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Chapter 1. 
 

General Introduction 

 

 

 

1.1. Organic Electronics 

 

Our home electrical appliances, such as TV, PC and smartphone, are composed of many and 

various electronic devices (transistors and light-emitting devices, etc.). Although these devices 

mainly consist of inorganic semiconductors composed of such like Si and Ga at present, the 

devices using organic semiconductor have also been developed actively (organic electronics).1-

4 Because organic materials are assemblies of small molecules and/or polymers with relatively 

weak interaction (van der Waals' force), organic semiconductors are much more flexible than 

inorganic semiconductors, which are assembled by covalent bonds and/or ionic bonds. 

Advantages such as light-weight and flexiblity will be given by organic electronics since we 

can fabricate organic devices by embrocation or evaporation of organic semiconductors on 

plastic substrates.3-5 Organic electronics are called as “flexible electronics” and “plastic 

electronics” from these aspects. By applying the printing technique for the device fabrication,6-

8 additionally, large-area organic devices can be obtained with decreasing the process cost. 

Because of these attractive features, researches of organic electronics are developed actively as 

the next-generation electronic devices.  
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1.2. Organic Semiconductors 

 

Organic electronics is supported by organic semiconducting materials, which mainly 

involve π-conjugated electron systems. Typical organic semiconductors are polyacene type, 

such as tetracene and pentacene, phthalocyanine type, and polymer type materials.9 Because of 

the closed-shell electronic systems in these molecules, the single component crystals become 

intrinsic semiconductor (insulator) generally, where the valence band and conduction band are 

separated by the band gap (Figure 1.2.1).  

 

 

Figure 1.2.1. Formation of band structure of single component molecular crystals. 

 

One of the most important parameters for applying organic semiconductor to organic 

electronics is the mobility,10 which represents how smoothly carriers can move through 

a semiconductor, when an electric field is applied. The Hall-effect measurement11 is one of the 

method to know the intrinsic mobility of the material, by which we can obtain not only the 

mobility but also the type of carriers; the hole in the valence band or the electron in the 

conduction band. But, the resistivity of these organic semiconductors are too high to measure 

the intrinsic mobility by the Hall-effect measurement. The mobility is usually estimated from 

field-effect mobility of the field-effect transistor,10 which is one of the most important devices 

https://en.wikipedia.org/wiki/Semiconductor
https://en.wikipedia.org/wiki/Electric_field


- 3 - 

 

for organic electronics (see 1.3). In organic semiconductors, three kinds of carrier transport 

models, which are the band transport, hopping transport, and disorder transport models, are 

proposed from the temperature dependence of the mobility (Figure 1.2.2).12 The band or 

hopping transport model can be used when the mobility increase or decrease with lowering the 

temperature, respectively. The disorder transport model is applied for the system whose 

mobility is temperature independent. 

 

 

Figure 1.2.2. Schematics of transport models; (a) band transport, (b) hopping transport, and (c) disorder 

transport model. 

 

   The carriers in inorganic materials exhibit band transport since the electrons are delocalized 

(a) (b) 

(c) 
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through the covalent bonds. On the other hand, the carriers in organic semiconductors had been 

considered not to be band transport, because of the relatively small overlap between molecular 

orbitals and the significant coupling to thermal molecular vibrations, both of which play a 

significant roles even at room temperature.13 Until the end of the 20th century, the mobility of 

organic transistor was low and exhibited thermally activated behavior with decreasing the 

temperature. Thus, the hopping transport model was usually applied to the transport in organic 

semiconductors. In this century, many high mobility organic transistors, such as the single-

crystal transistors were reported,6,14,15 including those using newly synthesized materials. The 

mobility of some transistors showed the increase with decreasing the temperature, indicating 

that band-like transport can occur also in organic semiconductors. In addition, the disorder 

model has been found to be applied to the liquid crystal materials where the intermolecular 

interaction operates randomly.16 

 

1.3. Organic Field-Effect Transistors (OFETs) 

 

 
Figure 1.3.1. Schematic of transistor. (a) p-type and (b) n-type. 

 

Organic field-effect transistors (OFETs) is the transistors using organic semiconductors as 
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the channel (semiconductor) layer. Typical structure of OFETs is shown in Figure 1.3.1.14 

OFETs are composed of an insulator layer, a semiconductor layer, source-drain electrodes and 

gate electrode. The source-drain current was enhanced by applying gate voltage since the 

carriers were accumulated in the insulator-semiconductor interface by the field-effect. When 

the current is enhanced by positive (negative) gate voltage, the FET is called as n-type (p-type) 

since the carriers are electrons (holes), respectively. The word, n-type or p-type semiconductor, 

is used also in organic semiconductors, though it does not mean that electrons or holes exist in 

the semiconductor. Whether the OFETs show n-type or p-type behavior mainly depends on the 

relationship between the Fermi level of the source-drain electrodes and the energy of the 

conduction and valence bands of the semiconductor, i.e. n-type (p-type) behavior is observed 

in the device where the Fermi level is located near the conduction (valence) band, respectively 

(Figure 1.3.2).14 In general, organic semiconductors with high energy of the valence band 

composed by the HOMO, which is usually electron donor molecule, tend to show p-type 

behavior. On the other hand, those with low energy of the conduction band composed by the 

LUMO, which is usually electron acceptor molecule, tend to show n-type behavior. Typical p-

type and n-type materials are shown in Figure 1.3.2. In addition, the carrier injection can be 

tuned by varying the electrode material. Although the FET utilizing rubrene as the 

semiconductor layer shows p-type behavior with using Au electrodes, the device with Ca 

electrodes shows n-type behavior.17 Thus, not only the electronic structure of semiconductor, 

but also the semiconductor-electrodes interface is important for the design of devices with 

desirable properties. The transfer properties of OFETs can also be varied by gas adsorption on 

the semiconductor layer. The gas adsorption induce the change of electronic state of 

semiconductor, resulting in change of the transport property.18 The solution processable and 

high mobility TFTs (thin-film transistors) have also been reported with using the soluble and 
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high crystallinity molecules tuned by substituent groups.6,7,19 

    

 
Figure 1.3.2. Schematic of carrier injection (top) and typical p-type and n-type materials (bottom). 

 

   Although TFTs are important for practical application of organic semiconductors, single-

crystal transistors are relatively more useful for investigation of the transport mechanism since 

the thin-films in the transistor tend to be polycrystalline, resulting in grain boundary resistance. 

Until now, single crystal transistors have also been improved and the devices with high 

mobilities have also been reported. The Hall-effect measurements of the transistor using 

rubrene single crystal were reported by Takeya,20 where the field-effect mobility was almost 
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consistent with the mobility estimated from the Hall-effect at room temperature. Thus, I 

considered that the fabrication technique of transistor is improved enough to be applied for 

basic investigation of transport properties in organic crystals. In this thesis, I discuss the 

transport properties of charge-transfer complexes by fabricating the FETs using the crystals of 

CT complexes and by investigating their performance.  

 

1.4. Charge-Transfer (CT) Complexes 

 

Charge-transfer (CT) complexes consist of electron donor and acceptor molecules with CT 

interaction. The crystals of CT complexes are of great interest and importance in the field of 

molecular materials, showing high electrical conductivity and superconductivity.21-23 These 

properties are observed in CT crystals with segregated-stacks of donor and acceptor molecules, 

forming independent π-electron systems based on each component as shown in Figure 1.4.1a. 

On the other hand, a CT complex whose donor and acceptor are alternately stacked with face-

to-face stacking is classified as a mixed-stacked CT complex (Figure 1.4.2a). As mentioned 

above, the CT crystals with segregated-stack structure show high electrical conductivity such 

as TTF–TCNQ crystal,24 which shows metallic transport. The HOMO of TTF and the LUMO 

of TCNQ were partially occupied by the CT from TTF to TCNQ in the crystal of TTF–TCNQ, 

resulting in the metallic bands (Figure 1.4.1). 
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Figure 1.4.1. (a) Schematics of crystal and electronic structures of segregated-stack CT complex. (b) The 

crystal structure of TTF–TCNQ. 

 

 

 

Figure 1.4.2. (a) Schematic of crystal structure of mixed-stack CT complex. Mixed-stacked DA pairs with 

(a) the neutral ground state and (b) the ionic ground state. 

 

   On the other hand, the mixed-stack CT complexes form fully occupied bands because of 

the alternately stacking structure, as shown for the energy level diagram of the mixed-stacking 

pair of D and A with either neutral or ionic ground state (Figure 1.4.2). Thus, mixed-stack CT 
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complexes must be semiconductors (insulators). It is considered that the band width is narrow 

because the π-stack column is composed of different molecules. Generally, the crystal, where 

the degree of CT is lower than 0.5, is regarded as having a neutral ground state, and that, where 

the degree of CT is not less 0.5, is regard as having an ionic ground state. The ground state can 

be assumed from the strength of electron donating and accepting abilities, which are correlated 

with the ionization potential of donor molecule and the electron affinity of acceptor molecule.21 

But in fact, because these parameters are not always available for all the components, especially 

the measurement of electron affinity is difficult, the oxidational and reduction potentials 

obtained by the electrochemistry in the solution state, namely by the cyclic voltammetry (CV) 

are approximately used for the estimation of the strength of electron donating and accepting 

abilities, respectively.21 

 

Figure 1.4.3. Ionicity diagram proposed by Torrance et al. (ref.25). 

 

Torrance et al. discovered the V-shape relationship between the hνCT and ΔE, where hνCT is 

the CT energy and the ΔE is the difference between the redox potentials of the first oxidation 
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process of the donor and the first reduction process of the acceptor (ΔE= Eox
1/2(D) –Ered

1/2 (A)) 

(Figure 1.4.3).25 The valley of the plot corresponds to the boundary of the neutral and ionic 

ground state (N-I boundary). They uncovered that the neutral-to-ionic transition occur in TTF–

CA complex by decreasing the temperature, which located in the N-I boundary in the diagram 

(F in the plot). The TTF–CA crystal was investigated as a typical N-I transition material and 

confirmed various unique features; ferroelectricity at the ionic state,26,27 pressure- and photo-

induced N-I transition28,29 and etc.30,31 The mechanism of the N-I transition was also 

investigated by characterization of other complexes located at the N-I boundary. These 

complexes near the N-I boundary show higher conductivity than single component organic 

materials because of the narrow band gap, and the activation energy may become lower than 

that estimated from the band gap because of the 1D-fluctuation. Thus, the physical properties 

of the complexes located at the N-I boundary have actively been investigated and uncovered by 

many researchers. On the other hand, the complexes located far from the N-I boundary are 

insulators with high resistivity as well as single component materials, resulting in few 

discussion about the transport mechanism so far. 

I focus attention of the neutral CT complexes with weak CT interaction, which located far 

from the N-I boundary. In such CT complexes, molecular dynamics such as in-plane 

reorientation can occur.32-34 I consider that such molecular motion causes change of relative 

orientation of donor and acceptor molecules. The relative orientation is important in CT crystals 

since the CT interactions occur by overlap of π-orbitals of these molecules. In such crystals, it 

is expected that the CT interactions and electronic structures change by reorietational motion, 

resulting in unique transport property. Although the molecular dynamics in some of the CT 

crystals has been studied from a crystallographic aspect,35 the dynamic nature of the molecules 

has not been linked to the transport property. Because of its high resistivity, it is difficult to 
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measure the temperature dependence down to low temperature, and it is not clear how the 

carriers transport in the crystal; which transfer model and which kind of carrier? The Hall-effect 

measurements are also difficult from the same reason as mentioned in section 1.3. 

 

1.5. FETs of CT Complexes 

 

   I considered that characterization using transistor structure is useful for the investigation of 

the physical property. The mobility can be estimated by measuring the FET property, which is 

an important parameter for organic semiconductors. It is considered that the temperature 

dependence of the resistivity can be measured down to lower temperature than that performed 

for the conventional conductivity measurements because the current is enhanced by the gate 

voltage and the hole current and electron current can be detected individually. We can 

investigate the transport mechanism of each carrier separately. In addition, the transfer 

characteristics of OFETs can be varied by the change of the electronic state of the 

semiconductor layer. For example, gas sensors using OFET were reported, where the transport 

properties were varied by the electronic structure change which caused by gas adsorption on 

the semiconductor layer. I considered that the transfer properties of OFETs are also affected by 

the change of electronic and crystal structure of the semiconductor itself by phase transitions. 

Thus, I think characterization using transistor structure is more useful than the 2-probe 

resistivity measurement. 

   The FETs using CT complexes as the semiconductor layer had been reported.36-38 Takahashi 

et al. reported the FET using single crystal of DBTTF–TCNQ, which is a neutral mixed-stack 

CT complex located near the N-I boundary (H in the plot of Figure 1.4.3).25 The device showed 

high electron mobility (~1 cm2/(V∙s))36 at room temperature because of the strong CT 
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interaction. In addition, they also reported tunability of carrier injections by using conductive 

CT complexes as electrodes (Figure 1.4.4).37 

 

 

Figure 1.4.4. Transfer characteristics at VD = 5 V of DBTTF–TCNQ single-crystal field effect transistors with 

source and drain electrodes composed of (a) TTF–TCNQ, (b) TTF–F1TCNQ, (c) TTF–F2TCNQ, (d) TSF–

F1TCNQ, (e) TSF–F2TCNQ and (f) DBTTF–F4TCNQ measured along the crystal long axes (reproduced 

from ref. 37). 

 

From the another perspective, the FET using Mott-insulator CT compound, κ-(BEDT-

TTF)2Cu[N(CN)2]Cl, was reported by Suda et al., in which the phase distribution tuning 

between Mott-insulator and superconductor phases could be achieved by the gate voltage 

(Figure1.4.5).38 
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Figure 1.4.5. Plot of Normalized resistance versus applied gate voltage VG for the FET using κ-(BEDT-

TTF)2Cu[N(CN)2]Cl single crystal at 11 K with S = 0.67%, where S is the percentage of the extended length 

in the substrate. Blue, green, orange and black plots show the field-effects under external magnetic field of 0 

T, 1 T, 5 T and 7 T, respectively. (b) Schematic illustrations for representing VG OFF and VG ON states of the 

device. When gate voltage is applied, the ratio of the superconducting fraction increases (reproduced from 

ref. 38). 

 

Thus, although FETs using CT complexes have been investigated from some perspectives, 

only the complexes with strong CT interactions are used as semiconductor materials, whose 

transport properties can also be measured by 2- or 4-probe measurements because of their high 

enough conductivity. In this thesis, I tried to apply the FET measurements for the 

characterization of the transport properties of the CT complexes with weak CT interaction, 

whose transport properties have not been clarified because of the high resistivity. I fabricated 

and investigated FETs using seven kinds of CT complexes. 

 

1.6. Outline of This Thesis 

 

In Chapter 1, general introduction of this study is given. In this chapter, I introduced the 

back ground of organic electronics, material concepts of organic semiconductors and CT 
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complexes, and the methodological concept of FET. 

In Chapter 2, an organic field-effect transistor have been fabricated using an anthracene–

TCNQ single-crystal CT complex as the semiconductor material. The temperature dependence 

of the device is investigated. The CT complex shows molecular dynamics related to 

reorientational motion of anthracene molecule at room temperature. From thermal analysis, this 

complex undergoes two phase transitions with decreasing the temperature. The relationship 

between the transport property and the crystal and electronic structures of the complex is 

discussed based on the FET performance measurements. 

   In Chapter 3, FETs have been fabricated using fluorene–TCNQ and tetracene–TCNQ 

single-crystal CT complexes. The temperature dependence of the performance of these devices 

has been measured. The structural phase transitions are also confirmed in these complexes, 

resulting in transformation from the single crystal to the twinned crystal. The relationship 

between the transport property and the twinning of these complexes is mainly discussed. 

In Chapter 4, FETs have been fabricated using four kinds of CT complexes, which are 

composed of the same donor molecule and four different acceptor molecules. The crystal 

structure of these complexes are different from each other. The relationship between the device 

properties and their molecular packing has been investigated. 

