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Discotic (disc-like) molecules typically comprising a rigid aromatic core and flexible peripheral

chains have been attracting growing interest because of their fundamental importance as model

systems for the study of charge and energy transport and due to the possibilities of their

application in organic electronic devices. This critical review covers various aspects of recent

research on discotic liquid crystals, in particular, molecular design concepts, supramolecular

structure, processing into ordered thin films and fabrication of electronic devices. The chemical

structure of the conjugated core of discotic molecules governs, to a large extent, their

intramolecular electronic properties. Variation of the peripheral flexible chains and of the

aromatic core is decisive for the tuning of self-assembly in solution and in bulk. Supramolecular

organization of discotic molecules can be effectively controlled by the choice of the processing

methods. In particular, approaches to obtain suitable macroscopic orientations of columnar

superstructures on surfaces, that is, planar uniaxial or homeotropic alignment, are discussed

together with appropriate processing techniques. Finally, an overview of charge transport in

discotic materials and their application in optoelectronic devices is given (234 references).

1. Introduction

Organic electronics, i.e. the use of conjugated molecules as

active components in electronic devices, is a field of intense

scientific activity because of the prospect of the creation of a

new industry. Electronic devices such as light-emitting-diodes

(LED), photovoltaic diodes (PVD), field effect transistors

(FET), memory elements and sensors are now commonly

encountered in the chemical literature. The reason for this is

twofold. On the one hand, the interest in devices is driven by

the potential applications. On the other hand, devices are

formidable tools to probe the basic structure–performance

relationships that govern the physics and chemistry of organic

semiconductors. This challenge also creates a need for new

conjugated materials with innovative design and semiconduct-

ing behavior that deviates from that of rather conventional

conjugated materials, i.e. linear oligomers and polymers.1,2

Hierarchical self-assembly of molecules into supramolecular

systems leads to alternative classes of functional materials.3–5
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worked on stereoselective func-
tionalization of fullerenes. In
2004 he joined the group of
Yves Geerts at the Université
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Amongst the various new materials for organic electronics,

conjugated liquid crystals (LCs) are currently viewed as a new

generation of organic semiconductors because they bring order

and dynamics.6 Order is likely the most important parameter

that governs the performances of organic semiconductors in

devices. Conjugated LCs offer the decisive advantage of

controlling order in the bulk and at interfaces, and at all

length scales from molecular to macroscopic distances (see

Fig. 1). The role of dynamics in organic semiconductors is also

important but less explored. The most striking example of the

effect of dynamics is the ability of conjugated liquid crystals to

self-heal structural defects such as grain boundaries due to

their liquid-like character. Upon simple thermal annealing, it is

common to observe the spontaneous formation of large single

domains that extend over several square mm, for films up to

several mm thick.7,8 The orientation of molecules within these

large domains can be manipulated by various means, such as a

concentration or temperature gradient,9,10 irradiation with

polarized light,11 or surface alignment layers.12–14

The ease of alignment into single domains arises from the

fact that conjugated LCs are composed of small organic

molecules that form phases of low inherent viscosity. The low

molecular weight of conjugated LCs associated with discrete

mass allows the synthesis of defect-free chemical structures

that are amenable to a higher purity level than most

conjugated polymers.1

Amongst the conjugated LCs one should differentiate the

calamitic (rod-like)15,16 from the discotic (disc-like) mesogens.5

They differ in their molecular shape, their phase symmetry, the

dimensionality of their charge transport and exciton migration

and in the extent of their orbital overlap (Fig. 2). Calamitics

tend to form smectic mesophases whereas discotics self-

organize into columnar mesophases. Smectic planes demon-

strate a two-dimensional charge transport comparable to that

observed for the herringbone packing of pentacene and

oligothiophenes.17 As a result, the extent of frontier orbital

overlap is rather moderate. Typically, the band width of

calamitics is expected to be below the corresponding value for

pentacene, a well-studied low molecular weight organic

crystalline semiconductor (ca. 0.5–0.6 eV).18

The two-dimensional chemical structure of discotics creates

a new situation that results in a set of unusual features.

Columns of discotic mesogens exhibit one-dimensional charge

transport that is rather sensitive to the structural defects. These

defects such as ‘‘Y’’ bifurcation can be visualized with

high resolution microscopy techniques as the disc diameter is

ca. 2–3 nm.9 Discotic semiconductors thus appear to be a

unique system which enables correlation of the occurrence of

defects with charge transport properties. Moreover, within the

columns adjacent disc-like molecules experience a much larger

orbital overlap than calamitics. The band width reaches

values as high as 1.1 eV, i.e. close to that of graphite (ca.

1.0–1.4 eV).19 The large orbital overlap between stacked disc-

like molecules is reflected in the high values of the charge

carrier mobility (m), i.e. 0.2–1.3 cm2 V21 s21, in their liquid

crystalline (LC) mesophases.20–23 In the same columnar

mesophases, the exciton diffusion length (le) in discotics exceeds

70 nm.24 This is one order of magnitude higher than for most

of conventional conjugated polymers. The two-dimensional

structure associated with the disc shape allows one to tailor the

emissive properties by the control of the mutual orientation of

transition dipoles upon rotation of the discs.17 This paves the

way to columnar mesophases that combine high charge carrier

mobility with intense fluorescence.25,26

The unique features of discotic semiconductors briefly

mentioned in this introduction will be documented in the next

sections and in the light of underlying molecular concepts,

supramolecular order, processing into thin films, and device

Fig. 1 Typical length scales encountered in organic electronics and

control of order achievable with LC semiconductors. Fig. 2 Schematic drawing of calamitic (left) and discotic (right)

semiconductors.
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performance. The focus will be largely on unprecedented

molecular structures that have not been a topic of the earlier

extensive reviews.27–37

2. Molecular concepts

Although some early work on discotic LCs as semiconductors

was conducted in the 1980s,38 the decisive discovery dates back

to 1994 and to the work of Adam et al.39 They showed, using

time-of-flight photoconductivity (TOF) experiments, that

hexahexylthiotriphenylene 1 (Fig. 3) has a charge carrier

mobility of holes (m+) of ca. 0.1 cm2 V21 s21 in a particularly

rare helical mesophase.39 These results were soon after

confirmed by van de Craats et al. with the electrode-less

pulse-radiolysis time resolved microwave conductivity (PR-

TRMC) method.40,41

Theoreticians have rationalized the various experimental

observations of charge transport into a coherent view based on

the Marcus equation.42 According to this theoretical descrip-

tion, the electron hopping rate between adjacent discs is

explained in terms of two molecular parameters: (i) the transfer

integral which is a function of the overlap of HOMO (LUMO)

orbitals of adjacent molecules for hole (electron) transport,

and (ii) the internal reorganization energy (li) associated with

the energy difference between charged and neutral species.42

Beside efficient charge transport, the interest in discotic LCs

has originated from the ability of discotics to carry excitons

over large distances. Detailed spectroscopic studies have been

pursued by Markovitsi et al. to determine the values of le as a

function of chemical structure, phase, and temperature.24

In parallel with physical and theoretical investigations, the

field of discotic LCs has mainly been synthetically driven to

bring the structural diversity needed to establish reliable

structure–property relationships. Several molecular concepts

have been explored: (i) the chemical structure, symmetry and

size of the conjugated core, (ii) the shape of the wavefunctions,

(iii) the nature of the connecting groups between the

conjugated core and the flexible side chains, and (iv) the phase

and transition temperature engineering by the variation of

peripheral substituents. In the next sections, these molecular

concepts are analyzed and discussed in the light of the most

recent publications.

2.1 Size of the conjugated core

Early studies of discotic molecules began with the smallest

possible aromatic core, i.e. benzene.29 It soon became evident

that larger cores prone to more efficient p-stacking are

necessary, and not surprisingly, variation of the size of the

conjugated core is one of the major aspects explored so far in

the design of discotic mesogens. Various larger disc-like

molecules, such as the triphenylene derivatives 1 and 2

mentioned above have been extensively studied.29 The

importance of phthalocyanines (Pc) in the field of dyes and

pigments due to their extraordinary thermal and photochemi-

cal stability prompted the synthesis of LC phthalocyanine

derivatives such as 3–6.43–47 Several examples of porphyrin

discotics and their use in electronic devices are known. They

have been a topic of previous reviews.32,48

The synthesis of hexaalkyl hexa-peri-hexabenzocoronene

(HBC) derivatives 7 and 8 in the mid-nineties49 can be

considered as an important achievement not only because of

the record charge carrier mobility values but also since it has

paved the way to very large liquid crystalline polycyclic

aromatic hydrocarbons (PAHs) shown in Fig. 4.50 The

unprecedented PAHs 9–13 contain from 24 to 132 aromatic

carbon atoms5,51–53 (see also Table 1) and can be viewed as

graphite subunits. They offer an excellent opportunity to

discuss the diameter of the conjugated core as a key parameter

for charge transport.54 On the basis of the charge mobility

value for different discotics, van de Craats and Warman

suggested the following empirical relationship:

Sm1D = 3exp(283/n) cm2 V21 s21

where Sm1D is a mobility sum for holes (m+) and electrons (m2)

along the axis of the columnar stacks and n is the number of

carbon atoms in the aromatic core. The value of 3 cm2 V21 s21 is

the charge carrier mobility found for the interlayer charge

transport in graphite which is considered as the maximum mobility

Fig. 3 Selected examples of widely studied discotic molecules; R = alkyl.
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that could be expected for an aromatic core of infinite size

(1/n = 0).55

The experimentally found and calculated values for HBC 7

and PAHs 9–13 (R = alkyl, see Fig. 3, 4) are given in Table 1.

For the relatively small 7 and 9, the results of PR-TRMC

measurements are in good agreement with calculations.

Moreover, there is a drastic increase in mobility over yet

smaller triphenylene derivatives (average m values between

0.002 and 0.025 cm2 V21 s21).55 However, for aromatic cores

with 60 or more carbon atoms the measured values are not

supported by the calculation results and instead remain rather

insensitive to the core size. One reason for this could be the

influence of fluctuations within columnar stacks on the

charge transfer integral, as discussed in recent theoretical

works.42,56,57

Another important issue that should be raised here is the

purity of the compounds. Notably, thorough purification of 11

and 13 was not feasible because of their extremely poor

solubility in all common organic solvents.54 At the same time,

conductivity of these samples saturates within the pulse and

then rapidly falls to the noise level, making the mobility

measurements impossible. This could be due to the sensitivity

of the conductivity towards traces of inorganic impurities

acting as charge traps. In fact, a charge carrier with a mobility

of ca. 1 cm2 V21 s21 would visit ca. 200 molecular sites

within one nanosecond. This means that the presence of

Fig. 4 Chemical structures of disc-like PAHs of various diameters (dcore): 9 (ca. 1.0 nm), 10 (ca. 1.6 nm), 11 (ca. 1.9 nm), 12 (ca. 2.0 nm), 13

(ca. 2.3 nm). For comparison, 1, 3 and 7 depicted in Fig. 3 have core diameters of ca. 0.8 nm, ca. 1.9 nm, and ca. 1.4 nm, respectively.

Table 1 Charge carrier mobility values and maxima of the first
absorption band of PAH 7 and 9–13

PAH
molecule

Number of
aromatic C
atoms in
the core

lmax/

nm54

Sm1D in the columnar
LC phase/cm2 V21 s21

Found54 Calculated54

9 24 331 0.1–0.2 0.09
7 42 361 0.38 0.42
10 60 410 0.26 0.75
11 78 430 Not measureda

12 96 462 0.20 1.26
13 132 546 Not measureda

a Conductivity of these samples saturates within the pulse and then
rapidly decreases to the noise level.
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charge-trapping impurities even in small amounts will be

detrimental to the charge transport.54

Besides the charge transport properties of discotic materials,

their optical properties are also important in view of potential

applications in photovoltaic cells or LEDs (see also Section 4).

