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Towards high charge-carrier mobilities by rational
design of the shape and periphery of discotics
Xinliang Feng1, Valentina Marcon1, Wojciech Pisula1*, Michael Ryan Hansen1, James Kirkpatrick2,
Ferdinand Grozema3, Denis Andrienko1†, Kurt Kremer1 and Klaus Müllen1†

Discotic liquid crystals are a promising class of materials for molecular electronics thanks to their self-organization and charge
transporting properties. The best discotics so far are built around the coronene unit and possess six-fold symmetry. In the
discotic phase six-fold-symmetric molecules stack with an average twist of 30◦, whereas the angle that would lead to the
greatest electronic coupling is 60◦. Here, a molecule with three-fold symmetry and alternating hydrophilic/hydrophobic side
chains is synthesized and X-ray scattering is used to prove the formation of the desired helical microstructure. Time-resolved
microwave-conductivity measurements show that the material has indeed a very high mobility, 0.2 cm2 V−1 s−1. The assemblies
of molecules are simulated using molecular dynamics, confirming the model deduced from X-ray scattering. The simulated
structures, together with quantum-chemical techniques, prove that mobility is still limited by structural defects and that a
defect-free assembly could lead to mobilities in excess of 10 cm2 V−1 s−1.

Discotic thermotropic liquid crystals combine unique
material properties, such as fluidity and the inability to
support shear stress, with anisotropic mechanical and

optical properties1–4. This combination is a consequence of the
molecular self-organization into columnar structures, where the
molecules stack on top of one another into columns, which
then arrange in a regular lattice. The anisotropy of macroscopic
properties arises from the anisotropy of the molecules, in our case
flat aromatic cores with aliphatic chains attached at the edges, and
the global orientational ordering of molecules.

The most striking property of discotics, however, is their
ability to conduct charges along the stacks of aromatic cores,
which can be used in various organic devices, such as field-
effect transistors5,6 and photovoltaic cells7. To guarantee efficient
operation, high charge-carrier mobilities along the columns are
required8,9. To achieve high mobilities, two distinct but related
problems must be addressed: first, compounds must have good
self-organizing abilities, ensuring defect-free mesophases on a large
spatial scale. Second, the local molecular arrangement in these
mesophases has to be optimal for the charge transport. Hence,
to rationally design these compounds, we have to (1) identify the
best local molecular arrangement of all (synthesizable) aromatic
cores and (2) manipulate the periphery (side chains) to achieve
this arrangement and at the same time to obtain good self-
organizing abilities.

We will first discuss the optimal choice of local molecular
arrangements. Charge transport in discotic liquid crystals can
be described using a thermally activated hopping formalism
with the rate of hops given by semiclassical non-adiabatic high-
temperature Marcus theory. The higher this rate is, the faster
an electron (hole) moves along the column, and the higher the
corresponding mobility is. According to Marcus theory the rate
of charge transfer between two identical molecules ω depends on
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Figure 1 |Absolute value of the transfer integral J as a function of the
azimuthal rotation angle for several symmetric polyaromatic
hydrocarbon cores. The separation was fixed to 0.36 nm. The insets
illustrate face-to-face and staggered stacking of two typical disc-shaped
molecules: triphenylene (staggered twisting angle is 60◦) and HBC
(staggered twisting angle is 30◦). Note that even though the maxima of the
overlap integral decrease with the increase of the core size, the overall
hopping rate ω increases owing to the simultaneous decrease of the
reorganization energy λ.
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Figure 2 | Structures of the compounds studied.

two key parameters: the reorganization energy λ and the transfer
integral J (refs 10, 11):
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where ~ is Planck’s constant, kB Boltzmann’s constant and T
the temperature.

The reorganization energy λ is strongly related to the self-
trapping energy of a charge and decreases with increasingly large
conjugated cores; for example, for triphenylene it is 0.18 eV, for
coronene 0.13 eV and for hexa-peri-hexabenzocoronene (HBC)
0.1 eV. Hence, larger conjugated cores favour higher hopping rates
and hence higher charge-carrier mobilities12. The reorganization
energy is not sensitive to the relative positions/orientations of
neighbouring molecules13,14.

