, 186 parameters, R, = 0.0350 (I > 26(I)), wR,
= 0.1010 (all data), CCDC-2003836.

Crystal Data for C;,—DNS—VW-yellow. C,H,Se, M = 611.82, a
yellow platelet, 0.200 X 0.100 X 0.020 mm, orthorhombic, Pnma, a =
6.2320(5), b = 70.148(6), c = 7.7336(6) A, V = 3380.8(5) A%, Z = 4,
Peaea = 1202 g cm™3, T = 296 K, 20,,,,, = 63.2°, synchrotron radiation,
A =0.8026 A, yu = 1.528 mm™", 23278 reflections measured, 3730
unique reflections, R, = 8.34%, 188 parameters, R; = 0.0818 I >
26(I)), wR, = 0.2899 (all data), CCDC-2003837.

4.3. Powder X-ray Data. Powder X-ray diffraction patterns of
C,;—DNS—VW were recorded in transmission mode on a
diffractometer equipped with an imaging plate detector and a
nitrogen-flow high-temperature device at the RIKEN Materials
Science Beamline (BL44B2) at SPring-8. Measurement conditions
were as follows: capillary diameter: 0.3 mm; synchrotron radiation 4 =
1.08 A; 26 range: 1.0—77.58°; step width: 0.01°.

4.4. Molecular Dynamics (MD) Simulations. All-atom MD
simulations were performed using GROMACS 4.6.7 package. The
force field parameters set for calculating the intra- and interatomic
interactions were generalized Amber force field* for C;;—DNS—VW
and phenethyl moiety and the parameters used in the previous
studies,*™* for SiO, substrate, respectively. The partial atomic
charges of C;,—DNS—VW and the phenethyl group were obtained by
restrained electrostatic potential (RESP) methodology, based on
quantum chemical calculations by GAUSSIANO9 program*® with 6-
31G(d) basis sets, respectively. As the initial simulation, the pre-
equilibration and equilibration runs for the bulk crystal structure were
carried out. The number of molecules was 640 for the bulk system of
both C,,—DNS—VW-colorless and -yellow. The initial structure for
each system was constructed from the single-crystal structure
obtained in the XRD experiments. The pre-equilibration runs at
250 and 300 K were sequentially performed for 2 ns after the
minimization of the steepest descent energy. During the pre-
equilibration runs, the Berendsen thermostat and barostat*’ were
used to maintain the temperature and pressure of the system, with
relaxation times of 0.2 and 2.0 ps, respectively. The 10 ns
equilibration runs at 300 K were performed using the Nosé—Hoover
thermostat*®™° and Parrinello—Rahman barostat®' with relaxation
times of 1.0 and 5.0 ps, respectively. The pressure was kept at 1.0 bar
for each system of the bulk crystal. The initial structure of the thin
films on the substrate was constructed by putting the bulk crystal
structure obtained from the MD runs mentioned above onto the f-
PTS-treated SiO,. Each of 226 phenylethyl moieties was closely
positioned on a Si atom of hydroxylated SiO,. The structure of SiO,
substrate was generated based on the previous study.*>*® The
numbers of SiO,, SiO,(OH), and SiO(OH) units contained in the
substrate are 1546, 104, and 330, respectively, and its thickness was
1.493 nm. The simulated slab was located in the center, the initial size
of the MD cell was (x, y, z) = (7.467 nm, 7.467 nm, 25.00 nm), and
enough vacuum space was left so that the intermolecular interactions
with the periodic image cell along the z-direction did not occur. After
the steepest descent energy minimization, the equilibration runs were
carried out at 300 K using the velocity rescaling thermostat®* with a
relaxation time of 0.2 ps. During the equilibration run, the
hydroxylated SiO, substrate was fixed because it is known to be
fairly stable at room temperature and preliminary simulations showed
that this treatment does not affect the layers on the substrate.
Therefore, the size of the MD cell was kept constant without the
pressure coupling method. To realize SAM on the SiO, substrate,
harmonic positional restraints were applied to the end carbon atoms
of the phenylethyl moieties. The time step was set to 2 fs because all
bonds connected to hydrogen atoms were constrained with the
LINCS®® algorithm. The smooth particle-mesh Ewald (PME)*®
method was employed to treat the long-range electrostatic
interactions. The real space cutoff and the grid spacing are 1.2 and
0.30 nm, respectively. The van der Waals interactions were calculated
with the cutoff of 1.2 nm.
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