For such applications, high absorption coefficients over a large

range of wavelengths are desirable. Enlargement of the

aromatic core of PAH represents an excellent means of

achieving this objective. Indeed, with increasing size of

aromatic cores the absorption maximum shifts from 331 nm

for 9 to 546 nm for 13. The values of lmax follow the empirical

linear relationship lmax = 280 + 2n, where n is a number of C

atoms in the aromatic core. Furthermore, the bathochromic

shift is accompanied by essential broadening of absorption

bands.54

2.2. Shape of wavefunctions

From the above discussion it is obvious that although size does

matter, it is not the only factor that influences charge

transport. The interplay of the structure of the conjugated

core with the connecting groups of the side chains must be

further discussed within the concept of the shape of the

wavefunctions. Fig. 5 depicts three classes of disc-shaped

molecules 14, 15 and 16 that share the following structural

elements: (i) six nitrogen atoms located in the center of the

molecule, and (ii) six or nine sulfur atoms at the periphery of

the conjugated core.

This specific design of donor and acceptor groups has been

devised to locate the HOMO (LUMO) in the center of the

molecules in the hope of increasing the orbital overlap and

finally improving the hole (electron) transport. The idea was

also to design robust systems that would have little variation of

orbital splitting upon rotation of disc-like molecules around

their director axis since in columnar stacks.59,60 Fig. 6 (left)

shows the LUMO of hexaazatrinaphthylene (HATNA) 16g.

The largest LCAO coefficients are calculated on the nitrogen

atoms in the center of the molecule. As a result of the shape of

the wavefunction, the splitting of the LUMO varies from

approximately 0.4 to 1.5 eV for rotation angles of adjacent

Fig. 5 Molecular structures of hexaazatriphenylenes (HAT) 14a–f, hexaazatriisothianaphthene 15d and hexaazatrinaphthylenes (HATNA) 16a–h.

The charge distribution of 15g has been calculated.58 The size of the shaded spheres is proportional to the partial charge on each atom; light grey

and dark grey spheres correspond to negative and positive charges, respectively.

Fig. 6 Left: shape of the LUMO of 16g. The shade and the size of the spheres correspond to the sign and the amplitude of the LCAO coefficients,

respectively. Right: INDO-calculated evolution of the HOMO (circles) and LUMO (squares) splittings in a cofacial dimer made of two HATNA

(16) molecules as a function of the rotational angle between the discs.
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molecules from 0u (eclipsed conformation) to 60u (staggered

conformation), respectively. It could be concluded from the

above discussion that the presence of the six nitrogen atoms in

14, 15 and 16 brings only advantages. This is however not true,

since partial negative charges that can be as high as 20.54|e|

are present on each of them. The consequence is that no LC

mesophase is observed for 14a–f61 and 15d due to electrostatic

repulsion between partial negative charges.58 In the case of

16a–e, which form columnar mesophases over a large

temperature range, this electrostatic repulsion is compensated

by more efficient p-stacking of the larger HATNA core. These

mesogens exhibit, however, very little intracolumnar order in

LC phases, i.e. the discs are not positioned at a regular

distance within the columns. Nevertheless, m values measured

by the PR-TRMC technique for 16b–d range from 0.02 to

0.2 cm2 V21 s21.62

The most spectacular effects of ordering on electronic

properties are observed for 16a which shows poor PR-

TRMC m values (below 0.01 cm2 V21 s21) even in its room

temperature crystalline phase. Ultraviolet photoelectron spec-

troscopy (UPS) has been used to record the ionization

potential (IP) of 16a. A constant value of 5.9 eV has been

measured for pristine spin-coated films on various substrates.

Upon thermal annealing the films of 16a (columnar hexagonal

phase) become more ordered. The IP measured at room

temperature after this thermal treatment has shifted to 4.1 eV,

i.e. 1.8 eV lower than in the disordered films before

annealing!19 The bandwidth of the HOMO is estimated to be

1.1 ¡ 0.2 eV. This experimental value has the same order

of magnitude as the interplanar bandwidth in graphite (1.0–

1.4 eV) and is much larger than those estimated in molecular

crystals (ca. 0.5 eV for oligoacenes).19 These observations have

been rationalized by quantum-chemical calculations per-

formed on model stacks containing from two to six molecules,

which illustrate the formation of a quasi-band structure with

Bloch-like orbitals delocalized over several molecules in the

column.19 Independently of the experimental work on 16a, a

theoretical model which takes into account the delocalization

of charges over a few stacked molecules has been suggested.63

It is hypothesized that the packing of 16a in bulk and in thin

films should be different to explain the apparent discrepancy

between the low m observed in bulk and the quasi-band like

behavior observed in thin films.

In summary, the chemical structure and the diameter of the

conjugated core of discotic LCs govern, to a large extent, their

electronic properties at the molecular level. Clear-cut struc-

ture–property relationships are however not directly accessible,

since supramolecular order, which depends in a subtle and non

predictable manner on chemical structure, dramatically

influences electronic properties of materials. In the next

section, the role of connecting groups between a conjugated

core and flexible side chains will be discussed.

2.3. Connecting groups

The connecting groups between the aromatic core and the

flexible peripheral substituents (often alkyl chains) play a

twofold role. On the one hand, they substantially modify the

supramolecular order. This is evidenced by the thermotropic

behavior of mesogens, as illustrated by octa-substituted

phthalocyanines (3–6, Fig. 3 and Table 3, below). In some

special cases, when connecting groups are involved in specific

non-covalent intermolecular interactions, this effect is parti-

cularly striking. An example worth mentioning is the

hexaamide derivative of triphenylene 17 (Fig. 7) which exhibits

an inter-disc distance as short as 3.18 Å, i.e. much smaller than

the sum of the van der Waals radii of carbon atoms in PAHs,

due to the efficient intermolecular H-bonding.64

Supramolecular organization of discotic LC is discussed in

detail below (see Section 3).

On the other hand, the connecting group dramatically

influences the reorganization energy in the Marcus equation.

Table 2 collects the internal reorganization energy for positive

(li+) and negative (li2) polarons of selected conjugated cores

with and without substituents. It is observed that oxygen

atoms dramatically increase both li+ and li2, whereas sulfur

atoms have only a marginal influence. However, this general

Table 2 Internal reorganization energy for positive (li+) and negative
(li2) polarons of selected conjugated core with and without
substituents

Core Moleculea li+/meV li2/meV Ref.

Triphenylene 1, XR = H 180 260 42
Triphenylene 1, XR = SH 160 240 42
Triphenylene 2, XR = OH 330 400 42
Pc 3, XR = H 47 225 6
HBC 7, XR = H 100 140 42
HATNA 16, XR = H 140 100 42
HATNA 16g 100 110 42
HATNA 16h 380 490 42
Pentacene 97 132 65
a See Fig. 3 and Fig. 5 for molecular structures.

Fig. 7 Molecular structure of the hexaamide derivative of triphenyl-

ene 17 which exhibits an inter-disc distance as short as 3.18 Å.
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tendency is modulated by an additional element, the orbital

coefficient on the carbon atom of the p-system directly

connected to the heteroatom.6

Let’s now turn to the combined influence of connecting

group and side chains on the phase behavior of discotic

molecules.

2.4. Phase behavior and transition temperature engineering

From a fundamental viewpoint, supramolecular order in

mesophases is the most important parameter for efficient

charge transport. However, in order to transfer the advantages

of LC semiconductors into device applications, other condi-

tions should be fulfilled as well. Necessarily, the potential

candidates should be well-soluble in organic solvents to allow

easy processing by spin coating or other solution methods. On

the other hand, processing of the material by thermal

annealing requires reasonably low clearing points: the upper

temperature limit for fabrication of devices on flexible plastic

substrates is often considered to be ca. 200 uC.66 Further, the

materials should be liquid crystalline at the ambient tempera-

ture and LC mesophases should be stable over a sufficiently

broad temperature range. Tuning of the thermotropic behavior

thus appears to be another crucial issue in the design of

discotic mesogens.

The simplest approach to controlling the temperature of the

transition between the crystalline (Cr) and LC phases (melting

point) or between LC phases and the isotropic liquid (clearing

point) comprises variation of the length of peripheral

substituents, most typically alkyl chains. As an example,

studies of octa(n-alkoxy) and octa(n-alkyl) phthalocyanines 3

and 4 clearly revealed the influence of side chain length in these

homologous series of discotic molecules. Elongation of

substituents lowers the clearing points in both series of

phthalocyanines. Moreover, a close to linear dependence

between the clearing points and the number of carbon atoms

in the alkyl side chains was observed for both 3 and 4. The

temperatures of Cr–LC transitions generally decrease with

increasing chain length until reaching a minimum and

subsequently increase again, reflecting the crystallization

tendency of the linear alkyl side chains (see 3b–e,

Table 3).27,43,44,67 Thus, simply changing the length of alkyl

chains is not always efficient enough for the tuning of the

transition temperature, and in particular, room temperature

LC phases are difficult to achieve.

Formation of discotic mesophases can often be satisfactorily

described by a simple model involving separate disordering

temperatures for the side chains and the aromatic cores. The

transition between crystalline (Cr) and LC phases involves the

conformational disordering of side chains, also referred to as

‘‘side chain melting’’, while aromatic cores remained stacked

until reaching the isotropization temperature.79 According to

this model, branching of the side chains of discotic molecules

should decrease Cr–LC transition temperatures. Indeed,

branching should make the regular packing of side chains

Table 3 Transition temperatures and phase behavior of selected discotic mesogens

Connecting group Side chains Phase behavior (transition temperatures/uC)a,b Ref.

1a S n-C6H13 Cr 62 Colho 70 Colhd 93 I 68
2a O n-C6H13 Cr 68 Colh 97 I 69
3b O n-C8H17 Cr 94 Colh . 350 (dec) 43
3c O n-C10H21 Cr 94 Colh 345 I 43
3d O n-C12H25 Cr 83 Colh 309 I 43
3e O n-C18H37 Cr 98 Colh 247 I 70
4d CH2 n-C11H23 Cr 120 Colh 252u 44
5d CH2O n-C12H25 Cr 79u Colx 185u Colh 260u 45
6d COO n-C12H25 Cr 62u Colh . 300u 47
7 CH2 n-C11H23 Cr 107u Colh 417u 71
8 p-Phenylene n-C12H25 Colx1 18 Colx2 83 Colx3 72
14a S n-C6H13 Cr 105 I 61
15d S n-C12H25 Cr 59 I 58
16a S n-C6H13 Cr 206 . 250 (dec) 62
16b S n-C8H17 Cr 178 Colhd . 250 (dec) 62
16c S n-C10H21 Cr 116 X 134 Colrd . 250 (dec) 62
16d S n-C12H25 Cr 99 Colrd . 250 (dec) 62
16e S 2-Et-C6H13 Cr . 250 (dec) 73
16f S 3,7-diMe-C8H17 Cr 206 Colx . 250 (dec) 73
17 CONH n-C12H25 Colx . 250 (dec) 64
18a O 2-Et-C6H13 ,220 Colh . 260 (dec) 74
18b O 2-(n-Bu)-C8H17 ,220 Colr 79 Colh . 250 (dec) 75
18c O 2-(n-C6H13)-C10H21 ,220 Colr 91 Colh . 250 (dec) 75
18d O 2-(n-C8H17)-C12H25 ,220 Colr 68 Colh 226 I 6
18e O 2-(n-C10H21)-C14H29 ,220 Colr 60 Colh 180 I 6
19a CH2 2-Et-C6H13 Cr 97 Cold 420 I 76
19c CH2 2-(n-C6H13)-C10H21 Colp 17 Cold 97 I 76
19e CH2 2-(n-C10H21)-C14H29 Colp 46 I 76,77
20b COO 2-(n-Bu)-C8H17 Colr 149 I 47
20c COO 2-(n-C6H13)-C10H21 ,25 I 47
21 O (CH2CH2O)3Me 19 Colho 293 I 78
a Phases: Cr crystalline, Colp columnar plastic crystalline, Colh columnar hexagonal, Colhd columnar hexagonal disordered, Colr columnar
rectangular, Colrd columnar rectangular disordered, Cold columnar disordered, Colx columnar unspecified, I isotropic, X unidentified.
b Multiple crystalline phases are not shown.
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more difficult, promote kinking (gauche conformations) and,

in the case of racemic chiral side chains, also introduce

stereoheterogeneity. On the other hand, when the branched

substituents are sufficiently bulky, their steric repulsion should

also affect stacking of the aromatic cores and reduce the

isotropization temperatures. Both effects were demonstrated

for the hexaalkyl-HBC series of discotic mesogens (Fig. 8).