The transfer integral J describes the probability of electron
tunnelling between two neighbouring molecules. As it is intimately
related to molecular overlap, it is very sensitive to relative positions
and orientations of neighbours. J decays exponentially as a function
of the intermolecular separation z (for example for HBC, shown in
Fig. 1, this dependence is J ∼ exp(−2.2z/Å)). Hence, compounds
with smaller intermolecular distance should have higher charge
mobility. On the other hand, the transfer integral is very sensitive
to the lateral orientation and rotational registration of neighbours.
Analysing these dependencies for a set of symmetric cores, shown
in Fig. 1, we can conclude that the most favourable molecular
arrangement for the charge transport is either co-facial (0◦ twist)

or twisted by 60◦ (except triphenylene). The value of the transfer
integral decreases very rapidly with the angle; for example, for a 10◦
twist the value is already about half that for 0◦. Hence, for efficient
charge transport it is preferable to lock the relative molecular
orientations at the positions of themaxima of the transfer integral.

Summarizing the predictions of the Marcus theory, we can
narrow down the tasks of the side chains: apart from providing
processability and good self-assembling properties they should
(1) favour small intermolecular separations and (2) provide either
a cofacial or a 60◦ twist molecular arrangement. The cofacial
arrangement often leads to steric repulsions of the side chains,
larger intermolecular separations and widening of the statistical
distribution of transfer integrals, which is known to decrease the
charge mobility15,16. Naturally, compounds with six-fold symmetry
(for example hexaalkyl-substituted HBC) are in a face-to-face
arrangement for both 0◦ and 60◦ twists between the neighbours and
have the same drawbacks. From this simplemicroscopic prediction,
our conclusion is that, among the considered compounds,
molecules of three-fold symmetry (for example, triangularly shaped
polyaromatic hydrocarbons, Fig. 1) with a helical packing structure
and 60◦ twist should provide optimal local arrangement for
the charge transport.

To achieve such a helical molecular packing, we can borrow
examples from nature, where the helical organization can be found
in the double helices formed by DNA and the α-helical motifs
in proteins17–19. Nature exploits a great variety of interactions
to control this self-organization, from steric repulsion, hydrogen
bonding, van der Waals forces and π–π stacking to electrostatic
interactions17,20,21. A minor change in the molecular architecture
may dramatically influence the subtle balance of non-covalent
interactions between molecules22. In the case of polyaromatic
hydrocarbons, we can vary the size and the shape of the conjugated
core as well as the type of attached side chain9,23. By tuning
these ‘molecular parameters’, compounds with different abilities to
self-organize and conduct charge carriers can be obtained9,24,25.

Semi-triangle-shaped molecules 1 (with six achiral
3,7-dimethyloctylphenyl substituents, Fig. 2) have previously been
reported to show highly ordered helical superstructures including
threemolecules in one helical pitch26, corresponding to a twist angle
of 40◦. In this work, using alternating hydrophilic/hydrophobic
side chains (2, with three pairs of alternating alkylphenyl and
triethyleneglycolphenyl substituents, Fig. 2) we demonstrate that
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Figure 3 | Two-dimensional wide-angle X-ray scattering patterns and corresponding schematic illustrations of top-viewed molecules stacked on top of
one another. a, Compound 1; b, compound 2; both patterns recorded at 30 ◦C; c, compound 1 at 180 ◦C. Blue and red substituents indicate alkyl and glycol
chains respectively.
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Figure 4 | Charge mobilities as a function of temperature as measured by
the PR-TRMC technique. The inset shows the direct comparison with
simulations for 1.

