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Binaphthosemiquinones are proved to show ambipolar transistor properties.  These compounds 

have characteristic blue colors owing to the small energy gaps, because the quinone part works 

as an electron acceptor and the alkoxy group acts as an electron donor.  Accordingly, these 

molecules have an analogous electronic structure to indigo.  The crystal structure changes 

depending on the alkoxy groups, though these compounds generally have stacking structures. 

 

Introduction  

 In recent years, growing interests have been devoted to 

ambipolar semiconductors because of the potential application 

to large-area integrated circuits, light-emitting transistors, and 

photovoltaic devices.1  Among them, donor-acceptor (D-A) 

copolymers composed of electron-rich and electron-deficient 

units have been investigated intensively owing to the high 

performance and well-balanced ambipolar charge transport in 

organic transistors.2  In particular, D-A copolymers composed 

of diketopyrrolopyrrole (DPP) and thiophene derivatives 

exhibit excellent ambipolar characteristics due to the 

remarkable aggregation properties,3 where DPP works as the 

acceptor part.  As another acceptor unit, isoindigo has been 

investigated recently,4 and indigo has been also used in an 

ambipolar D-A copolymer.5  These ambipolar D-A copolymers 

have a small band gap between the highest occupied molecular 

orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO) levels, which is important for the effective hole and 

electron injection from a single electrode material.   

It has been recently found, however, that the component 

small molecule, indigo, exhibits ambipolar transistor 

properties.6  In particular, dibromo and diphenyl indigo exhibit 

much improved ambipolar transistor properties in the order of 

0.1 - 1 cm2 V–1 s–1.  This demonstrates that indigo itself is an 

ambipolar material with a small HOMO-LUMO gap, and this is 

quite convincing because the characteristic deep blue color with 

the absorption edge around 720 nm is related to the small 

HOMO-LUMO gap of 1.7 eV.  The possibility of ambipolar 

transport has been also suggested from the molecular orbital 

calculation not only for indigo but also for isoindigo and DPP.7  

In general, aromatic compounds with a deep violet color are 

candidates of ambipolar semiconductors.  In this connection, 

2,2′-binaphthosemiquinones (BNQs, Scheme 1) have a 

characteristic blue color, which has been known as Russing 

blue for a long time.8  Since the NH moiety in indigo is an 

electron donating group and has two π electrons, the C=C unit 

with the alkoxy part in BNQ works analogously to the NH 

group.  Here we investigate electronic and crystal structures as 

well as the transistor properties of BNQs with various alkyl 

groups (Scheme 1).   

 

Scheme 1.  Synthesis of BNQ derivatives 

 

Fig. 1  Molecular orbitals of 2a: (a) HOMO and (b) LUMO. 
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Results and discussion 

Synthesis 

The synthesis of BNQ derivatives 2a-e is outlined in 

Scheme 1.  1,4-Naphthoquinone was reduced to 4-alkoxy-1-

naphthols 1a-e in the presence of the corresponding alcohols by 

treatment with tin(II)chloride and concentrated hydrogen 

chloride under reflux for 3 hours in 42-64% yields.9  The 

obtained 4-alkoxy-1-naphthols 1a-e were oxidized with silver 

(II)oxide in chloroform at room temperature for 3 hours to give 

the corresponding BNQ derivatives 2a-e in 40-83% yields.  All 

BNQ derivatives are highly soluble in halogenated solvents, 

and stable in the solid form. 

 
Elecrtochemical properties 

The electrochemical properties were studied by cyclic 

voltammetry (Figure S1).  All compounds showed two quasi-

reversible reduction waves and one quasi-reversible oxidation 

wave, from which the HOMO and LUMO energy levels were 

estimated as shown in Table 1.  The HOMO level is about –5.3 

eV and the LUMO level is –3.8 eV, and the resulting energy 

gap is as narrow as 1.5 eV.  This is attributed to the 

semiquinone structure, suggesting the capability of these 

compounds for both electron and hole transport.  A general rule 

has been suggested that hole transport is realized for Au 

electrodes when the HOMO is located above –5.6 eV, and 

electron transport is achieved when the LUMO level is located 

deeper than –3.15 eV.10  The estimated HOMO/LUMO levels 

of the present compounds satisfy these conditions. 