While short-chain 19a is crystalline at room temperature,

forms mesophases only above ca. 100 uC and has a very high

clearing point (ca. 420u), 19c with longer and more sterically

demanding substituents is liquid crystalline at room tempera-

ture and its clearing point is lowered by more than 300 uC
compared to 19a.76 In the same way, octaalkoxycarbonyl

phthalocyanine 20b bearing eight branched 2-butyloctyl

substituents has a clearing point of 150 uC while its straight-

chain analog 6d remains liquid crystalline even at 300 uC.

Further elongation of the branched chains to 2-hexyldecyl

gave 20c which is liquid at room temperature.47 A similar

behavior was observed for the family of tetraalkoxy phthalo-

cyanines 18a–e (see also Table 3).6,74 However, the decrease of

isotropization temperature with the increasing length of the

branched substituent was less pronounced. This is certainly

due to the smaller number of alkyl chains and their less dense

packing on the periphery of the phthalocyanine core in the

tetra-substituted derivative. The use of branched alkyl chains

has proved fruitful to reduce transition temperatures of many

structurally different discotic molecules.80

It clearly appears from the previous discussion that the steric

hindrance introduced by branching of the side chains has an

important influence on the phase behavior of discotic

mesogens. However, the role of stereoheterogeneity of discotic

materials is not negligible, either, as demonstrated for the HBC

derivative 19f. The temperature of Cr–LC transition for

the stereohomogeneous (all-S)-19f is 15 uC higher than that

of 19f bearing racemic side chains and comprising multiple

diastereoisomers.81

Alkyl side chains are most frequently used in the design of

discotic mesogens due to the availability of the broad range of

the corresponding starting materials (alcohols or alkyl

halides). However, other types of peripheral substituents have

been successfully explored. Thus, oligo(ethyleneoxy) chains

efficiently induce mesogenicity of Pc derivatives. Interestingly,

both the temperature of Cr–LC transition and the clearing

point of octa-substituted Pc 21 bearing eight oligoether side

chains are notably lower (by 75 and 52 uC, respectively) than

those of the octadecyloxy analog 3c that differs only in the

nature, and not in the length, of the peripheral substitu-

ents.43,78 The stabilization of mesophases by oligoether chains

may be explained by their greater flexibility compared to alkyl

chains that enhance the disc-shape anisotropy.

An interesting and relatively recent concept in the design of

discotic semiconductors is the use of polyfluorinated alkyl

chains. These substituents are expected to create a fluorinated

‘‘mantle’’ around the discotic core that should greatly reduce

the intercolumnar interactions and hence improve the one-

dimensional charge carrier transport. A few years after early

studies on polyfluoroalkyl triphenylenes,85 it was shown that

introduction of polyfluoroalkyl groups generally favors the

formation of homeotropic alignment86 (see Section 3 for a

detailed discussion about alignment of discotic mesogens). In

addition, triphenylene derivatives 22 (Fig. 3) with relatively

high fluorine content form mesophases with a wider tempera-

ture range compared to their hexaalkoxy analogs 2

(Table 4).82,83 Recently, a series of HBC derivatives 23

(Fig. 3) bearing six perfluoroalkyl chains separated from the

aromatic core by either oligomethylene or p-phenylene spacers

has been reported. Derivatives with (CH2)n spacers do form

discotic mesophases with a broad temperature range, but

Fig. 8 Chemical structures of phthalocyanines 18a–e and 20b–d bearing four alkoxy or eight alkoxycarbonyl branched side chains, respectively,

and HBC 19a,c,e,f bearing six branched alkyl side chains.

Table 4 Fluorinated discotic mesogens and their alkyl analogs

Aromatic core Side chain Phase behaviora,b Ref.

2a Triphenylene n-C6H13 Cr 67 Colh 99 I 82, 83
22a Triphenylene (CH2)3(CF2)2CF3 Cr 130 Colh 149 I 82, 83
2b Triphenylene n-C7H15 Cr 64 Colh 89 I 82, 83
22b Triphenylene (CH2)3(CF2)3CF3 Cr 116 Colh 157 I 82, 83
2d Triphenylene n-C9H19 Cr 56 Colh 77 I 82, 83
22c Triphenylene (CH2)3(CF2)5CF3 Cr 89 Colh 183 I 82, 83
23a HBC (CH2)2(CF2)7CF3 Cr 180 Colr.

300 (dec)
84

23b HBC (CH2)4(CF2)7CF3 Cr 120 Colh .
300 (dec)

84

23c HBC (CH2)6(CF2)5CF3 Cr 109 Colh .
300 (dec)

84

a Phases: Cr crystalline, Colh columnar hexagonal, Colr columnar
rectangular, I isotropic. b Multiple crystalline phases are not shown.
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decompose above 300 uC before reaching the isotropization

point.84 In both triphenylene and HBC series of mesogens with

partly fluorinated alkyl chains, the isotropization temperatures

increase with increasing fluorine content (Table 4).

Another appealing concept consists in the substitution of the

aromatic core with sufficiently bulky substituents, e.g.

arylethynyl groups, resulting in star-shaped discotic mesogens.

Thus, pyrene derivative 24 bearing twelve dodecyl chains

(Fig. 9) forms columnar LC phases and exhibits a high

fluorescence quantum yield in the solid state.25 The steric

hindrance caused by the bulky connecting groups and side

chains forces adjacent molecules to pack with their transition

dipoles non-parallel.

Star-shaped hexa(alkyl)phenyl HBC 8 brings about the

following advantage over the hexaalkyl analog 7 (see Fig. 4):

better solubility, longer range order in the mesophase and an

outstanding charge carrier mobility.72,87 Extending this con-

cept, the star-shaped discotics 27a–d, 28 and 29 were

synthesized via Sonogashira–Hagihara coupling of the hex-

aiodo precursors 25 and 26 (Scheme 1). All star-shaped HBC

derivatives 27a–d and 28 have thermally stable mesophases

and no clearing points below 400 uC.88,89 The hexa(alkylethy-

nyl) derivative 27a shows a similar phase behavior to the

alkylaryl derivative 8. In contrast, 27b and 27c demonstrate

more complex phase behavior, presumably due to the

increasing volume of the terminal substituents.90 Further,

triarylamine substituents were introduced (27d and 28) to

realize the concept of a molecular double cable: columnar

stacking would produce two charge transport pathways, one

along the HBC columns and another along the amine stacks

on the outer side of the columns. Although the hexaamine

substituted HBC 27d and 28 did not show any phase

transitions between 2100 uC and 400 uC, two-dimensional

wide-angle X-ray scattering (WAXS) experiments on extruded

fibers clearly revealed the columnar hexagonal phases. At the

same time, the measured charge carrier mobility (0.04 and

0.03 cm2 V21 s21 for 27d and 28, respectively) was much lower

than in the hexaalkyl HBC, probably due to a lower degree of

order in these materials.91

A water-soluble star-shaped HBC derivative 29 bearing

eighteen oligoether chains has a dramatically reduced clearing

point compared to n-alkyl-substituted HBCs (Colh phase

between room temperature and 150 uC). 1H NMR in

chlorinated solvents confirmed the existence of only mono-

meric 29, but in protic polar solvents (water, methanol) 29 is

strongly aggregated due to hydrophobic interactions.92

Amphiphilic star-shaped HBCs 30a,b bearing branched

oligoethers have been prepared by direct cyclotrimerization

of the corresponding diarylethynes followed by oxidative

cyclization (FeCl3 in MeNO2); they form a discotic columnar

mesophase between room temperature and 350 uC (decom-

position temperature).93

2.5. Low-symmetry discotic molecules

For synthetic reasons, most known discotic molecules com-

prise highly symmetrical aromatic cores decorated with

identical peripheral substituents. However, discotic molecules

with lower symmetry, though more synthetically challenging,

offer additional opportunities for the tuning of properties and

supramolecular organization. In general, lower symmetry

should entropically disfavor crystallization and hence, stabilize

the mesophases. One may distinguish between the following

possibilities in the design of less-symmetrical discotics: (i)

changing the substitution pattern of the same highly symme-

trical core; (ii) building up aromatic disc-like molecules with

lower inherent symmetry but bearing all identical substituents;

(iii) binding two or more rigid cores by appropriate spacers

into ‘‘discotic dimers or oligomers’’.

2.5.1. Variation of substitution pattern. Assembly of discotic

cores by the cyclooligomerization of smaller precursors necessa-

rily provides fully symmetrical molecules. Typical examples are

HBCs, phthalocyanines (Pc) and triphenylenes, possessing six-,

four- or three-fold rotational symmetry, respectively. They are

prepared via the metal-catalyzed trimerization of symmetrical

diarylacetylenes, base-promoted tetramerization of 4,5-disubsti-

tuted-1,2-benzodinitriles and oxidative trimerization of 1,2-

disubstituted benzenes, respectively. If a mixture of two (or

more) precursors with different substituents is subjected to the

cyclization, it necessarily leads to complex mixtures of products.

This method of synthesis can only be practical when a difference

in polarity ensures the reasonably facile separation of products.

Examples of such ‘‘statistical’’ approaches to some unsymme-

trically substituted Pc and triphenylenes have been reviewed

earlier.29 Here we will mention only the recently prepared

heptaethynyl substituted Cs-symmetrical Ni-Pc that forms an

unusual columnar phase where each ‘‘super-disc’’ in the column

is formed by the two Pc units.94

The advantages of the ‘‘rational’’ approach that would yield

discotic molecules with precisely defined composition andFig. 9 Molecular structure of star-like pyrene derivative 24.
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structure over the ‘‘statistical’’ approach, resulting in the

mixtures of products, are quite evident. Rational strategies for

the synthesis of triphenylenes have recently been presented in a

tutorial review.95 Thus, only selected examples not covered by

this review will be discussed below. An elegant and at the same

time rather simple ‘‘rational’’ approach to lower-symmetry

discotics relies on the ‘‘extra’’ substitution of the highly

symmetrical aromatic core via, e.g., an electrophilic substitu-

tion. Nitration of hexaalkoxytriphenylene 2a yields the nitro

derivative 31 that is liquid crystalline at room temperature and

has a much broader mesophase range compared to 2a

(Table 5). In addition, the nitro group can be easily converted

into a number of other functionalities (amino, azido,

alkylamido) and some of them also demonstrate enhanced

Scheme 1 Star-shaped HBC derivatives.

Table 5 Low-symmetry discotics (2a and 7 are given for the sake of comparison)

Overall symmetry of molecule Aromatic core Number and structure of side chains Phase behavior Ref.