it is possible to achieve staggered stacking of large graphene-like
discotics within columnar assemblies, with a twist angle of 60◦. This
novel assembly is due to complementary hydrophobic–hydrophilic
and π–π interactions. We use a two-pronged method to assess the
changes in morphology due to changes in the type of side chain:
X-ray scattering provides information about changes in global
ordering of the columns, whereas the measurement (by pulse-
radiolysis time-resolved microwave conductivity, PR-TRMC) and
simulation (by the method outlined in refs 16, 27) of local
one-dimensional charge mobility give information about the
quality of the ordering of the columns. We achieve a twist angle
of 60◦ for either 2 with glycol side chains, or for a high-temperature
phase of 1 with only alkyl side chains. PR-TRMC measurements
show that those phases with a 60◦ twist indeed have a higher
mobility. The simulations show that the mobilities obtained are
consistent with morphologies that accommodate a rather large
amount of structural disorder. We therefore make the prediction
that better processing will lead to higher chargemobilities.

The synthesis of molecule 2 is shown in Supplementary
Information. Characterizations by nuclear magnetic resonance
(NMR) spectroscopy, elemental analysis and matrix-assisted laser
desorption/ionization–time of flight mass spectroscopy are shown
to be in full agreement with the structure presented.

Differential scanning calorimetry did not show any phase
transition for 1 and 2 over the temperature range between
−150 and 250 ◦C. Two-dimensional wide-angle X-ray scattering
experiments on mechanically aligned filaments were carried out
to gain an insight into the influence of the different substitution
patterns on supramolecular organization of both compounds. The
two-dimensional patterns at 30 ◦C in Fig. 3a,b indicate in both
cases well-oriented hexagonal columnar structures characterized
by equatorial reflections at relative reciprocal spacing of 1:

√
3:2,

typical for liquid crystalline phases of discotic systems. The derived
unit-cell parameters are ahex = 3.41 nm for 1 and ahex = 3.19 nm
for 2. The disc-shaped molecules are arranged in the stacks
with their molecular planes perpendicular to the columnar axis.
The intracolumnar π-stacking distance of 0.36 nm for 1 and 2
is represented by the sharp wide-angle meridional reflections.
Furthermore, the appearance of additional meridional reflections
in the middle-angle scattering range of both patterns suggests
more complex superstructures. In the case of 1, the first
(off-)meridional reflections on the hkl layer line at a related
spacing of 1.1 nm (Fig. 3a) indicate an identical lateral order of
every fourth molecule along the stacking direction (for detailed
analysis see Supplementary Information). The appearance of
such layer lines of scattering intensities is typical for a helical

a

b
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Figure 5 | Representative simulation snapshots. a, Compound 1, with 40◦

twist angle; b, compound 2, with 60◦ twist. Glycol side chains are shown in
red. The side chains of the same nature segregate owing to hydrophobic/
hydrophilic interactions helping the staggered packing of 2. c, Side view of a
single column. The blobs illustrate helical molecular packing.

molecular arrangement, and has also been observed in other
discotic molecules13,28–31, DNA mesophases32,33, dendrimers17,34,
macrocycles35 and polymers36,37. In addition, our work on liquid
crystalline HBCs proved that the adopted analysis of two-
dimensional patterns agrees with theoretical predictions of helical
intracolumnar packing38,39. Therefore, neighbouring molecules of
1 in the column are successively rotated laterally by 40◦ towards
one another, leading to a helical stacking with three molecules per
pitch23,26. Figure 3a presents a schematic illustration of a top-viewed
stack with three molecules of 1. In contrast, the two-dimensional
pattern of compound 2 showed only one middle-angle reflection,
corresponding to a distance of 0.72 nm, which is twice the value of
a simple π-stacking distance (Fig. 3b). The molecules of 2 rotate
by 60◦, leading to a staggered packing with every second disc in
an identical position. The schematic illustration in Fig. 3b shows
that the substituents of the same character of neighbouring discs
fall together at this rotational angle. The smaller rotational angle
for 1 (as compared to 2) results in a denser alkyl mantle around
the aromatic stack and thus in a larger hexagonal unit cell. Both
compounds have been assigned to the plastic crystalline phase over
the whole temperature range40. This phase differs from the typical
crystalline and disordered liquid crystalline phases of discotics.