These energy level values do not conflict with the results of 

the density functional theory (DFT) calculations by Gaussian 

09 program at the level of B3LYP using the 6-31G(d,p) basis 

set (HOMO : –5.05 eV and LUMO : –2.89 eV for 2a).11  As 

shown in Figure 1, the DFT calculation demonstrates 

characteristic electron distribution of the HOMO and LUMO on 

the semiquinone backbone; there is a large LUMO population 

centered on the carbonyl carbons, whereas the HOMO 

population is localized around the alkoxy carbons.  Therefore, 

naively speaking, the carbonyl groups act as the electron 

Table 1  Redox potentials for BNQ derivatives (vs. Fc/Fc+ coupling = –4.80 eV). 

 Eonset
Ox (V) Eonset

Red (V) EHOMO (eV) ELUMO (eV) ∆ECV (eV) ∆Eopt (eV) 

2a 0.48 –1.00 –5.28 –3.80 1.48 1.75 

2b 0.45 –1.01 –5.25 –3.79 1.46 1.73 

2c 0.42 –1.02 –5.22 –3.78 1.44 1.69 

2e 0.41 –1.03 –5.21 –3.77 1.44 1.68 

2d 0.47 –1.02 –5.27 –3.78 1.49 1.72 

 

Table 2  Crystallographic data for 2a-e. 

Crystals 2a 2b 2c 2d 2e 13 

Empirical formula C22H16O4 C24H20O4 C26H24O4 C32H32O4 C32H36O4 

Formula weight 344.37 372.42 400.47 480.58 484.61 

Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic Triclinic 

Space group P212121 P21/n C2/c C2/c P-1 

a (Å) 4.5570(5) 12.2447(3) 29.3578(7) 23.0134(5) 5.3199(3) 

b (Å) 18.571(2) 4.98276(9) 4.3053(2) 16.3860(3) 10.5254(6) 

c (Å) 18.986(3) 15.1193(3) 18.6433(5) 15.4408(3) 12.2657(9) 

α (°) 90 90 90 90 71.587(6) 

β (°) 90 93.255(1) 118.437(2) 119.5322(9) 82.118(5) 

γ (°) 90 90 90 90 75.890(5) 

V (Å3) 1606.8(3) 920.97(3) 2072.1(1) 5066.2(2) 630.63(7) 

Z 4 2 4 8 1 

Unique reflns. (Rint) 2948 (0.0933) 1664 (0.1752) 1866 (0.0357) 4599 (0.0311) 2346 (0.0369) 

Dcal (g/cm3) 1.423 1.343 1.284 1.255 1.276 

R1 0.0859 0.0638 0.0413 0.0419 0.0414 

Rw 0.1917 0.1527 0.0904 0.1020 0.1138 

GOF 1.089 1.012 1.024 1.240 0.964 
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acceptors and the alkoxy groups as the electron donors.  This is 

analogous to indigo having the large LUMO population on the 

carbonyl groups, and the HOMO population on the amino 

groups.12 

 
Crystal structures 

Needle-like black crystals of the BNQ derivatives 2a-e were 

obtained by recrystallization from toluene.  Single crystal X-ray 

structure analyses were carried out for 2a, 2b, 2c, and 2d.  

Table 1 shows the crystallographic data together with the 

reported data of 2e.13  These compounds have respectively 

different crystal structures. 

A crystal of 2a belongs to an orthorhombic system with the 

space group P212121.  The crystal packing is depicted in Figure 

2.  One molecule is crystallographically independent, and the 

unit cell contains four molecules, which are related to each 

other by a 21-screw axis running along the three different 

crystallographic axes.  The molecule is almost planar, and 

forms a one-dimensional uniform stack along the a-axis with 

the interplanar spacing of 3.36 Å (Table 3).  On account of the 

screw axes, the long axes of the molecules in the adjacent 

stacks are not parallel, and oriented alternately. 

