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Discotic liquid crystals 45 years later.
Dendronized discs and crowns increase
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from spheres, cubic Frank-Kasper, liquid
quasicrystals and memory-effect induced
columnar-bundles
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In 1977 Chandrasekhar laboratory reported the first examples of a new class of thermotropic liquid crystals self-organized
from planar disc-like molecules substituted with alkyl groups. X-ray analysis demonstrated that these disc-like molecules stack
on top of each other at irregular spacing in columns located in the paraffin melt of their alkyl groups. These supramolecular
columns self-organize in a hexagonal array defined as the new thermotropic discotic or columnar hexagonal liquid crystal
phase. This new thermotropic liquid crystal phase has translational periodicity in two dimensions and liquid-like disorder
in the third one, along the column axis. In 2002 Bushby and Lozman dedicated a brief review article to the 25 anniversary
of discotic liquid crystals. This review also included a brief discussion of supramolecular discs and columns self-organized
from self-assembling dendrons and dendrimers. The current publication is not another review but a brief perspective on
new liquid crystal phases self-organized from dendronized rigid planar and conformationally flexible discs as well as from
crown-like molecules. Crown-like molecules are the most stable conformation of a transient unstable disc. All dendronized
disc-like and crown molecules adopt a crown conformation that self-assemble helical columns and spherical helices. A large
diversity of new liquid crystalline phases self-organize from these helical columns and spherical helices. They include helical
columnar hexagonal phases from crowns and from supramolecular spheres, Frank-Kasper A15 (known as cubic phase of
space group Pm3n), o phase (also known as tetragonal of space group P4,/mnm), 12-fold quasi liquid crystals (QLC) and
supramolecular orientational memory (SOM) derived complex bundles of supramolecular columnar hexagonal arrays that
are not yet completely elucidated. The impact of Chandrasekhar on the discovery of self-assembling dendrons and dendrimers
via his biaxial nematic liquid crystal concept will also be discussed. This perspective is dedicated to the 45 anniversary of the
discovery of discotic liquid crystals and to the memory of Professor Sivaramakrishna Chandrasekhar, a modest, respectful
and great scientist.
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Introduction

In 1977 a landmark publication by Chandrasekhar, Sadashiva
and Suresh [1] reported that hexa n-alkanoates of hexahydroxy
benzene containing six to nine carbons in their alkyl groups
provided the first examples of thermotropic mesomorphism in
pure, single-component systems of two-dimensional (2D) plate-
like or disc-like molecules. These 2D disc-like molecules differ
from one-dimensional (1D) rod-like molecules or mesogens
forming conventional thermotropic nematic and smectic liquid
crystals [2] Chandrasekhar laboratory demonstrated by X-ray
analysis that these disc-like molecules are stacked on top of
each other at irregular spacings in the melt state of their alkyl
groups to form columnar arrays self-organized in a hexagonal
arrangement. Therefore, this new assembly has translational
periodicity in two dimensions and liquid-like disorder in the
third one. The title of the 1977 paper stated the name of this
new thermotropic mesomorphic state: “liquid crystals of disc-
like molecules.” This mesophase is also known under the name
of “discotic liquid crystals,“ or under the more general name
of “columnar liquid crystals.” At the time the 1977 paper was
written [1], Chandrasekhar knew that mesophases of large plate-
like molecules form during the carbonization of graphitizable
substances, such as petroleum or coal tar pitches at very high
temperatures but these complex materials did not provide single-
component liquid crystal phases and were not accessible as models
to understand the principles of this new concept [5]. An explosive
development of the field of discotic liquid crystals followed
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immediately. This was driven by the elegance and by the structural
diversity of the discotic molecules forming discotic liquid
crystals. These disc-like molecules were ranging from planar-rigid
[6-14] to conformationaly flexible [15-29] and to conical, that
for reasons that we will explain later we named them crown
[15-30]. Potential applications as organic electronic materials
with high charge carrier mobility [14], photoconductivity [30],
and their architectural diversity ranging from helical columnar
[12-14] to pyramidal columnar [15-21,26-28] increased the
interest in this field. Numerous review articles were published
on covalent and supramolecular discotic liquid crystals [31-60].
Expansion of planar disc-like molecules to the size and properties
of graphene represents one of the most recent developments
in this field [39,40,50-52]. The 25% anniversary of discotic
liquid crystals was celebrated by Bushby and Lozman with a
review article [30]. The goal of the current article is not to
provide an additional review of discotic liquid crystals but to
demonstrate how the bridge between conformationally rigid and
conformationally flexible disc-like molecules as well as of crown-
like molecules with self-assembling dendrons, produced a large
diversity of new liquid crystals mediated by disc-like molecules
that were not originally predicted by Chandrasekhar [1]. The
names of the molecules giving this bridge are “dendronized discs
and dendronized crowns.” The goal of this paper is not to provide
a review, even of this very new field, but rather to demonstrate
some of its capabilities and hopefully inspire other laboratories to
approach and develop new concepts in this field.
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Self-organization of half-disc combined with rod-like molecule of Malthete (a) and of its polymer (b) expected originally to form a biaxial nematic phase, into
supramolecular columnar dendrimers or supramolecular columnar polymers (c) that inspired the development of self-assembling dendrons, self-assembling
dendrimers and self-assembling dendronized polymers providing models of rod-like and icosahedral viruses, compared with the classic columnar hexagonal
discotic (d) and nematic discotic (e) liquid crystals. Fig 1a and 1b were redrawn from reference 73. Fig. 1c was adapted and modified from reference 44. Figs. 1d and
1e were redrawn and rearranged with inspiration from reference 7 that shows a columnar hexagonal liquid crystal lattice (d) and discotic nematic liquid crystal (e).
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Discussions
The Role of the Biaxial Nematic Liquid Crystal Concept of
Chandrasekhar in the Discovery of Self-Assembling Dendrons,
Dendrimers and Dendronized Polymers