2a D3h Triphenylene 6 OC6H13 Cr 68 Colh 97 I 69
31 Cs Triphenylene 6 OC6H13 Colx 136 I 96
34 D3h Triphenylene 6 COOC6H13 Cr 108 Colr 120 I 29
33a Cs Triphenylene 4 COOEt Cr 70 Colh 218 I 98
33b Cs Triphenylene 4 COOC6H13 Cr 58 Colh 91 I 98
33c Cs Triphenylene 4 COO(2-Et-C6H13) Colh 121 I 98
39 C2v HBC 4 n-C12H25 Cr 59 Colho . 420 I 99
41 D2h HBC 4 n-C12H25 Cr 104 Colho . 420 I 99
7 D6h HBC 6 n-C12H25 Cr 107 Colh 420 I 71
38 C2v HBC 5 n-C12H25 Cr 124 Colho 412 I 99
40 C2v HBC 4 n-C12H25 Cr 147 Colho 400 I 100, 108
48 C2v HBC-analog 4 n-C12H25 Cr 148 Colho 420 I 108
49 C2v HBC-analog 4 n-C12H25 Cr 173 Colco 210 I 108
50 D3h HBC-analog 6 n-C12H25 Cr 48 Colho . 500 I 108
a Phases: Cr crystalline, Colh columnar hexagonal, Colho columnar hexagonal ordered, Colco columnar cubic ordered, Colr columnar
rectangular, Colr columnar unspecified, I isotropic. b Multiple crystalline phases are not shown.
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mesophase properties.96 Heptasubstituted triphenylenes with

‘‘extra’’ alkoxy substituents have been prepared from

highly symmetrical hexaalkoxytriphenylenes 2 via three-step

synthesis.97

Triphenylenes 33 bearing four alkoxycarbonyl groups and

lacking rotational symmetry have been prepared via the

regioselective formylation of 2,6,10-trimethylphenylene (32)

in a key step (Scheme 2). Even when alkyl chains are as short

as ethyl, tetraesters 33 are liquid crystalline at or close to room

temperature. Columnar mesophases of tetraesters 33 are stable

over a much broader range than those of the highly

symmetrical hexaesters with identical substituents (compare

33b and 34, Table 5 and Scheme 2) and in addition, form

homeotropically aligned films.98

In spite of the appealing simplicity of the desymmetrization

approach described above, chemists sometimes choose longer

and more challenging synthetic routes towards lower-symme-

try discotics. As an example, the synthesis of low-symmetry

HBC derivatives will be considered. Cyclotrimerization of

symmetrical di(alkylaryl)acetylenes followed by the oxidative

cyclization of the hexaarylphenyl intermediate necessarily

leads to the D6h-symmetrical hexaalkyl HBCs such as 7

(Fig. 3). However, a Diels–Alder cycloaddition between

diarylacetylenes 35 and tetraarylpentacyclodienones 36 with

a properly chosen combination of substituents (see Scheme 3

for representative examples) gives access to penta- or tetra-

alkyl derivatives as single reaction products.99,100 These

substitution patterns can be termed ‘‘mono’’, ‘‘ortho’’ and

‘‘para’’ by analogy with benzene derivatives, as HBC can be

considered as a ‘‘superbenzene’’.

Notably, this approach provides the bromo and iodo HBC

derivatives 37, 39 and 41. A ‘‘1,3,5-trisubstituted’’ triiodo

derivative of HBC bearing three alkyl chains was prepared via

an alternative synthetic route.91 These valuable intermediates

can easily be converted via metal-catalyzed cross coupling

reactions into a number of useful functional derivatives

(Scheme 3) as well as to complex molecules containing more

than one HBC core (see below).99 Among the other molecules,

diarylamino derivatives 42 and 43 have been prepared from 37

and 39, respectively, by the Buchwald–Hartwig coupling in

order to provide another entry to the ‘‘molecular double

cable’’ concept (see above). Unlike the star-shaped HBCs 27d

and 28, the diarylamine-substituted derivatives 42 and 43 do

form liquid crystalline mesophases above 217 uC and 162 uC,

respectively. Moreover, they exhibit relatively high charge

carrier mobilities (0.11 and 0.21 cm2 V21 s21, respectively).

Whether these values reflect more efficient hole transport

along the ordered amine stacks compared to disordered solid

phases, or a comparable mobility of electrons that remain

localized in the HBC cores with that of holes on the amine

units, remains unanswered. The PR-TRMC method is

insensitive to the sign of charge carriers and cannot therefore

distinguish between these two possibilities (various experi-

mental methods for the measurement of charge carrier

mobility will be discussed below, see Section 4).90

Synthetic routes to low-symmetry HBC and triphenylene

derivatives pave the way to donor–acceptor discotic dyads

such as 44–46 (Scheme 3).101–104 The interest in such elaborate

molecular structures is twofold. First, the bulky side groups

considerably modify the supramolecular order, and second,

they constitute unique systems for photovoltaic applications.

The distance between a donor and an acceptor moiety, and as

a consequence, the kinetics of electron transfer can be tailored

from the synthesis. Rapid hole or electron transport along

donor or acceptor columnar stacks, respectively, is anticipated.

Finally, an interesting amphiphilic HBC derivative 47

bearing two alkyl and two oligoether chains attached to the

aromatic core (Fig. 10) has been prepared via the same general

strategy as shown in Scheme 3. This design prevents the

columnar self-assembly typically encountered for HBC deri-

vatives. Instead, in THF 47 self-assembles into bilayer tapes

due to interdigitation of the alkyl chains of p-stacked discs.

Rolling-up of this tape produces hollow tubular objects with a

length greater than 10 mm and an internal diameter of ca.

14 nm, that is, an order of magnitude larger than carbon

nanotubes. Both internal and external surfaces of the nanotube

composed of ca. 50 000 disc-like molecules are covered by

hydrophilic triethyleneglycol chains that suppress formation of

multilayer structures in polar solvents such as THF.105 Very

recently, nanotubes with one-handed helical chirality have

been fabricated via the introduction of a stereogenic center into

each of the oligoether chains.106 This chiral nanotubes form

macroscopic fibers with anisotropic electrical conduction.107

2.5.2. Variation of the aromatic core. Very recently, the

synthesis of ‘‘HBC-like’’ PAHs with ‘‘zigzag’’ peripheries

possessing lower inherent symmetry of aromatic cores

compared to the pristine HBC was described (Fig. 11).108 A

Scheme 2 Synthesis of triphenylene derivatives lacking rotational symmetry.
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combined effect of the substitution pattern, number of

substituents and overall symmetry of the molecule on the

thermotropic behavior on discotic molecules will be considered

in comparison with multiply substituted HBCs.

In the series of HBC with six, five, and four alkyl

substituents, the temperatures of the transitions from crystal-

line solids to columnar mesophases constantly increase while

the isotropization temperatures remain above 400 uC (see

Table 5). Thus, a reduced number of chains provides a more

important effect than the lower overall symmetry of the

molecule. The role of symmetry is clear, however, for the C2v

‘‘ortho’’ dibromotetraalkyl HBC 39, which melts from the

crystalline solid to the columnar mesophase at significantly

lower temperature than its more symmetrical ‘‘para’’ isomer 41

(Scheme 3).

In the series of PAH 39, 48 and 49, the overall symmetry of

the molecules and the number of substituents remain the same

(four alkyl chains per C2v-symmetrical molecule). However,

the thermotropic behavior of 49 with alkyl chains located at

the zigzag sites of the periphery of the aromatic core

dramatically changes compared to that of 39 and 48

(Table 5). This is undoubtedly due to the effect of a denser

substitution pattern in the molecule of 49. A similar effect of

‘‘dense packing’’ is observed for the D3h-symmetrical molecule

50 that has a much lower first transition temperature

compared to D6h-symmetrical HBC 7 with less dense ‘‘pack-

ing’’ of the peripheral substituents.

Although discotics with a large aromatic core such as HBC

and its analogs are particularly attractive since they are liquid

crystalline over very large temperature ranges, low symmetry

analogs of relatively small triphenylene have also received

Fig. 10 Amphiphilic derivative of HBC self-assembles into giant

nanotubes.105

Scheme 3 Synthesis of the low-symmetry HBC derivatives (top) and examples of donor–acceptor discotic dyads (bottom).
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considerable attention. Thus, the hexaalkoxy derivative of

benzo[b]triphenylene 51 (Scheme 4) exhibits a columnar

hexagonal mesophase between 35 uC and 88 uC, i.e. over a

broader range than the triphenylene bearing identical alkoxy

substituents.109 A versatile synthetic approach based on

condensation of phenanthrene-9,10-diones 52 with commer-

cially available ortho-diamines provides access to a variety of

dibenzo[a,c]phenazine derivatives 53 and 54.110,111 Although

53 (X = Y = H) bearing four hexyloxy chains is non-mesogenic

as well as its dimethyl derivative (X = Y = Me), the dicyano

derivative (X = Y = CN) forms a Colh phase with a

surprisingly broad range for a relatively small core size (72–

256 uC).111 In the series of derivatives with one electron-

withdrawing or electron-donating group (54, X = H, Y = F,

Cl, COOMe, CN, NO2, Me, OMe), a clear quantitative

correlation between the tendency of these molecules to form

columnar phases and substituent effect (expressed by Hammett

parameters sm and sp) was obtained. Thus, molecules bearing

strongly electron-withdrawing groups (NO2, CN) form stable

columnar hexagonal phases over a remarkably broad tem-

perature range, while their analogs with electron-donating

substituents directly melt from the crystalline state to the

isotropic liquid. This observation can be rationalized in terms

of stabilization of p–p-stacking between disc-like molecules by

the addition of the electron-withdrawing groups that minimize

the repulsive interactions between adjacent aromatic p-systems

(see ref. 110 and references cited therein for a detailed

discussion). Also the naphthalene analog 55 shows a greater

tendency to p-stacking and is liquid crystalline (Colh, 123–

172 uC), probably due to the large size of the aromatic core

which favors p-stacking.

Perylene diimide (PDI) dyes have found important indus-

trial applications as dyes and pigments due to their intense

optical absorption and excellent thermal, chemical and

photochemical stability. Interest in discotic mesogens derived

from PDI and related molecules arose from their high electron

affinity which makes them very attractive as n-type (electron

transporting) semiconductors. Since synthesis, supramolecular

self-assembly and spectral properties of PDI derivatives and

related compounds have been recently reviewed in detail by

Würthner112 and Langhals,113 discussion in this review will be

limited.

PDI derivatives without, or with relatively short

N-substituents are high-melting crystalline solids. However,

substitution of the imide nitrogens with sufficiently long linear

alkyl substituents (e.g., 56, Fig. 12) provides liquid crystalline

materials with rather complex phase behavior. Notably, a

charge carrier mobility of 0.11 cm2 V21 s21 has been measured

in the LC phase of 56.114 Unsaturated N-substituents in 57

induce formation of a lamello-columnar mesophase between

178 and 292 uC.115 More sophisticated derivative 58 bearing

N-trialkoxyaryl substituents forms columnar mesophases

between room temperature and 373 uC.116 Introduction of an

additional CH2 spacer between the tri(alkoxy)phenyl group

and the imide nitrogen atom in 59 lowers the clearing point to

226 uC making it more readily processable from the melt.21 A

Fig. 11 Zigzag analogs of HBC.

Scheme 4 Synthesis of low-symmetry analogs of triphenylene.
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bulky substituent in the so-called bay region of the molecule

also dramatically reduces the isotropization temperature (e.g.,

283 uC for 60, cf. 58).

The charge carrier mobility of 58 was recently studied by the

steady-state space-charge limited current (SCLC) technique

and was found to be highly dependent on the fabrication of

samples. However, PDI derivatives were shown to be efficient

electron transporting materials, and the highest value for 58

was 0.2 cm2 V21 s21. Moreover, for its analog 59 an electron

mobility of 1.3 cm2 V21 s21, i.e., higher than that of

amorphous silicon, was measured under ambient conditions.21

Expansion of the PDI aromatic core along the long

molecular axis leads to terrylene and quaterrylene diimides

(TDI and QDI, respectively). Enlargement of the aromatic

core is supposed to enhance the p–p-interaction which may

lead to highly ordered supramolecular organization and

enhanced charge carrier mobilities, as discussed above.