A crystal of 2b belongs to a monoclinic system with the 

space group P21/n, where the crystal packing is depicted in 

Figure 3.  The crystallographically independent unit consists of 

half the molecule, and the unit cell contains two molecules.  

The molecule is almost planar, and forms a one-dimensional 

uniform stack along the b axis.  All molecular long axes are 

oriented parallel in the ac plane, but tilted alternately, so that 

when viewed from the molecular short axis, the structure looks 

like the herringbone structure (Fig. 3(b)). 

A crystal of 2c belongs to the space group C2/c, where the 

crystal packing is depicted in Figure 4.  Half the molecule is 

crystallographically independent, and a unit cell contains four 

molecules.  Similarly to 2b, the planar molecules form a one-

dimensional uniform stack along the b-axis, where the side 

view from the molecular short axis looks like the herringbone-

like packing as well. 

A crystal of 2d belongs to a monoclinic system with the 

space group C2/c, where the crystal packing is depicted in 

Figure 5.  The unit cell contains eight molecules, and one 

 

Fig. 2  Crystal structures of 2a, viewed along (a) the stacking direction 

and (b) the molecular short axis, and (c) the overlap modes. 

 

Fig. 3  Crystal structures of 2b, viewed along (a) the stacking direction 

and (b) the molecular short axis, and (c) the overlap modes. 

 

Fig. 4  Crystal structures of 2c, viewed along (a) the stacking direction 

and (b) the molecular short axis, and (c) the overlap modes. 

 

Fig. 5  Crystal structures of 2d, viewed along (a) the stacking direction 

and (b) the molecular short axis, and (c) the overlap modes. 
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molecule is crystallographically independent.  The molecule is 

not perfectly planar, and the two naphthyl parts make an angle  

of 14.2° due to the large steric hindrance of the cyclohexyl 

groups.  The molecules are dimerized along the c-axis stack, 

forming a one-dimensional column with two kinds of π-π 

overlaps, 

In contrast to indigo, BNQ does not form strong 

intercolumnar N–H···O hydrogen bonds because the donor part 

is replaced by an alkoxy group; this is probably associated with 

the thin needle-like shape of the BNQ crystals.  However, there 

are many intermolecular C–H···O hydrogen bonds using alkyl 

and aromatic hydrogens, where the typical distance from the 

carbonyl O to the alkyl C is 3.18 ~ 3.43 Å.14  Compound 2a has 

an additional hydrogen bond using the alkoxy O···C, 3.56 Å.  

Compound 2b is stabilized by the hydrogen bond network 

using two carbonyl O atoms and two alkoxy O atoms (O···C: 

3.44 Å), which indicates the relatively dense packing of 2b.7a,15 

The present BNQ compounds (2a-c) are entirely planar due 

to the central C=C double bond.  On the other hand, the 

corresponding oxidized quinone, 2,2′-bi-1,4-naphthoquinone, 

has a twisted structure; at the central C2-C2′ single bond the 

aromatic planes are twisted with the torsion angle of 47.3°.16  

The resulting intramolecular O···H distance is 2.54 Å, which is 

considerably longer than 2.05 Å in the present compounds. 

 
Overlap modes and transfer integrals 

In order to compare the intermolecular interaction more 

carefully, the geometries of the BNQ molecules in the stack are 

compared in Table 3 together with the intermolecular HOMO-

HOMO and LUMO-LUMO transfer integrals.  The respective 

overlap modes are depicted in Figure 2(c), 3(c), 4(c), and 5(c).  

Here, the direction of the central C=C double bond is defined as 

the x axis (Table 3), and its vertical direction in the molecular 

plane is taken as the y axis.  Then the position of the adjacent 

molecule in the stack is represented by the (x, y, z) coordinates. 

Accordingly, the z component means the interplanar distance. 