For a number of years our laboratory was interested in the
elaboration of a molecular strategy to self-assemble with synthetic
building blocks supramolecular structures resembling those of
rod-like and icosahedral viruses [54,55,60-65]. We did not have a
good idea on how to approach this problem before the following
event. During the summer of 1987 Professor Alfred Saupe from
the Institute of Liquid Crystals of Kent State University came to
my office, at the recommendation of Professor Helmut Ringsdorf
from the University of Mainz, to discuss two publications and
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seek my help to solve a fundamental scientific problem. The first
paper was one of his own reporting the discovery of the first
biaxial nematic lyotropic liquid crystal [66]. The second was a brief
communication by Malthete and Levelut [67] claiming the first
monotropic biaxial nematic liquid crystal designed by a molecular
concept elaborated by Chandrasekhar [49]. The Chandrasekhar
concept involved a combination of half of a disc-like molecule
attached to one end of a rod-like molecule [49] that will eliminate
the rotation along the rod-like axis in the nematic phase to
create a thermotropic biaxial nematic. Professor Saupe would
have liked an enantiotropic thermotropic biaxial nematic liquid
crystal phase in a range of temperatures accessible for physical
measurements, and Ringsdorf advised him that I could help
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Fig. 2

Mechanism of self-organization of helical and helical pyramidal supramolecular columns (left to right) from tapered dendrons forming disc-like nonhollow, hollow
and supramolecular crown, hollow supramolecular crown, hollow helicene-like and nonhollow helicene column cross-sections and their hexagonal arrays (a);
mechanism of self-organization of spherical helix from conical and crown conformations and their BCC, Frank-Kasper A15 and o, and 12 fold LQC assemblies (b).

LQC: 12-fold

Tet: P4,/ mmm
(o)

Fig. 2a was adapted from reference 44 and combined with Fig. 2b that was adapted and modified from reference 215.
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Fig.3

The diisobutylsilanediol dimer, forming the first thermotropic columnar
hexagonal liquid crystal phase. Details of supramolecular column structure are
not yet known.
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Fig. 4

him with this transformation. Indeed, I considered that this
would represent a very simple experiment and I asked my junior
graduate student Jim Heck to attach a polymer backbone to
the Malthete-Levelut monotropic biaxial nematic liquid crystal
molecule. Fig. 1a shows the Malthete-Levelut monotropic biaxial
nematic phase forming molecule while Fig. 1b illustrates the
polymer expected to transform its monotropic biaxial nematic
phase into an enantiotropic one by the polymer effect [68].
This and numerous additional related experiments failed to
generate the enantiotropic biaxial nematic phase. Many other
molecules that were variants of Fig. 1a,b were designed. None
of them provided the expected enantiotropic biaxial nematic
phase originally estimated by optical polarized microscopy in
Malthete-Levelut paper [67]. Instead of a biaxial nematic phase
the supramolecular columns shown in Fig. 1c were suggested
to self-organize, as supported originally by optical polarized
microscopy of their columnar hexagonal liquid crystal phase and
subsequently by X-ray diffraction experiments.