Interesting thermotropic behavior in a series of PDI, TDI

and QDI with identical branched substituents (61, 62 and 63,

respectively, Fig. 12) was observed.117 With increasing core

size the isotropization temperature predictably increases from

130 uC for 61 to .500 uC for 63. However, while PDI 61 and

TDI 62 directly melt from a crystalline state to the isotropic

liquid and do not form LC mesophases, QDI 63 with the

largest aromatic core is plastic crystalline at room temperature

and forms ordered hexagonal columnar phases above 188 uC.

This finding further illustrates the importance of a well-

adjusted balance between the size of the core and the length of

the peripheral substituents for the successful design of discotic

mesogens. Probably, elongation of branched N-alkyl chains in

the molecule of QDI would yield derivatives with accessible

isotropization temperatures.

Another interesting subclass of rylene diimides are coronene

derivatives such as 64 (Fig. 13), which form columnar

hexagonal mesophases with rather high melting points.118

Remarkably, a charge carrier mobility as high as 0.2 cm2 V21

s21 was measured by the PR-TRMC method in the columnar

hexagonal phase of coronene monoimide 65 at room

temperature.118 Also, structurally closely related tetraesters

of perylene, coronene and ovalene tetracarboxylic acids should

be mentioned here.119 Perylene tetraesters 66 with linear

substituents form columnar mesophases with reasonably low

melting points120 and have been used for the fabrication of

OLEDs121 and photovoltaic solar cells.122 The tetraesters with

2-ethylhexyl substituents 66, 67 and 68 (Fig. 12, 13) form

columnar mesophases at room temperature and have clearing

points at 260 uC, 153 uC, and .375 uC respectively.119 These

examples provide another illustration of the combined

influence of various structural factors on the phase behavior

of discotic mesogens. Indeed, all three molecules 66, 67 and 68

have the same D2h symmetry and the same number of identical

2-ethylhexyl substituents at the periphery of the aromatic core.

As expected, the ovalene derivative 68 with the largest

aromatic core has the highest clearing point. At the same

time, the relatively small perylene derivative 66 has a much

higher isotropization temperature compared to the coronene

67. This is undoubtedly due to the effect of more densely

positioned branched substituents in 67 that was already

discussed above for HBC and its ‘‘zigzag’’ analogs.

2.5.3. Discotic dimers and oligomers. Molecules comprising

more than one aromatic core in one molecule (referred to as

‘‘discotic oligomers’’) represent a very attractive class of

discotic mesogens since they may, in general, demonstrate a

higher degree of order compared to their ‘‘monomeric’’

analogs. However, ‘‘superbiphenyl’’ 69 (Fig. 14) prepared via

Yamamoto homocoupling of the monobromide 37 (Scheme 3)

does not form well-defined columnar mesophases. This is

apparently due to intermolecular torsion that is caused by the

direct linkage of the two HBC units and prevents columnar

Fig. 12 Liquid crystalline rylene diimides; selected isotropization temperatures are given in brackets.
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self-organization. On the contrary, a ‘‘dimer’’ 70 with the two

HBC aromatic cores connected by a sufficiently long and

flexible polymethylene spacer shows only slight difference in

LC behavior compared to the hexaalkyl HBC ‘‘monomer’’ 7

(Fig. 3).123 In an expansion of this approach, an unprecedented

star-like HBC ‘‘heptamer’’ 71 with six (CH2)11 flexible linkers

between one central and six peripheral HBC units has been

prepared via an impressive 42-fold oxidative cyclization of the

corresponding precursor in a final synthetic step. At room

temperature heptamer 71 forms disordered solid phases.

However, with increasing temperature the HBC units become

more mobile and ordered hexagonal columnar mesophases are

observed.124 In addition, in heptane or toluene solution

formation of a physical gel was observed. This represents a

rare case of gelation exclusively due to p–p-interaction, but

without H-bonding or dipole–dipole interactions involved.

Discotic ‘‘twins’’ or ‘‘sandwiches’’ with two large aromatic

cores covalently captured in a face-to-face arrangement and in

close proximity to each other represent an attractive possibility

for improving the inter-disc charge transport. Within this

concept, cyclophane 72 (actually the cyclophane with the

largest aromatic core reported to date) was prepared via the

Fig. 14 Discotic twins, dimers and oligomers.

Fig. 13 Liquid crystalline derivatives of perylene, coronene and ovalene; selected isotropization temperatures are given in brackets.
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ring closing metathesis of the olefinic precursor.125 Wide angle

X-ray scattering (WAXS) of extruded fibers revealed forma-

tion of the Colh mesophase that persists up to 400 uC. A

similar design has been realized for the double-decker

phthalocyanine mesogens with rare earth metal sandwiched

between the two aromatic cores. The mesogens of these class

form various columnar mesophases and sometimes demon-

strate very complex phase behavior.126 Notably, charge carrier

mobilities as high as 0.71 cm2 V21 s21 were reported for the

lutetium ‘‘sandwich’’ derivative 73 (M = Lu, X = S, R =

n-C12H25). For more detailed discussion of phthalocyanine

‘‘twins’’ the reader is referred to the recent review.127

This section, devoted to molecular concepts, has stressed the

close interplay between molecular structure and properties of

materials. Theory has a pivotal role to play in the rationaliza-

tion of electronic properties of various molecular structures

and for the design of materials with tailored electronic

behavior. What is however less understood is the relationship

between molecular structure and supramolecular order, which

is the subject of the next section.

3. Supramolecular order and processing

3.1. Supramolecular organization of discotic molecules

Supramolecular organization of discotic molecules is closely

related to molecular design.128 At the same time, the

supramolecular structure of discotics has a great influence on

their performance in devices. Interactions between discotic

molecules leading to their self-assembly in supramolecular

structures can be governed by various non-covalent

forces.34,129 For conjugated cores, such as polycyclic aromatic

hydrocarbons, p-stacking results in self-assembly into colum-

nar stacks.130 The microsegregation of flexible peripheral

chains from the rigid aromatic core further promotes the

formation of thermotropic mesophases.131,132 However,

p-stacking interactions might also result in a lateral displace-

ment of planar aromatic cores in the columns.133

In blends of molecules with complementary structures, such

as hexaalkoxy- and hexaphenyl-substituted triphenylenes,

polytopic interactions occur from the sum of the van der

Waals interactions between atoms in close contact.134 These

specific interactions in equimolar mixtures result in the

alternating packing in the stacks of the differently shaped

molecules accompanied by the stabilization of columnar

superstructures and enhancement of electronic properties of

a blend compared to the pure components.135 When two

discotic molecules with opposite electronic affinities are

brought together, a similar alternating packing is

observed.115,136 Formation of donor–acceptor complexes

results in the efficient charge transfer interactions between

the electron-donating and the electron-accepting discs.137

Hydrogen bonds between a donor with relatively labile

hydrogen atoms and an acceptor bearing electron lone pairs

may play an important role in the self-assembly of discotic

molecules. It has been shown that mesophases of disc-like

molecules with an aromatic core as small as benzene are

efficiently stabilized by intermolecular hydrogen bonding

between amide groups.138 Hydrogen bonding may also greatly

enhance the stability of the columnar supramolecular

structures formed by p-stacking.139,140 These two forces of

different nature act cooperatively leading, in some cases, to a

significant lowering of the intermolecular distance within the

columnar stacks (see example of HAT derivative 17 bearing six

lateral N-alkylamide chains, Section 2).64

Another approach to stabilization of columnar super-

structures is a coordination with metal ions. When transition

metal ions such as Cu2+ or Co2+ are introduced in the

porphyrin or phthalocyanine core, this results in planar

molecules with tetra-coordinated metals. However, large metal

ions such as lanthanides form double-decker complexes in

which a metal ion is sandwiched between two phthalocyanine

rings. This can lead to exceptionally small intermolecular

distances. Thus, in the phthalocyanine lutetium ‘‘sandwiches’’

(Fig. 14) the inter-disc distance is as short as ca. 3.3 Å. This is

reflected in mobilities up to 0.71 cm2 V21 s21.127

The main thermotropic organization types which were

found for these disc-like molecules can be divided into

columnar,60 discotic nematic,141 columnar nematic142 and

lamellar (smectic-like) phases.143 Nematic phases reveal an

orientationally ordered arrangement of discs, but no long-

range translational order. Fluid discotic nematic phases are

commercially exploited as optical compensation films in liquid

crystal displays (LCD).144 In more viscous columnar phases

the discotic molecules stack on top of each other into columns,

which are in turn arranged into a two-dimensional lattice.145

Columnar structures that are most frequently encountered in

the LC phases possess a hexagonal (Colh), a rectangular (Colr),

or an oblique (Colob) lattice.

The phase transition from the crystalline to the LC phase is

accompanied by a significant increase in molecular dynamics

such as the rotation of the discs around the columnar axis. In

addition, both the intra- and intercolumnar organization

drastically changes in comparison to the crystalline phase.

The centers of gravity of molecules in columnar LC

mesophases are positioned along the columnar axis and

columns can slide relative to each other giving rise to the

fluid character of the phase. For some systems, an intermediate

mesophase is observed between the crystalline and liquid

crystalline phase. In a plastic crystal phase the centers of

gravity of molecules form a three-dimensional lattice whereas

molecules conserve rotational freedom.146,147 It is important to

stress that the molecular fluctuations in the liquid crystalline

mesophases support the self-healing of structural defects and

hence enhance the charge carrier transport along the columnar

stacks.148 Due to this behavior thermotropic discotics possess

essential fundamental advantages versus other organic semi-

conductors such as conjugated polymers.

The thermotropic phase behavior of discotic liquid crystals

is usually studied by using differential scanning calorimetry

(DSC), polarized optical microscopy (POM), wide-angle X-ray

scattering (WAXS) and solid-state NMR. DSC is used to

determine the temperatures of phase transitions and enthalpy

changes related to each transition. The fluid character of

mesophases and in many cases the characteristic textures are

easily observed by POM. The supramolecular organization

and the corresponding packing parameters in each phase can

be studied in detail by X-ray diffraction, in particular by 2D-

WAXS of macroscopically oriented samples.60,62,89 This
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technique allows one to obtain a detailed insight into the intra-

and intercolumnar order. It is possible to determine not only

the intercolumnar spacings but also to obtain information

about the arrangement of discs within the columns, such as

tilting or helical packing. Solid-state NMR is one of the most

powerful tools for the study of the molecular dynamics.149,150

This technique provides important information about the

dynamics of a rigid core and flexible side chains in a molecule

and allows one to derive independent conclusions about the

rotation of the core or about the peripheral mobility of side

chains. Moreover, because of the different electronic environ-

ments of the aromatic protons in the intracolumnar packing,

the tilted arrangement of the discs in the solid phase can be

determined as well. In general, it is necessary to apply all these

complementary experimental methods in order to obtain a

clear, comprehensive and unambiguous picture of the bulk

behavior of discotic mesogens.

A generally overlooked issue is the thermooxidative

degradation of discotics. This question is particularly impor-

tant for their use as semiconductors and if a thermal annealing

step is required during processing. Thermal stability in a given

temperature range is commonly assessed by the absence of

mass loss measured by thermogravimetric analysis (TGA).