In 2a and 2b, the y displacement is comparatively small (y < 

0.7 Å), and the stacked molecules are slipped mainly along the 

x axis, namely parallel to the central C=C bond.  Since the x 

displacement is around 3.0 ~ 3.7 Å, the stacking mode looks 

like a ring-over-bond type (Figure 2(c) and 3(c)).  These 

compounds have short interplanar distances (z displacement) of 

3.36 Å and 3.32 Å, and comparatively large transfer integrals.  

By contrast, 2c has a nearly eclipsed stacking mode (Figure 

4(c)), and as a result, the interplanar distance is slightly large 

(3.55 Å).  Compound 2d has a dimerized structure, where the 

geometry c2 is not much different from those of 2a and 2b, 

though the interplanar distance is somewhat large (3.63 Å).  In 

c1, the molecular long axes are no more parallel but connected 

Table 3  Transfer integrals and geometries of 2a-e. 

 

 mode tHOMO 
(meV) 

tLUMO 
(meV) 

x 
(Å) 

y 
(Å) 

z 
(Å) 

2a a –59 –35 3.06 0.36 3.36 

2b b –58 51 3.66 0.68 3.32 

2c b 11 –54 2.27 0.89 3.55 

2d 
c1 27 30 0.52 0.19 3.37 

c2 8 –46 3.78 0.75 3.63 

2e a –32 87 4.03 0.94 3.34 

 

 

Fig. 6  Characteristics of the ambipolar transistors based on 2b deposited on TTC.  (a) Transfer characteristics in the p-channel region, and (b) the n-

channel region.  (c) Output characteristics in the p-channel region, and (d) the n-channel region. 
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by a two-fold axis (Figure 5(c)), where the small x and y 

displacements imply that the molecular center is placed 

approximately on the top of the other molecule.  The 

considerable dimerization is also obvious from the calculated 

transfer integrals.  The geometry of 2e is in principle not much 

different from those of 2a and 2b, though the x and y 

displacements are somewhat enlarged.  There is a general 

tendency that large alkyl groups reduce the intermolecular 

overlap.  The large transfer integrals are observed only in the 

stacking direction, and there are no meaningful intercolumnar 

transfer integrals.  These compounds have highly one-

dimensional electronic structures, though the resulting 

bandwidths are not very small (~0.2 eV).  The signs of the 

transfer integrals change depending on the compounds (Table 

3), because the intermolecular overlap modes are respectively 

different. 

 
Transistor properties 

In order to investigate charge-carrier transport in BNQ 

derivatives, the organic thin-film transistors were fabricated.  

Tetratetracontane (C44H90, TTC) was evaporated on the 

thermally grown silicon oxide layer of an n-type silicon wafer.  

TTC is a highly hydrophobic material with a small dielectric 

constant, and recently proved to be an excellent passivation 

layer to observe ambipolar transport.6  Compounds 2a, 2b, and 

2c were vacuum evaporated.  Then, gold source-drain 

electrodes were evaporated on the active layer, and the resulting 

bottom-gate top-contact devices were investigated under 

vacuum and ambient conditions.  We could not obtain 

evaporated films of 2d and 2e.  Transistors of spin-coated films 

of these compounds were investigated, but not successfully 

operated.   

