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Electron transport characteristics in nano-

segregated columnar phases of perylene 

tetracarboxylic bisimide derivatives bearing 

oligosiloxane chains 

Masahiro Funahashi,*a and Akinari Sonodab   

Electron transport characteristics in nanosegregated columnar phases of perylene 

tetracarboxylic bisimide (PTCBI) derivatives bearing oligosiloxane chains are studied over 

wide temperature ranges using a time-of-flight (TOF) method. In the ordered columnar phases 

of the PTCBI derivatives bearing disiloxane chains, the electron mobilities exceed 0.1 

cm2V−1s−1 at room temperature. In the disordered columnar phase of the PTCBI derivative 

bearing trisiloxane chains, the electron mobility reaches the order of 10−3 cm2V−1s−1 around 

room temperature. These electron mobilities are temperature-independent around room 

temperature. However, their dependence upon the electric field becomes larger when the 

temperature is lowered below room temperature ; this behavior is described by a hopping 

transport mechanism. The experimental results are analyzed using a one-dimensional disorder 

model.   

 

 

Introduction 

Solution-processable organic semiconductors have the potential 

to completely transform production processes of electronic 

devices such as light emitting diodes (LEDs), field-effect 

transistors (FETs), and solar cells.1 In the future, various 

electronic devices will be produced by printing methods such as 

ink-jet and roll-to-roll processes,2 although, at present, most 

organic electronic devices are fabricated by vacuum processes.  

High solubilities of the organic semiconductors in organic 

solvents are required for the production of organic electronic 

devices by printing technologies. In general, alkyl chains are 

introduced to the aromatic cores of organic semiconductor 

molecules in order to increase their solubilities. However, bulky 

alkyl chains often inhibit close molecular packing and lower 

their carrier mobilities.3  

Liquid crystalline (LC) semiconductor molecules consist of 

alkyl chains appended to an extended -conjugated core 

associated with electronic charge carrier transport; the alkyl 

chains function to induce solubility in organic solvents. 

Efficient electronic charge-carrier transport phenomena have 

been observed in columnar,4 nematic,5 and smectic phases.6 

Furthermore, some LC semiconductors are also solution-

processable. LEDs emitting linearly polarized light were 

fabricated using LC semiconductors.7 Columnar and smectic 

LC semiconductors have also been applied to FETs8 and solar 

cells.9 LC semiconductors have the advantages of flexibility 

and softness over molecular crystals. Flexible FETs based on 

LC phenylterthiophene have been reported.8d However, the 

number of reported LC semiconductors exhibiting high carrier 

mobility as well as solution-processability has been limited 

because the extended -conjugated moieties cause low 

solubility and crystallization, resulting in the formation of 

inhomogeneous films with a high density of defects.  

Another advantage of LC semiconductors is the formation 

of superstructures based on the nanosegregation.10 LC 

molecules consisting of incompatible parts exhibit various 

nanosegregated mesophases including layer, columnar, micellar 

cubic, and bicontinuous cubic phases.10e,f,g LC 

phenylterthiophene derivatives bearing an imidazolium moiety 

exhibit nanostructured smectic phases for alternately integrated 

ion-conductive and hole-conductive layers, resulting in 

electrochromism without electrolyte solutions.10h,i  

We have closely examined oligosiloxane moieties as side-

chains of LC molecules11 and recently reported LC perylene 

tetracarboxylic bisimide (PTCBI) derivatives bearing 

oligosiloxane chains.12 The electron mobility of an LC-PTCBI 

derivative exceeds 0.1 cm2V−1s−1 at room temperature.12b 

Because of thermal motions of the oligosiloxane chains, the 

PTCBI derivatives exhibit high solubility in organic solvents 

except for alcohols, and their thin films can be produced by a 

spin-coating method.12a,b In spite of the large aromatic cores 
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giving rise to strong  interactions, these derivatives exhibit 

columnar phases at room temperature and do not crystallize 

even when cooled to −100 °C. Nanosegregation between the 

aromatic cores and oligosiloxane chains plays a significant role 

during formation of the columnar phases.12c,d One-dimensional 

aggregates of -conjugated cores in the columnar phases of the 

PTCBI derivatives, over which electrons are transported, are 

surrounded by liquid-like mantles, resulting in efficient electron 

transport properties and improved solubility as well as 

flexibility.   