The supramolecular structures from Fig. 1c demonstrated the
failure to transform the expected monotropic biaxial nematic
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”apple peel” or spherlcal helix

(4-3,4-3,5)12G2-CH,-Boc-L-Tyr-L-Ala-Ome

Self-organization of constitutional isomeric tapered dendritic dipeptide (a) and conical dendritic dipeptide (b); an Aquaporin channel-like porous columnar
structure is self-organized from the tapered dendritic dipeptide (c); the self-organization of a hollow spherical helix from the conical dendritic dipeptide is also
shown in (b); a comparison of the electron density maps of the A15 Frank-Kasper phase of Pm3n symmetry assembled from hollow spheres with the p6mm columnar
hexagonal phase generated from porous columns illustrating identical diameters of hollow spheres and columns is shown in (d). Reproduced with permission from

reference 56. Copyright 2021 Wiley-VCH GmbH.
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phase, which as shown later also by other laboratories, was
not biaxial nematic [69-72]. These unsuccessful experiments
led to the discovery of self-assembling dendrons, dendrimers
and dendronized polymers that provided supramolecular disc-
like assemblies and supramolecular columns resembling those
of the Chandrasekhar 1977 publication [1]. Being disappointed
by this failure we did not realize the complete significance of
this discovery and therefore, this work of Jim Heck was not
published in the most prestigious journals [71-109]. In respect for
the creative and hard work of Jim Heck, most of his refereed papers
and American Chemical Society Preprints, are cited here [71-109].
A more detailed story of this discovery with numerous examples
of structures is available in several other publications [43-47,53—
59,62].

The self-assembling dendrons providing the supramolecular
columns of Fig. 1c were named “tapered.” Scanning through
generational libraries of self-assembling dendrons with the
help of helical diffraction theory [110] we discovered different
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tapered shapes that form supramolecular discs, hollow discs,
crowns, supramolecular crown, hollow supramolecular crowns,
tilted helicenes and other helical fragments of column, all self-
organizing columnar hexagonal arrays (Fig. 2a).

We did not know at that time that diisobutylsilanediol
dimerizes into a disc-like molecule (Fig. 3) forming
columnar hexagonal liquid crystals [111-113]. Most probably
diisobutylsilanediol represents one of the first if not the first
supramolecular polymer [111-113].

Jim Heck also predicted that higher generation dendrons
will adopt “conical” conformations that will self-assemble into
supramolecular spheres (Fig. 2b). Analysis by X-ray diffraction and
electron density maps [114] together with transmission electron
microscopy (TEM) [115], isomorphic replacement [115,116],
AFM and STM [117], solid state NMR [118], and theoretical
together with simulation work [119,120] led to the discovery of
the first Frank-Kasper A15 cubic phase (space group Pm3n) in
supramolecular dendrimers and in soft matter (Fig. 2) This finding
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Conventional radical polymerizations of quasi-equivalent conical dendronized monomers and the structure and shape of the resulting polymers in dilute solution
by self-interrupted polymerization (SIP) and in self-assembled stated by self-accelerated polymerization (SAP). Reproduced with permission from reference 174
and transformed from black and white into colored. Copyright 1998, Macmillan Magazines Ltd.
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Disc-like and crown-like molecules employed to prepare dendronized discs and crowns: perylenebisimide (PBI) 1,3,5-trihyhdroxybenzene (THB)
hexahydroxytriphenylene (HHT) hexahydroxy-CTTV (HHCTTV), trihydroxy-CTV-3 (THCTV3), trihydroxytrimethoxy-CTV-3 (THTMCTV-3) and hexahydroxy-CTV

(HHCTV).
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was rapidly followed by the discovery of the Frank-Kasper o phase
(also known as tetragonal of space group P4,/mnm) [121] and
of the 12-fold quasi liquid crystals (QLC) [122] (Fig. 2b) in
supramolecular dendrimers and dendronized polymers. Screening
through generational [110,115, 123-158,114] and deconstruction
[129] and other more complex libraries [158-188] of self-
assembling dendrons and self-assembling hybrid dendrons
synthesized by accelerated modular-orthogonal methodologies
led to fundamental correlations between the primary structure
of the dendrons and the tertiary structure of the resulting self-
organizations. This provided the first Nano-Periodic-Table of
supramolecular dendrimers [127].

The quasi-equivalence of self-assembling dendrons and their
constitutional isomerism
In order to explain the self-assembly of icosahedral viruses
from proteins with identical primary structure Casper and Klug
elaborated in 1962 he concept of quasi-equivalence [190-192].
Quasi-equivalence was defined as being “Purposeful switching
between more stable, unsociable, and less stable, associable,
conformations of proteins during self-assembly of icosahedral
viruses.” Constitutional isomerism of self-assembling dendrons
changes their secondary structure from tapered to conical

(a) (3,4)nG1-CTV (b)

No torsion
ﬂ% Columnar
“ - Y {/ b,
(d) (4-3,4,5)nG1-CTV (e)

Fig. 8

(4-3,4)nG1-CTV (c)

(3 4-3 5)nG2-CTV

§ Large torsion é % Large torsion

Columnar

and their self-organization from columnar hexagonal to cubic
or Frank-Kasper Al1S5 (Fig 2a,b). This is best illustrated with
dendritic dipeptide constitutional isomers that self-organize either
a columnar hexagonal LC from porous columns that mimic
the Aquaporin channels or form hollow globular supramolecular
assemblies self-organizing the cubic A15 Frank-Kasper phase
(Fig. 4) [56,168].