Chapter 5 summarizes the importance of this research and contains the concluding remarks. 
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Chapter 2. 
 

Switching of Transfer Characteristics of the Anthracene–TCNQ 

Field-Effect Transistor by Phase Transitions: Sensitive Response to 

Molecular Dynamics and Charge Fluctuation 

 

 

 

2.1. INTRODUCTION 

 

Planar molecules, such as naphthalene and pyrene, often undergo in-plane reorientation in 

crystals. In mixed-stack charge-transfer (CT) complexes, molecular dynamics was also reported 

to occur with using planer donor molecules such as anthracene–tetracyanobenzene, pyrene–

tetracyanobenzene and pyrene–pyromellitic-dianhydride.1-3 It is known that these complexes 

undergo phase transitions at low temperature, which are related to the order–disorder behavior 

of molecular orientation of these molecules.4 Although the molecular dynamics in some of the 

CT crystals has been studied from a crystallographic aspect, the dynamic nature of the 

molecules has not been linked to CT interaction between donor and acceptor molecules. I 

consider that the reorientational motion causes a certain change of relative orientation of donor 

and acceptor molecules. The relative orientation is important in CT crystals since the CT 

interactions are originated from overlap of π-orbitals of these molecules. In such crystals, it is 

expected that the CT interactions and electronic structures change by reorietational motion. I 

consider that if one use such CT complexes as the semiconductor component of the field effect 
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transistors (FETs), the changes of electronic structure and reorientational motion in CT complex 

crystals caused by phase transition might be detected. 

In this work, a FET was fabricated utilizing anthracene–tetracyanoquinodimethane (AN–

TCNQ) single crystal and tetrathiafulvalene–TCNQ (TTF–TCNQ) metallic thin films as the 

semiconductor layer and the source and drain electrodes, respectively (Figure 2.1). AN–TCNQ 

is a classical mixed-stack CT complex whose crystal structure at room temperature was first 

reported in 1968.5 Observed molecular structure of AN showed large atomic displacement 

parameters (temperature factors), which were interpreted as orientational disorder.4 I have 

found that the transfer characteristics of the device show drastic changes with decreasing the 

temperature; n-type → ambipolar-type → p-type → ambipolar-type from room temperature to 

90 K. The drastic changes can be explained by molecular dynamics and two structural phase 

transitions. This study showed that the measurement of FET characteristics of semiconductor 

materials is useful to investigate their electronic structures. 

 

 

Figure 2.1 Schematic of the FET (top) and reorientation in the AN–TCNQ crystal (bottom). 
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In this chapter, the crystal preparation, the device fabrication and temperature dependence 

of the device properties AN–TCNQ of are shown at first. Then, molecular dynamics and phase 

transitions are described from the results of DSC measurements and single crystal X-ray 

analyses. In addition, the electronic structure was studied based on the optical and magnetic 

properties. Finally, the relationship between the device property and the molecular dynamic and 

electronic structure will be discussed. 
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2.2. EXPERIMENTAL SECTION 

 

2.2.1. Materials 

AN, TCNQ and TTF were purchased from Tokyo Chemical Industry Co., Ltd. and purified 

by vacuum sublimation. Single crystals of the AN–TCNQ complex (black blocks and sticks 

with a typical size of 0.2 × 0.4 × 1.0 mm3) were prepared by a co-sublimation method in a 

sealed vacuum glass tube. The growth tube setup is presented in Figure 2.2.1. I used a three-

zone-type electric furnace, where the temperature at each zone can be controlled individually. 

The source materials were located in the growth tube at the positions that correspond to 180 °C 

(TCNQ) and 150 °C (AN), respectively. The crystals of the complex were grown in the middle 

area, where the temperature was kept at 120 °C. The crystal structure of the crystals at room 

temperature was the same as that in a previous report.32 TTF–TCNQ polycrystallites were 

obtained by mixing of each acetone solution of TTF and TCNQ. 

 

 

Figure 2.2.1. The furnace and growth tube used for the co-sublimation method for crystal growth. 
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2.2.2. Device Fabrication 

Devices with gold or silver as the source and drain electrodes were also fabricated, but their 

transfer characteristics could not be measured at low temperature because of their large contact 

resistance. To improve the interfacial electrical contact for electron injection into the AN–

TCNQ crystals, we used TTF–TCNQ metallic thin films as the source and drain electrodes 

(Figure 2.2.2). By thermal evaporation through shadow masks, metallic thin films were 

deposited on the (110) plane of a bulk single crystal of AN–TCNQ whose thickness was 200 

μm. The channel width and length (W and L) of the obtained device were 675 and 50 μm, 

respectively. The two electrodes were arranged for the current to flow parallel to the molecular 

stacking axis of the AN–TCNQ crystal (c axis). A 0.5-μm layer of Parylene C was deposited as 

the gate dielectric layer (Ci = 5.1 nF/cm2) by using specialized vacuum deposition equipment 

(A Specialty Coating Systems Company, PDS 2010). The process of fabricating the Parylene C 

film is summarized in Figure 2.2.2. Powder of starting material, dimer, was placed in furnace 

1, and was vaporized into a dimeric gas (150 °C, 1.0 torr). The dimeric gas was pyrolyzed into 

monomeric gas in furnace 2 (650 °C, 0.5 torr). The monomeric gas entered the ambient 

temperature coating chamber and polymerized on the crystal surface. Gold gate electrodes were 

then formed on the top of the insulator layer. 
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Figure 2.2.2. (a) Schematics of device fabrication and (b) thermal deposition of Parylene C. 

 

2.2.3. Crystallographic Study 

All of the diffraction measurements were performed on a Bruker SMART APEX II ULTRA 

diffractometer with a TXS rotating anode (Mo Kα radiation, λ = 0.71073 Å) and multilayer 

optics. The data collection was carried out using a DX-CS190LD N2-gas-flow cryostat (Japan 

Thermal Engineering, Sagamihara, Japan). The temperature in the nozzle was kept constant 

within ±0.2 K during the measurement. Low-temperature measurements were performed by 

cooling the same crystal. The structures were solved by direct methods (SHELXT) and refined 

by full-matrix least-squares on F2 using SHELXL-2014.6 All of the H atoms were refined using 

a riding model. For the crystal structures without disorder, all of the non-H atoms were refined 

anisotropically. For the crystal structures with disorder of AN molecule, disordered molecules 

were restrained to be the same structure each other (SAME restraint). The ADPs were also 

restrained by rigid bond restraints (RIGU restraint). The details of the refinement are provided 

in the Appendix as the SHELXL-2014 res files. The crystal and experimental data are 

summarized in Table 2.2.1. 

  

(a) (b) 
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Table 2.2.1 Crystallographic Data for Each Phase of AN–TCNQ 

 300 K 155 K 100 K 

formula C26 H14 N4 

formula weight 382.41 

crystal size (mm3) 0.30 × 0.20 × 0.20 

crystal system monoclinic monoclinic triclinic 

space group C2/m P21/a P 1  

a (Å) 11.5276(3) 11.5730(15) 11.370(3) 

b (Å) 12.9749(4) 12.8479(16) 12.818(3) 

c (Å) 7.0126(2) 6.9092(9) 6.9180(17) 

α (°) 90 90 90.884(4) 

β (°) 105.5838(14) 107.053(2) 107.171(4) 

γ (°) 90 90 94.998(4) 

V (Å3) 1010.31(5) 982.2(2) 958.8(4) 

Z 2 2 2 

Rint 0.0166 0.0317 0.0312 

R1 [I > 2σ(I)] 0.0452 0.0413 0.0449 

Rw (all reflection) 0.1477 0.1331 0.1174 

 

2.2.4. Calculation 

The overlap integrals between the highest occupied molecular orbital (HOMO) and next 

HOMO (nHOMO) of AN and the lowest unoccupied molecular orbital (LUMO) of TCNQ and 

band structure for each phase were calculated under the extended Hückel approximation7,8 using 

the CAESAR program package.9 The optimization and energy calculations of isolated single 

molecules were performed using Gaussian 09W at the B3LYP/6-31G(d,p) level.10 

 

2.2.5. Measurements. 

The device properties of the AN–TCNQ single-crystal FET were measured using a dual 

channel system source meter (Keithley 2636A). Temperature was controlled using a closed 

cycle cryostat system. Thermal analyses were performed by differential scanning calorimetry 

(DSC, Mettler Toledo Thermal Analysis System, DSC 1) with a heating and cooling rate of 5 

K/min. The DSC profile was confirmed to be reproduced in the repeated thermal cycles. To 
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obtain the optical spectra of AN–TCNQ in the ultraviolet–visible (UV/vis) and infrared (IR) 

regions were measured by Prof. Okamoto’s group at the University of Tokyo. A specially 

designed spectrometer with a 25-cm-grating monochromator (JASCO M25-GT) and an optical 

microscope and a Fourier transform IR spectrometer with an optical microscope, respectively 

were used. In the low-temperature measurements, a specially designed conduction-type cryostat 

was used. Magnetic susceptibility measurements were performed on a Quantum Design MPMS 

superconducting quantum interference device (SQUID) susceptometer with a static field of 1 T 

in the temperature range 2–300 K using randomly oriented polycrystalline sample. The 

diamagnetic core contribution was estimated based on Pascal’s constants.11 
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2.3. RESULTS AND DISCUSSION 

 

2.3.1. Field-Effect Transistor of an AN–TCNQ Single Crystal 

The AN–TCNQ FET using gold as source and drain electrodes showed n-type behavior at 

300 K, where the drain current (ISD) is enhanced by positive gate voltage (VG) (Figure 2.3.1). 

The mobility μ was estimated 5.4 × 10−7 cm2/(V∙s) applying the formula μ = 

(dISD/dVG)×[L/(WCiVD)] to the linear region of transfer characteristics. The device showed n-

type behavior until 240 K with gradual decrease of μ. Below 240 K, current enhancement was 

not observed. The device could not work at low temperature since the contact between 

electrodes and semiconductor was not good enough. It is considered that the crystal surface was 

damaged by radiation heat during the vapor deposition of gold. 

 

 
Figure 2.3.1. Temperature dependence of transfer characteristics of the AN–TCNQ FET using gold as source 

and drain electrodes. VSD = 150 V in all temperature range. 

 

   Figure 2.3.2 shows the transfer characteristics in variable temperature with silver electrodes. 

The device also showed n-type behavior between 298-230 K. The device exhibited normally 
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cm2/(V∙s) at 298 K. It is considered that interfacial contact was improved because the deposition 

of silver can be done with lower radiation heat compared to gold. At 210 K, although the 

dominant carrier was electrons, slight p-type behavior was also observed. At 190 K, the device 

showed clear ambipolar behavior, where the ISD is enhanced by both positive and negative VG. 

At 170 K, the transfer characteristic could not be measured since the current was too small to 

detect. 

 

 

Figure 2.3.2. Temperature dependence of transfer characteristics of the AN–TCNQ FET using silver as source 

and drain electrodes. .VSD = 100 V at the temperature range 300-210 K and VSD = 200 V at the temperature 

range 190-170 K. (a) 298 K, (b) 210 K, (c) 190 K, (d) and (e) are log plot.  
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temperature, but their transfer characteristics could not be measured at low temperature because 

of their large contact resistance. To improve the interfacial electrical contact for electron 

injection into the AN–TCNQ crystals, we used TTF–TCNQ metallic thin films as the source 

and drain electrodes. 

 Figure 2.3.3 shows the device properties of the AN–TCNQ single-crystal FET in variable 

temperatures. The device showed typical n-type behavior at 300 K. The device exhibited 

normally on behavior, the threshold voltage (Vth) was −20.2 V. The mobility μ was estimated 

4.5 × 10−5 cm2/(V∙s). At 250 K, although the dominant carrier was electrons, slight p-type 

behavior was also observed. The contribution of the p-type behavior of the device became 

significant than n-type with decreasing temperature: The device became clearly ambipolar at 

220 K, and mostly p-type at 200 K, and exclusively p-type at 150 K. However, At 100 K, the 

device again showed ambipolar-type behavior with a relatively weak p-type contribution. The 

ambipolar behavior was maintained to the lowest temperature available (90 K). Thus, the 

transfer characteristics of the AN–TCNQ single-crystal FET drastically changed from n-type 

→ ambipolar-type → p-type → ambipolar-type when the temperature decreased from room 

temperature to 100 K. The μ values of the n-type (μn) and p-type (μp) contributions, and the Vth 

values at each temperature are summarized in Table 2.3.1. 

 

Table 2.3.1 Temperature Dependence of the Mobility in the AN–TCNQ FET 

with TTF–TCNQ Electrodes. 

 300 K 250 K 220 K 200 K 150 K 100 K 

μn (cm2/(V∙s)) 4.5 × 10−5 2.4 × 10−6 3.2 × 10−7 7.1 × 10−7 - 6.2 × 10−8 

μp (cm2/(V∙s)) - 1.5 × 10−6 5.7 × 10−7 5.3 × 10−7 5.0 × 10−7 1.2 × 10−8 

 

It is well known that organic FETs show that increase or decrease of mobility by decreasing 

temperature, but switching between n-type and p-type has never been reported to my knowledge. 
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As shown below, the drastic changes in transfer characteristics of AN–TCNQ FET are related 

to the changes of molecular dynamics and electronic structure by two structural phase 

transitions, as presented in succeeding sections. 
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Figure 2.3.3. Transfer characteristics of the AN–TCNQ FET at (a) 300 K with VSD = 140 V, (b) 250 K with 

VSD = 200 V, (c) 220 K with VSD = 200 V, (d) 200 K with VSD = 200 V, (e) 150 K with VSD = 200 V, and (f) 

100 K with VSD = 200 V.  
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2.3.2. Phase Transitions of AN–TCNQ 

DSC measurements show the presence of two reversible structural phase transitions in AN–

TCNQ at low temperatures (Figure 3). Two phase transitions are present in both processes (139 

K, 160K in heating / 139 K, 161 K in cooling process). The transition enthalpy (entropy) values 

at low and high temperatures were calculated by integrating the areas of the DSC peaks as ΔH 

= 0.70 kJ mol−1 (ΔS = 5.0 J K−1 mol−1) and ΔH = 0.49 kJ mol−1 (ΔS = 3.1 J K−1 mol−1), 

respectively. I use the following nomenclature for each phase: HT phase (high-temperature 

phase, T > 160 K), IM phase (intermediate-temperature phase, 139 K< T <160 K), and LT phase 

(low-temperature phase, T < 139 K). The relationship between the device behavior and the 

phase transitions of the AN–TCNQ crystal can be summarized as follows. In the HT phase, 

with decreasing temperature, the FET of the AN–TCNQ single crystal changed from n-type to 

p-type behavior via ambipolar behavior (Figure 2a–d). In the IM phase, p-type behavior is 

maintained (Figure 2e), and the LT phase showed ambipolar behavior (Figure 2f). 

 

 

Figure 2.3.4. DSC profile of polycrystalline AN–TCNQ. The inset is that around phase transitions. 
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determined by single-crystal X-ray structure analysis. In the HT phase the space group of the 

crystal is C2/m, and each molecule is located on the 2/m sites (Figure 2.3.5). The AN molecules 

were refined as the overlap of three different orientations, two of which were related to each 

other by the symmetry of the sites. In these two arrangements (blue and green), the molecular 

long axes of AN significantly deviate from the mirror plane, while both TCNQ (orange) and 

the remaining AN (gray) share the same mirror plane. The occupancies were refined to be 

35.6(17) % (blue and green AN) and 28.8(34) % (gray AN). In the HT phase, it is considered 

that exchanging of these three orientations occur by in-plane molecular reorientation of AN. 