In this study, the electron mobilities in the columnar phases 

of PTCBI derivatives bearing oligosiloxane chains are 

measured over wide temperature ranges using a time-of-flight 

(TOF) technique. Analysis of the electron transport 

characteristics in the columnar phases based on a one-

dimensional disorder model13 reveals the hopping nature of the 

electron transport in the nanosegregated columnar phases.  

Theoretical models based on the dependence of the transfer 

integral on azimuthal angles of the LC molecules within the 

columnar aggregates have been reported; these models provide 

an effective strategy for the molecular design of new columnar 

LC semiconductors.14 In order to understand the influence of 

molecular aggregation states on the carrier transport 

characteristics, analysis of the dependence of carrier mobility 

on the electric field and temperature is required. Up to now, 

studies based on Gaussian disorder13 and small polaron hopping 

models15 have been reported for few columnar LC phases.16 

Measurement of carrier mobility over wide temperature and 

electric field ranges is necessary to estimate the disorder 

parameters; however, the mesomorphic temperature ranges of 

LC semiconductors are generally only several tens of degrees, 

making it difficult to ascertain the parameters with any 

precision. The extremely wide temperature ranges exhibited by 

the LC-PTCBI derivatives bearing oligosiloxane chains make it 

possible to study their electron transport mechanism; 

accordingly, this research is anticipated to enhance our 

mechanistic understanding and to improve the carrier transport 

properties of LC semiconductors in the design of new materials.     

Experimental 

Materials  

Scheme 1 shows the molecular structures of LC-PTCBI 

derivatives 1–3 bearing four disiloxane or four trisiloxane 

chains used in this study. The synthetic procedures and 

mesomorphic properties of compounds 1 and 3 have been 

reported previously.12a,b The synthetic procedures and spectral 

data for compound 2 are described in the Supporting 

Information. The PTCBI derivatives were purified by silica gel 

column chromatography. The crude products were then 

dissolved in dichloromethane and the resulting solutions were 

poured into methanol. The produced precipitates were filtered 

and dried under vacuum. Their mesomorphic properties were 

studied using differential scanning calorimetry (DSC), 

polarizing optical microscopy, and X-ray diffraction. Detailed 

data of morphologial studies are provided in the Supporting 

Information.  

 
Scheme 1 Molecular structures of PTCBI derivatives 1–3 bearing four 

oligosiloxane chains. 

Mesomorphic properties of PTCBI derivatives 1-3 

The phase transition temperatures of compounds 1–3 are 

summarized in Table 1. All of the compounds exhibit columnar 

phases and do not crystallize even upon cooling to −100 °C. 

Compounds 1 and 2 bearing disiloxane chains exhibit ordered 

columnar phases at room temperature. In the ordered columnar 

phases, the LC molecules stack periodically within the 

columnar aggregates and exhibit an intermolecular distance 

within the columns of around 3.5 Å. This value indicates the 

existence of a  stacking interaction in the LC columnar 

aggregates.  Compound 1 exhibits hexagonal and rectangular 

ordered columnar phases,12b while compound 2 shows a single 

hexagonal ordered columnar phase (see Supporting 

Information).  

Table 1 Phase transition temperatures and enthalpies of the PTCBI 

derivatives. 