Temperature and degree of polymerization in the case of
covalent dendronized polymers (Fig. 5) [174] or strength of the
interactions in the case of supramolecular dendronized polymers
[160] provide the other mechanisms that change in a systematic
and reversible way the shape of conical dendron in a tapered one,
thus demonstrating their quasi-equivalence [47].

Why dendronized crown and discs?

The very simple question is: why dendronized crowns and
discs when all new LC phases including Frank-Kasper and
liquid quasicrystals were already discovered with self-assembling
dendrons and dendrimers? There were numerous reasons we
became interested in dendronizing crown-like and disc-like
molecules with self-assembling dendrons. First, a disc-like or a
crown molecule provides access to the core of a dendrimer or
supramolecular dendrimer with a multiplicity at its core equal

(3,4,5)nG1-CTV

. Large torsion
Columnar,
__Cubic___

No torsion
Columnar

(3,4,5)2dm8*G2-CTV

pnh=39.7 A
,,,,,exv~39 7A

Large torsion
Tetragonal

Columnar

Molecular models of a library of dendronized CTV crowns. The direct correlation between the presence of a columnar hexagonal, A15 cubic and o tetragonal
Frank-Kasper phases and dendron architecture is illustrated by the marked torsion angle required to fit the conformer in the supramolecular structure determined
by XRD (a to f). Molecular model and detail of the aromatic core packing of (3,4,5)>dm8*G2-CTV-3. Fig. 8 was adapted, combined and modified from various Figs

of reference 159.
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to the degree of substitution of the disc or crown but at the
same time a preference towards certain self-organization by
comparison with simple sp® based branching points. This can
be 2, 3, 6, and 8, as it will be shown in the next subchapter.
Can this increase the complexity of the supramolecular structure
in one step reaction with a low generation dendron provide
assemblies similar to those of higher generation dendrons and
dendrimers? Second, hexasubstituted CTV was shown to form a
pyramidal columnar LC that exhibited helical conformation even
in its own melted alkyl groups [15-17,19-21,28,177,193]. Since
helical cis-cisoidal and cis-transoidal polyphenylacetylene (PPA)
and other arylacetylenes induce helicity in their dendronized state
[171,194-199] providing a molecular machine [171-173] we asked
if dendronizing molecular crowns with supramolecular dendrons
would not provide an even simpler access to related helical
chirality-based concepts already observed with dendronized
helical stereoisomers of PPA and other polymers. Third, a crown
inversion was observed in the pyramidal columnar LC phase
of CTV [16,19]. Will this crown inversion be observed in the
dendronized CTV? And if the answer is yes, what new concepts
will be provided by it? Fourth, a helical conformation was
observed in the liquid columnar crystal state of hexa n-alkylthio
substituted triphenylene while the hexa-n-alkyloxy-substituted
triphenylene provided non-helical columnar hexagonal LC only
[10-14]. This small difference between the larger sulfur vs
smaller oxygen prompted us to ask the question if replacing
n-alkoxy groups with achiral self-assembling dendrons will not
provide a similar effect with that of replacing oxygen with

(a) (3,4)12G1-Tp (b)

(3,4Pr)12G1-Tp (c)

Fig. 9

(3,4,5Pr)12G1-Tp

sulfur since dendrons are larger than alkyl groups? Fifth, CTTV
is the conformationally flexible tetramer of the trimer crown-
like CTV [22-26]. Will its dendronized structure provide similar
structures with those of dendronized CTV? Sixth, any new classes
of self-assembling building block have the probability to provide
new unpredictable discoveries and we relied on this challenge
hoping to discover new concepts with the help of self-assembling
dendrimers.

Selecting the disc-like and crown-like molecules to prepare
dendronized discs and crowns

Commercial availability, simple synthesis, different multiplicity
and flexibility and lack of steric restrictions of the substitution
pattern were the main criteria for the selection of the
rigid perylenebisimide (PBI) 1,3,5-trihyhdroxybenzene (THB)
hexahydroxytriphenylene (HHT) and flexible hexahydroxy-CTTV,
(HHCTTV) disc-like, as well as of trihydroxy-CTV-3 (THCTV-3) and
hexahydroxy-CTV (HHCTV) crown building blocks illustrated in
Fig. 6.