This convenient technique is, however, not sensitive enough to

identify minor thermooxidative processes. It was shown using

chemiluminescence that the onset of thermooxidative degrada-

tion of some triphenylene derivatives occurs at 130–140 uC, i.e.

at least 100 uC below any degradation detectable by TGA.151

Evidently, trace amounts of impurities from synthesis such as

Lewis acids, oxidants and side products can further facilitate

thermal degradation. Extensive purification of discotic materi-

als and low isotropization temperatures are the best way to

remedy the thermooxidative degradation during processing.

3.2 Processing

As discussed above, the ability of discotic molecules to self-

assemble in columnar superstructures together with the self-

healing of structural defects in liquid crystalline columnar

mesophases provide great potential for their application as

semiconductors for organic electronic devices. However,

development of appropriate processing techniques for the

fabrication of defect-free long-range oriented discotic material

represents a major challenge. It has been unambiguously

demonstrated that the degree of structural order plays a crucial

role for the performance of semiconducting devices based on

thiophene oligomers or pentacene.5,152 The fact that the

solubility and the thermal behavior of discotics can be

effectively controlled ‘‘just’’ by the variation of flexible side

chains represents a fundamental advantage for the processing.

In comparison with vacuum deposition techniques, deposition

of materials from solution is a remarkably more facile and

potentially cheaper method for thin film fabrication.

An important issue in the processing of discotic materials is

the control of macroscopic orientations of columnar super-

structures on surfaces. Discotic molecules can adopt two

characteristic orientations, which are required for electronic

devices with different geometries. On the one hand, the planar

uniaxial alignment with edge-on orientation of the molecules

and columns parallel to the substrate is needed for field effect

transistors (FET) (see Fig. 21, Section 4) in order to ensure the

charge migration between the source and the drain. This

orientation can be achieved by various alignment techniques

based on the processing of material either from solution or

from the isotropic state (see below). On the other hand,

homeotropic alignment with a face-on orientation of the discs

and the columnar axes perpendicular to the substrate is

expected to be beneficial for the performance in photovoltaic

cells or light-emitting diodes (LED) (see Fig. 23, 24, Section 4).

Processing methods providing control over macroscopic

orientation of columnar stacks relative to the surface will be

discussed in more detailed below.

3.2.1. Homeotropic alignment. The face-on orientation of

discotic molecules is usually a preferred mode of deposition:

this process can occur during mesophase formation from the

isotropic melt or via the deposition of a dilute solution onto

the surface. By changing the chemical nature of the aromatic

core and/or of the side chains it is possible to modify the

surface affinity of the molecules.153 Monolayers of discotic

molecules ‘‘lying flat’’ on the substrate can be obtained by

deposition of dilute solution onto MoS2 or highly oriented

pyrolytic graphite, as reported for discotic triphenylenes,154,155

hexaazatriphenylene 17156 (Fig. 7) and HBCs.102,157 In these

cases, the main driving force for the face-on organization is the

interaction between the disc and the surface. The supramole-

cular arrangement of self-assembled triphenylenes on a gold

surface was controlled by the number and position of the thiol

anchor groups attached to the disc-like core.158

The face-on orientation of discotic molecules obtained by

slow cooling of the material from the isotropic phase can

initiate the formation of homeotropic alignment on a

macroscopic scale. The molecules arranged on the surface act

as nucleation sites at which new discs self-assemble in columns.

Typically, this process occurs during annealing at the isotropic

liquid to mesophase transition where the mesophase viscosity

is low.

Homeotropic alignment between two solid substrates has

been reported for many different discotic molecules and is

independent of the core size and film thickness.48 It occurs for

columnar mesophases as well as for less viscous discotic

nematic mesophases, as recently demonstrated with a por-

phyrin derivative.159 However, there are essential differences

between the alignment on one or between two solid substrates.

Only very limited examples of successful homeotropic align-

ment on one solid substrate have been described,19,160–162 while

the self-alignment of the discs was strongly dependent on the

film thickness.

In the specific case of phthalocyanine 18e (Fig. 8) the air

interface has proven to govern the alignment for film thickness

ranging from 50 nm to several mm and never gave a

homeotropic alignment.7 One way to circumvent the absence

of the spontaneous homeotropic alignment when an air

interface has to be present (e.g., when subsequent deposition

of other layers on the top of homeotropically aligned discotic

material is foreseen) consists in the use of a sacrificial polymer

layer (Fig. 15).163 After inducing the desired homeotropic

alignment the sacrificial layer is simply washed away with a
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suitable solvent that must obviously leave intact the home-

otropically aligned discotic layer.

The ‘‘molecular ingredients’’ leading to the spontaneous

face-on orientation of discotic molecules between two solid

substrates have not been yet identified. In many cases, the

aromatic cores were substituted by side chains bearing

heteroatoms, which might enhance the affinity of the

molecules to the surfaces and thus the tendency to form

homeotropic alignment (see HBC 74).86,164–168 However, the

formation of homeotropic alignment by an all-hydrocarbon

HBC 7571 (Fig. 16) and even by larger PAHs169 indicates a

more complex mechanism. This is further assessed by the

homeotropic alignment of phthalocyanine 18e (Fig. 8) that

occurs between a variety of substrates including gold, glass,

ITO (indium–tin oxide), PEDOT-PSS (poly(3,4-ethylenedioxy-

thiophene)-poly(styrenesulfonate)) and polyisobutylene

rubber.7 It has recently been shown that homeotropic

alignment between two solid surfaces of various natures can

be induced by the introduction of appropriate partially

fluorinated chains at the periphery of triphenylene molecules

(see also Fig. 3 and Table 4).82 These observations seem to

indicate that homeotropic alignment between two solid

substrates is achieved regardless of the chemical nature of

the surfaces. However, such a conclusion is incorrect in the

light of the recent works of Kato170 and Nolte171 who could

demonstrate that homeotropic alignment is indeed induced by

specific molecule–surface interactions such as hydrogen bond-

ing or metal coordination. In addition, homeotropic alignment

also occurs for miscible blends of dissimilar discotic mole-

cules115 and for donor–acceptor discotic dyads.102,103

It is rationalized from these, sometimes contradictory,

results that a subtle balance between the enthalpy (molecule–

substrate interactions) and the entropy (conformations of side

chains) controls the occurrence of homeotropic alignment.

These views are supported by the fact that the temperature of

thermal annealing required to induce homeotropic alignment

is sample-specific and varies considerably. An annealing

temperature as high as 1200 uC was used in a somewhat

different case of the mesophase-pitch-based carbon layers.

During carbonization process, the disc-like graphite fragments

orient preferentially edge-on on some metals and all oxides,

with the exception of mica. Face-on anchoring is observed on

carbon graphene planes, mica and metals (Pt, Ni and Ag).172

Besides thermodynamics, the kinetics of growth also influences

the alignment of liquid crystalline discotics. Very recently, it

has been shown that the competition between planar and

homeotropic alignment can be controlled by the kinetics of

annealing.162 Finally, homeotropic or linear alignment can be

created by an external stimulus such as polarized infrared

irradiation of liquid crystalline or plastic crystalline columnar

mesophases.173

Homeotropically aligned samples typically do not show

birefringence in the POM between cross-polarizers (Fig. 17a),

since the optical axis in this case coincidences with the

columnar axes. In order to distinguish between the home-

otropically aligned columnar and the isotropic phase, addi-

tional experiments are necessary. X-Ray scattering is one

method which confirms precisely the alignment (Fig. 17b).

FTIR spectroscopy, as an alternative technique, points out

also the orientation of the aromatic core on the substrate.

Typically, the C–C aromatic stretching vibration and the C–H

out-of-plane vibration can be directly correlated with the face-

on arrangement of the disc-like molecules in the home-

otropically aligned LC phase.174,175

It has been shown that improved homeotropic order within

an indium–tin oxide (ITO) cell improves the photoconductivity

by a factor of five compared to poorly oriented parts of the

sample.71 Another efficient way to determine the relationship

between the homeotropic alignment and electronic properties

of an organic semiconductor is time-of-flight experiments.176

The determined charge carrier mobility is strongly dependent

on the thermotropic behavior as well as on the alignment of

the material.177 Pronounced intracolumnar order, such as

helical arrangement,39 and self-healing in the LC phase lead to

higher mobilities along columnar structures, whereas columnar

Fig. 15 Thin film of phthalocyanine 18e after heating above the

isotropization temperature and subsequent cooling to the ambient

temperature, POM image. The upper part of the image appears black

due to homeotropic alignment: this part of the sample was covered

with a sacrificial layer (polyvinylphenol). The lower part of the image

reveals mosaic texture typical for the columnar mesophase: this part of

the sample has an interface with air.

Fig. 16 Some HBC derivatives that spontaneously form homeotropic

alignment.
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disorder limits the one-dimensional charge transport. The

created charge carriers migrate through the well-aligned

sample in a non-dispersive manner, while disperse transport

was observed for non-oriented samples and for materials in the

crystalline state due to charge-trapping at macroscopic grain

boundaries.148

3.2.2. Planar alignment. It has been shown in the previous

section that no homeotropic alignment could be obtained with

an air interface. Instead a planar alignment with a random

distribution of the column directors in the plane parallel to the

air interface has been observed. Such alignment is of little

practical interest if discotic mesogens are designed for charge

transport applications. A uniaxial planar alignment with the

columns parallel to the substrate but with long columnar axes

pointing in the same direction is obviously preferable for

electronic devices such as field effect transistors (FET).

Uniaxial alignment can be obtained in Langmuir–Blodgett

(LB) films.178 During the dipping of the substrate into and out

of water the discs, which self-organize at the air–water

interface, are deposited. Typically, a macroscopic planar

alignment of the columns with their long axis parallel to the

dipping direction is observed. Discotic molecules orient edge-

on at the air–water interface if they bear hydrophilic groups on

one side chain.179–181 In order to improve the organization of

amphiphilic molecules in LB films, functionalization of the

substrate by poly(ethylene imine) which acts as an anchor

point for the first deposition layer can be used.182,183 In some

cases, symmetrical discotic mesogens without any amphiphilic

character arrange edge-on and generate stable columnar

assemblies at the air–water interface.184,185 In other cases, the

introduction of hydrogen bonds leads to a face-on orientation

with the discs ‘‘lying flat’’ on the water surface and the

hydrocarbon chains extending away from the water inter-

face.186,187 This obviously precludes the formation of the

desired uniaxial alignment.

Planar alignment has also been achieved in a metal–SAM–

metal junction (SAM: self-assembled monolayer) with an HBC

derivative bearing a dithiolane functionality. This allowed one

to observe the tunneling of electrons across columns and to

reach the conclusion that HBC units are transparent to

electrons as compared to aliphatic chains.188

Another way to achieve a uniaxial alignment of columns is

the use of an alignment layer to benefit from epitaxial growth.

A breakthrough in the epitaxial growth of various materials on

friction pre-oriented poly(tetrafluoroethylene) (PTFE) surface

layers was achieved by Wittmann and Smith.189 There are two

examples of PTFE-aligned discotic liquid crystals. Thus, a

triphenylene derivative was spin-coated onto the PTFE

orientation layer and after evaporation of the solvent, a

uniaxial in-plane alignment of columns along the orientation

direction was determined from the high optical anisotropy

observed in polarized optical microscopy and absorption.12

Annealing of the films at higher temperatures (in the Colh
mesophase) further increased the degree of orientation.

An identical alignment was observed for larger PAHs, such

as hexa-substituted HBCs 8 and 19f (Fig. 3 and Fig. 8) that

were deposited from solution onto the PTFE film.13,14 The

structure evaluation by grazing-incidence X-ray diffraction

and the high optical anisotropy in polarized absorption

indicated well-aligned HBC films with a parallel orientation

of the columnar stacks on the underlying PTFE chains.13,190

The epitaxial organization of the two-dimensional lattice

describing the columnar arrangement fitted with a certain

number of the PTFE chains as Wittmann had predicted for a

successful alignment.