                      Phase transition temperature/ °C [enthalpy/Jg
−1

] 

Compound 1             heating: G −56.0 Colro 47.0 [1.9] Colho 138.3 [6.2] Iso 

                                  cooling: G −56.0 Colro 32.4 [1.4] Colho 135.3 [6.0] Iso 

Compound 2              heating: G −54.0 Colho 129.0 [4.8] Iso 

         cooling: G −59.0 Colho 125.6 [4.6] Iso 

Compound 3              heating: G −82 Colhd 50.5 [2.7] Iso 

     cooling: G −86 Colhd 50.5 [2.7] Iso 

Colro: columnar rectangular ordered phase; Colho: columnar hexagonal 

ordered phase; Colhd: columnar hexagonal disordered phase; G: glassy 

columnar phase 
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In contrast, the structure of the columnar phase of 

compound 3 is disordered and has no periodical order in the 

molecular positions within the columnar aggregates. Moreover, 

the hexagonal arrangement is also ambiguous.12a  

All of the compounds exhibit glass transitions, which are 

attributed to the frozen liquid-like motion of oligosiloxane 

chains. These compounds are waxy and soft at room 

temperature, which can be explained by the thermal motions of 

the oligosiloxane chains.  

Determination of the electron mobilities in the columnar phases  

The electron mobilities in the columnar phases of the PTCBI 

derivatives 1–3 were measured by the TOF method.17 The 

PTCBI derivatives were melted to obtain isotropic liquids, 

which were capillary-filled into cells consisting of two ITO-

coated glass plates on a hot plate. The LC cell was placed on a 

hot stage with a PID thermocontroller. For measurements 

below room temperature, a cryostat (Oxford Optistat) was used.  

The cell was illuminated by a laser pulse, and an induced 

photocurrent was recorded in a digital oscilloscope (Tektronix 

TDS3044B) through a serial resistor. The third harmonic 

generation of a Nd:YAG laser (Continuum, Minilite II, 

wavelength = 355 nm, pulse duration = 2 ns) was used as an 

excitation source.  

Carriers are generated at the interface between the 

illuminated electrode and LC bulk by pulse excitation. The 

photo-generated carriers drift across the sample, thereby 

inducing a displacement current in the serial resistor; the 

transient photocurrent decays when the carriers arrive at the 

counter electrode. Transit time (tT), in which the photo-

generated carriers are transported through the bulk of the 

sample, is determined from a kink point in the transient 

photocurrent curve. Electron mobility () can be determined 

when the illuminated electrode is negatively biased using 

Equation 1, where V and d are applied voltage and sample 

thickness, respectively. 

   
  

   
                      

In the TOF measurement of columnar LC phases, the 

orientation control of the columnar axes of the LC materials is 

significant because the carrier transport is one-dimensional and 

the mobility along the columnar axis is several orders of 

magnitude higher than that perpendicular to the axis.4a,c,j In this 

study, we could not obtain a sufficiently strong signal to 

determine the transit times of the photogenerated charge 

carriers when homogeneously aligned samples were used. In 

order to achieve the homeotropical alignment of columnar 

aggregates, hydrophilic surface treatment is necessary.   

The samples in which columnar aggregates are 

homeotropically aligned were prepared as follows. The surfaces 

of patterned ITO-coated glass plates were cleaned by a UV–

ozone treatment. The resulting substrates were dipped in a 

toluene solution of 3-aminopropyl triethoxysilane (5 wt%) for 

24 h. During this process, the electrode surfaces became 

hydrophilic. A measurement cell was fabricated by adhering the 

two substrates with glue using polyethylene film spacers.   

Carrier transport model in one-dimensional columnar 

aggregates 

The Gaussian disorder model regarding electronic charge 

carrier transport in disordered systems, including organic 

amorphous glasses, has been proposed by Bässler.18 In this 

model, electronic charge carrier movement is described as a 

charge-carrier hopping process between energy levels in a 

Gaussian density of states (DOS) distribution. Photogenerated 

charge carriers are thermally relaxed in the Gaussian DOS; 

excitation of these relaxed charge carriers to a transport level 

located at the centre of the DOS is the rate-determining process 

during carrier transport. This excitation is assisted by heat and 

the electric field, resulting in the temperature- and field-

dependence of carrier mobilities. By means of a Monte Carlo 

simulation, Bässler et al. obtained the relationships between the 

carrier mobility, , temperature, T, and electric field, F, as 

described in Equations 2 and 3: 