The molecular planes of AN and TCNQ were perpendicular to the stacking axis c and the inter-

planer distance was estimated as 3.50 Å. All the mixed-stack columns are translationally related 

with each other.  
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Figure 2.3.5 Crystal structures of AN–TCNQ at (a) 300, (b) 155, and (c) 100 K. Each top projection is viewed 

along the c axis, and middle is viewed along molecular long axes, and bottom perspective view indicates the 

mixed-stack columns at (0, 0, z), (1/2, 1/2, z), and (0, 0, z). 

 

In the IM phase (155 K), the space group of the crystal is P21/a, which is lower symmetry 

than the HT phase (Figure 2.3.5b). In this space group, mirror symmetry is absent. Although 

orientational disorder was also observed in this phase, the number of orientation in the IM phase 

was different to that in the HT phase. There are two orientations of the AN molecule, and the 

occupancies are refined to be 65.2(13) % (blue AN) and 34.8(13) % (gray AN). The decrease 

of the number of orientation from three to two at the phase transition is consistent with the 

magnitudes of transition entropy, ΔS = R ln(1.45) (~R ln(3/2) = 3.37 J K−1 mol−1), where R is 

the gas constant. The molecular plane of each molecule was not perpendicular to the stacking 

axis c. The angles between the molecular long axes of AN and TCNQ and (100) plane were 
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estimated as 88.23 and 87.57 °, respectively. The angles between the molecular short axes of 

AN and TCNQ and (100) plane were estimated as 85.20 and 86.76 °, respectively. The inter-

planer distance (3.45 Å) is smaller than that in the HT phase. The mixed-stack column at (0, 0, 

z) is related by the a-glide plane with that at (1/2, 1/2, z). 

In the LT phase (100 K), the symmetry of the space group of AN–TCNQ is further lowered 

to P−1. Two independent mixed-stacked columns are present in the unit cell, where each 

molecule located in the inversion center (Figure 4c). In Figure 2.3.5c, the AN and TCNQ 

molecules of these columns are either blue AN and orange TCNQ (column A) or purple AN 

and yellow TCNQ (column B). In the LT phase, there is no orientational disorder of AN, 

suggesting that reorientational motion is suppressed. The magnitude of transition entropy also 

suggest order−disorder phase transition with two different orientations, ΔS = R ln(1.82) (~R 

ln(2) = 5.76 J K−1 mol−1). The mixed-stack column at (0, 0, z) is no longer related with that at 

(1/2, 1/2, z). They are completely independent to each other. The molecular plane of each 

molecule was further titled to the stacking axis c than in the IM phase. The angles between the 

molecular long axes of AN and TCNQ and (100) plane were estimated as 85.76 and 85.10 ° for 

the mixed-stack column at (0, 0, z) and 89.83 and 89.77 ° for the column at (1/2, 1/2, z). The 

angles between the molecular long axes of AN and TCNQ and (010) plane were estimated as 

79.85 and 82.34 ° for the mixed-stack column at (0, 0, z) and 79.90 and 83.49 ° for the column 

at (1/2, 1/2, z). 

By the phase transition from the IM phase to LT phase, the crystal tend to be twin because 

the crystal system was changed from monoclinic to triclinic. There are two kinds of twin 

domains (TDs) in the LT phase, which are called TD1 and TD2 in this thesis. The TD2 can be 

obtained by 180° rotation of TD1 about the reciprocal axis [0 1 0].  
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Figure 2.3.6. The relationship between TD1 and TD2. 

 

It is considered that these TDs coexist randomly in the crystal, but, there are some limits of 

arrangement of these TDs with taking into account the crystal structure of the IM phase. In the 

IM phase, because the π-stack column at (0, 0, z) is related by the a-glide plane with that at 

(1/2, 1/2, z), the direction of deviation of AN molecule from the mirror plane is decided in each 

column (Figure 2.3.5b). Although the a-glide symmetry was absent in the LT phase, the 

direction might be kept also in the LT phase. In fact, the directions are different in column A 

and column B in the unit cell of the LT phase (Figure 2.3.5c). However, with considering the 
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twin law, 180° rotation about the b* axis, the direction of column A (B) in TD1 and TD2 is 

different, respectively (Figure 2.3.6). Theπ-stack columns in the crystal are formed by the 

combination of the column A (B) of the TD1 and the column B (A) of the TD2, resulting in the 

coexistence of crystallographically independent two kinds of DA pairs in the column (Figure 

2.3.7a). It is considered that the coexistence also occur along the a and b axes with the same 

reason (Figure 2.3.7b and c).  

 

 

Figure 2.3.7 The twin boundaries considered in the LT phase along the (a) c axis, (b) b axis, and a axis. 

(a) (b) 

(c) 
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Thus, the AN–TCNQ complex showed two structural phase transitions when the 

temperature decreased from room temperature to 100 K, and the reorientational motion of AN 

changed at the phase transition temperatures, resulting in twinning of the lattice.  

 

2.3.4. Overlapping Modes 

In this section, the molecular orbitals contributing to carrier transport and the CT degree 

between AN and TCNQ are discussed based on the geometry obtained from the X-ray structure 

analyses. As shown in Figure 2.3.5, there are three overlapping modes (OMs) of AN and TCNQ 

molecules in the HT phase, two OMs in the IM phase, and two OMs in the LT phase. Thus, 

there are a total of seven OMs. These seven OMs are called OM1 to OM7 (Figure 2.3.8). For 

these OMs, the overlap integrals between the LUMO of the TCNQ molecule and the HOMO 

or nHOMO of the AN molecule were calculated. The three molecular orbitals are illustrated in 

Figure 2.3.8a. The overlap integrals and molecular orbitals are summarized in Table 2.3.2. 

  

Table 2.3.2. Overlap Integral of Each Overlapping Mode (OM). 

 overlapping mode 

overlap integral (10−3) 

HOMO–LUMO 

300 K 

(HT phase) 

OM1, 3 3.5 

OM2 14.3a 

155 K 

(IM phase) 

OM4 5.7 

OM5 0.9 

100 K 

(LT phase) 

OM6 8.3 

OM7 8.7 

                aOverlap integral between nHOMO of AN and LUMO of TCNQ 

In the HT phase, three OMs are exchanging in the molecular stacking column by 
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reorientational motion of the AN molecule. The two OMs in which the AN molecule is located 

out of the TCNQ mirror plane are called OM1 and OM3. In the OM2, both molecules are 

located in the mirror plane. According to the orthogonality of the HOMO of AN and LUMO of 

TCNQ, there is no CT interaction in OM2, which was also suggested by Wright.12 We 

considered that the CT interaction in OM2 was generated between the nHOMO of AN and the 

LUMO of TCNQ. The overlap integral in OM2 is 14.3 × 10−3. However, in OM1 and OM3, CT 

interaction occurs between the HOMO of AN and the LUMO of TCNQ because the molecular 

long axis of AN is not located on the TCNQ mirror plane. Because OM1 and OM3 are 

crystallographically equivalent, the overlap integral for both OM1 and OM3 is the same (3.5 

×10−3). 

 

 

Figure 2.3.8. (a) HOMO and nHOMO of the AN molecule, and the LUMO of the TCNQ molecule, which 

were calculated at the DFT-B3LYP/6-31G(d,p) level. (b) Top views of AN and TCNQ overlap at 300, 155, 

and 100 K. The ellipsoids are drawn at the 50% probability level. 
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In the IM phase, there are two OMs (OM4 and OM5) in the crystal. The two OMs are 

exchanging in the stacking column by reorientation motion of AN. The OM4 is similar to OM1 

and OM3, in which the each molecular long axis are crossed. In this OM, a large overlap integral 

between the HOMO of AN and the LUMO of TCNQ is observed (5.7 × 10−3). In OM5, the 

molecular long axes are almost parallel. Although this relative arrangement looks the same as 

OM2, a non-zero overlap integral between the HOMO of AN and the LUMO of TCNQ is 

generated in OM5 (0.9 × 10−3) since the mirror symmetry was extinct in the IM phase. 

In the LT phase, the AN molecule does not show orientational disorder. Two OMs (OM6 

and OM7) occur for the two crystallographically independent columns. Reorientation from 

OM6 to OM7 does not occur in a column. Both of the OMs are similar to OM1, OM3, and 

OM5. The overlap integrals of OM6 and OM7 are 8.3 × 10−3 and 8.7 × 10−3, respectively. 

 

Table 2.3.3. Averagd Bond Lengths and the Estimated Degrees of CT. 

 

 TCNQ14 Rb–TCNQ15 AN–TCNQ 

T / K room temp. Room temp. 300 K 155 K 
100 K 

(1/2, 1/2, z) 

100 K 

(0, 0, z) 

a / Å 1.346(3) 1.373(4) 1.3368(19) 1.3404(14) 1.3457(22) 1.3401(23) 

b / Å 1.448(4) 1.423(4) 1.4386(11) 1.4412(8)* 1.4427(14)* 1.4440(13)* 

c / Å 1.374(3) 1.420(4) 1.3749 (20) 1.3727(14) 1.3788(23) 1.3735(20) 

d / Å 1.441(3) 1.416(4) 1.4307(13) 1.4314(8)* 1.4335(15)* 1.4346(15)* 

c/(b+d) 0.476 0.500 0.4792 0.4779 0.4794 0.4771 

Predicted 

CT 
0 1 0.13 0.08 0.14 0.05 

*b and d values are average of b’ and b’’ and d’ and d’’, respectively. 

It is well known that the degree of CT of TCNQ complexes can be estimated roughly by the 

a 
b' 

b'' 

c 
d' 

d'' 
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geometry of TCNQ.13 The participation of an electron in the LUMO of TCNQ should cause the 

two double bonds (a and c) to be weakened, and thus their bond lengths to increase. Likewise 

the bond lengths of b and d should decrease. Kistenmacher et al. suggested a method to estimate 

the degree of CT based on the ratio c/(b+d). They assumed a linear relationship between the 

ratio and degree of CT, using the geometry of pristine TCNQ14 and Rb–TCNQ15 as the reference 

value of TCNQ0 and TCNQ-1, respectively. Table 2.3.3 lists the bond length of TCNQ and the 

degree of CT in each temperature. The degree of CT in the bulk did not significantly change 

through the two phase transitions. It should be noted that AN–TCNQ takes a neutral ground 

state in all the phases. The difference between the oxidation potential of AN and the reduction 

potential of TCNQ (ΔE = 1.2 V) indicates that the electronic state of the complex situates far 

from the neutral-ionic boundary defined by Torrance.16 Therefore, it is reasonable that the 

degree of CT determined from the structural analysis of the balk crystal is nearly zero in all the 

phases. However, as shown below, a small but important ionic contribution was found to exist. 

 

2.3.5. Ionic Domain in the Crystal 

Optical measurements were taken to investigate the electronic state at low temperature. 

Figure 2.3.9a shows the temperature dependence of the reflectivity in the UV/vis and near-IR 

region with the electric field of light parallel to the π-stacking direction along the c axis 

(perpendicular to the molecular planes). The CT transition from the HOMO of AN to the 

LUMO of TCNQ (indicated by ♦ in Figure 2.3.9a) occurs at around 1.5 eV and that from the 

nHOMO to the LUMO (□ in Figure 2.3.9a) occurs at around 2.6 eV. The intensity of the former 

peak greatly increases below the second phase transition with decreasing temperature. The 

transition from the nHOMO to the LUMO shifts to lower energy below the first phase transition 

with decreasing temperature. Figure 2.3.9b shows the spectra with light perpendicular to the 
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stack (c axis). In the spectra, a weak peak corresponding to transition from the single-occupied 

molecular orbital to the LUMO of TCNQ−1 (LUMO to next LUMO of TCNQ) is observed 

around 2.5 eV.17 This peak might indicate the existence of ionic domains in the crystal even at 

room temperature. Below 140 K, the peak intensity markedly increases. These results indicate 

that the electronic state changes at the phase transitions and the ionic character are clearer in 

the LT phase than in the HT phase.  

The degree of CT was investigated by IR spectroscopy. Figure 2.3.9c shows the temperature 

dependence of the reflectivity around 2200 cm−1 with the electric field of light perpendicular to 

the stack (c axis). The observed peaks are caused by the IR-active CN stretching (b1u) mode of 

TCNQ polarized along the long molecular axis. The frequency is known to closely depend on 

the degree of CT (ρ).18 As the temperature decreases below 200 K, the single band located at 

2218 cm−1 splits into two bands, and the lower frequency (higher frequency) band shifts to 

lower (higher) frequency. This indicates that two types of TCNQ molecules with different ρ 

values are generated. The blue and red broken lines in Figure 6c show the frequencies of the 

CN stretching mode for TCNQ0 and TCNQ-1 determined from the IR spectra of TCNQ and K-

TCNQ crystals, respectively.18, 19 With lowering temperature, the CN stretching mode of 

TCNQ-1 shows a slight higher-frequency shift.19 We assumed the same magnitude of the 

temperature-dependent shift for the mode of TCNQ0. We determined the ρ values using these 

two lines assuming a linear relationship between ρ and the frequency, and ρ is plotted as a 

function of temperature in Figure 2.3.9d. Below 200 K, two ρ values appear. As the temperature 

decreases, the larger value of ρ gradually increases (reaching 0.49 at 20 K), while the smaller 

value of ρ remains almost constant (~0.25-0.3). These optical measurements suggest that the 

electronic structure of AN–TCNQ drastically changes at the two phase transitions. Because of 

large molecular dynamics and one-dimensional fluctuation, a small number of ionic domains 
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are present even at room temperature. Thus, the electronic structure of AN–TCNQ is rather 

complicated because of the molecular dynamics in the crystal. 

The magnetic susceptibility also indicates the presence of fractional ionic domains in the 

AN–TCNQ crystal (Figure 2.3.9e). Although the magnetic susceptibility of typical neutral 

mixed-stacked CT complexes only show Curie behavior originating from impurities or defects, 

the magnetic susceptibility of AN–TCNQ shows a paramagnetic contribution with an anti-

ferromagnetic interaction around the phase transition from the HT to the IM phase. This result 

indicates the presence of ionic domains in the HT and IM phases of the AN–TCNQ crystal. The 

blue and red dotted lines in Figure 6e show Curie and singlet–triplet fitting, respectively. Fitting 

function is as follows: 

  T

C

TkJTk

Ng

BB





)/exp(3

22
  

where N stands for the number of the spins, β is the Bohr magneton, kB is the Boltzmann 

constant, J is the exchange magnetic interaction, and C is the Curie constant. The Curie constant 

obtained by fitting was 1.906 × 10−4 emu K mol−1 (the spin density was 0.5%), indicating that 

the Curie component originated from lattice defects. The exchange interaction |J/kB| and the 

spin density of the singlet–triplet component were 539 K and 2%, respectively.  

Thus, the presence of ionic pairs has been confirmed by optical and magnetic measurements. 

In the HT and IM phases, the proportion of ionic pairs is 2%. Although the actual number of 

ionic pairs is difficult to estimate in the LT phase, the results of optical measurements indicate 

that the density of ionic species gradually increases with decreasing temperature. 
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Figure 2.3.9. Temperature dependence of the reflectivity spectra of AN–TCNQ polarized (a) parallel to the 

stack c axis and (b) perpendicular to the stack c axis. (c) Temperature dependence of the IR reflectance spectra. 

The polarization direction was perpendicular to the stack c axis. The blue and red broken lines show the 

frequencies of the CN stretching mode of TCNQ0 and TCNQ1 at each temperature determined from the IR 

spectra of TCNQ and K–TCNQ crystals, respectively. (d) Temperature dependence of the degree of CT in 

AN–TCNQ. The black and red triangles are the degree of CT calculated using the frequency of CN stretching 

in the IR spectra (black and red triangles in (c), respectively). (e) Magnetic susceptibility of AN–TCNQ. The 

red dotted line is singlet–triplet fitting, the blue dotted line is Curie fitting, and red solid line is the sum of 

these two components. 
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2.3.6. Relationship between the Device Property and Dynamics 

Here, we discuss the relationship between the transfer characteristics and molecular 

dynamics of AN–TCNQ. The ISD values of the AN–TCNQ FET at VG = 100, 0, and −100 V are 

plotted against the reciprocal temperature in Figure 2.3.10. In the HT phase, the ISD value at VG 

= 100 V, which is related to the n-type character, decreases with thermally activated behavior. 

