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ABSTRACT

Liquid crystals were of premier interest to Zeev Luz. In particular, he studied discotic liquid
crystals by NMR spectroscopy in the early 1980s already, very soon after this new class of
mesophases was reported in the late 1970s. In these early days, it was hardly imagined that
today discotic liquid crystals play a major in the organisation of columnar systems, which exhibit
especially high charge carrier mobility, making them interesting materials for organic electronics.
This short commemorative review puts several of Luz' pioneering NMR studies of structure and

ARTICLE HISTORY
Received 5 February 2019

KEYWORDS

Liquid crystals; discotics;
NMR; supramolecular
organization; organic
electronics

dynamics of discotic liquid crystals into perspective by relating them to specific current investi-

gations of such supramolecular systems.

1. Introduction

Zeev Luz clearly was a pioneer in the important
field of NMR studies of structure and dynamics of
various types of liquid crystals (LCs). At times,
where most of the NMR investigations in the field
dealt with solutes in liquid crystals [1], he already
studied highly viscous smectic LCs in bulk by NMR
[2], which was technically much more demanding.
In this short commemorative review, I try to hon-
our him by highlighting a few of his landmark
papers, whose fundamental results helped us in
our research years, or even decades later, in under-
standing and controlling supramolecular organisa-
tion in materials with high charge carrier mobility
[3,4], of interest in organic electronics. In our work,
NMR spectroscopy also played a central role,
because it offers several unique advantages for char-
acterising such systems on the molecular level [5,6],
namely,

e Unprecedented site selectivity, via 'H, *H, °C,
"N NMR due to chemical shifts.

e Structure determination on the molecular level in
the range of 0.1-1 nm.

e FElucidation of both, timescale and geometry of
rotational motions over a wide range of timescale
from ps to 100 s.

e Structure probed by internuclear
exploiting dipole-dipole couplings.

e Packing probed by additional frequency shifts due
to hydrogen bonding or pi-stacking.

e Combination with other techniques, such as scat-
tering, microscopy, dielectric relaxation, quantum
chemical calculations.

distances

The corresponding NMR spectra and parameters as
well as their analysis have been described in numerous
original papers, cited below and in recent reviews [7,8].
Therefore, rather than discussing NMR spectra and para-
meters here again, we emphasise the findings deduced
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from NMR, leaving the details for the interested reader in
the original publications and previous reviews.

Also, rather than following the format of an original
research paper, the sections of this commemorative
review directly follow the topics highlighted in the
title, namely annealing, shape of building blocks, side
groups, and chirality.

2. Annealing

Columnar systems often exhibit several different phases in
the solid with a sequence of phase transitions below the
transition temperature to the discotic liquid crystalline
phase [9]. Deuteron NMR, combined with X-ray scatter-
ing provided important details on the mechanism of these
transitions and the molecular order in the discotic meso-
phase, as shown by Zeev Luz and co-workers [10]. Today,
in addition to working with conventional disk-shaped
building blocks such as triphenylene and hexabenzocor-
onene [11], elongated perylene derivatives such as pery-
lene bisdiimide (PBI) units are of interest, because they
offer substantial advantages as building blocks being
themselves dyes [12]. However, the packing in equili-
brium and non-equilibrium phases of such columnar
stacks can differ substantially, which can lead to vastly
different charge carrier mobility. This was unravelled in
detail in PBIs functionalised with dendritic groups
[13,14]. As sketched in Figure 1, the dendronised PBIs
organise in complex helical columns, composed of tetra-
mers containing two pairs of two molecules each in adja-
cent stratums of the column. Without careful sample
preparation, the intratetramer (a) and intertetramer
stacking distances (b) are different, and the charge carrier
mobility is only modest. However, by heating above 370
K into the LC phase the packing can be optimised result-
ing in shorter and more uniform intra - and intertetramer
distances leading to much higher charge carrier mobility.
This dynamic process was first noticed by NMR

Figure 1. (Colour online) Sketch of the PBI-tetramer packing motif
for the supramolecular column (left) and defective stack (right),
created by removal of one of the PBI units, which is mandatory for
self-healing the stack, Copyright American Chemical Society 2011,
reproduced with permission from ref [13].

spectroscopy because it manifests itself in a substantial
narrowing of the "H NMR lines [13]. Computer simula-
tion showed that this narrowing of the NMR spectra
indicates a complex reorganisation mechanism, where
the PBI molecules leave the supramolecular column, flip
over, and re-enter a column, see Figure 1. Leaving the
columns also is a necessary condition for translational
diffusion in discotic LCs, which has been elucidated by
Zeev Luz and co-workers decades ago [15]. In the PBI
systems, this remarkable mobility of the building blocks in
the discotic mesophase provides a route to achieve ther-
modynamic rather than kinetic control of the supramole-
cular organisation. However, the efficiency of the
dynamics in reorganising the columns is rather low, and
reorganisation might take as long as hours.

3. Shape of building blocks

In a ground-breaking article [16], Zeev Luz and co-
workers showed that columnar mesophases can not only
be built from flat units but from rigid pyramidal central
cores as well. Hence, they called the resulting columnar
LC phase pyramidic. The special packing of such non-
planar building blocks in columnar stacks can have
important consequences for their electronic behaviour.
Indeed, dendronised PBI exhibits a particularly interest-
ing aspect of such columnar organisation, namely that
a decrease in molecular symmetry can result in an increase
of the columnar stacking order, see Figure 2 [17]. If the
flexible linker between the PBI and the dendritic group is
missing, the packing of the flat PBI molecules is rather
poor, with intermolecular packing distances, as long as
0.48 nm. By introducing halogens at the bay positions of
the PBI, the molecule becomes twisted, yet the intraco-
lumnar packing significantly improves as the intermole-
cular packing distance reduces to 0.42 nm. The improved
packing manifests itself in a much higher resolution of
"H-'H double-quantum NMR spectra of the chlorinated
species in the solid state [17]. More importantly, the high
packing results in increased electron acceptor ability of
PBI and extended lifetimes of charge carriers [12].