            
 

   
 
 

        
 

   
 
 

                    

            
 

   
 
 

        
 

   
 
 

                    

The disorder parameters  and  indicate the width of the 

Gaussian DOS and the dimensionless value for distribution of 

the intermolecular transfer integrals, respectively; parameter 0 

is a pre-exponential factor related to the transfer integral; 

parameter C is a constant having a dimension of V−1/2cm1/2, 

and; kB is the Boltzmann constant. In a conventional Gaussian 

disorder model, three-dimensional migration of charge carriers 

is assumed and parameter  is 2/3.18  

In one-dimensional systems, the thermal relaxation process 

exhibited by charge carriers is different from that of three-

dimensional systems. In a one-dimensional system, carriers can 

move only forward or backward, while avoiding deep levels 

and defects in two- and three-dimensional systems. According 

to the model proposed by Bleyl and Haarer,14a carrier mobility, 

, is described as Equation 4: 

              
 

   
 
 

       
 

   
                     

In this study, the results of temperature- and field-variable 

TOF measurements in the columnar phases of PTCBI 

derivatives 1–3 were analyzed based on Equation 4. At F = 0, 

Equation 4 can be further simplified as shown in Equation 5:  

                  
 

   
 
 

                      

The zero-field mobility, (F = 0), can be determined by an 

extrapolation of the measured mobility values to the zero-field 

in a plot of mobility vs. the square root of the electric field. 
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Therefore pre-exponential factor 0 and energetic disorder  

can be derived from the intercept and slope value of the plot of 

the logarithm of  (F = 0) vs. (1/kBT)2.  

The field-dependence of electron mobility  is expressed as 

Equation 6:  

   
     

   
   

 

   
                       

 is determined from a plot of the logarithm of electron 

mobility vs. the square root of the electric field; parameters C 

and  are obtained from a plot of  vs. 1/kBT.  

Results and Discussion 

Orientation control of the columnar aggregates 

Figure 1 shows polarizing micrographs of the columnar phases 

of PTCBI derivatives 1–3. In contrast to the samples prepared 

using non-treated cells, dark-field domains are observed in the 

LC cells of which electrode surfaces were treated to be 

hydrophilic, indicating homeotropic alignment of the columnar 

aggregate. For compounds 1 and 2, defect lines are formed at 

room temperature due to shrinkage of the two-dimensional 

lattices.  

 
Figure 1 Polarizing micrographs of homeotropically aligned samples of the 

columnar phases of compound 1 at (a) 120 °C and (b) 30 °C, compound 2 at (c) 

120 °C and (d) 30 °C, and compound 3 at (e) 50 °C and (f) 30 °C.  

Electron transport in the columnar phases of compounds 1–3 

Figures 2(a)–(c) exhibit the transient photocurrent curves in the 

columnar phases of compounds 1–3 at room temperature. 

Above 220 K, non-dispersive transient photocurrent curves 

were obtained in all columnar phases of these compounds and 

transit times were clearly determined. Below this temperature, 

the photocurrent signals became weak and dispersive. In these 

low temperature regions, the electron mobilities could not be 

determined.  

 
Figure 2 Transient photocurrent curves for electrons at 300 K in the columnar 

phases of (a) compound 1 (d = 27 m), (b) compound 2 (d = 25 m), and (c) 

compound 3 (d = 15 m). The insets are double logarithmic plots of the 

photocurrent curves.  