The thermal activation energy is estimated to be about 0.37 eV. In the IM phase, the activation 

energy decreases to 0.10 eV, which is considered to be because of the enhancement of the 

overlap integrals between AN and TCNQ molecules. In the HT phase, the ISD value at VG = 

−100 V, which is related to p-type behavior, is almost independent of temperature. 

 

 
Figure 2.3.10. Temperature dependence of ISD with VG = 0 (black), 100 (red), and −100 V (blue). The two 

dashed lines indicate the transition temperatures. 

 

In the IM phase, the current gradually decreases with decreasing temperature. Around the 

phase transition from the IM to the LT phase, both of the ISD values greatly increase. This is 

considered to be caused by an increase of the ionic domains at the phase transition. After the 

large increase of the current, the current decreases in accordance with thermal activation. These 
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results indicate that the transport mechanism of the injected holes is different to that of electrons 

in the HT and IM phases of AN–TCNQ. From the thermally activated behavior, the electron 

transport mechanism is considered to be hopping between the LUMOs of TCNQ.20 However, 

the hole is considered to transport through AN’s HOMOs and nHOMOs, which are converting 

by the reorientational motion of the AN molecule. Thus, the molecular orbitals of the hole 

transport are dynamically disordered. It is considered that the current in disordered systems 

flows without temperature dependence.21 

 

 

Figure 2.3.11. Schematics of the interfaces between the TTF–TCNQ electrodes and AN–TCNQ single crystal 

in each phase. 

 

From these results, the mechanism for the drastic changes of the transfer characteristics of 

the AN–TCNQ-based FET can be speculated as follows. Schematics of the interface between 

the TTF–TCNQ electrodes and the AN–TCNQ single crystal in each phase are shown in Figure 

2.3.11. The band widths of AN–TCNQ, which were calculated in extended Hückel 

approximation, are quite narrow because of their mixed-stacked arrangement (Figure 2.3.12). 

Therefore, I considered that the carrier transport in the AN–TCNQ crystal occur by hopping 

between their molecular orbitals (valence levels which mainly composed of HOMO or nHOMO 

of AN for holes and conduction levels which mainly composed of LUMO of TCNQ for 

electrons).   
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Figure 2.3.12 Band structure of AN-TCNQ at (a) 300 K (HT-phase, the orientation of AN is that of OM2), 

(b) 155 K (IM phase, the orientation of AN is that of OM4), and (c) 100 K (LT phase). 

 

Because TTF–TCNQ used for the electrodes material contains the TCNQ molecule, the 

Fermi level of the electrodes is located near the LUMO of TCNQ in AN–TCNQ. In addition, 

there are ionic pairs in AN–TCNQ throughout the temperature range considered. The orbitals 

of the ionized pair might be stabilized because of one-dimentional fluctuation and 

reorientational motion of AN. Based on these aspects, the energy diagram of the HT phase is 

shown in Figure 2.3.11. At room temperature, the dominant carrier is electrons, which are 

(a) 300 K (b) 155 K 

(c) 100 K 
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injected into the LUMO of TCNQ because of the relationship between the Fermi level of the 

electrode and the energy levels of the semiconductor. Thus, the transfer characteristics at room 

temperature show n-type behavior (Figure 2.3.3a). At this temperature, very few holes are 

injected into the semiconductor crystal. However, the p-type characteristic might be masked by 

the large n-type contribution. The injected electrons are strongly trapped at ionized and/or 

crystal defect sites, which cause thermal activation. At this time, the ionized site does not 

become a hole trap, because molecular orbitals participating in the CT interaction are disordered 

by reorientational motion of AN. As a result, p-type behavior is uncovered below 250 K (Figure 

2.3.3b-d). In the IM phase, the reorientational motion of the AN molecule remains. The 

dominant carrier becomes holes, and the two HOMO levels in Figure 2.3.11 represent the two 

OMs with different transfer energies in the IM phase (Figure 2.3.3e). However, energy disorder 

is lowered, because the nHOMO of AN cannot contribute to hole transport. In the LT phase, 

reorientational motion stops. The mechanisms of both hole and electron transport follow the 

hopping model. The carriers are mainly transported on the LUMO of TCNQ because of the 

relationship between the Fermi level of the electrode and the energy levels of the semiconductor. 

However, slight hole transport is permitted, because the orbital of the ionic pair changes the 

trap into a molecular orbital for hole transport (Figure 2.3.3f). The large increase of ISD at the 

transition temperature is caused by an increase of the overlap integral and carrier density 

associated with the phase transition. 

Overall, the AN–TCNQ single-crystal FET with molecular dynamics and charge fluctuation 

shows drastic changes with decreasing temperature. The results and discussion in this paper 

might be useful for fabricating devices that can be switching between n-type and p-type. 

Furthermore, investigation of the device characteristics of the FET has been shown to be a 

useful method to clarify the band and electronic structures of semiconductor materials. 
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2.4. SUMMARY 

A FET was fabricated using an AN–TCNQ single crystal, which underwent two phase 

transitions related to in-plane reorientational motion. The transfer characteristics drastically 

changed when decreasing the temperature from room temperature to 90 K: n-type → 

ambipolar-type → p-type → ambipolar-type.  

Two reversible structural phase transition was confirmed by DSC measurements and single 

crystal X-ray analyses. In the HT phase, three orientations of AN were observed, which 

exchange by in-plane reorientational motion. The number of the orientation was lowered to two 

in the IM phase and disorder was not observed in LT phase, indicating that the reorientational 

motion of AN was changed by phase transitions and suppressed in the LT phase.  

The electron and hole transport paths in the AN–TCNQ FET were different in the HT phase 

because of the molecular motion. The electron transport was hopping-type transport, while 

holes were transported disordered orbital by reorientational motion of AN molecules, resulting 

in gradual change of transfer characteristic from n-type to p-type with decreasing temperature. 

Ambipolar behavior in the LT phase is considered to be caused by the presence of ionic pairs 

in the crystal from the optical measurements. The ionic pair became the trap site in the high-

temperature region, while it was involved in carrier transport in the low-temperature region. 

This work showed that molecular dynamics in crystals can induce drastic changes in device 

properties. This work also showed that transport characteristics can be used to determine the 

change of molecular overlap and electronic structure. A detailed study of the FET characteristics 

is useful for both device design and investigation of the electronic structure or molecular 

dynamics. 
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Chapter 3. 
 

The Effect of Twinning by Structural Phase Transition for the 

Carrier Transport Property. 

 

 

 

3.1. INTRODUCTION 

 

The performances of OFETs were improved by using chemically-modified various 

molecules, because their performances strongly depend on the molecular orientation and 

electronic state of organic crystal forming semiconductor layer (see chapter 1). Even though the 

same material was used as semiconductor layer, single-crystal transistors exhibit higher 

mobility than thin-film transistor, which is caused by the grain boundary resistance in the thin-

film.1, 2  

There is a possibility of twinning during crystal growth, which are called as the growth 

twins.3 The origin of the growth twin is a perturbation (impurity, dislocation or other defects) 

during the crystal growth, or the coalescence of nano, micro or macro-crystals with a precise 

mutual orientation. Thus, the growth twin has clear boundaries between twin domains, which 

are usually the same lattice plane in both twin domains. On the other hand, it is generally known 

that a single crystal can also become twin, if the crystal system changes during phase 

transitions.3 As mentioned in Chapter 2, FETs can detect the change of molecular motion and 

electronic state. In this chapter, I fabricated OFETs using CT complexes which show twinning 
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by phase transitions, and investigated whether the FETs can detect the change from single 

crystal to twinned crystal. 

Two kinds of CT complexes, fluorene–TCNQ (FL–TCNQ) and tetracene–TCNQ (TET–

TCNQ) were used as semiconductor layer in this study. FL and TET have weaker and stronger 

electron donating ability than AN, respectively.4, 5 These two crystals of TCNQ complexes are 

monoclinic system with the space group C2/m and donor molecules are disordered, which are 

similar to the features observed in AN–TCNQ. By decreasing temperature, both the crystal 

systems of FL–TCNQ and TET–TCNQ change to triclinic by structural phase transitions. The 

temperature dependences of OFETs using each single crystal were measured and the 

relationship between the twinning and the property of the device was investigated in this chapter. 

The discussion includes comparison with the data of AN–TCNQ since these two crystals show 

similar structure to AN–TCNQ. 
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3.2. EXPERIMENTAL SECTION 

 

3.2.1. Materials 

FL, TET and TCNQ were purchased from Tokyo Chemical Industry Co., Ltd. and purified 

by vacuum sublimation. Single crystals of the FL–TCNQ and TET–TCNQ complexes were 

prepared by a co-sublimation method in a sealed vacuum glass tube (see chapter 2). The crystal 

structure of FL–TCNQ at room temperature was the same as that in a previous report.6 The 

temperature of each zone was set as 180 °C (TCNQ), 80 °C (FL), 190 °C (TET) and 130 °C 

(crystal growth). 

 

3.2.2. Device Fabrication  

We used TTF–TCNQ metallic thin films as the source and drain electrodes (Figure 2.2.1). 

By thermal evaporation through shadow masks, metallic thin films were deposited on the (110) 

plane of each bulk single crystal. The two electrodes were arranged for the current to flow 

parallel to the molecular stacking axis of each crystal (c axis). A 0.5-μm layer of Parylene C 

was deposited as the gate dielectric layer (Ci = 5.1 nF/cm2). Gold gate electrodes were then 

formed on the top of the insulator layer. 

 

3.2.3. Crystallographic Study 

All of the diffraction measurements were performed on a Bruker SMART APEX II ULTRA 

diffractometer with a TXS rotating anode (Mo Kα radiation, λ = 0.71073 Å) and multilayer 

optics. The data collection was carried out at 300 and 100 K using a DX-CS190LD N2-gas-flow 

cryostat (Japan Thermal Engineering, Sagamihara, Japan). The temperature in the nozzle was 

kept constant within ±0.2 K during the measurement. Low-temperature measurements were 
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performed by cooling the same crystal. The structures were solved by direct methods 

(SHELXT) and refined by full-matrix least-squares on F2 using SHELXL-2014.7 All of the H 

atoms were refined using a riding model. For the crystal structures without disorder, all of the 

non-H atoms were refined anisotropically. For the crystal structures with disorder, disordere 

molecules were restrained to be the same structure each other (SAME restraint). The ADPs 

were also restrained by rigid bond restraints (RIGU restraint). The details of the refinement are 

provided in the Appendix as the SHELXL-2014 res files. The crystal and experimental data are 

summarized in Table 3.2.1. 

 

Table 3.2.1 Crystallographic Data for Each Phase of FL–TCNQ and TET–TCNQ 

 FL–TCNQ TET–TCNQ 

 300 K 100 K 300 K 100 K 

formula C25H14N4 C30H16N4 

formula weight 382.41 432.47 

crystal size (mm3) 0.45 × 0.43 × 0.40 0.45 × 0.22 × 0.20 

crystal system monoclinic triclinic monoclinic triclinic 

space group C2/m P 1  C2/m P 1  

a (Å) 11.0034(9) 8.2094(10) 11.8966(10) 8.5947(14) 

b (Å) 13.0967(11) 8.7608(11) 12.8846(11) 8.8204(14) 

c (Å) 6.7931(6) 6.6384(8) 7.2567(6) 7.1458(11) 

α (°) 90 98.6193(18) 90 88.956(2) 

β (°) 103.5837(13) 98.4392(18) 90.1902(14) 87.577(3) 

γ (°) 90 100.1572(17) 90 85.600(2) 

V (Å3) 951.56(14) 457.23(10) 1112.32(16) 539.57(15) 

Z 2 1 2 1 

Rint 0.0143 0.0262 0.0312 0.0289 

R1 [I > 2σ(I)] 0.0359 0.0306 0.0449 0.0339 

Rw (all reflection) 0.1124 0.0917 0.1174 0.1008 

 

3.2.4. Calculation 

The overlap integrals between the highest occupied molecular orbital (HOMO) and next 
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HOMO (nHOMO) of each donor and the lowest unoccupied molecular orbital (LUMO) of 

TCNQ for each crystal were calculated under the extended Hückel approximation8, 9 using the 

CAESAR program package.10 The optimization and energy calculations of isolated single 

molecules were performed using Gaussian 09W at the B3LYP/6-31G(d,p) level. 

 

3.2.5. Measurements 

   The device properties of the single-crystal FETs were measured using a dual channel system 

source meter (Keithley 2636A). Temperature was controlled using a closed cycle cryostat 

system. Thermal analyses were performed by differential scanning calorimetries (DSC) with a 

heating and cooling rate of 5 K/min. Mettler Toledo Thermal Analysis System, DSC 1 was used 

for FL-TCNQ and Rigaku DSC-8230 was used for TET-TCNQ. Diffuse reflectance UV-vis-

NIR spectra were obtained diluting the sample in KBr powder (JASCO V-570 UV/VIS/NIR 

spectrophotometer). The spectra were converted to the Kubelka-Munk function. 
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3.3. RESULTS ANT DISCUSSION 

 

3.3.1. DSC measurements 

   DSC measurements show no peak in the measured temperature range for both crystals 

(Figure 3.3.1). As mentioned below, structural phase transition occurs in both crystal. Thus, the 

phase transitions might be second order. 

 

 

Figure 3.3.1 DSC profile of polycrystalline (a) FL–TCNQ and (b) TET–TCNQ. 

 

3.3.2. Crystal Structure 

The crystal structures of each crystal at 300 K and 100 K were determined by single-crystal 

X-ray structure analysis. Structural phase transition, which is accompanied with twinning, was 

observed in each crystal.  
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FL–TCNQ. At room temperature, the space group of the crystal obtained by co-sublimation 

is C2/m, which is the same structure as that the crystal grown by slow evaporation.6 Each 

molecule is located on the 2/m site (Figure 3.3.2). We call it as the HT phase. The FL molecules 

were refined as the overlap of two different orientations, which were related to each other by 

the symmetry of the site. Thus, the occupancy was refined to be 50 % each other, and the two 

overlapping modes (OMs) are equivalent. According to the matching of the nodal structures of 

the HOMO of FL and LUMO of TCNQ, the overlap integral was estimated as a large value, 

20.9 × 10−3. The molecular planes of FL and TCNQ were perpendicular to the stacking axis c 

and the inter-planer distance was estimated as about 3.40 Å.  

 

 

Figure 3.3.2. (a) Crystal structure of the HT phase. (b) HOMO of the FL molecule and the LUMO of the 

TCNQ molecule. (c) Top views of FL and TCNQ overlap at 300 K. The ellipsoids are drawn at the 50% 

probability level. 

 

   At 100 K, the symmetry of the space group of FL–TCNQ is lowered to P−1 with Z = 1, 

which indicates that a structural phase transition occurs (Figure 3.3.3). We call it as the LT 
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phase. Although the transition temperature cannot be determined correctly since peaks were not 

observed in the heat flow of the DSC, the lattice parameter changed gradually between 220-200 

K and the phase transition was completed at 100 K. The unit cell axes were translated from the 

HT phase as follows; (a, b, c) → ((a-b)/2, (a+b)/2, c). Each molecule located at the inversion 

center of the unit cell. The orientational disorder of FL molecule was also observed at this 

temperature with 1:1 occupancy ratio, which is the same as the HT phase. This suggests that 

reorientation between them do not occur in this crystal in this temperature range. The two 

orientations of the disordered FL molecule are almost the same as that of room temperature, 

and the OMs are also similar to those in the HT phase. The molecular planes were almost 

perpendicular to the stacking axis c also in the LT phase. The inter-planer distance was shorter 

than that in the HT phase (3.32 Å), resulting in higher overlap integral (23.3 × 10−3). The intra-

column structure do not change largely by the phase transition. 