Considering the similar molecular structures and substitution
pattern, the difference in intracolumnar packing between 1 and 2
is clearly due to hydrophobic/hydrophilic interactions of the side
chains in the disc periphery. What is even more fascinating is that
the X-ray pattern of 1 recorded at 180 ◦C also shows a staggered
packing (no phase transition was detected by differential scanning
calorimetry), indicating that the bulky phenyl substituents and
entropic contribution of alkyl side chains are also important. The
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Figure 6 |Distribution functions of the relative molecular orientations and transfer integrals. a, Distribution functions of the relative orientations
between the nearest neighbours for 1 using different equilibration procedures. The inset illustrates the definition of the rotation angle. b, Corresponding
distribution functions of the transfer integrals. The inset shows the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) used for the evaluation of transfer integrals.

transition to the staggered packing of 1 at high temperatures can be
attributed to the increased steric hindrance of the attached phenyl
groups and alkyl side chains. On heating, the flexible alkylphenyl
chains acquire larger excluded volume, which forces the stacked
discs of 1 to rotate with respect to one another, reaching the twisting
angle of 60◦. The change in the pitch is reversible: cooling the
sample back to 30 ◦C recovers the helical arrangement of 1 with the
molecular rotation of 40◦.

The solid-state NMR experiments41 also show different two-
dimensional line shapes of the inner core protons for the two
compounds. These differences originate from the different local
π–π packing of 1 and 2, with more pronounced features for
2, which could imply a more ordered intracolumnar molecular
packing, in agreement with the proposed structures. Further details
and interpretations of the solid-state NMR results are given in
Supplementary Information.

Charge dynamics has been assessed using PR-TRMC measure-
ments of the temperature dependence ofmobility42, which is shown
in Fig. 4. PR-TRMC, in contrast to the time of flight measurements,
senses only the local molecular ordering, and provides the mobility
of small well-ordered domains of the material.

As can be seen from Fig. 4, the absolute mobility values of the
plastic crystalline 1 and 2 are of the same order as the mobility of
HBCwith linear alkyl chains in a crystalline phase (0.18 cm2 V−1 s−1
when measured using the same protocol). This is rather surprising,
because typically crystalline, and thus more ordered, systems
possess much higher mobilities in comparison with non-crystalline
materials. The mobility of 1 is practically temperature independent
until 120 ◦C but then sharply increases by about 30%. This
is in agreement with our earlier observations of higher charge
transfer rates at 60◦ twist (due to higher overlap integrals) and
structural transition resulting in better helical winding at high
temperatures. In contrast, themobility of 2 increasesmonotonically
with temperature, which is typical for discotics43.

To further relate the mobility changes to the microscopic
molecular arrangement, we have carried out molecular-dynamics
simulations and charge-mobility calculations for columnar arra-
ngements of 1 and 2. For each system, 960molecules were arranged
in columns of 60molecules each, with hexagonal arrangement of
the columns. Within the columns, the molecules were aligned
in a helical fashion, with initial twist angle of 40◦ between the
neighbouring molecules. Simulation details, as well as the methods

used for evaluation of transfer integrals, reorganization energies and
charge dynamics, are given in Supplementary Information.

After equilibration we observe that the molecules are well
ordered within the columns, with their molecular planes oriented
perpendicular to the columnar axes. Small undulations of the
columns are also observed, which are due to thermal fluctuations
of the molecular director. Representative snapshots of the systems
are shown in Fig. 5.

Molecular dynamics predicts lattice constants of about 2.93 nm
for 1, and 2.94 nm for 2. Both values of the simulated lattice
constants are smaller than those provided by X-ray scattering,
suggesting that the molecules in our simulations are somewhat
more tightly packed and ordered. To characterize the helical order,
we calculated the distributions of the twist angle between the nearest
neighbours (defined as a probability of finding two neighbours
rotated with respect to each other at an angle ϕ), which are shown in
Fig. 6a. Here, three distributions are shown for 1. The first one had
an initial helicity of 40◦ and was equilibrated at 400K. The second
one was annealed at 500K, starting from the final configuration
obtained from the equilibration at 400K. Finally, the last one
corresponds to an ‘ideal’ situation, where we prepared well-ordered
systemwith 60◦ twist and then annealed it at 500K.