Figure 3 illustrates the electron mobilities in the columnar 

phases of compounds 1–3 as a function of temperature under a 

electric field of 5 × 104 Vcm−1. The electron mobilities of 

compounds 1 and 2 decrease with an increase in temperature 

above 300 K and 350 K, respectively. In contrast, mobilities 
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increase at a temperature below 270 K for compound 1 and 

below 320 K for compound 2; between these two temperature 

ranges, the electron mobilities are temperature-independent for 

both compounds. In the disordered columnar phase of 

compound 3, electron mobility decreases monotonically with a 

decrease in temperature. In addition, the temperature-

dependence of the mobility becomes remarkable below 270 K.  

 
Figure 3 Electron mobilities in the columnar phases of compounds 1–3 at the 

electric field of 5 x 10
4
 Vcm

−1
 as a function of temperature. 

Electron transport processes in the columnar phases of 

compounds 1–3 in high-temperature regions 

Figure 4 displays X-ray diffraction patterns of the columnar 

phases of compounds 1 and 2 in a wide-angle region at various 

temperatures. The full-range X-ray diffraction patterns of 

compounds 1–3 are provided in the Supporting Information. 

The peaks in the patterns are located around 2 = 25° and the 

corresponding lattice constants are about 3.5 Å; these values 

indicate the existence of a  stacking interaction between the 

LC molecules and allude to a periodicity in the intermolecular 

distances within the columnar aggregates of these compounds. 

In contrast, the columnar phase of compound 3 shows no 

periodical order within the columnar aggregates, and its two-

dimensional columnar arrangement is also disordered.  

Figure 5 shows the  stacking distance within the 

columnar aggregates in the columnar phases of compounds 1 

and 2. For compound 1, the  stacking distance decreases 

with an increase in temperature in the hexagonal ordered 

columnar phase above 40 °C. In the rectangular ordered 

columnar phase below 40 °C, the distance remains constant. 

For compound 2, the  stacking distance decreases gradually 

with a decrease in temperature above 50 °C. Below 50 °C, the 

distance is independent of temperature. However, the decrease 

in distance is more remarkable for the hexagonal ordered 

columnar phase of compound 1 than for that of compound 2. 

This shrinkage can be attributed to a pre-transitional effect for 

the phase transition from the hexagonal to rectangular columnar 

phase.  

 
Figure 4 X-ray diffraction patterns in the wide-angle region in the columnar 

phases of (a) compound 1 and (b) compound 2. 

 
Figure 5  stacking distance in the columnar phases of compounds 1 and 2 as 

a function of temperature. 

As shown in Figure 3, for compound 1, electron mobility 

increases from 5.4 × 10−2 to 1.1 × 10−1 cm2V−1s−1 when the 

temperature is decreased from 410 to 310 K. However, for 

compound 2, electron mobility increases only slightly from 5.2 

× 10−2 to 6.9 × 10−2 cm2V−1s−1 in the narrow temperature range 

from 397 to 370 K. In these temperature ranges, the electron 

mobilities are field-independent.   

These increases in electron mobility in the hexagonal 

columnar phases of compounds 1 and 2 may be attributed to the 

observed shrinkage of  stacking distances within the 

columnar aggregates. The shrinkage is caused by a decrease in 

the thermal fluctuation of the columnar structures of these 

compounds. Compound 1 exhibits a more ordered structure at 

room temperature compared to compound 2, and the columnar 

aggregate shrinkage of compound 1 should be more remarkable 

than that of compound 2.  

Around room temperature, the electron mobilities of 

compounds 1 and 2 are independent of temperature. As 

mentioned in the next section, the electron transport mechanism 

below room temperature involves one-dimensional charge 

carrier hopping, which is a thermal- and field-activation process. 
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Therefore, the effects of expanding the  stacking distance 

caused by thermal fluctuations should cancel the thermal 

activation effect in the charge-carrier hopping transport process, 

producing temperature-independent electron mobility around 

room temperature.  

In the columnar phase of compound 3, the electron mobility 

shows dependence on both the electric field and temperature. 

However, this dependence decreases above 270 K. This also 

should be attributed to the cancellation of these two effects.  