Self-organizations from dendronized CTVs

We will start our discussion with the dendronized crown CTV
[159] since the structures resulted from these experiments
made the biggest impact on this topic and were also used
as model compounds for all other dendronized disc-like
molecules. Two CTV derivatives were employed in these
experiments. A trisubstituted, THCTV-3 and THTMCTV3 and
a hexasubstituted, HHCTV, (Fig. 7). A large diversity of first

(d) (3,4,5)dm8*G1-Tp (e) (3,4,5)dm8*G1-Tp

Molecular models of (a) (3,4)12G1-Tp, (b) (3,4Pr)12G1-Tp, (c) (3,4,5Pr)12G1-Tp, (d) (3,4,5Pr)dm8*G1-Tp, (e) (3,4,5)dm8*G1-Tp. (f-k) Molecular models of (S)-
(3,4)dm8*G1-CTTV, (f) Side view, (g) Top view, (h) Top view, (i) Column (Top view), Column (Side view), (k) Spherical structure of the hexagonal phase. Fig. 9a-e was
adapted and modified from reference 166. Fig. 9f-k was adapted and modified from reference 28.
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generation self-assembling dendrons attached to HHCTV
such as (3,4)12G1, (3,4)dm8*G1, (4-3,4)G1, (4-3,4)dm8*G1
(Fig. 7 self-organize helical columnar hexagonal LCs while
(3,4,5)12G1, (3,4,5dm8*G1, (4-3,4,5)12G1, (4-3,4,5)dm8*G1
and (3,4-3,5)12G2 self-organize helical columnar LCss and cubic
Frank-Kasper A15 LC phases, the last obtained from spherical
helices. (3,4-3,5)dm8*G2-CTV self-organizes only the cubic A15
phase. The lower multiplicity CTV crown THCTV-3 requires
second generation dendrons such as (4-3,4-3,5)12G2 and (4-
3,4-3,5)dm8*G2 to self-organize helical columnar hexagonal
LCs while (3,4,5)212G2-CTV-3 and (3,4,5)>dm8*G2-CTV-3 self-
organize only tetragonal o Frank-Kasper phase. The mechanism
of self-organization of helical columnar hexagonal and of cubic
A1S phases is illustrated in Fig. 2b [159]. The spherical helices
and helical columns forming these two LC phases mediate via
temperature a crown inversion. This is a much simple mechanism
than the one required to interconvert spheres from conical
dendrons into columns from tapered self-assembling dendrons
[193], as it will be discussed in even more details later. The
experiments with dendronized CTVs set the principles and rules
that will be followed by all other dendronized disc-like molecules.

A library of dendronized CTV with the conformation of the
dendronized molecule and the phases in which it self-organizes

(a) 1:1 R/S Racemic Mixture
As prepared | 60 °C for 2 h

Fig. 10

as determined by X-ray analysis is shown in Fig. 8 [159].
Increasing generation number provides an enhanced torsion angle
of the dendron repeat unites from the periphery. This enhanced
torsion angle required to accommodate the dendron in a certain
conformation, increases the probability to transit the hierarchical
self-organization from helical pyramidal columns to columns and
spheres and only to spheres. This is a general and very simple
molecular design principle for the construction of Frank-Kasper
cubic and tetragonal phases from first principles [159]. As it will
be shown later this concept applies also to dendronized rigid discs
such as HHT and flexible discs such as HHCTTV (Fig. 6) [160].
The directionality provided by the flexible benzyl ether repeat
units of the self-assembling dendron is also a very important
molecular design parameter that is not available in the melted
state of the alkyl groups from classic discotic molecules in their
discotic columnar liquid crystal state [1].

Self-organizations from dendronized HHT and HHCTTV
To our surprise dendronized HHT also self-organize helical
columnar hexagonal LCs, A15 and o Frank-Kasper as well as LQC
phases [160,200].

Both the helical columns of the helical columnar hexagonal
LCs and the helical spheres forming AlS, ¢ and LQC phases

X-Ray diffractograms before and after annealing of the columnar assembly self-organized from the racemic hat-shape CTV dendronized with the self-assembling

(4-3,4)12G1CH,OH displaying deracemization accompanied by crystallization of the dynamic racemic supramolecular columnar polymer into homochiral columnar

hexagonal polymer; the columnar hexagonal crystal provides the driving force for this process (a); (b) the mechanism of deracemization by stereo-sequence

rearrangement of dynamic racemic polymers in their semicrystalline liquid crystal state is shown in part (b) where the hat-crown inversion via a transient disc