For 1, the average twist angle (which is defined as an average of
the lateral rotation angle between molecules i and i+ 1) does not
change during equilibration, and is around 40◦. However, the helix
has a ‘secondary’ structure, with two maxima, around 20◦ and 50◦.
On heating to 500K the average value shifts to 60◦, similar to the
experimentally observed transition in a helical pitch. On the other
hand, the distribution formolecules 2 always has amaximumat 60◦.

Furthermore, to check the value of the pitch of the helical
structure, several initial configurations with different twist angles
and consequently different helical pitches were prepared for
both lattices. After annealing at 450K they all converged to the
structure with the average twist angle of 60◦ (see Supplementary
Information), indicating that the system with 60◦ twist is an
equilibrium one. This also disentangles molecular dynamics and
X-ray predictions, and hence confirms the helical molecular
arrangement deduced from the X-ray data.

To relate particular molecular ordering to charge mobility, we
first consider the distributions of the transfer integrals, shown in
Fig. 6b, which account for both lateral and out-of-plane molecular
fluctuations. As we are dealing with one-dimensional transport, the
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value of the mobility is limited by the tail of the small transfer
integrals; that is, the width of the distribution is important: the
sharper the peak is, the higher themobility is (provided the position
of the peak does not change)13,44.

What simulations show is that the distributions for 400K and
500K are very similar: the only difference is a slight shift of the
maximum towards higher values at 500K with a slightly lower
tail of small transfer integrals. This of course increases the value
of the mobility: the calculated value for 1 is 0.24 cm2 V−1 s−1 at
400K, which increases to 0.42 cm2 V−1 s−1 at 500K. The calculated
mobility of 2 at 400Kwas 0.58 cm2 V−1 s−1. The calculated numbers
differ by a factor of two from the experimentally measured values;
however, the ratios between the mobilities for 2 and 1 and
high/low-temperature mesophase of 1 are in excellent agreement.
Possible sources of overestimation, such as energetic disorder
due to the electrostatic and polarization contributions, which
are being ignored here, as well as the external reorganization
energy, are discussed in detail in refs 45 and 46. Including
additional sources of disorder, as well as leading to smaller
mobilities, would also lead to less negatively dependent temperature
dependence of charge mobility.

It is known that appropriate processing can significantly improve
the value of the mobility (for example, thermal annealing can
increase its value by an order of magnitude)22,42. Therefore,
it is important to know the upper limit for the mobility in
the ‘ideal’ system, where we include all local fluctuations but
exclude structural defects. Here simulations are extremely powerful,
because we can prepare a desirable molecular arrangement and
locally equilibrate the system. Our simulations suggest that, even
though on annealing the average pitch of the helices becomes closer
to the ideal 60◦, it is not perfect. The presence of a structural defect
(the peaks at ∼20◦) results in a drastic (two orders of magnitude)
reduction of the charge mobility. Indeed, for the system with the
prearranged 60◦ twist, the molecular distribution is significantly
sharper than that for the one with the initial twist of 40◦, even
after annealing at 500K, owing to efficient locking of the rotational
molecular motion by the bulky phenyl groups. Correspondingly,
the distribution of the transfer integrals has a sharp peakwith a small
tail of small overlap integrals, which, within the Marcus picture
of hopping transport, gives the mobility value of 15.9 cm2 V−1 s−1.
Hence, the prime task for material scientists is to engineer
processingmethods able to suppress these structural defects.

In conclusion, using Marcus theory to calculate the parameters
of temperature-activated charge transfer, we have outlined the
criteria for the rational design of polyaromatic hydrocarbons
with high charge-carrier mobilities. Our prediction is that the
triangularly shaped compounds with a large core, stacked on top
of one another in a staggered fashion, with 60◦ twist between
neighbours, should possess high charge-carrier mobility, paving
the way for the broad application of discotic semiconductor
materials in the future.
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