 

 

Figure 3.3.3. (a) Crystal structure of the LT phase. (b) Top views of FL and TCNQ overlap at 100 K. The 

ellipsoids are drawn at the 50% probability level. 

The phase transition is related to the change of relative orientation between the columns. In 
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the HT phase, the π-stack column is related by the a-glide plane each other. By the phase 

transition, displacement of the π-stack column occur along the a axis of the HT phase, resulting 

in the loss of the monoclinic symmetry at the LT phase. In order to compare the lattice 

parameters between the HT and LT phases, the cell parameters of the LT phase were expanded 

by translation the axes with an operation (a, b, c) → ((a+b), (a-b), c) (Table 3.3.1). Because of 

the decreasing temperature, lattice parameters become shorter in the LT phase. The values of α 

and β are almost the same compared to those of the HT phase, on the other hand, the value of γ 

is largely deviated from that of the HT phase, which indicates that the displacement of π-stack 

column mainly occur along the a axis of the HT phase. In the HT phase, weak hydrogen bonds 

were formed between TCNQ molecules and TCNQ and FL molecules, respectively (Figure 

3.3.4). In the LT phase, the displacement results in anisotropic hydrogen bonds, where the bond 

length along the a and b axes of the LT phase is different with each other. From these results, 

the phase transition is related to the change of inter-column relative orientation, which is 

considered as displacement along the a axis of the HT phase. 

 

Table 3.3.1 Comparing the Cell Parameter of FL–TCNQ between HT and LT Phase 

 FL–TCNQ 

temperature (K) 300 100* 

crystal system monoclinic triclinic 

space group C2/m P 1  

a (Å) 11.0034 10.899 

b (Å) 13.0967 13.020 

c (Å) 6.7931 6.6384 

α (°) 90 90.48 

β (°) 103.5837 103.36 

γ (°) 90 86.22 

* The unit cell was obtained by translation the axes with an operation (a, b, c) → ((a+b), (a-b), c) 
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Figure 3.3.4. Hydrogen bonds in FL–TCNQ. (a) HT phase and (b) LT phase. 

 

The crystal of FL–TCNQ complex become twin by phase transition from the HT phase to 

the LT phase. The twinned crystal is composed of two kinds of twin domains (TDs), which are 

called TD1 and TD2 in this thesis. The TD2 can be obtained by rotation of TD1 by 180° degrees 

about reciprocal axis [1 -1 0], which corresponds to the b axis of the HT phase. Such a kind of 

twinning always occurs more or less, when the crystal system changes. In the FL–TCNQ crystal, 

the twinning was caused by the change of crystal system from monoclinic to triclinic. The 

difference between TDs is mainly related to the direction of the displacement of the π-stack 

column (Figure 3.3.5). It is considered that the crystal is more disordered in the LT phase by 
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these TDs, which might affect the device properties. 

 

 

Figure 3.3.5. The TDs in the LT phase of FL–TCNQ.  

 

TET–TCNQ. The space group of the crystal is also C2/m, and each molecule is located on 

the 2/m site (Figure 3.3.6). The TET molecules were refined as the overlap of three different 

orientations, two of which were related to each other by the symmetry of the site. In these two 

arrangements (purple and light green), the molecular long axes of TET significantly deviate 

from the mirror plane, while both TET (gray) and TCNQ (orange) share the same mirror plane 

in another arrangement, which is similar to the disorder observed in AN–TCNQ crystal. The 
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occupancies were refined to be 33(2) % (purple and light green TET) and 35(4) % (gray TET). 

In the HT phase, it is considered that exchanging of these three orientations occurs by in-plane 

molecular reorientation of TET. Although the crystal have the same space group as AN–TCNQ 

and FL–TCNQ, it is not an isomorphous structure because the molecules in the π-stack column 

are titled. The angles between the molecular planes of TET and TCNQ and the stacking axis c 

are estimated as 74.34 and 75.06 °, respectively. The inter-planer distance was estimated as 3.49 

Å. All the mixed-stack columns are translationally related with each other.  

 

 

Figure 3.3.6. (a) Crystal structure of the HT phase. (b) HOMO of the FL molecule and the LUMO of the 

TCNQ molecule. (c) Top views of FL and TCNQ overlap at 300 K. The ellipsoids are drawn at the 50% 

probability level. 

 

At 100 K, the symmetry of the space group of TET–TCNQ is lowered to P−1 with Z = 1, 

which indicates that a structural phase transition occurs also in this crystal (Figure 3.3.7). 

Although the transition temperature cannot be determined correctly since peaks were not 
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observed in heat flow of the DSC, the lattice parameter changed gradually between 185-180 K 

and the phase transition was completed at 100 K. The unit cell axes were translated from the 

HT phase to the LT phase by (a, b, c) → ((a-b)/2, (a+b)/2, c). Each molecule is located at the 

inversion center of the unit cell. The orientational disorder of TET molecule was not observed 

in the LT phase, suggesting that reorientational motion is suppressed. The inter-planer distance 

was estimated as 3.41 Å. 

 

 

Figure 3.3.7. (a) Crystal structure of the LT phase. (b) Top views of FL and TCNQ overlap at 100 K. The 

ellipsoids are drawn at the 50% probability level. 

 

In this complex, both the intra-column and inter-column displacements occur by the phase 

transition. In order to compare the lattice parameters between the HT and LT phases, the cell 

parameters of the LT phase were expanded by translation the axes with an operation (a, b, c) → 

((a-b), (a+b), c) (Table 3.3.2). Compared to FL–TCNQ, the cell lengths show relatively small 

change, but the cell angles show relatively large changes by phase transition. In the LT phase, 

the angle between the molecular long axis of each molecule and the stacking axis c was not 
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changed largely (73.24 ° for TET and 74.06 ° for TCNQ). On the other hand, molecular short 

axis of each molecule was tilted to the c axis (85.37 ° for TET and 85.37 ° for TCNQ) in this 

phase, resulting in the relatively large change of α and β. In addition to intra-column 

displacement, the π-stack column displacement occurs along the a axis of the HT phase. The 

change of γ value of TET–TCNQ was smaller than that of FL–TCNQ, indicating that the 

magnitude of the displacement is smaller in this crystal. 

Table 3.3.2 Compairing the Cell parameter of TET–TCNQ between HT and LT Phase 

 TET–TCNQ 

temperature (K) 300 100* 

crystal system monoclinic triclinic 

space group C2/m P 1  

a (Å) 11.8966(10) 11.834 

b (Å) 12.8846(11) 12.779 

c (Å) 7.2567(6) 7.146 

α (°) 90 87.75 

β (°) 90.1902(14) 89.02 

γ (°) 90 91.49 

*The unit cell was obtained by translation the axes with an operation (a, b, c) → ((a-b), (a+b), c) 

 

The crystal of the TET–TCNQ complex become twin by phase transition from the HT phase 

(monoclinic) to the LT phase (triclinic). The twinned crystal is composed of two TDs, which 

are called TD3 and TD4 in this thesis. The TD4 can be obtained by rotation of TD3 by 180° 

degrees about reciprocal axis [0.043 0.955 1.000] and real axis [-0.002 0.999 1.000], which 

correspond to a+b axis of the LT phase (Figure 3.3.8).  
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Figure 3.3.8. The TDs in the LT phase of TET–TCNQ. 

 

The OMs in the HT phase are similar to those of AN–TCNQ. The two OMs in which the 

TET molecule is located out of the TCNQ mirror plane are called OM1 and OM3. In the OM2, 

both molecules are located in the mirror plane. According to the orthogonality of the HOMO 

of TET and LUMO of TCNQ, there is no CT interaction in OM2. In addition, CT interaction 

cannot occur between the nHOMO of TET and LUMO of TCNQ by the same reason (Figure 

3.3.6b). In the OM2, CT interaction occur by the overlap between the HOMO-2 of TET and 

LUMO of TCNQ with the overlap integral 14.0 × 10-3. In the OM1 and OM3, CT interaction 

can occur between the HOMO of TET and LUMO of TCNQ, even though the overlap integral 

is small (0.6 × 10-3). These OMs can be exchanged by reorientational motion of TET. Thus, it 
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is considered that the transfer path of holes are disordered in the HT phase, which was observed 

in AN–TCNQ. In the LT phase, the orientational disorder was not observed and overlap integral 

of OM4 was estimated as 1.0 × 10-3
. 

The degree of CT was estimated by using the ratio c/(b+d) of TCNQ.11 Table 3.3.3 lists the 

bond length of TCNQ and the degree of CT in each crystal. The degree of CT in the bulk did 

not significantly change through the phase transitions in both complexes. 

 

 

Table. 3.3.3. Estimation of the Degree of CT in FL–TCNQ and TET–TCNQ 

 TCNQ Rb–TCNQ FL–TCNQ TET–TCNQ 

T / K room temp. Room temp. 300 K 100 K 300 K 100 K 

a / Å 1.346(3) 1.373(4) 1.3414(16) 1.3480(14) 1.3425(18) 1.3476(12) 

b / Å 1.448(4) 1.423(4) 1.4423(9) 1.4427(8) 1.4356(10) 1.4434(8) 

c / Å 1.374(3) 1.420(4) 1.3720(16) 1.3770(14) 1.3763(17) 1.3775(12) 

d / Å 1.441(3) 1.416(4) 1.4296(10) 1.4301(8) 1.4296(14) 1.43415(8) 

c/(b+d) 0.476 0.500 0.4777 0.4793 0.4804 0.4787 

Predicted 

CT 
0 1 0.07 0.14 0.18 0.11 

 

3.3.3. Optical Measurements 

In order to estimate the band gap of these two CT complexes, diffuse reflectance 

spectroscopy measurements were executed (Figure3.3.9). The optical band gap of FL–TCNQ 

and TET–TCNQ is estimated as 1.9 eV and 0.9 eV, respectively. The CT band of each complex 

is attributed to the transition from HOMO of each donor to LUMO of TCNQ. As shown in 

chapter 2, the optical band gap of AN–TCNQ was 1.4 eV. These values of optical band gap 

a 
b' 

b'' 

c 
d' 

d'' 
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show correlation with the half-wave oxidation potential (Eox
1/2). Larger (smaller) band gap was 

observed in the complex with weaker (stronger) donor (Table 3.3.3).  

 

 

Figure 3.3.9. Diffuse reflectance spectra of (a) FL–TCNQ and (b) TET–TCNQ. The arrows indicate the CT 

band. 

 

Table 3.3.3 Optical band gap of each complexes and half-wave oxidation potential of each 

donor.  

 Optical band gap (eV)* Eox
1/2 (V)** 

TET–TCNQ 0.9 0.77 

AN–TCNQ 1.4 1.09 

FL–TCNQ 1.9 1.55 

*The values of optical band gap were obtained from the edge of each CT band. 

**ref [4] and [5] 

 

3.3.4. Field-Effect transistors of FL–TCNQ and TET–TCNQ 

Figure 3.3.10 shows the device properties of the FL–TCNQ single-crystal FET in variable 

temperatures. The device showed n-type behavior at 300 K. The device exhibited normally on 

behavior, the threshold voltage (Vth) was −37.2 V. The mobility μ was estimated as 4.8 × 10−3 

K
/M

(a) FL-TCNQ

1 2 3 4
E (eV)

K
/M

(b) TET-TCNQ
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cm2/(V∙s). The FET show lower Vth and higher μ compared to that using AN–TCNQ. The lower 

Vth indicate that the amount of thermally activated carrier is larger than that of AN–TCNQ. 

However the optical band gap of FL–TCNQ crystal is wider than that of AN–TCNQ since the 

overlap integral of the crystal is much larger than that of AN–TCNQ, indicating that there are 

larger amount of thermally activated carriers at room temperature. The higher μ can be also 

explained by the larger overlap integral.  

The device showed n-type behavior at the temperatures below and above the phase 

transition. The Arrhenius plots of the mobility are shown in Figure 3.3.10d. Although the 

overlap integral is larger in the LT phase than in HT phase, the activation energy Ea of the 

mobility was gradually increased from 250 K to 200 K. At the higher and lower temperatures, 

the Ea values are estimated as 0.17 and 0.30 eV, respectively. It is considered that the increase 

of Ea is related to the phase transition. The crystal became twin from the HT to LT phase. The 

boundaries of TDs can be interpreted as defects, which cause the increase of Ea. 
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Figure 3.3.10 The transfer characteristics of FL–TCNQ FET at (a) 300 K, (b) 230 K and (c) 180 K. (d) 

Arrhenius plot of the mobility. Red and blue lines were obtained by least-square fitting at the range 300-250 

K and 200-160 K, respectively. 

Figure 3.3.11 shows the device properties of the TET–TCNQ single-crystal FET in variable 

temperatures. The device showed n-type behavior at 300 K. The device also exhibited normally 

on behavior, the threshold voltage (Vth) was −28.9 V. The mobility μ was estimated as 8.2 × 

10−5 cm2/(V∙s), which is almost the same as that of AN–TCNQ. At 240 K, although the 

dominant carrier was electrons, slight p-type behavior was also observed. The contribution of 

the p-type behavior of the device was gradually increased with decreasing temperature. Even 

at the lowest temperature measured, the dominant carrier of the device was electrons. Below 

180 K (around the transition temperature), the transfer characteristic could not be measured 

since the current was too small to detect.  

 

 

Figure 3.3.11. The transfer characteristics of FL–TCNQ FET at (a) 298 K, (b) 230 K, (c) 210 K and (d) 180 

K. 

 

The ISD values of the TET–TCNQ FET at VG = 50, 0, and −50 V are plotted against the 

reciprocal temperature in Figure 3.3.12. Each current value thermally decreased with 

decreasing the temperature. The Ea values of ISD at VG = 50, 0, and −50 V were estimated as 

0.31, 0.34, and 0.31 eV, respectively. As mentioned in 3.3.1, disordered transport of holes can 

-50 0 50

1

1.5

2

[10
-8

]

-50 -25 0 25 50

VG (V)

0.05

0.1

0.15

0.2

I S
D
 (


A
)

(a) 298 K

VSD = 200 V

-50 0 50

0.4

0.6

0.8

1

1.2[10
-9

]

-50 -25 0 25 50

VG (V)

(b) 240 K

0.2

0.4

0.6

0.8

1

1.2

I S
D
 (

n
A

)

-50 0 50

0.5

1

1.5[10
-10

]

-50 -25 0 25 50

VG (V)

(c) 210 K

0.05

0.1

I S
D
 (

n
A

)

30 40 50
0

0.5

1

[10
-11

]

-50 -25 0 25 50

I S
D
 (

p
A

)

VG (V)

(d) 180 K

0

2

4

6

8

10



- 70 - 

 

occur in the device because the reorientational motion of TET molecule occur in the crystal as 

well as AN–TCNQ FET (Figure 3.3.12b). But, temperature independent hole transport, which 

was observed in AN–TCNQ FET, was not observed in the TET–TCNQ FET at the temperature 

range measured. In the TET–TCNQ crystal, there are relatively large amount of thermally 

activated carriers because the band gap is narrower than that of AN–TCNQ. In TET–TCNQ 

FET, large positive gate voltage must be applied in order to deplete thermally activated carriers, 

electron in this case, from the crystal surface. It is considered that not only hole current but also 

electron current was measured in the ISD at VG = −50 V, resulting in the thermally activated 

behavior. 

The device showed ambipolar behavior by lowering temperature, suggesting similar 

mechanism to AN–TCNQ. In the AN–TCNQ FET, the origins of ambipolar behavior were 

disordered transport in the HT phase and ionic domains in the LT phase. At this time, I cannot 

identify which mechanisms is suitable in the TET–TCNQ FET. Lower temperature 

measurements of transfer characteristics and characterization of electronic structure at low 

temperature are needed to understand the mechanism. 
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Figure 3.3.12. (a) Temperature dependence of ISD with VG = 0 (black), 50 (red), and −50 V (blue). (b) Energy 

diagram of AN–TCNQ and TET–TCNQ. The values of ionization potential were obtained by gas phase UPS 

measurements in ref. [12]. 
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3.4. SUMMARY 

 

It was revealed that the crystals of FL–TCNQ and TET–TCNQ show structural phase 

transitions from their XRD structure analyses at 300 and 100 K. Each crystal becomes twin in 

the LT phase since the crystal system is changed from monoclinic to triclinic.  