Electron transport processes in the columnar phases of 

compounds 1 and 3 in low-temperature regions 

In spite of electron mobility distributions between the orders 

of 10−1 and 10−4 cm2V−1s−1 at room temperature among 

compounds 1–3, the temperature- and field-dependences of 

electron mobilities in the columnar phases of these compounds 

are similar below room temperature.  

Figures 6(a)–(c) exhibit electron mobilities below room 

temperature as a function of the square root of the electric field 

at various temperatures. For all compounds (1–3), the 

logarithms of the electron mobilities are proportional to the 

square root of the electric field below room temperature, 

although data points are scattered slightly below 220 K. The 

slopes () in the plots increase with a decrease in the 

temperatures for these compounds. This behavior is similar to 

conventional organic amorphous semiconductors containing  

energetic and spatial disorders, although the electron mobilities 

in the ordered columnar phases of compounds 1 and 2 are much 

higher than those of organic amorphous semiconductors.  

The electron transport characteristics in the columnar 

phases of compounds 1–3 indicates the hopping nature of 

electron transport, which is quite different from that of band 

conduction in which carrier mobility is independent of 

temperature or exhibits a negative temperature dependence due 

to phonon scattering.19   

The carrier transport process in organic amorphous 

semiconductors can be described by a three-dimensional 

Gaussian disorder model.18, The process in the case of electron 

transport in the columnar phases is one-dimensional because 

the electrons are transported through the orbital overlaps 

between -conjugated cores located at the columnar aggregate 

centers, while the electron transport paths are separated by the 

insulative alkyl and siloxane chains. In fact, strong photocurrent 

signals are observed in the homeotropically aligned samples, 

while weak featureless photocurrent decays are obtained in 

homogeneous aligned samples in which columnar axes are 

perpendicular to the electric field. Therefore, the electron 

transport characteristics in the low temperature regions for 

these PTCBI derivatives 1–3 can be analyzed based on the one-

dimensional disorder model proposed by Bleyl and Haarer.13a 

The experimentally obtained data between room temperature 

and 220 K were used for this analysis.  

 
Figure 6 Electron mobility as a function of the electric field at various 

temperatures below 300 K for (a) compound 1, (b) compound 2, and (c) 

compound 3.   

Figure 7(a) illustrates the zero-field electron mobility below 

room temperature for compounds 1–3 as a function of 1/(kBT)2. 

Above 220 K, the zero-field mobilities were proportional to 

1/(kBT)2. Parameters 0 and  could thus be calculated based on 

Equation (4). Figure 7(b) shows the field-dependence of 

electron mobilities ( below room temperature as a function of 

1/kBT. For all compounds, the experimental data show good 

fitting with the theoretical equation as shown in Figure 7 

although the data tend to scatter below 220 K. The fittings were 
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carried out using experimental data above 220 K. The slopes of 

the fitted lines are C and the intercepts are C. The calculated 

disorder parameters are summarized in Table 2.  

 
Figure 7 (a) Electron mobilities at zero-field as a function of 1/(kBT)

2
 for the 

columnar phases of compounds 1–3. (b) Field-dependence of the electron 

mobilities, , as a function of 1/kBT.  

The values of 0 for compounds 1 and 2 exceed 1 cm2V−1s−1 

while 0 is on the order of 10−1 cm2V−1s−1 for compound 3. 

These values are also much higher than those of organic 

amorphous semiconductors. The columnar phases of 

compounds 1 and 2 are ordered such that periodical  

stacking structures exist in their columnar aggregates. These 

greater values of 0 for compounds 1 and 2 can be attributed to 

larger transfer integrals. For compound 3, the absence of 

periodical stacking order within the columnar structure results 

in a smaller value of 0.  

The distribution widths of the DOS () are 43 and 52 meV 

for the rectangular ordered columnar phase of compound 1 and 

hexagonal ordered columnar phase of compound 2, respectively. 