3. Side groups

The side groups attached to the building blocks of dis-
cotic LC phases provide the motional freedom and flex-
ibility needed in organising the columnar stacks.
Structural disorder in the side groups, e.g., through an
ester linkage in triphenylene discotic suppresses crystal-
lisation and creates a glass forming system [18], in
which the cooperativity of axial motion of the discs at
the glass transition could be studied by two-dimensional
H NMR [19]. From a systematic “"H NMR study of



triphenylenes with perdeuterated side chains of different
lengths [20] conformational distributions of the alkyl
chains were deduced. Moreover, bending of the alkyl
chains out of the aromatic plane, and a considerable
degree of chain disorder was concluded. Better use of
the side groups on the mobility and the organisation of
the discs can be achieved, if branches are introduced
close to the hexabenzocoronene (HBC) aromatic core
[21]. This lowers the melting point considerably but
allows high order of the discs in the columns. This
leads to a high order parameter of 90% for the disc
planarity in the discotic liquid crystalline phase com-
pared to only 78% for linear side groups, see Figure 3.
Most importantly, this highly dense packing of the discs
in the columns yields a remarkably high charge carrier
mobility in the solid state.

LIQUID CRYSTALS (&) 3

4. Chirality

Chirality in liquid crystals can significantly change
their ordering, e.g. generating a cubic ‘blue phase’, in
which Zeev Luz was highly interested in [22].
Moreover, branched side groups not only offer attrac-
tive ways of improved self-organisation of discotic LCs,
but they also allow introducing chiral centres, which
can lead to chiral columnar structures. With this in
mind, pyramidic or hat shaped cyclotriveratrylene
(CTV) units, first used as building blocks in discotic
LCs by Luz and co-workers [16] were considered.
These units were dendronised with chiral, racemic, or
achiral peripheral alkyl chains and characterised by
a variety of well-chosen complementary techniques
[23]. Remarkably, in columns containing mixtures of

tetrachlorination > O " sQ o

CH,D
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m=0

Figure 2. (Colour online) Increasing supramolecular order by reducing molecular symmetry of the building block. For details, see ref
[17]. Copyright 2015 American Chemical Society, reproduced with permission.

solid crystalline
phase
Figure 3. (Colour online) High order of discs in discotic LC achieved by branching side groups as detected by solid-state NMR, for
details see Ref [21].
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enantiomers, self-sorting of the enantiomers was
observed, see Figure 4.

Again, the mechanism of this rather slow process is of
particular interest. In another fundamental paper, Zeev
Luz and colleagues have shown that in solution the pyr-
amidic CVT moieties can also exist in an intermediate
saddle form, which introduces flexibility into the CVT
moiety and provides a route to racemisation [24]. Indeed,
solid-state type NMR of these systems in the bulk colum-
nar phase revealed fluctuations of the flexible crown
between ‘up” and ‘down’ conformations as depicted in
Figure 5. Thus, on average, the crown can be imagined to
behave like a disc, allowing rotation around the column
axis and exchange between columns by translational
motion as known from discotic liquid crystals [15].
Again, the remarkable possibilities of NMR spectroscopy

enable elucidation of complex dynamics of building
blocks in discotic LCs, offering better organisation of
the columns.

As well known from natural compounds particu-
larly high order suitable for advanced organic electro-
nics [25] can be achieved, if homochiral building
blocks are used. This makes the synthesis of such
materials demanding and expensive. In a recent
study of PDI with chiral side groups, it was discov-
ered, however, that a double helices being made of
a random mix of left- and right-handed building
blocks are more highly ordered than that of DNA,
Figure 6 [26]. This opens the door for highly crystal-
line materials, particularly suited for organic electro-
nics, made from a mix of chiral building blocks, which
are easy to synthesise and relatively inexpensive. By

Figure 4. (Colour online) Forming homochiral columns via self-sorting during the supramolecular organisation of hat-shaped
molecules. For details see [23]. Copyright 2014 Am. Chem. Soc. reproduced with permission.

Figure 5. (Colour online) Scheme of self-sorting between enantiomerically different columns of hat-shaped dendronised CTV
involving a temporary disc-like conformation through CTV crown inversion [24] allowing translational movement to different
columns. Adapted from [23], Copyright American Chemical Society 2014, reproduced with permission.
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Figure 6. (Colour online) Scheme of supramolecular packing in the highly ordered phase of PDI with chiral side groups in a columnar
system, which disregards chirality, adapted from [26], Copyright Nature Publishing Group 2016, reproduced with permission.

solid-state NMR, we were able to show that this high
degree of order is facilitated by special conformations
of the side groups.

5. Conclusion

The few examples of supramolecular organisation
exploiting the columnar order in discotic liquid crystals
briefly discussed here demonstrate how important
basic studies of structure and dynamics of the building
blocks and their phase behaviour are to enable con-
trolled production of materials, of interest in the
rapidly growing field of organic electronics [27].
Clearly, Zeev Luz was a pioneer, who developed highly
valuable NMR techniques for liquid crystals, being
interested in basic science questions, which today
prove to be highly valuable in materials science. I feel
privileged that I collaborated with him for many years
and can call him one of my very close friends in
science. Moreover, Zeev was a brilliant teacher and
a very modest man, always willing to help young col-
leagues. His impact was thus even much higher than
through his own work alone.
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