The transfer characteristics of the FL–TCNQ FET can be measured below the transition 

temperature. The Ea of the mobility was found to become larger by the twinning. The most 

likely influence of twinning to the device property, defects formed between the TDs interfere 

the charge transport, was confirmed. 

The transfer characteristics of the FET using TET–TCNQ could not be measured below the 

transition temperature. The device showed ambipolar behavior with decreasing temperature. In 

order to understand the mechanism, other detailed measurements are required. 
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Chapter 4. 
 

The Field-Effect Transistors Using Charge-Transfer Complexes: 

Relationship between the Performance and Their Molecular 

Packing   

 

 

 

4.1. INTRODUCTION 

 

Recently, a wide variety of organic-based field-effect transistors (FETs) have been 

fabricated and investigated.1-5 Their performance of p-type OFETs has been improved in 

various studies, and many organic-based devices exceeding the performance of amorphous 

silicon have been reported.5-13 Some of them show high performance even in thin film 

transistors, having attractive features for ubiquitous networks such as low-cost, flexibility, or 

large area.3-11 In order to realize the efficient logic circuits based on organic FETs, we further 

need to develop the n-type FETs with high electron mobility, although the attempt has often 

encountered difficulty due to the instability of single component π-electron materials against 

the surface oxidation or reduction.  

Charge-transfer (CT) complexes that are well-known two-component -electron materials 

composed of electron donor (D) and acceptor (A) molecules are one of the candidate material 

groups for high performance n-type organic transistors.14,15 Some n-type transistors exceeded 
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~1 cm2 /(V∙s) have been reported with using CT complexes such as DBTTF–TCNQ for channel 

crystals.16, 17  CT complexes have various band and electronic structures as semiconducting 

material owing to their CT interactions. The degree of CT interaction may be varied by donor 

strength of D and acceptor strength of A and their molecular overlaps in the lattice. It is expected 

that these parameters also affect transport characteristics of transistors when CT complexes are 

used as a semiconductor. The n-type transistors are expected to be realized for semiconductors 

with the conduction band situated at relatively low energy (close to the Fermi level of the 

electrode metal). For the CT complexes with mixed-stack structures, this situation corresponds 

to the case where the electron accepting ability of A is relatively strong, since the conduction 

band is mainly composed of LUMO (lowest unoccupied molecular orbital) of the acceptor. 

Since the conduction band should be empty or contain only a small number of electrons, the 

degree of charge transfer in the CT complex should be small. For such purpose, the donor 

component should not be strong. Therefore, I utilized mixed-stack semiconducting CT 

complexes composed of PXX (peri-xanthenoxanthene) as a relatively weak donor component 

(Figure 1).18 The strong acceptors adopted are, F2TCNQ (2,5-difluoro-7,7,8,8,-

tetracyanoquinodimethane), Cl2TCNQ (2,5-dichloro-TCNQ), DDQ (2,3-dichloro-5,6-dicyano-

p-benzoquinone), F4TCNQ (2,3,5,6-tetrafluoro-TCNQ). The relationship between the device 

properties and their molecular packing has been investigated. 
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Figure 1 (a) Molecular structures and (b) HOMO of PXX, and LUMOs of TCNQ and DDQ 
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4.2. EXPERIMENTAL SECTION 

 

4.2.1. Materials 

The starting materials were obtained as follows: F4TCNQ and DDQ were purchased from 

Tokyo Chemical Industry Co., Ltd. PXX, F2TCNQ and Cl2TCNQ were synthesized according 

to the literature provided.18-20 These materials were purified by the combination of 

recrystallization and sublimation. The CT complexes of PXX–F2TCNQ, PXX–Cl2TCNQ, 

PXX–F4TCNQ and PXX–DDQ were prepared by co-sublimation of the respective molecules 

in a sealed vacuum glass tube (see chapter 2). The temperature of each zone was set as 180 °C 

(TCNQ derivate), 140 °C (DDQ), 220 °C (PXX) and 120 °C (crystal growth). Single crystal of 

each complex was obtained with shiny surfaces with a typical size of 1.0-0.8 × 0.5-0.3 × 0.3-

0.1 mm3. The crystal long axes are parallel to the molecular stacking axis. 

 

4.2.2. Device Fabrication and Measurements 

Gold was used as the source and drain electrodes, which were deposited with the thickness 

of about 30 nm by the thermal evaporation on the top of the as-grown crystal surfaces through 

shadow masks. The electrodes were arranged to measure current-voltage characteristics along 

the molecular stacking axis. Typical channel length is about 50 μm. Parylene C was used as the 

gate dielectric layer with typical thickness of about 500 nm (Ci = 5.1 nF cm-2). Then the gate 

electrodes of Au were fabricated on top of the insulators. The field-effect properties were 

measured under the ambient environment using a dual channel system source meter (Keithley 

2636A). 

 

4.2.3. Crystallographic Study 
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The X-ray diffraction intensity data for single crystals of the PXX complexes were obtained 

using an automated Rigaku R-Axis rapid X-ray diffractometer with graphite monochromated 

MoKα radiation. The crystal structures were solved by employing the direct methods of 

SIR200421 and SHELX-9722 in the CrystalStructure4.023 crystallographic software package. 

The crystal data for the complexes are summarized in Table 1. Refinement of the structures was 

carried out using a full-matrix least-squares refinement on F2. All of the non-hydrogen atoms 

were refined anisotropically. The hydrogen atoms were placed at the theoretically calculated 

ideal positions, related to their respective parent atoms, with a riding model for the structure 

refinement. 

 

4.2.4. Calculation 

The overlap integrals between the highest occupied molecular orbital (HOMO) of D and 

the lowest unoccupied molecular orbital (LUMO) of A for each crystal were calculated under 

the extended Hückel approximation24, 25 using the CAESAR program package.26 The 

optimization and energy calculations of isolated single molecules were performed using 

Gaussian 09W at the B3LYP/6-31G(d,p) level. 
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4.3. RESULTS AND DISCUSSION 

 

4.3.1. Crystal Structure and Overlap Integral 

   The composition ratio of D and A in the four kinds of PXX complexes in this work was 

found to be 1:1. The crystallographic data are summarized in Table 4.3.1. The crystals of PXX–

F2TCNQ, PXX–Cl2TCNQ and PXX–DDQ belong to the triclinic system, space group P-1 

while the crystal structure of PXX–F4TCNQ belongs to the monoclinic system, space group 

P21/n. These complexes consist of mixed-stacks of D and A molecules, but their packing 

patterns are different with each other. 

 

Table 4.3.1 Crystallographic Data for Each PXX Complex 

 PXX–F2TCNQ PXX–Cl2TCNQ PXX–DDQ PXX–F4TCNQ 

Formula C32H12F2N4O2 C32H12Cl2N4O2 C28H10Cl2N2O4 C32H10F4N4O2 

Temperature (K) 293 293 293 293 

Crystal System triclinic triclinic triclinic monoclinic 

Space Group P 1  P 1  P 1  P21/n 

a (Å) 6.5717(6) 7.3979(7) 7.5967(4) 8.5735(7) 

b (Å) 8.6755(8) 8.7269(8) 9.2631(6) 12.9533(8) 

c (Å) 11.3556(11) 9.7613(9) 16.4080(9) 20.875(2) 

α (°) 106.252(3) 74.172(3) 92.8691(18) 90 

β (°) 108.956(3) 83.221(2) 90.3446(15) 91.800(3) 

γ (°) 94.979(3) 87.320(2) 114.2070(15) 90 

V (Å3) 576.47(10) 601.99(9) 1051.32(10) 2317.1(3) 

Z  1 1 2 4 

Rint 0.0237 0.0341 0.0160 0.0426 

R1 [I > 2σ(I)] 0.0471 0.0354 0.0360 0.0606 

 Rw (all refelction) 0.0758 0.0456 0.1109 0.0872 

 

PXX–F2TCNQ and PXX–Cl2TCNQ. These two complexes are classified into the typical 
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mixed-stacked arrangement. In the crystal of PXX–F2TCNQ and PXX–Cl2TCNQ, each 

molecule is located at the inversion center of the unit cell, so the π-stack columns are composed 

of uniform DA stacking, i.e. DADA-type arrangement. However, crystal structures of these 

complexes are not completely isomorphic. In PXX–F2TCNQ crystal, the molecular plane of 

each molecule is almost perpendicular to the stacking axis a (89.23 ° for PXX and 88.32 ° for 

F2TCNQ). On the other hand, the molecular planes in PXX–Cl2TCNQ are tilted largely to the 

stacking axis a (66.27 ° for PXX and 68.16 ° for Cl2TCNQ). The inter-planer distance between 

D and A is estimated as 3.28 Å for PXX–F2TCNQ and 3.37 Å for PXX Cl2TCNQ. The 

overlapping mode (OM) of D’s HOMO and A’s LUMO in PXX–F2TCNQ crystal is largely 

different from that in PXX–Cl2TCNQ as shown in Figures 4.3.1b and d. Because of these 

differences in crystal structure, the overlap integral values in those complexes are quite different 

(15.8 × 10-3 for PXX–F2TCNQ and 2.7 × 10-3 for PXX–Cl2TCNQ). 
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PXX–DDQ. The crystal also shows mixed-stacked arrangement. In contrast to the above 

two complexes, the π-stack column is consisted of non-uniform stacks of the components with 

two kinds of OMs since each molecule is located at a general position of the unit cell (Figure 

4.3.2). Such structure indicates that PXX and DDQ molecules form dimer. In addition, the inter-

planer distances of intra-dimer and inter-dimer are estimated as 3.21 and 3.25 Å, respectively. 

The overlap integral of each OM is calculated as 18.2 × 10-3 (intra-dimer, OM1) and 12.0 × 10-

3 (inter-dimer, OM2), respectively. In this paper, this arrangement is called as (DA)(DA)-type 

arrangement. 

 

Figure 4.3.1. Crystal structures and overlapping modes of (a), (b) PXX–F2TCNQ and (c), (d) PXX–Cl2TCNQ 
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PXX–F4TCNQ. Also in this crystal, D and A molecules are located at the general positions 

of the unit cell and form a dimer. The crystal have a 2D π-π network, which is different from 

the above three complexes (1D π-stack). The OM of intra-dimer is almost the same as that of 

PXX–F2TCNQ. On the other hand, there are six OMs between the dimers, which indicates that 

a 2D π-π network is formed in the crystal (Figure 4.3.3). The overlap integral of intra-dimer 

(OM1) is estimated as 20.0 × 10-3, which is larger than that in PXX–DDQ. In contrast to PXX–

DDQ, the overlap integrals of inter-dimer, especially those of OM2 (DD), 5 (DA), 6 (AA), and 

7 (AA) are small. Thus, it is considered that these four OMs do not contribute mainly to the π-

π network. The largest inter-dimer overlap integral is obtained for OM3 (DD), but, if this OM 

works as the main π-π network, the stacking sequence becomes (DA)(AD), which includes poor 

overlaps between A molecules (OM6 and 7). I consider the π-stack sequence is (DA)(DA) in 

order to exclude the poor overlaps. The 2D π-π network (Figure 4.3.4) can be summarized as 

Figure 4.3.2. (a) Crystal structure of PXX–DDQ and (b), (c) OMs of PXX–DDQ 
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below; the quasi-1D non-uniform π-stack columns are composed of OM1 and OM4 with 

(DA)(DA) sequence and the columns are connected by overlaps of D molecules (OM3) as 

shown in Figure 4.3.4. The molecular stacking pattern of PXX–F4TCNQ is called as (DA)(DA)-

type in this thesis. 

 

 

Figure 4.3.3. (a) Crystal structure of PXX–F
4
TCNQ. Inter molecular contacts are shown by red (intra-dimer) 

and blue (inter-dimer) arrows. (b) OM of intra-dimer. (c) and (d) OMs of inter-dimer. 
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Figure 4.3.4. The 2D π-π network in PXX–F
4
TCNQ.  

 

Table 4.3.2. Overlap Integral of Each Overlapping Mode (OM) 

complex  Overlap integral (10-3) 

PXX–F2TCNQ  OM1 (DA) 15.8 

PXX–Cl2TCNQ  OM1 (DA) 2.7 

PXX–DDQ Intra-dimer OM1 (DA)  12.0 

 Inter-dimer OM2 (DA)  18.2 

PXX–F4TCNQ Intra-dimer OM1 (DA) 20.0 

 Inter-dimer OM2 (DD) 0.1 

 Inter-dimer OM3 (DD) 5.7 

 Inter-dimer OM4 (DA) 1.7 

 Inter-dimer OM5 (DA) 0.5 

 Inter-dimer OM6 (AA) 0.3 

 Inter-dimer OM7 (AA) 0.1 

 

   The π-π network of these four complexes can be summarized as follows. PXX–F2TCNQ 
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has uniform 1D π-stack with relatively large overlap integral. PXX–Cl2TCNQ also has uniform 

1D π-stack, however, the overlap integral is quite small. In PXX–DDQ, dimerization of D and 

A occur and non-uniform 1D π-stack is formed with relatively large inter-dimer overlap integral. 

PXX–F4TCNQ has a 2D π-π network which is composed of non-uniform 1D π-stack and inter-

column interaction by overlap of PXX molecules. The inter-dimer overlap integrals are 

relatively small. 

Up to here, the difference of crystal structure of the four PXX complexes has been discussed, 

but these crystals also have a similar structural feature. Along the molecular short axis, paired 

hydrogen bonds (C–H•••O) were formed between PXX molecules, which also occurred in 

pristine PXX crystal (Figure 4.3.5).18 In each crystal, ribbon structure is formed by paired 

hydrogen bonds (C–H•••O) between PXX molecules (Figure 4.3.6). Generally, this type of 

supra-molecular interaction is not so stable in CT complexes, because of the Coulomb repulsive 

interaction between D and D or A and A molecules. Thus, D (A) molecules tend not to form 

sheet or ribbon structure in order to reduce Coulomb repulsion between D (A) molecules and to 

increase Madelung energy. However, it is considered that stabilization energy by the supra-

molecular interactions is relatively strong in the PXX CT crystals compared with the cost for 

the destabilization energy from the D•••D contacts. Other three PXX complexes were reported 

by Asari, which also have similar supra-molecular structure.18 Thus, the supra-molecular 

structure is preferred in CT complexes using PXX as a donor component. 
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Figure 4.3.5. Hydrogen bonds in the pristine PXX crystal 
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4.3.2. The properties of Field-Effect transistors 

Figure 5 shows the transfer characteristics of the single crystal FETs of these complexes 

with the drain voltage (VD) fixed at +50 V. All the results clearly show the n-type field-effect 

characteristics. The mobility of these devices were estimated as 1.6 x 10-2 cm2 /(V∙s) (PXX–

F2TCNQ), 1.3 x 10-4 cm2 /(V∙s) (PXX–Cl2TCNQ), 3.5 x 10-3 cm2 /(V∙s) (PXX–DDQ), and 2.7 

x 10-4 cm2 /(V∙s) (PXX–F4TCNQ), from the transfer characteristics with using the FET formula 

(a) (b) 

(c) (d) 

Figure 4.3.5. The ribbon structure in the PXX complexes. (a) PXX–F2TCNQ, (b) PXX–Cl2TCNQ, (c) PXX–

DDQ, and (d) PXX–F4TCNQ. The C–H•••O distances were shown for each complexes. 
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in the linear region; μlin = (dID/dVG)[L/(WCiVD)].27 This result is consistent with the difference 

of the overlap integrals and stacking patterns. The highest mobility was observed in the device 

with PXX–F2TCNQ, which has DADA-type structure with uniform relatively large overlap 

integral. PXX–Cl2TCNQ also has DADA-type, however, the device shows lowest mobility since 

the overlap integral is very small. Here, we note that FET on PXX–F2TCNQ showed normally-

on behavior. This behavior reflects the relatively high conductivity of PXX–F2TCNQ at room 

temperature, indicating the presence of thermally activated carriers in the crystal. These carriers 

were depleted from the crystal surface by positive gate voltage. The device with PXX–DDQ, 

(DA)(DA)-type, complex showed relatively high mobility. In contrast, the device with PXX–

F4TCNQ, (DA)(DA)-type, showed low mobility. Though, both of the complexes are dimerized, 

the inter-dimer interaction of PXX–DDQ is larger than that of PXX–F4TCNQ. The difference 

is reflected in the value of the mobility of the complexes. The off-currents of these devices 

showed a similar trend with the mobilities. 
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Figure 4.3.7 depicted the output characteristics at various VG for these devices. The all 

devices did not shows clear current saturation in the high VD range, because of using bulk single 

crystals as semiconductor layers. 