The rectangular ordered phase usually appears in a lower 

temperature range and has a more ordered structure than that of 

the hexagonal ordered phase. The smaller value of  in the 

rectangular ordered columnar phase of compound 1 than that in 

the hexagonal ordered columnar phase of compound 2 is 

reasonable. In contrast, the value of  increases to 72 eV in the 

disordered columnar phase of compound 3, which is attributed 

to the disordered structure of the columnar phase of compound 

3.  

Parameter  also exhibits the same tendency as the values 

of . The disordered columnar phase of compound 3, which has 

the most disordered structure, exhibits the largest . For 

compounds 1 and 2, the longer the alkylene spacers present, the 

greater the disorder parameters  and  become. Thermal 

fluctuation and freedom of conformation of the oligosiloxane 

chains should have an influence on the packing of -conjugated 

cores. In the case of compound 3, this effect perturbs the one-

dimensional closed molecular packing structure, resulting in the 

appearance of the disordered columnar phase.     

Table 2 Disorder parameters in the columnar phases of compounds 1–3. 

                          0 (cm2V−1s−1)   (meV)            C (cm1/2V−1/2)   

Compound 1           1.20                43         1.57      4.7 × 10−4 

Compound 2           2.49                52         1.94      8.0 × 10−4 
Compound 3       2.15 × 10−1         72         2.54      7.2 × 10−3 

 

Comparison with other LC semiconductors  

Up to now, the carrier transport mechanism has been studied 

for few LC semiconductors because of the scarcity of such 

materials exhibiting LC phases over wide temperature regions. 

Scheme 2 illustrates LC semiconductors in which the disorder 

parameters are estimated using the one-dimensional disorder 

formalism.13a The obtained disorder parameters for compounds 

4–6 are summarized in Table 3.  

 
Scheme 2 Molecular structures of columnar liquid crystals whose carrier 

transport characteristics were analyzed by the Gaussian disorder model. 

The values of  in the ordered columnar phases of 

compounds 1 and 2 are 40–50 meV; these values are 

comparable to that in the discotic plastic phase of triphenylene 

dimer 4 as reported by Bleyl and Haarer.13a This discotic plastic 

phase is a hexagonal ordered columnar phase in the recent 

terminology and has a periodical  stacking structure in the 

columnar aggregates. It should be noted that the difference in 

the electron transport characteristics between the PTCBI 
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derivatives and the triphenylene dimer is in the value of 0 

rather than .  Parameter  is the width of the distribution of 

LUMO levels, which is caused by a disorder in the local 

electric field. The disorders of the ordered columnar phase of 

compounds 1–2 and the triphenylene dimer discotic plastic 

phase are not so different. In contrast, parameter 0 is strongly 

dependent upon the transfer integral between adjacent -

conjugated cores in the columnar aggregates. The transfer 

integral can be changed by extension of the -conjugated cores, 

 stacking distances, and azimuthal angles between the 

adjacent molecules.  

Compound 5 exhibits ambipolar carrier transport properties, 

although its columnar phase does not have such a closed 

packing structure as those exhibited by compounds 1 and 2. 

The pre-exponential factor (0) of compound 5 is two orders of 

magnitude smaller than those of compounds 1 and 2. As Iino 

described for compound 6, the parameter  is strongly 

influenced by the dipole moment of LC molecules.13b In the 

columnar phase of compound 6, the large values of  for the 

holes and electrons can be attributed to the disordered structure 

of the columnar aggregates as well as the polar aromatic core.  

Compared to the columnar LC compounds 4–6, compounds 

1–3 having oligosiloxane chains exhibit a prominent feature in 

their carrier transport properties; it should be noted that the 

disiloxane chains of compounds 1 and 2 do not increase the 

disorder parameter  as well as  and do not decrease 0 in 

spite of their bulkiness and liquid-like disordered conformation. 

Since the disiloxane chains are separated from the -conjugated 

cores, they do not exert an influence on the packing structure of 

the PTCBI moieties. In the columnar phases of compounds 1 

and 2, the electron-transporting one-dimensional stacking 

structure surrounded by the insulative oligosiloxane mantle is 

formed by nanosegregation. The stacking structure is rigid, 

while the mantle consisting of oligosiloxane chains is soft and 

flexible. This nanosegregated hybrid structure provides a 

flexible material with efficient electron transport properties.  