The zone processing methods are based on a change of the

processing conditions such as temperature, deformation rate

or solvent concentration within a defined zone resulting in a

parameter gradient which is the driving force for the directed

growth.191 This enables a quite facile way to produce

uniaxially aligned thin films without the use of an alignment

layer. The principle of zone processing is schematically shown

in Fig. 18. For zone casting, a solution is spread by means of a

nozzle onto a moving support, creating a concentration

gradient within a meniscus formed between the nozzle and

the support. At the critical concentration the material

nucleates from the solution onto the moving substrate to form

a uniaxially aligned thin layer.

This alignment technique has been successfully applied for

PAHs with extended aromatic cores that demonstrate pro-

nounced self-aggregation in solution.192 Moreover, it was

demonstrated that such pre-aggregation is beneficial for the

formation of highly ordered uniaxially aligned films. The

structural evaluation of these thin films revealed columnar

structures uniaxially oriented in the deposition direction with

exceptionally high column length9,10,193 and a ‘‘quasi single-

crystalline’’ supramolecular structure with edge-on arranged

Fig. 17 Example of a homeotropically aligned HBC 72b (Fig. 16): (a) the dendritic texture obtained by cooling the sample from the isotropic

phase between two surfaces appeared black in the POM, which is characteristic for homeotropic alignment; (b) 2D-WAXS confirmed the

orientation revealing a typical hexagonal pattern that suggests a uniform organization of the columns over large areas (inset: schematic illustration

of the columnar alignment towards the incident X-ray beam).161
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molecules (Fig 19b,c).194,195 Due to rotation of the discs from a

herringbone arrangement in the crystalline state to the

cofacial, non-tilted packing in the LC phase the optical

anisotropy could be changed upon heating from zero to a

highly anisotropic film.196

The uniaxial alignment from the melt along a temperature

gradient has been exploited by Liu and Bard.197 Their zone-

melting technique was based on an electrically heated wire

which generated a narrow molten zone on the organic layer

sandwiched between two glass slides. When the molten zone

was slowly moved across the sample, a single-crystal film was

produced after a single pass. An additional effect was the

significant improvement of the purity of the materials due to

the zone-refinement.

As described above, it was essential for the melt processing

of discotics consisting of larger aromatic cores to decrease their

isotropization temperatures by substitution with bulky,

branched side chains (see Section 2). These sterically

demanding substituents reduced self-aggregation and led to

the formation of macroscopically ordered domains as observed

for the HBC derivative 19e (Fig. 8). The columns were radially

oriented in the spherulites indicating pronounced tendency for

long-range self-organization (Fig. 19a).77

This pronounced directed growth of 19e opened up the

opportunity to align the material by zone-crystallization

(Fig. 18). Upon moving a sample along the temperature

gradient with a constant speed, the material crystallized in the

oriented film. 2D-WAXS revealed a columnar growth along

the temperature gradient with edge-on arranged discs, and

POM displayed high optical anisotropy characteristic for a

macroscopically oriented layer.

3.2.3 Tubes and fibers. Wendorff and coworkers recently

used porous alumina templates to produce aligned liquid

crystalline triphenylene nanowires.198 When the pores with a

diameter of a few hundred nanometres were filled with the

molten triphenylene derivative, only the pore walls were wetted

by the material. It has been observed that various parameters,

such as pore geometry, interfacial phenomena and the thermal

history, influence the order of the discs within the pores. A

further development of this tempting method was the

preparation of nanotubes consisting of a polymer layer outside

the tube and a discotic triphenylene layer inside. Under

controlled annealing in the mesophase, the discs rearrange to

produce a columnar alignment along the axes of the tubes.199

Recently, HBC 19e was successfully templated in nanoscopic

pores as well as in macroscopic glass capillaries by melt

processing. In both cases, the columnar structures were long-

range aligned along the template axis. This behavior was

explained by the pronounced directional self-assembly of the

19e molecules, while the influence of template curvature was

negligible.200 An alternative to produce stable graphite

nanotubes was presented for discotic HBC derivatives.201

The filling of membrane pores with a solution of material

resulted in a wetting of the walls. After carbonization at high

temperatures and removal of the inorganic template, carbon

nanotubes consisting of ordered graphene sheets oriented

perpendicular to the tube axis were obtained.

Fibers are structurally related to nanotubes by their high

aspect ratio. Triphenylene and phthalocyanine derivatives self-

assemble out of solution into fibers with well-defined internal

structure and controlled external geometry.202,203 Floating

phthalocyanine fibers in dodecane solution have been shown

to adhere in a planar way to an ITO substrate in the absence of

Fig. 18 Schematic illustration of zone casting (top)and zone crystal-

lization (bottom) of discotic molecules.

Fig. 19 (a) Formation of spherulitic domains by cooling 19e from the isotropic phase, (b) AFM image of zone-cast uniaxially aligned HBC

derivative 7 revealing also underlying columnar structures, (c) inverted FFT image of zone-cast 7 from the high-resolution electron microscopy.
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an electric field. When the electric field is turned on, the fibers

‘‘stand up’’ with their long axes oriented in the direction

parallel of the electric field.203

The major conclusion from this section is that disc-like

molecules can be processed in highly ordered thin films with

tailored alignment. This is an important prerequisite for the

study of electronic properties of discotic mesogens and their

use in the devices.

4. Charge transport and optoelectronic devices

4.1. Charge transport in bulk and thick films

A comprehensive study on charge transport in columnar

mesophases has been carried by Warman and collaborators

using the pulse-radiolysis time-resolved microwave conductiv-

ity (PR-TRMC) technique which reveals local mobilities

of charge carriers that migrate between only a few

molecules.204,205

Mobilities in the bulk measured by the time-of-flight

(TOF)147,206–209 or field-effect transistor (FET) techniques

are usually several orders of magnitude lower due to a higher

degree of disorder and possible trapping sites at grain

boundaries. The latter values are strongly dependent also on

the long-range order of the columnar structures which can be

controlled by different processing techniques. The charge

carrier mobilities obtained by the PR-TRMC technique can be

considered as the maximum possible values reflecting the

properties at the molecular level while TOF and FET

measurements reflect the supramolecular organization.

Furthermore, it was proven that the peripheral substitution

of the aromatic cores with long aliphatic hydrocarbon chains

provides an insulation of the conducting core and columnar

stacks of disc-like molecules can thus be considered as

‘‘nanowires’’. It has been shown that the life-time of charge

carriers within the columnar stacks of HBCs and phthalocya-

nines increases with increasing length of alkyl side chains and

this confirms the insulating action of the substituents.210

A disadvantage of the PR-TRMC technique is its insensi-

tivity to the sign of charge carriers, that is, it does not allow

one to distinguish between mobility of holes and electrons. In

contrast, TOF gives an opportunity to study the charge

transport of electrons and holes and in addition, reveals the

effect of alignment on the charge carrier mobility, as discussed

above. In most cases only the transport of holes was observed

with maximum mobilities of ca. 0.1 cm2 V21 s21 for highly

ordered phases of triphenylenes39,211 and phthalocyanines.212

The absence of a TOF signal for electrons was assigned to the

oxygen trapping of the negative charge carriers. Recently, the

high TOF electron mobilities of 0.01 cm2 V21 s21 for

hexabutyloxytriphenylene in the hexagonal plastic phase213,214

and even 0.08 cm2 V21 s21 for hexahexylthiotriphenylene in

the highly ordered helical phase have been reported.215 In the

latter case, the electron transport was strongly dependent on

the purity of samples. Insufficiently pure samples revealed only

a disperse TOF signal suggesting specific trapping of the

negative charges.

The best way to differentiate the electronic mobility from

the mobility of ionic impurities is to dilute a discotic liquid

crystalline mesophase with an inert solvent such as a linear

alkane. Alkanes do not contribute to the electronic charge

transport, thus, the mobility in diluted samples decreases if the

electronic transport mechanism predominates. The opposite is

observed for ionic transport due to decreased viscosity.214

However, such experiments that are tedious but highly

necessary for reliable structure–property assessment are rather

scarce.

Other TOF measurements carried out in the group of Iino

and Hanna on octaalkyl phthalocyanine 76 (Fig. 20) have

revealed ambipolar charge transport with hole and electron

mobilities of 0.2 and 0.3 cm2 V21 s21, respectively.23,212 What

is remarkable is that experiments repeated in the absence or in

the presence of oxygen gave comparable electron mobilities.

As mentioned above, PDI derivative 59 (Fig. 12) exhibits even

higher electron mobility (1.3 cm2 V21 s21), probed by space

charge limited current (SCLC) under ambient conditions.21

These values of charge carrier mobility obtained by different

methods and with various molecular structures prove that the

electron transport is fairly independent of the electron affinity

of the molecules and that the perturbing impact of oxygen on

the electron transport might be more complex than initially

believed on the sole basis of redox potentials.216 It seems that

electron deficient and low band gap discotics are also excellent

organic semiconductors for both positive and negative charge

transport. It makes this kind of materials even more promising

for device applications.

Dependence of the charge carrier mobility values on

temperature and electric field also provides important infor-

mation on charge transport mechanisms.176,217–220 Based on

the theoretical concepts introduced in Section 2, it is assumed

that charge transport mechanism, i.e. hopping42 or band-like

transport63,220 would be sample-specific since the magnitudes

of the nearest-neighbor electron transfer integral and of

dynamic disorder energies change considerably with a varia-

tion of molecular structure and supramolecular order.19,42,56 If

one considers in addition the dramatic influence that minor

amounts of impurities might have on charge transport, it is not

surprising that various temperature and electric field depen-

dences are observed.54,214 Furthermore, Bard and co-workers

have demonstrated in photoconductivity experiments the

influence of pressure on one-dimensional charge transport in

columnar stacks of porphyrin derivatives. A sharp increase in

photocurrent that could indicate a transition form hopping to

Fig. 20 Phthalocyanine 76 demonstrates high ambipolar TOF charge

carrier mobility.
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delocalized conduction was observed upon pressure

increase.221

4.2. Charge transport in thin films

It appears clear from the above that aromatic discotic

molecules possess the necessary electronic properties, in

particular high charge carrier mobilities, for their prospective

applications in electronic devices. On the other hand, we

have shown that the properties of discotic materials

depend strongly upon their supramolecular structure and the

macroscopic orientation of columnar superstructures on the

surfaces. Although both supramolecular organization and

macroscopic alignment can, in general, be efficiently

controlled by suitable processing methods, fabrication of

realistic electronic devices remains a major challenge. In

this last section we will briefly review the known

examples of successfully operating devices based on discotic

semiconductors.

4.2.1. Field effect transistors (FETs). An important require-

ment for the implementation of discotics in FETs is the

uniaxial alignment of the columns on the surface of the gate

electrode to create a bridge between the source and the drain

(Fig. 21). By applying an adequate gate voltage, it is possible

to accumulate charges at the first monolayers resulting in

source–drain current flow.

Solution processing onto pre-oriented PTFE layers or zone-

casting effectively orients discotic molecules into highly

ordered thin films. PTFE-aligned films of hexaalkyl-HBC

derivatives showed promising device performance with mobi-

lities up to 1023 cm2 V21 s21 along the alignment direction.