that transfers between columns provides the deracemization process. Fig. 10 was adapted and modified from reference 177.
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are assembled from crown-like conformations of the dendronized
triphenylene and CTTV [160,200,201]. As in the case of
dendronized CTV [158] first generation self-assembling dendrons
such as (3,4)12G1, (3,4Pr)12G1, (3,4,5Pr)12G1, (4-3,4)12G1 and
(4-3,4,5)12G1 attached to triphenylenes form only hexagonal
columnar arrays while (3,4,5)12G1, (3,4,5)dm8*G1, (4-3,4-
3,5)12G2 and (3,4-3,5)12G2 self-organize helical columnar
hexagonal and A1S5, o and LQC phases. In all cases, temperature
can change in a reversible way spheres into columns. It
is also remarkable that in the case of the triphenylene
helical columns complexation with electron-acceptor compounds
can also transform spheres into columns [160]. This is due
to an enhancement of the bond strength of the short
supramolecular spheres columns due to the similarity of the
helical column and spherical helices that are both organized from
crown-like conformers [159]. Fig. 9 provides selected examples
of dendronized HHT and HHCTTV, shown in Fig. 7, and
the corresponding resulted dendronized disc conformation as
obtained from X-ray diffraction experiments [28,160,200]. It is
remarkable to observe from

Fig. 9 shows how the molecular design principles induced by
self-assembling dendron generation number apply not only to
HHCTYV but also to flexible and rigid discotic molecules. Access via
flexible and rigid discs to this self-organization process provides
an entrance to designed dynamics of self-assembly and self-

organization of identical tertiary structures. This is one of the
most important concepts that requires elucidation in order to
generate complex soft matter with the same level of precision to
that of single crystals produced from few low molar mass atoms
[53,54,56].

A racemic (R+S) (3,4)Jdm8*G1 Dendronized CTV displays a
hat-shape that self-organizes columnar hexagonal LCs
undergoing deracemization accompanied by crystallization of
homochiral columns

Homochiral and racemic (3,4)dm8*G1-CTV adopt a hat-shaped
conformation that self-organizes helical columnar hexagonal
LCs and crystals [177]. Racemic (3,4)dm8*G1-CTV obtained
from an equimolar ratio of their R and S enantiomers self-
organize a helical columnar hexagonal LC phase that upon
annealing undergoes deracemization into pure R and S domains
of columns. The enantiomerically pure homochiral domains
undergo fast crystallization forming highly ordered columnar
hexagonal crystals. Deracemization of racemic columns is
mediated by inversion of configuration of the CTV-hat and
exchange between the supramolecular columns as illustrated
in Fig. 10. A combination of X-ray diffraction, NMR and CD
in solid state were used to demonstrate this concept that is
similar to deracemization in solution accomplished by Pasteur
in 1848 [202] except that the current example represents the
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Y o alth
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R= g o = | SRR
[3] 5 .C é - A
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Fig. 11

High order ®,* phase — a 2, perfect helix with centered stacking of PBI dimers

Molecular structure of dendronized PBI (a); (b) wide-angle X-ray diffraction (WAXS) pattern in the <I>hi° phase (b) and wide-angle X-ray diffraction (WAXS) pattern in
&% phase (). The cogwheel model of helical self-organization accompanied by deracemization that disregards chirality (d to m). Fig. 11 was adapted and modified

from reference 178.
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first deracemization in the bulk state. The driving force for
this deracemization and crystallization is the helical columnar
hexagonal crystal state that provides the highest degree of order
with homochiral single-handed helical columns (Fig. 10) [177].
It is remarkable to observe (Fig. 10b) how the hat conformer
obtained by dendronizing CTV undergoes, as demonstrated by
solid state NMR, crown inversion withing the supramolecular
column. The transient disc-like conformation of the CTV-crown
exits the column and enters in a neighboring column providing
the mechanism responsible for the deracemization that is
demanded for crystallization of homochiral columns. Since
columnar hexagonal unit cell contains four quarters of a column
(see top right column in Fig. 10a), single handedness is required to
crystallize a helical columnar hexagonal crystal. In this particular
case, single handedness is obtained by deracemization. Since these
supramolecular columns are in fact supramolecular polymers we
can consider this deracemization to be similar to a stereo-sequence
rearrangement of a heterochiral, atactic or syndiotactic polymer
into an isotactic homochiral polymer. This is a remarkable new
concept with numerous potential applications [177].
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Fig. 12

Dendronized PBI provides a cogwheel mechanism to
self-organize helical columnar hexagonal LCs and crystals