Table 3 Disorder parameters in other columnar LC semiconductors. 

0 (cm
2
V

−1
s

−1
)                 (meV)           C (cm

1/2
V

−1/2
) 

Compound 4            0.25                       48        2.4   5.7 × 10-3 
Compound 5    2.1 × 10-2 (hole)            62         ---            --- 

                         8.2 × 10-2 (electron)      70         ---            ---  
Compound 6            0.86                     102         ---            --- 

For compounds 5 and 6,  and C are not shown.  

Carrier transport characteristics in the smectic phases of 

terthiophene derivatives have been studied using the TOF 

method. Hole mobilities were measured in wide temperature 

ranges for the smectic B hexatic, B crystal, and E phases of 

cyclohexylethylterthiophene16c and alkynylterthiophene16b 

derivatives, and their disorder parameters were determined 

based on a two-dimensional Gaussian disorder model. The 

value  does not strongly depend upon the LC molecular 

aggregation states; accordingly, the value is around 50 meV in 

these smectic phases. The molecular aggregation states have 

influence on the parameter 0 rather than  and .  

TOF measurements of the nematic phase of a photo-

polymerized fluorene derivative revealed temperature- and 

field-dependent hole mobility below room temperature. Based 

on the three-dimensional Gaussian and correlation disorder 

models,18a,d a  value of 89 meV was obtained. In the nematic 

phase, molecular aggregation is loose and disordered; as a 

result, the hole transport mechanism is similar to that of 

amorphous organic semiconductors.   

In the ordered columnar phases of LC-PTCBI derivatives 1 

and 2, the electron mobilities at room temperature are 

comparable to those of molecular crystals. In particular, 

mobility exceeds 0.1 cm2V−1s−1 in the rectangular ordered 

columnar phase of compound 1 at room temperature. This value 

is comparable to that in an ordered smectic phase of the LC 

phenylterthiophene derivative.16a However, the carrier transport 

mechanism is quite different between these two systems. In 

contrast to the band-like hole transport in the smectic phase of 

the phenylterthiophene derivative, charge carrier hopping is a 

predominant process in the ordered columnar phases of PTCBI 

derivatives in this study. At present, we are unable to conclude 

the reason for this; one possible explanation is that the one-

dimensional system is strongly influenced by localized states 

and defects. The carriers can move only forward or backward 

and cannot escape from a defect in one-dimensional electronic 

systems, while they can move avoiding the traps in two-

dimensional systems.    

Conclusions 

Electron transport characteristics in nano-segregated columnar 

phases of perylene tetracarboxylic bisimide (PTCBI) 

derivatives bearing oligosiloxane chains have been studied over 

wide temperature ranges using a time-of-flight (TOF) method. 

For ordered columnar phases of compounds 1 and 2, the 

electron transport process is influenced by thermal fluctuations 

of the columnar aggregates in high-temperature regions. In the 

low-temperature regions of the ordered columnar phases of 

compounds 1 and 2 and the disordered columnar phase of 

compound 3, the electron transport characteristics indicate a 

thermal- and field-activated hopping nature. The analysis of 

transport characteristics based on the one-dimensional Gaussian 

disorder model reveals large 0 values on the order of 100 

cm2V−1s−1, which is the reason that the LC-PTCBI derivatives 

exhibit high electron mobilities. For compound 1, temperature-

independent electron mobility is observed around room 

temperature between the two temperature regions. In spite of 

the bulkiness and liquid-like disordered structure of 

oligosiloxane chains, one-dimensional columnar aggregates of 

-conjugated cores are constructed. The nanosegregated hybrid 

mesomorphic structures described in this study have the 

potential for creation of new soft materials with electronic 

functions.  
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