The corresponding values for non-aligned films of the same

material were two orders of magnitude lower, confirming the

importance of the long-range order for the performance of

devices.14 The on/off ratio was more than 104 with a turn-on

voltage of ca. 25 V to 210 V. A significant device

improvement has been obtained for thin surface layers of

HBC derivative 7 (Fig. 3) prepared by the zone-casting

technique.10 An on/off ratio of 104 and a higher mobility

(5 6 1023 cm2 V21 s21) were obtained. The superior device

performance was attributed to the ‘‘quasi single-crystallinity’’

of 7 that was induced by the zone-casting.195

However, in all cases the charge carrier mobilities in FETs

were ca. two or three orders of magnitude lower than the

charge carrier mobility obtained by PR-TRMC.72 This

significant difference was related to the presence of local

intracolumnar packing defects which constitute localized

barriers for charge carrier motion along the columns. The

work of Wasielewski and coworkers brings additional infor-

mation about this issue. FETs have been fabricated with vapor

or solution deposited films of PDI 77 (Fig. 22).22 Electron

mobilities ranging from 0.10 to 0.64 cm2 V21 s21 were

measured for vapor deposited films whereas values an order of

magnitude inferior were obtained by solution processing.

These results suggest that the mobility discrepancy between

vapor and solution processed films is not due to the oxygen

trapping of the charge carriers, since these devices are air-

stable, but should be related to purity, film morphology and/or

poor contact with source and drain electrodes.

Armstrong and co-workers have fabricated Langmuir–

Blodgett films of phthalocyanine discotics on interdigitated

electrodes and FET substrates. Despite the fact that the disc-

like molecules self-organize into columnar aggregates with

coherence lengths as large as 300 nm, mobilities remain rather

low, i.e., between 1024 and 1026 cm2 V21 s21.222 However,

mobilities of ca. 1022 cm2 V21 s21 have also been reported for

the same phthalocyanine discotics.223 This illustrates that

performance of materials is closely related to the fabrication of

devices.

4.2.2. Photovoltaic solar cells. It has been demonstrated with

solution processed polymers and vapor deposited pigments

that heterojunction photovoltaic cells consisting of blends of

donor and acceptor organic materials show the best perfor-

mances. During absorption of light an exciton is created and

diffuses to the donor–acceptor layer boundary where it is

separated into a hole and electron. High charge carrier

mobilities of material and long exciton diffusion length prevent

the trapping of the excitons and ensure efficient charge

separation.224 In this context, discotics that combine large

exciton diffusion length24 and high charge carrier mobility20–23

appear to be ideal active materials for photovoltaic cells

(Fig. 23).

However, several difficulties arise at this point. First of all,

the miscibility of discotics that could even form alternating

stacks of donor and acceptor molecules will be detrimental for

the charge transport.115,137 Then, charge transport may further

be hindered by the lack of homeotropic alignment. Such

alignment that may be induced by the electrode interface for

the neat components may be, at the same time, perturbed by a

Fig. 22 PDI derivatives used for the fabrication of FETs.

Fig. 21 Schematic illustration of a top-contact FET based on edge-on

arranged discotic molecules and uniaxially aligned columns connecting

the source–drain contacts. The arrow indicate the direction of the

charge carrier transport within the first monolayers.
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much larger donor–acceptor interface. The only proven

example of homeotropic alignment of a two-component

system has been obtained for miscible blends.115 Finally, the

morphology is anticipated to play a crucial role in charge and

exciton transport. The extent of the phase separation should

not exceed the exciton diffusion length in order to provide its

efficient separation into opposite electronic charges.225

All photovoltaic cells based on discotics consist of a two-

layer system with derivatives of perylene diimide (PDI) as an

acceptor compound and electron conducting material.

However, these devices revealed relatively poor external

quantum efficiencies (0.5% for phthalocyanines226 and 3.0%

for triphenylene derivatives227 as donor components). The use

of HBC derivative 8 (Fig. 3) resulted in a significant

improvement of the device performance, also due to enhanced

control of morphology.228 Spin-coating produced a vertical

gradient of PDI due to its lower solubility of both compounds

separated by a rough interface. A photovoltaic cell with

external quantum efficiency as high as 34% at a wavelength of

ca. 490 nm was obtained. The hexaalkyl HBC 19f (Fig. 8)

resulted in a solar cell with an efficiency one order of

magnitude lower, but still significantly higher than the first

two examples.229

Hexadodecyl HBC 7 (Fig. 3) and an N,N9-dialkyl PDI

derivative have been blended in thin films that were

annealed while in conformal contact with a flat elastomeric

stamp. The latter restricts the top surface of the thin film

during annealing, leading to low surface roughness. An

external quantum efficiency of 29.5% was measured at

460 nm.230

These few attempts to fabricate solar cells with

discotic semiconductors has obviously not revealed all their

potential since homeotropic alignment of mutually non-

miscible discotics with a 10–100 nm phase separation scale

has not been achieved yet. The 34% external quantum

efficiency must thus not be seen as an upper limit but

instead as a milestone towards highly efficient discotic-based

solar cells.

4.2.3. Light-emitting diodes (LED). In an OLED the active

organic components are sandwiched between two electrodes,

one of which is transparent. Fig. 24 illustrates an anticipated

optimal columnar arrangement in a double-layer OLED

configuration consisting of an electron-rich donor and

electron-poor acceptor. After injection of the electrons

into the LUMO of the acceptor and of the holes into the

HOMO of the donor, the charge carriers drift through

the sample under the influence of an external electric field.

At the layer boundary the electron and hole form an exciton

that recombines to produce luminescence. For efficient

devices, it is important that the energy levels are matched to

minimize barriers for carrier injection and at the luminescent

region.231,232

Double-layer OLEDs consisting of the electron-rich triphe-

nylene (hole transporting material) and the electron-deficient

perylene (electron transporting material) is an interesting

alternative to other systems, since saturated red light emission

from OLEDs is less common than green or blue emission.

Most organic red light emitting devices are based on rare earth

complexes and amorphous conjugated polymers, which exhibit

stability problems and are difficult to purify. The groups of

Bock and Destruel, pioneers in the development of OLEDs

based on columnar discotics, observed a stable performance

with a red electroluminescence for a double-layer OLEDs with

a sandwiched configuration.233 Although the supramolecular

order in both layers was not controlled, other results for

similar configurations suggested the importance of structure

control for device performance leading to higher quantum

efficiencies.234 Another obvious candidate for red light

emitting OLEDs is the star-shaped pyrene derivative 24

(Fig. 9) that exhibits a record quantum yield of fluorescence

in the solid state.25

In summary, a few devices fabricated with discotic

semiconductors have shown promising performance and

call for further improvements and optimization. In particular,

it should be stressed that discotics 76 and 77 are amongst the

best air stable ambipolar organic semiconductors known to

date.

5. Conclusions and perspectives

The overall objectives of the research conducted on

discotic semiconductors are to achieve the control of: (i)

Fig. 23 Schematic arrangement of donor and acceptor discotic

molecules to give a microseparation of the columnar structures in

the photovoltaic cell.

Fig. 24 Schematic arrangement of donor and acceptor discotic

molecules forming a double layer in the LED.
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function through molecular structure and supramole-

cular order; (ii) order from nm to mm scales; (iii) alignment

to reach performance in devices and finally (iv) to link

charge transport to dynamics and supramolecular order.

Although the field of discotics as semiconductors is

still in its infancy, impressive achievements have been

obtained.

Original disc-like molecules of unprecedented size and

structure have been synthesized. Their thermotropic behavior,

solid state packing, alignment and processing have been

tailored with the structural modifications of their side chains.

The availability of pure discotic mesogens in sufficient

amounts and with tailored mesophases has prompted their

studies as semiconductors. It has become evident that the

electronic delocalization in the x,y plane of the molecules and

in the z direction of the column axes presents unusual aspects:

(i) low band gap and low reorganization energies associated

with the chemical stability in ambient conditions, (ii) high

charge carrier mobility for electrons even in the presence of

water and oxygen, (iii) high sensitivity of charge transport to

structural defects and dynamics due to its quasi one-dimen-

sional character, (iv) bandwidth comparable to that of

graphite, (v) high quantum yield of fluorescence, and (vi)

large exciton diffusion length, to mention only the most

prominent features.

It is stressed that the two-dimensional delocalization of

electrons which is characteristic for disc-like molecules leads to

molecular electronic features that are not observed in linear

oligomers and polymers. In addition, molecular electronic

properties are amplified at the supramolecular level due to the

extended interactions between p-systems. Therefore, discotics

are a truly new generation of organic semiconductors, even if

they have seldom been exploited in devices until now.

Considerable work on device fabrication and optimization is

obviously needed to uncover the full potential of discotic

semiconductors.

Numerous perspectives of new and exciting research

exist, notably the control of supramolecular order, the

miscibility and the morphology of discotic blends, the

understanding of solution self-assembly and its translation

into solid state packing, the use of helical columnar

structures for generation of large non-linear optical

responses, the combination of charge transport with magnetic

properties, and the incorporation of columnar structures in

membranes.
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Mater., 2006, 18, 3715–3725.
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H. W. Spiess and K. Müllen, Adv. Funct. Mater., 2005, 15,
1585–1594.

140 P. H. J. Kouwer, W. F. Jager, W. J. Mijs and S. J. Picken,
J. Mater. Chem., 2003, 13, 458–469.

141 K. Singh, S. Singh and T. K. Lahiri, Liq. Cryst., 2000, 27,
1431–1436.

142 P. H. J. Kouwer, O. van den Berg, W. F. Jager, W. J. Mijs and
S. J. Picken, Macromolecules, 2002, 35, 2576–2582.

143 Y. Shimizu, A. Kurobe, H. Monobe, N. Terasawa, K. Kiyohara
and K. Uchida, Chem. Commun., 2003, 1676–1677.

144 K. Kawata, Chem. Rec., 2002, 2, 59–80.
145 A. M. Levelut, J. Chem. Phys., 1983, 88, 149–161.
146 B. Glusen, W. Heitz, A. Kettner and J. H. Wendorff, Liq. Cryst.,

1996, 20, 627–633.
147 J. Simmerer, B. Glusen, W. Paulus, A. Kettner, P. Schuhmacher,

D. Adam, K. H. Etzbach, K. Siemensmeyer, J. H. Wendorff,
H. Ringsdorf and D. Haarer, Adv. Mater., 1996, 8,
815–819.

148 N. Boden, R. J. Bushby, J. Clements, K. Donovan, B. Movaghar
and T. Kreouzis, Phys. Rev. B, 1998, 58, 3063–3074.

149 M. Lehmann, I. Fischbach, H. W. Spiess and H. Meier, J. Am.
Chem. Soc., 2004, 126, 772–784.

150 I. Fischbach, F. Ebert, H. W. Spiess and I. Schnell,
ChemPhysChem, 2004, 5, 895–908.

151 B. Schartel, A. Kettner, R. Kunze, J. H. Wendorff and
M. Hennecke, Adv. Mater. Opt. Electron., 1999, 9, 55–64.

152 H. Sirringhaus, P. J. Brown, R. H. Friend, M. M. Nielsen,
K. Bechgaard, B. M. W. Langeveld-Voss, A. J. H. Spiering,
R. A. J. Janssen, E. W. Meijer, P. Herwig and D. M. de Leeuw,
Nature, 1999, 401, 685–688.

153 N. R. Armstrong, J. Porphyrins Phthalocyanines, 2000, 4,
414–417.

154 S. D. Xu, Q. D. Zeng, J. Lu, C. Wang, L. J. Wan and C. L. Bai,
Surf. Sci., 2003, 538, L451–L459.

155 F. Charra and J. Cousty, Phys. Rev. Lett., 1998, 80,
1682–1685.

156 M. Palma, J. Levin, V. Lemaur, A. Liscio, V. Palermo, J. Cornil,
Y. Geerts, M. Lehmann and P. Samorı̀, Adv. Mater., 2006, 18,
3313–3317.

157 R. Friedlein, X. Crispin, C. D. Simpson, M. D. Watson, F. Jäckel,
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Adv. Funct. Mater., 2004, 14, 1053–1061.

197 C. Y. Liu and A. J. Bard, Chem. Mater., 2000, 12, 2353–2362.
198 M. Steinhart, S. Zimmermann, P. Göring, A. K. Schaper,
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