The self-organization of a large diversity of dendronized
perylenebisimides [177-180,203-210] naphthalenebisimides
[210] and other related molecules [205] was investigated before the
cogwheel mechanism of helical self-organization was discovered
and reported in 2016 [178]. The structures of dendronized PBIs
self-organizing by a cogwheel mechanism helical columns are
showed in Fig. 9 The cogwheel mechanism of self-organization
is illustrated in Fig. 9. Two dendronized PBI molecules form a
supramolecular crown. A disordered, originally assigned crystal
phase (k1) that in fact is a helical columnar hexagonal liquid
crystal phase with intracolumnar order, forms at high temperature
and a highly ordered helical columnar hexagonal crystal phase
(k2) forms at low temperature [178]. In the liquid crystal phase
the supramolecular crowns are “on” and “off” the column axis
while in the crystal state they are all “on” the column axis. The
length of the alkyl groups of the self-assembling dendron must
be strictly equal to the half-pitch of the column. The alkyl groups
must contain methyl substituents that will end-up facing inner
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Molecular structure of dendronized PBI, G2-PBI (a); DSC traces of G2-PBI recorded with heating and cooling rates of 10°C/min upon first cooling, and second heating

phases determined by XRD (defined in main text) transition temperatures (in°C) and associated enthalpy changes (in parentheses in kcal/mol) are indicated (b);
columnar hexagonal phase assembled from supramolecular spheres determined by experimental (c) and simulated (d) XRDs, and schematic models of the four

phases of G2-PBI with phase notation: ®,¥, 3D crystalline columnar hexagonal phase; ®,1°7, low temperature 2D liquid crystalline columnar hexagonal phase with
intracolumnar order; ®,°2, high temperature 2D liquid crystalline columnar hexagonal phase with intracolumnar order; body-centered cubic phase (BCC) of space

symmetry Im3m (d). Fig. 12 was adapted and modified from reference 205.
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part of the column. Introducing a sequence-defined combination
of alkyl groups in the dendron can provide an extraordinary
acceleration of the extremely slow transition from the columnar
hexagonal LC to its corresponding crystal [179,180].

Supramolecular columns assembled from supramolecular
spheres self-organize columnar hexagonal liquid crystals

A PBI dendronized with the second generation self-assembling
dendron (3,4P1-3,4,5)12G2 forms a tetrameric supramolecular
crown that self-organizes supramolecular spheres arranged in a
supramolecular column self-organizing a columnar hexagonal
LC phase [205]. This unusual columnar structure occurs above
a columnar hexagonal phase assembled from supramolecular
discs and below a cubic BCC periodic array generated also from
supramolecular spheres (Fig. 10). Itis required that supramolecular
columns assembled from crowns display a transient state of
columns generated from spheres before entering the BCC phase
[212-215]. However, it was unexpected that this intermediate
columnar hexagonal liquid crystal state containing columns
assembled from spheres would be stable, as in this case, over a
range 23 °C [205]. A chiral dendronized CTTV dendronized with
(3,4)dm8*G1 was demonstrated to self-organize in supramolecular
columns constructed from supramolecular spheres, with no
subsequent transition to a cubic phase [28].

This columnar hexagonal phase constructed from chiral
spheres was enantiotropically stable over a range of 23 °C
on heating and on cooling. As in the previous case the
supramolecular spheres forming the column are generated from
crown conformations of the dendronized flexible CTTV in this
case. An additional example of supramolecular columns from
spheres forming columnar hexagonal LC phase was observed from
C60 dendronized with (4-3,4,5)12G1 self-assembling dendrons
(Fig. 13) [211].

Hierarchical self-organization of new bundles and arrays of
columnar hexagonal liquid crystals by supramolecular
orientational memory effect

Hierarchical self-organization of a diversity of new arrays of
columnar hexagonal fragments and bundles was accomplished by
the supramolecular orientational memory effect (SOM).

SOM induced by an epitaxial nucleation mediated by the close
contact spheres of cubic and tetragonal phases, emerged as a
pathway to engineer complex nanoscale soft matter of helical
and nonhelical columnar hexagonal arrays. SOM preserves
the crystallographic directions of close contact supramolecular
sphered upon cooling from a cubic to a columnar hexagonal
periodic array. So far, SOM was observed at the transition
from Frank-Kasper A15, BCC and Frank-Kasper o phases to the
columnar hexagonal arrays only when the column and spheres
were self-organized from dendronized crowns, supramolecular
crowns assembled from dendronized planar molecules and
from supramolecular dendritic crowns assembled via H-bonding
(Fig. 14) [193,212-215]. Orthogonal [193], tetrahedral [212,158],
dodecahedral [213], rhombitruncated cuboctahedral [214],
and rectangular bipyramidal [215] arrangements of hexagonal
columns were so far discovered (Fig. 14 [215]). When the same
cubic phases are self-organized from supramolecular spheres

Fig. 13

(@) Molecular structure of dendronized fullerene with (4-3,4,5)12G1 self-
assembling dendron (a); molecular model of column’s side view (b) and top
view of the column (c). Fig. 13 was adapted and modified from reference 211.

assembled from conical dendrons no SOM effect was observed
so far [213]. Only the orthogonal arrangements of columnar
hexagonal arrays were analyzed in complete details including
histograms of all orthogonal orientations [193]. For all other
arrays, only the new architectural structure induced by SOM
was elucidated but no detailed analysis of its concentration and
arrangement, as determined in great details for the case of the
orthogonal array, is available at this time.