Figure 4.3.6. Transfer characteristics of FETs with using (a) PXX–F2TCNQ, (b) PXX–Cl2TCNQ, (c) 

PXX–DDQ and (d) PXX–F4TCNQ as semiconductor crystal. VSD = 50 V in each device.  
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All the results presented above clearly show that there is a certain relationship between the 

device performances and molecular packing in the CT complex semiconductors. I suggest that 

using a CT complex with uniform stacking and large overlap between D and A molecules would 

be useful to improve the device performance including n-type organic FETs. 
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Figure 4.3.7. Output characteristics at various VG (= 0, 20, 40 and 60 V) of the FETs using (a) PXX–

F2TCNQ, (b) PXX–Cl2TCNQ, (c) PXX–DDQ and (d) PXX–F4TCNQ as semiconductor crystal.  
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4.4. SUMMARY 

 

   Four kinds of CT complex crystals using PXX as donor were obtained by the co-sublimation 

method. The four CT complexes have different molecular arrangements and overlap integrals. 

It was shown that the four kinds of organic FETs with using single crystals of PXX CT 

complexes as the semiconductor layer show n-type characteristics. The relationship between 

molecular arrangements and device performances was found. The highest mobility was 

obtained for the device of PXX–F2TCNQ. The complex had the largest transfer integral in the 

four kinds of CT complexes used in this work. In addition, semiconductor crystals with poor 

overlap integral or with strong dimerization showed poor performance. This study suggests that 

to use a CT complex with rich intra-column interaction as semiconductor materials is important 

to fabricate high performance organic FETs. 
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Chapter 5. 
 

Conclusion 

 

 

 

In this study, single-crystal FETs using CT complexes as semiconductor layers were 

fabricated and the transport properties were investigated.  

In Chapter 2, an FET was fabricated using an AN–TCNQ single crystal, which underwent 

two structural phase transitions related to in-plane reorientational motion. The transfer 

characteristics drastically changed when decreasing the temperature from room temperature to 

90 K: n-type →  ambipolar-type →  p-type →  ambipolar-type. The electron and hole 

transport paths in the AN–TCNQ FET were different in the HT phase because of the molecular 

motion. The electron transport was hopping-type, while holes transported through disordered 

orbitals by reorientational motion of AN molecules, resulting in gradual change of transfer 

characteristic from n-type to p-type with decreasing temperature. Ambipolar behavior in the LT 

phase is considered to be caused by the presence of ionic pairs in the crystal, which are detected 

in the optical measurements. The ionic pair became the trap site in the high-temperature region, 

while it was involved in carrier transport in the low-temperature region. This study showed that 

transport characteristics can be used to study the change of molecular dynamics and electronic 

structure. A detailed study of the FET characteristics is useful for both device design and 

investigation of the transport properties of CT complexes. 

In Chapter 3, the transfer characteristics of the FL–TCNQ FET can be measured below the 

transition temperature. The Ea of the mobility was found to become larger by the twinning. The 
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most likely influence of twinning to the device property, defects formed between the TDs 

interfere the charge transport, was confirmed. The transfer characteristics of the FET using 

TET–TCNQ could not be measured below the transition temperature. The device showed 

ambipolar behavior with decreasing temperature. In order to understand the mechanism, other 

detailed measurements are required. 

In Chapter 4, it was shown that the four kinds of organic FETs with using single crystals of 

PXX CT complexes as the semiconductor layer exhibit n-type characteristics. The highest 

mobility was obtained for the device of PXX–F2TCNQ. The complex had the largest transfer 

integral in the four kinds of CT complexes used in this work. In addition, semiconductor crystals 

with poor overlap integral or with strong dimerization showed poor performance. This study 

suggests that to use a CT complex with rich intra-column interaction as semiconductor materials 

is important to fabricate high performance organic FETs. 

The measurements of OFETs properties are found to be useful evaluation methods of the 

transport properties of organic semiconductors because they have advantages such as the 

current enhancement, the sensitive response to the electronic structure change, and the 

individual detection of the hole and electron current. In this thesis, I explored the transport 

properties of the mixed-stack CT complexes, which had rarely been used for organic electronics 

in the previous srudies. Although it was well known that some mixed-stack CT complexes show 

molecular dynamics and/or phase transition, the correlation between these aspects and the 

transport properties have not been investigated because of their high resistivity. The 

measurements using FET structure enabled us to evaluate the transport properties of mixed-

stack CT complexes, resulting in exposure of anomalous characteristics related to the molecular 

dynamics and the phase transitions. 

In the previous studies on organic electronics, the semiconductor materials are limited to 
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only the molecular crystals which consist of a single component with poor varieties of 

molecular structure. This thesis indicated that the mixed-stack CT complexes, which have a 

large variety of the combination of two components, can be candidates of the semiconductors 

for organic electronics and are useful for the design of organic devices with unique properties. 

The methodology presented in this thesis will lead to understand the transport mechanism of 

organic semiconductors, resulting in fabricating various and unique devices with high 

performance. 

 

  



 

 

Appendix 
 

The SHELXL-2014 res files for the crystal structure with disorder 

 

 

6. AN–TCNQ at 300 K 

7. AN–TCNQ at 150 K 

8. FL–TCNQ at 300 K 

9. FL–TCNQ at 100 K 

10. TET–TCNQ at 300 K 

 

  



 

 

1. AN–TCNQ at 300 K 

 

TITL ANT_TCNQ_300K in C2/m 

CELL 0.71073  11.52760  12.97490   7.01260  90.0000 105.5838  90.0000 

ZERR    2.00   0.00030   0.00040   0.00020   0.0000   0.0014   0.0000 

LATT  7 

SYMM -X, Y, -Z 

SFAC C H N 

UNIT 52 28 8 

L.S. 5 

FMAP 2 

PLAN 40 

BOND $H 

CONF 

LIST 4 

TEMP 27 

ACTA 

EQIV $1 -x, -y, -z 

DFIX 0.93 0.01 C5A H5A 

SADI 0.01 H5A C6A H5A C11A_$1 

RIGU C5A C6A C7A C8A C9A C10A C11A 

RIGU C5B C6B C7B C8B 

BIND C5A C11A_$1 

SIZE 0.3 0.2 0.2 

WGHT    0.081700    0.089400 

FVAR       0.32798   0.71216 

N1    3    0.376063    0.166278    0.655490    11.00000    0.09422    0.06949 = 

         0.13102    0.00028    0.02345   -0.01682 

C1    1    0.126905    0.000000    0.551490    10.50000    0.07457    0.04361 = 

         0.04655    0.00000    0.02109    0.00000 

C2    1    0.060173    0.095031    0.524029    11.00000    0.07826    0.03877 = 

         0.06221   -0.00041    0.02207   -0.00291 

AFIX  43 

H2    2    0.101388    0.157417    0.539955    11.00000   -1.20000 

AFIX   0 

C3    1    0.250702    0.000000    0.602324    10.50000    0.07382    0.05107 = 



 

 

         0.05886    0.00000    0.02010    0.00000 

C4    1    0.319625    0.093165    0.631430    11.00000    0.07529    0.06044 = 

         0.07972    0.00157    0.01978   -0.00194 

part -1 

C5A   1   -0.023760    0.102054   -0.013478    20.50000    0.09878    0.06221 = 

         0.07055    0.00648    0.03505    0.01282 

H5A   2   -0.034968    0.173174   -0.020213    20.50000   -1.20000 

SAME C11A C10A C9A C8A C7A C6A 

C6A   1    0.096472    0.069737    0.039194    20.50000    0.10084    0.06862 = 

         0.06238    0.00413    0.04072    0.01045 

C7A   1    0.196665    0.135240    0.087162    20.50000    0.11196    0.10242 = 

         0.09085   -0.00651    0.04867    0.00204 

AFIX  43 

H7A   2    0.184290    0.206054    0.087765    20.50000   -1.20000 

AFIX   0 

C8A   1    0.309793    0.099332    0.132233    20.50000    0.10272    0.13390 = 

         0.09933   -0.00564    0.03599    0.00009 

AFIX  43 

H8A   2    0.373452    0.145845    0.155742    20.50000   -1.20000 

AFIX   0 

C9A   1    0.335538   -0.010949    0.145327    20.50000    0.08477    0.13354 = 

         0.08892   -0.01197    0.02122    0.01238 

AFIX  43 

H9A   2    0.414383   -0.035094    0.177744    20.50000   -1.20000 

AFIX   0 

C10A  1    0.241808   -0.076730    0.109105    20.50000    0.07554    0.11611 = 

         0.06829    0.00025    0.01496    0.03030 

AFIX  43 

H10A  2    0.255872   -0.147389    0.114979    20.50000   -1.20000 

AFIX   0 

C11A  1    0.120700   -0.038976    0.061635    20.50000    0.08031    0.07807 = 

         0.03741   -0.00227    0.01530    0.01387 

part 2 

SAME C5A C6A C7A C8A 

C5B   1    0.000000    0.114451    0.000000   -20.50000    0.07616    0.06339 = 

         0.04577    0.00000    0.01442    0.00000 



 

 

AFIX  43 

H5B   2    0.000000    0.186128   -0.000002   -20.50000   -1.20000 

AFIX   0 

C6B   1    0.105229    0.054704    0.034220   -21.00000    0.07176    0.08270 = 

         0.03166    0.00610    0.00655    0.00376 

C7B   1    0.217199    0.106632    0.083235   -21.00000    0.07746    0.11673 = 

         0.07295   -0.00886    0.01621    0.00730 

AFIX  43 

H7B   2    0.218956    0.178264    0.080208   -21.00000   -1.20000 

AFIX   0 

C8B   1    0.321698    0.053268    0.134439   -21.00000    0.06871    0.11553 = 

         0.07283   -0.00461    0.01341    0.00205 

AFIX  43 

H8B   2    0.394493    0.088666    0.170109   -21.00000   -1.20000 

AFIX   0 

HKLF 4 

  

REM  ANT_TCNQ_300K in C2/m 

REM R1 =  0.0452 for    1195 Fo > 4sig(Fo)  and  0.0564 for all    1539 data 

REM    139 parameters refined using     75 restraints 

  

END   

  



 

 

2. AN-TCNQ at 300 K 

 

TITL AN_TCNQ_155K in P2(1)/c 

CELL 0.71073  11.57300   12.84790  6.90920  90.0000 107.0527  90.0000 

ZERR    2.00   0.00150   0.00160   0.00090   0.0000   0.0020   0.0000 

LATT  1 

SYMM 0.5-X, 0.5+Y, -Z 

SFAC C H N 

UNIT 52 28 8 

LIST 4 

TEMP -118 

SIZE 0.20 0.20 0.30 

L.S. 5 

BOND $H 

CONF 

FMAP 2 

PLAN 40 

ACTA 

RIGU C11A > C17A 

RIGU C11B > C17B 

WGHT    0.069300    0.085500 

FVAR       0.15009   0.65162 

N1    3    0.624414    0.171230    0.353304    11.00000    0.05625    0.03445 = 

         0.05542    0.00093    0.01357    0.00997 

N2    3    0.620459   -0.164635    0.326691    11.00000    0.04953    0.03328 = 

         0.06477    0.00093    0.01515   -0.00390 

C1    1    0.872861    0.001219    0.446704    11.00000    0.04329    0.02093 = 

         0.02153    0.00166    0.01222    0.00102 

C2    1    0.941022    0.096684    0.488590    11.00000    0.04541    0.01811 = 

         0.02929    0.00063    0.01316    0.00254 

AFIX  43 

H2    2    0.899738    0.161181    0.480565    11.00000   -1.20000 

AFIX   0 

C3    1    1.062023    0.095500    0.538747    11.00000    0.04509    0.01820 = 

         0.02980    0.00033    0.01273    0.00008 

AFIX  43 



 

 

H3    2    1.105434    0.159239    0.565047    11.00000   -1.20000 

AFIX   0 

C4    1    0.748911    0.002355    0.394243    11.00000    0.04337    0.02395 = 

         0.02759    0.00151    0.01237    0.00148 

C5    1    0.681051    0.096958    0.373380    11.00000    0.04315    0.02940 = 

         0.03475    0.00038    0.01109    0.00157 

C6    1    0.678371   -0.091044    0.356327    11.00000    0.04177    0.02882 = 

         0.03935    0.00250    0.01243    0.00195 

PART 1 

SAME C16A C15A C14A C13A C12A C11A 

C11A  1    0.902116    0.071953    0.971248    21.00000    0.06052    0.03252 = 

         0.02361   -0.00254    0.01904   -0.00598 

C12A  1    0.803229    0.139466    0.940237    21.00000    0.07124    0.05126 = 

         0.04045    0.00582    0.02676    0.00710 

AFIX  43 

H12A  2    0.817759    0.211975    0.960946    21.00000   -1.20000 

AFIX   0 

C13A  1    0.688384    0.105000    0.882103    21.00000    0.06001    0.08221 = 

         0.04532    0.01414    0.02216    0.01562 

AFIX  43 

H13A  2    0.623483    0.153039    0.861365    21.00000   -1.20000 

AFIX   0 

C14A  1    0.663876   -0.003861    0.851486    21.00000    0.04012    0.08633 = 

         0.03795    0.00400    0.01145   -0.00704 

AFIX  43 

H14A  2    0.582758   -0.028100    0.811453    21.00000   -1.20000 

AFIX   0 

C15A  1    0.756674   -0.072704    0.879667    21.00000    0.04141    0.06396 = 

         0.03437   -0.00229    0.01159   -0.01452 

AFIX  43 

H15A  2    0.739901   -0.144903    0.858798    21.00000   -1.20000 

AFIX   0 

C16A  1    0.878738   -0.037510    0.940171    21.00000    0.04123    0.03656 = 

         0.02065   -0.00121    0.01233   -0.00527 

C17A  1    0.976211   -0.104863    0.969262    21.00000    0.05015    0.02686 = 

         0.02987   -0.00281    0.01694   -0.00913 



 

 