The transfer and output characteristics of the 2b device are 

shown in Figure 6, and the extracted parameters are listed in 

Table 4 together with the results of 2a and 2c.  The device 

exhibits typical ambipolar behavior; it can be operated both at 

negative and positive gate voltages (VG).  The hole and electron 

transporting properties are well balanced, with the hole and 

electron average mobilities around 1.3 × 10–3 cm2 V–1 s–1 and 

4.7 × 10–3 cm2 V–1 s–1, respectively.  The balanced performance 

does not conflict with the balanced transfer integrals estimated 

from the crystal packing (Table 3).  Although the mobility 

values are moderate, we have achieved large on/off ratios 

exceeding 104 (Table 4).  In addition, the ambipolar regions are 

clearly observed in the output characteristics (Figures 6(c) and 

(d)).  This is represented by the comparatively small threshold 

voltages Vth (Table 4).  The threshold voltages are also 

estimated from the rise of the reversed current in the output 

characteristics according to VT' = VG – VD, which are in good 

agreement with the estimations from the transfer 

characteristics.6d,17  The transistor of 2b shows ambipolar 

performance even under ambient conditions and after several- 

months storage under air (Figure S3).  Compounds 2a and 2c 

show slightly smaller mobilities, and the hole transport is larger 

than the electron transport (Figure S4 and S5); the hole current 

is obviously by one order of magnitude larger than the electron 

current.  In view of the energy levels (Table 1), the hole 

transport is to some extent preferable to the electron transport in 

these materials.  The decreasing order of mobility 2b > 2a > 2c 

roughly coincides with the increasing order of the interplanar 

distances (Table 3), and the mobility is related to the preferable 

molecular packing.  However, the generally small mobility is 

ascribable to the one-dimensional structure, where the charge 

transport is restricted in the stacking direction. 

 
Thin film properties 

Figure 7 shows the X-ray diffraction (XRD) patterns and 

the AFM topographical images.  AFM images show 

polycrystalline thin films composed of needle-like grains of 

several micrometers, indicating the one-dimensional pathway 

along the elongated axis.  The XRD patterns show a broad peak 

centered at about 4.4° (d-spacing = 20 Å) corresponding to the 

(006) reflection of the orientated TTC film.18  The primary thin-

 

Fig. 7  X-ray diffraction patterns and AFM topographical images of 40 nm BNQ thin-films deposited on TTC: (a) 2a, (b) 2b, and (c) 2c. 

Table 4  Transistor characteristics for 2a-c. 

  µave
 [µ

max] (cm2 V–1 s–1) Vth
ave (V) on/offave 

2a 
h 8.2 × 10–4 [1.8 × 10–3] –1.5 4 × 104 

e 7.0 × 10–4 [1.2 × 10–3] 29 4 × 103 

2b 
h 1.3 × 10–3 [3.6 × 10–3] –0.1 1 × 104 

e 4.7 × 10–3 [6.2 × 10–3] 10 1 × 104 

2c 
h 5.7 × 10–4 [1.1 × 10–3] –2 5 × 103 

e 1.2 × 10–4 [2.5 × 10–4] 30 1 × 103 
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film d-spacings of 2a-c are estimated to be 9.2 Å for 2a, 9.5 Å 

for 2b, and 12.7 Å for 2c.  These d-spacings respectively 

correspond to b/2, (a – c)/2, and (a sin β)/2 of the crystal lattice, 

indicating that the alkyl chains are standing perpendicular to the 

substrate for 2b and 2c with keeping the molecular layers 

parallel to the substrate.  From this, the molecular planes are 

tilted from the substrate normal by 13° for 2a, 5° for 2b, and 

18° for 2c.  The molecules of 2b are aligned most closely to the 

vertical direction of the substrate.  It has been demonstrated that 

the charge mobility is maximized when the molecules are 

exactly perpendicular to the substrate, and decreases as the tilt 

angle increases.19  This rule is valid in the present compounds. 

 

Conclusions 

Binaphthosemiquinones are proved to show ambipolar 

transistor properties.  These compounds have one-dimensional 

stacks, and because the charge transport is restricted in the 

stacking direction, the hole and electron mobilities are in the 

order of 10–3 cm2 V–1 s–1.  In general, there is a tendency that a 

bulky alkyl group reduces the intermolecular overlap and 

charge transport properties.  The ambipolar properties are 

obviously associated with the small HOMO-LUMO gaps and 

the characteristic blue colors.  Such a property comes from the 

semiquinone structure.  The quinone parts work as an electron 

acceptor and the alkoxy groups act as an electron donor, and 

these molecules contain donor and acceptor parts in a molecule.  

The present work demonstrates retrospectively that indigo is, in 

a sense, regarded as a modified semiquinone.  These molecules 

are certainly of interest as a component of organic electronic 

materials such as donor-acceptor polymers, but it is also of 

interest how a small HOMO-LUMO gap is realized in a small 

molecule with a minimal structure. 
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