Discrimination between cone vs crown mechanism of
self-assembly of supramolecular spheres via the SOM effect

Fig. 15 illustrates the self-assembly of a supramolecular sphere
from the AB9-COOH self-assembling dendron showed in Fig. 15a
[158]. Ten conical (Fig. 15¢) or ten half-crown conformations of
the AB9-COOH forming five crown conformations (Fig. 15b) self-
assemble into the strictly identical supramolecular spheres from
Figs. 15f and 15d self-organizing a BCC lattice. X-ray analysis
could not discriminate between these two mechanisms of self-
assembly and self-organization [158]. A SOM effect generating
an orthogonal arrangement of bundles of columns occurs at the
transition from BCC to the columnar hexagonal phase. Since
only crown conformations forming spheres and columns provide
the SOM effect, in this particular case, it is the SOM effect that
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Summary of the supramolecular orientational memory effect with selected examples of new bundles of columnar arrays and molecular structures generating them.

Fig. 14 was adapted and modified from references 236 and 158.

discriminated between these two mechanisms demonstrating that
both columns and sphere from Fig. 15 are self-organized from the
supramolecular crowns and discs shown in Fig, 15 b,e [158].

Conclusions

A brief discussion of the discovery and development of molecular
design principles for a large diversity of liquid crystal phases self-
organized from self-assembling dendronized discs and crowns was
briefly presented. These liquid crystal phases were not predictable

when Chandrasekhar laboratory discovered and reported discotic
liquid crystals in 1977 [1]. Thermotropic Frank-Kasper phases
started to be discovered in soft condensed matter 20 years later,
in 1997 in our laboratory, with the help of self-assembling
dendrons [114,115]. Prior to 1997 the A1S5 Frank-Kasper phase
was known only in the lyotropic state of lipids [216]. In the
mean-time Frank-Kasper phases were also discovered in block
copolymers [217] and giant molecules [218] to create a very
active new field of research that will not be discussed here since
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Fig. 15

(b)  @n(25°C):
a=b=428A

(c) BCC (100 °C):
a=b=c=454A

Molecular structure of AB9-COOH self-assembling dendron (a); top view of the single layer of the supramolecular disc assembling the supramolecular columns
forming the columnar hexagonal phase (b); the conical conformation of AB9-COOH (c); the side view of the supramolecular column (d) assembled from the discs
shown in (b); supramolecular sphere (e) assembled from five crown dimeric conformers consisting of ten AB9-COOH dendrons assembled from distorting the discs
from (b); the structure the supramolecular sphere (f) assembled from ten conical conformers of AB9-COOH shown in part (c). Fig. 15 was adapted and modified

from reference 158.

it is not related to discotic liquid crystals. The topic of Frank-
Kasper and quasicrystal phases in block copolymers should and
will be discussed in an independent Perspective. Publications
discussing the history of the first 100 years of research in liquid
crystals and soon after are available [2-4,219]. However, the
biaxial nematic thermotropic liquid crystal phase predicted by
Chandrasekhar [49] is not yet solved. A thermotropic cyclic main
chain polyether based on conformational isomerism seems to be
the least debated biaxial nematic liquid crystal [220]. Research in
the discovery and perfection of 1D, 2D and 3D self-organizations,
their mechanism, functions and applications is in our opinion in
its early stage of development. One of my preferred applications
that will have a great impact on our society is purification of
water with the same level of perfection as that of Aquaporins
[163,201]. All these developments are and will be impacted by
quantitative and simple synthetic methods accessible to any
synthetic and nonsynthetic laboratory including simple click
chemistry developed in our laboratory [24,26,27,49-51,158,221—
236]. We hope that this perspective will inspire and help future
developments in this field. This perspective is dedicated to the
45 anniversary of the discovery of discotic liquid crystals by
Chandrasekhar laboratory [1] and to the memory of Professor
Chandrasekhar. He was a great scientist and a modest and
respectful person. As soon as our laboratory discovered dendritic
liquid crystals, I started to be invited by him to give plenary

and invited lectures at Symposia organized by him. I remember
with great pleasure the lecture “From discotic liquid-crystals to
dendritic liquid-crystals” presented as an invited lecture at the
International Conference on Discotic Liquid Crystals organized
by him, 20 years ago, at the International Center for Theoretical
Physics in Trieste, Italy, on November 25 to 29, 2002. I will never
forgive myself since I had to cancel my trip to present, at his
invitation, the opening lecture during the inauguration of the
Center for Liquid Crystals in Bangalore in 1991.
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