AFIX  43 

H17A  2    0.960069   -0.177127    0.947915    21.00000   -1.20000 

AFIX   0 

SAME C11A > C17A 

PART 2 

C11B  1    0.893425    0.052791    0.956630   -21.00000    0.03496    0.04538 = 

         0.02169    0.00263    0.00905    0.01005 

C12B  1    0.778852    0.107153    0.912013   -21.00000    0.05112    0.07972 = 

         0.03583    0.00836    0.01105    0.02866 

AFIX  43 

H12B  2    0.777162    0.181010    0.917208   -21.00000   -1.20000 

AFIX   0 

C13B  1    0.676511    0.053658    0.863984   -21.00000    0.04226    0.10641 = 

         0.03971    0.01061    0.01154    0.01725 

AFIX  43 

H13B  2    0.601582    0.089176    0.839257   -21.00000   -1.20000 

AFIX   0 

C14B  1    0.678295   -0.056160    0.849342   -21.00000    0.04237    0.12038 = 

         0.04250    0.00507    0.01384   -0.00144 

AFIX  43 

H14B  2    0.604192   -0.093497    0.811115   -21.00000   -1.20000 

AFIX   0 

C15B  1    0.783231   -0.108433    0.888694   -21.00000    0.04616    0.08934 = 

         0.03279   -0.00030    0.01376   -0.01227 

AFIX  43 

H15B  2    0.780845   -0.182163    0.877841   -21.00000   -1.20000 

AFIX   0 

C16B  1    0.897202   -0.058293    0.945647   -21.00000    0.03889    0.03872 = 

         0.02336    0.00129    0.01098   -0.00073 

C17B  1    1.004434   -0.111269    0.989012   -21.00000    0.04830    0.03945 = 

         0.02473    0.00211    0.00894    0.01350 

AFIX  43 

H17B  2    1.007197   -0.185018    0.981456   -21.00000   -1.20000 

PART 0 

AFIX   0 

HKLF 4 1 0 0 1 0 -1 0 1 0 0 



 

 

  

REM  AN_TCNQ_155K in P2(1)/c 

REM R1 =  0.0413 for    2271 Fo > 4sig(Fo)  and  0.0552 for all    2885 data 

REM    200 parameters refined using    125 restraints 

  

END   

  



 

 

3. FL-TCNQ at 300 K 

 

TITL FL_TCNQ_300K in C2/m 

CELL 0.71073  11.00340  13.09670   6.79310  90.0000 103.5837  90.0000 

ZERR    2.00   0.00090   0.00110   0.00060   0.0000   0.0013   0.0000 

LATT  7 

SYMM -X, Y, -Z 

SFAC C H N 

UNIT 50 28 8 

TEMP 27 

SIZE 0.40 0.43 0.45 

L.S. 5 

FMAP 2 

PLAN 40 

BOND $H 

CONF 

LIST 4 

EQIV $1 2-x, +y, -z 

BIND C10 C10_$1 

BIND C11 C12 

RIGU C6 > C12 

ACTA 

WGHT    0.070000    0.099900 

FVAR       0.33617 

N1    3    0.610874    0.165523    0.347325    11.00000    0.07634    0.05496 = 

         0.09221    0.00571    0.01873    0.01651 

C1    1    0.867831    0.000000    0.449203    10.50000    0.05442    0.03497 = 

         0.03289    0.00000    0.01282    0.00000 

C2    1    0.937297    0.094391    0.476016    11.00000    0.05796    0.03053 = 

         0.04178    0.00006    0.01299    0.00262 

AFIX  43 

H2    2    0.894484    0.156198    0.459796    11.00000   -1.20000 

AFIX   0 

C3    1    0.739564    0.000000    0.399236    10.50000    0.05485    0.03952 = 

         0.03975    0.00000    0.01271    0.00000 

C4    1    0.668625    0.092509    0.371110    11.00000    0.05487    0.04762 = 



 

 

         0.05324    0.00013    0.01266    0.00172 

PART -1 

C6    1    0.764106    0.100392   -0.094367    10.50000    0.07711    0.06887 = 

         0.04280   -0.00306    0.00923    0.01415 

AFIX  43 

H6    2    0.736792    0.167798   -0.106908    10.50000   -1.20000 

AFIX   0 

C7    1    0.681359    0.020227   -0.125640    10.50000    0.05561    0.08388 = 

         0.05006   -0.00093    0.00769    0.01253 

AFIX  43 

H7    2    0.596017    0.033828   -0.158186    10.50000   -1.20000 

AFIX   0 

C8    1    0.721988   -0.081614   -0.109857    10.50000    0.06976    0.06857 = 

         0.05169   -0.00380    0.01548   -0.00866 

AFIX  43 

H8    2    0.663372   -0.134062   -0.133083    10.50000   -1.20000 

AFIX   0 

C9    1    0.848329   -0.105100   -0.060107    10.50000    0.06726    0.05206 = 

         0.04150   -0.00441    0.01477   -0.01049 

AFIX  43 

H9    2    0.875866   -0.172455   -0.049520    10.50000   -1.20000 

AFIX   0 

C10   1    0.931608   -0.024762   -0.026918    10.50000    0.05671    0.03414 = 

         0.03032   -0.00199    0.01138   -0.00139 

C11   1    0.891074    0.075999   -0.042898    10.50000    0.06589    0.04256 = 

         0.03173   -0.00042    0.00819    0.00971 

part 1 

C12   1    1.000000    0.147846    0.000000    10.25000    0.08155    0.03618 = 

         0.03518    0.00000    0.00720    0.00000 

H12   2    0.999590    0.191555   -0.117327    10.50000   -1.20000 

HKLF 4 

  

REM  FL_TCNQ_300K in C2/m 

REM R1 =  0.0358 for    1044 Fo > 4sig(Fo)  and  0.0391 for all    1178 data 

REM    102 parameters refined using     36 restraints 

END   



 

 

4. FL-TCNQ at 100 K 

 

TITL FL_TCNQ_100K in P-1 

CELL 0.71073   8.20940   8.76080   6.63840  98.6193  98.4392 100.1572 

ZERR    1.00   0.00100   0.00110   0.00080   0.0018   0.0018   0.0017 

LATT  1 

SFAC C H N 

UNIT 25 14 4 

TEMP -173 

SIZE 0.40 0.43 0.45 

L.S. 5 

FMAP 2 

PLAN 40 

LIST 4 

ACTA 

BOND $H 

CONF 

RIGU C1 > C13 

MERG 0 

WGHT      0.0596      0.0262  

BASF   0.51017 

FVAR       1.86671 

PART -1 

C1    1    0.342745    0.645113    0.590743    10.50000    0.02184    0.02531 = 

         0.01460    0.00158    0.00413    0.00645 

AFIX  43 

H1    2    0.446185    0.609915    0.604039    10.50000   -1.20000 

AFIX   0 

C2    1    0.340844    0.805574    0.623850    10.50000    0.02273    0.03107 = 

         0.01905    0.00139    0.00168   -0.00262 

AFIX  43 

H2    2    0.444007    0.880502    0.657851    10.50000   -1.20000 

AFIX   0 

C3    1    0.189578    0.857133    0.607640    10.50000    0.02531    0.02133 = 

         0.01730    0.00063    0.00196    0.00055 

AFIX  43 



 

 

H3    2    0.190921    0.967017    0.633494    10.50000   -1.20000 

AFIX   0 

C4    1    0.035638    0.750383    0.554046    10.50000    0.02531    0.01579 = 

         0.01250    0.00033    0.00404    0.00573 

AFIX  43 

H4    2   -0.067814    0.785559    0.540717    10.50000   -1.20000 

AFIX   0 

C5    1   -0.271088    0.443359    0.432218    10.50000    0.02006    0.01661 = 

         0.01489    0.00397    0.00511    0.00357 

AFIX  43 

H5    2   -0.317021    0.535865    0.440619    10.50000   -1.20000 

AFIX   0 

C6    1   -0.375091    0.294432    0.384357    10.50000    0.02287    0.02058 = 

         0.01885    0.00395    0.00490    0.00213 

AFIX  43 

H6    2   -0.493734    0.284753    0.360417    10.50000   -1.20000 

AFIX   0 

C7    1   -0.307060    0.160127    0.371323    10.50000    0.02820    0.01854 = 

         0.01533    0.00313    0.00323   -0.00255 

AFIX  43 

H7    2   -0.380516    0.059667    0.339126    10.50000   -1.20000 

AFIX   0 

C8    1   -0.133520    0.168271    0.404187    10.50000    0.02695    0.01887 = 

         0.01270    0.00091    0.00100    0.00880 

AFIX  43 

H8    2   -0.088060    0.075489    0.393978    10.50000   -1.20000 

AFIX   0 

C9    1    0.158934    0.360954    0.495204    10.50000    0.02354    0.02124 = 

         0.01310    0.00174    0.00235    0.01048 

AFIX  23 

H9A   2    0.206455    0.321141    0.373735    10.50000   -1.20000 

H9B   2    0.206621    0.319417    0.616548    10.50000   -1.20000 

AFIX   0 

C10   1    0.039489    0.591604    0.521128    10.50000    0.01960    0.01623 = 

         0.01083    0.00237    0.00511    0.00907 

C11   1   -0.099190    0.453027    0.467189    10.50000    0.01791    0.01410 = 



 

 

         0.01072    0.00234    0.00422    0.00577 

C12   1   -0.029296    0.317851    0.452612    10.50000    0.02233    0.01480 = 

         0.01253    0.00150    0.00407    0.00891 

C13   1    0.191110    0.537988    0.538128    10.50000    0.01436    0.02342 = 

         0.01256    0.00063    0.00173    0.00556 

PART 0 

N1    3    0.571954    0.743018    0.152618    11.00000    0.02592    0.02740 = 

         0.04502    0.00759    0.01078    0.00785 

N2    3    0.208255    1.048784    0.156091    11.00000    0.03091    0.01803 = 

         0.02976    0.00326    0.00810    0.00563 

C14   1    0.131676    0.634448    0.051229    11.00000    0.02368    0.01613 = 

         0.01263    0.00310    0.00633    0.00463 

C15   1    0.167121    0.477823    0.024300    11.00000    0.02234    0.01754 = 

         0.01555    0.00298    0.00633    0.00690 

AFIX  43 

H15   2    0.280583    0.465063    0.041211    11.00000   -1.20000 

AFIX   0 

C16   1   -0.041627    0.650663    0.024501    11.00000    0.02426    0.01527 = 

         0.01551    0.00318    0.00618    0.00668 

AFIX  43 

H16   2   -0.067555    0.752790    0.041440    11.00000   -1.20000 

AFIX   0 

C17   1    0.260381    0.765276    0.101554    11.00000    0.02346    0.01639 = 

         0.01587    0.00305    0.00607    0.00511 

C18   1    0.433057    0.752127    0.129482    11.00000    0.02585    0.01716 = 

         0.02338    0.00314    0.00763    0.00352 

C19   1    0.229966    0.922231    0.130770    11.00000    0.02119    0.01829 = 

         0.01839    0.00302    0.00489    0.00168 

HKLF 5 

  

REM  FL_TCNQ_100K in P-1 

REM R1 =  0.0306 for    1994 Fo > 4sig(Fo)  and  0.0317 for all    2093 data 

REM    191 parameters refined using    108 restraints 

  

END 

 



 

 

5. TET-TCNQ at 300 K 

 

TITL Tetracene_TCNQ_300K in C2/m 

CELL 0.71073  11.89660  12.88460   7.25670  90.0000  90.1902  90.0000 

ZERR    2.00   0.00100   0.00110   0.00060   0.0000   0.0014   0.0000 

LATT  7 

SYMM -X, Y, -Z 

SFAC C H N 

UNIT 60 32 8 

TEMP 27 

SIZE 0.20 0.22 0.45 

L.S. 5 

FMAP 2 

PLAN 40 

BOND $H 

CONF 

LIST 4 

ACTA 

EQIV $1 2-x, -y, 1-z 

DFIX 0.93 0.01 C13A H13A 

SADI 0.01 H13A C12A H13A C5A_$1 

RIGU C5A C6A C7A C8A C9A C10A C11A C12A C13A 

RIGU C5B C6B C7B C8B C9B 

BIND C5A C5A_$1 

BIND C13A C5A_$1 

WGHT    0.071000    0.108300 

EXTI    0.015261 

FVAR       0.15220   0.65256 

N1    3    0.660539    0.167415   -0.151262    11.00000    0.07667    0.07317 = 

         0.10948    0.00106   -0.01838    0.01687 

C1    1    0.885274    0.000000   -0.049830    10.50000    0.05147    0.04841 = 

         0.04243    0.00000    0.00218    0.00000 

C2    1    0.945361    0.095500   -0.023372    11.00000    0.05680    0.04203 = 

         0.05981    0.00055   -0.00130    0.00320 

AFIX  43 

H2    2    0.908014    0.158323   -0.038847    11.00000   -1.20000 



 

 

AFIX   0 

C3    1    0.773586    0.000000   -0.099862    10.50000    0.05343    0.05458 = 

         0.04980    0.00000   -0.00205    0.00000 

C4    1    0.711513    0.093723   -0.127790    11.00000    0.05553    0.06428 = 

         0.06531   -0.00098   -0.00801    0.00210 

PART -1 

C5A   1    1.005875    0.052181    0.485710    20.50000    0.04616    0.06207 = 

         0.02623    0.00352    0.01833   -0.00144 

SAME C13A C12A C11A C10A C9A C8A C7A C6A 

C6A   1    0.912646    0.109341    0.459176    20.50000    0.06018    0.06664 = 

         0.07513   -0.00778    0.00691   -0.00400 

AFIX  43 

H6A   2    0.919714    0.180918    0.470983    20.50000   -1.20000 

AFIX   0 

C7A   1    0.806757    0.070971    0.415711    20.50000    0.06159    0.06880 = 

         0.04498   -0.00714    0.01135   -0.00165 

C8A   1    0.713756    0.133911    0.364571    20.50000    0.05737    0.08645 = 

         0.08005    0.00093   -0.00471    0.00287 

AFIX  43 

H8A   2    0.721190    0.205723    0.360385    20.50000   -1.20000 

AFIX   0 

C9A   1    0.615192    0.089271    0.322360    20.50000    0.05790    0.10215 = 

         0.08264   -0.00754   -0.00114    0.00046 

AFIX  43 

H9A   2    0.554172    0.131552    0.294074    20.50000   -1.20000 

AFIX   0 

C10A  1    0.600220   -0.021039    0.319135    20.50000    0.04585    0.09937 = 

         0.08516   -0.00847   -0.00315   -0.00131 

AFIX  43 

H10A  2    0.530249   -0.048977    0.290372    20.50000   -1.20000 

AFIX   0 

C11A  1    0.687290   -0.084418    0.357684    20.50000    0.03897    0.09327 = 

         0.08296   -0.00883   -0.00719   -0.01124 

AFIX  43 

H11A  2    0.678965   -0.156116    0.351986    20.50000   -1.20000 

AFIX   0 



 

 

C12A  1    0.793967   -0.038476    0.408112    20.50000    0.04009    0.07493 = 

         0.04900   -0.00230    0.00388   -0.00320 

C13A  1    0.886582   -0.098967    0.448972    20.50000    0.04492    0.05885 = 

         0.06641   -0.00552    0.00203   -0.01304 

H13A  2    0.890315   -0.170826    0.428301    20.50000   -1.20000 

PART 2 

SAME C5A C6A C7A C8A C9A 

C5B   1    1.000000    0.060827    0.500000   -20.50000    0.05495    0.03974 = 

         0.05806    0.00000   -0.00644    0.00000 

C6B   1    0.903116    0.113470    0.455782   -21.00000    0.04459    0.05585 = 

         0.04495    0.00208   -0.00347    0.00106 

AFIX  43 

H6B   2    0.900671    0.185589    0.459135   -21.00000   -1.20000 

AFIX   0 

C7B   1    0.808145    0.055607    0.405527   -21.00000    0.03902    0.06534 = 

         0.04489   -0.00165   -0.00123    0.00149 

C8B   1    0.705091    0.107052    0.360527   -21.00000    0.04517    0.08092 = 

         0.06421   -0.00841    0.00029   -0.00594 

AFIX  43 

H8B   2    0.703276    0.179193    0.363422   -21.00000   -1.20000 

AFIX   0 

C9B   1    0.609162    0.054856    0.313457   -21.00000    0.04431    0.07791 = 

         0.07019    0.00105   -0.00747   -0.00387 

AFIX  43 

H9B   2    0.544419    0.091234    0.281690   -21.00000   -1.20000 

PART 0 

AFIX   0 

HKLF 4 

  

REM  Tetracene_TCNQ_300K in C2/m 

REM R1 =  0.0400 for    1187 Fo > 4sig(Fo)  and  0.0447 for all    1369 data 

REM    167 parameters refined using    103 restraints 

  

END   

 


