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Chapter 1

General introduction

Supramolecular chemistry aims to develop complex chemical systems from
components interacting by noncovalent intermolecular forces.™! Through the appropriate
manipulation of these forces, supramolecular chemistry has become the chemistry of
molecular information. It involves the storage of information at the molecular level and
their processing at the supramolecular level by molecular recognition events based on
well-defined interaction patterns (hydrogen bonding arrays, sequence of donor acceptor
groups, ion coordination, etc.).

Supramolecular chemistry has first focused on preorganization for the design of
supramolecular receptors, which are formed by the reciprocal recognition of their
molecular components via self-assembly.!” One of the main advantages of using self-
assembly is that the formation of the assembled structures is under thermodynamic
control, allowing the error-correction of mismatched structures, often giving rise to
quantitative yields of the product.”

Beyond preorganization lies the design of systems which undergo self-organization,
I.e. systems capable of spontaneously generating well-defined, organized and functional
supramolecular architectures by self-assembling their components, thus behaving as
programmed systems.” The self-organization of functional supramolecular entities
allows the design of new materials opening new perspectives towards “smart” materials,
such as liquid crystals, gels, etc..”) Supramolecular materials are by nature dynamic and

may, in principle, select their constituents in response to external stimuli or
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environmental factors. Supramolecular materials thus are instructed, dynamic, and
combinatorial and behave as adaptive materials.!

In this thesis the noncovalent synthesis of assemblies based on hydrogen bonding and
their material properties are described. The presented studies are focused on functional
materials in particular liquid crystals which display different properties depending on the
applied external conditions. The important role of hydrogen bonding in the self-assembly
and self-organization of these liquid crystalline materials and the transfer of the
molecular information to the macroscopic level is described.

In Chapter 2 an overview of hydrogen-bonded liquid crystalline materials is given.
The concepts and the principles that have recently emerged are discussed and examples
are given that illustrate the control over these systems.

Chapters 3 and 4 describe the formation of liquid crystalline phases for achiral and
chiral hydrogen-bonded double rosette assemblies, after proper functionalization of the
dimelamine building block. The liquid crystalline properties of these assemblies have
been studied by polarized optical microscopy, differential scanning calorimetry, and X-
ray diffraction.

Chapter 5 describes the complexation of small dye molecules by the chiral liquid
crystalline double rosettes described in Chapter 4. The diversity in the nature of the
building blocks of these mesogenic assemblies leads to different binding modes for these
dye molecules, which affect the macroscopic properties of the supramolecular materials
as X-ray diffraction, differential scanning calorimetry and CD spectroscopy
demonstrated.

Chapter 6 describes the self-organization of the liquid crystalline double rosette
assemblies on solid supports. The influence of different parameters on the self-
organization process is studied by atomic force microscopy (AFM) and scanning
tunneling microscopy (STM) on different solid supports such as highly pyrolytic graphite
and mica.

Chapter 7 describes the noncovalent synthesis of cyanurate-based tetrarosette
assemblies. The possible employment of these highly ordered structures as liquid
crystalline materials after functionalization with octadecyl chains has been investigated

by polarized optical microscopy and differential scanning calorimetry. Moreover, the
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study of the noncovalent synthesis of cyanurate-based tetrarosette assemblies is described
in which the barbiturate acts as a chaperone inhibiting and correcting the non-productive
interactions between the cyanurate and the tetramelamine building blocks. The formation
of enantiopure tetrarosette assemblies via amplification of the chirality and the use of

chaperones was also investigated by CD spectroscopy.
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Chapter 2

Hydrogen-Bonded Liquid Crystals

Liquid crystals are attractive materials for their dynamic nature. For example, the
fact that they can be aligned under external stimuli (e.g. a magnetic or electrical field)
leads to practical applications in the optoelectronic field (e.g. display screens).
Furthermore, new properties can arise from ordering the mesogenic molecules through
noncovalent interactions. In particular, hydrogen bonds can be a tool in the construction
and ordering of liquid crystalline materials. In this chapter the most representative
examples of hydrogen-bonded liquid crystals are described. The versatility of the

hydrogen bonding to obtain new structures and properties is highlighted.
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2.1 Liquid Crystals

Liquid crystals (LCs) constitute a class of materials that form a unique state of matter.
They are also referred to as the fourth state of matter, because they combine solid state
properties and properties of liquid. Usually, matter is considered either fully ordered
(crystalline) or fully disordered (liquid, gas, and glass). In the crystalline phases,
molecules possess orientational order and three-dimensional positional order, while in the
amorphous or isotropic phases the molecules lack (long-range) order. In the various
liquid crystalline phases or mesophases, the molecules possess some level of orientational
order, but with a much lower degree of positional order than in a crystalline solid.

The presence of a liquid crystalline phase is strongly related to the the anisometric
shape of the the mesogenic molecules, i.e. either the properties of the constituent parts of
the molecules vary (e.g. hydrophobic-hydrophilic or rigid-flexible parts), or their
molecular axes have different lengths. This leads to two major subclasses: rod-shaped
and disk-shaped molecules. From the first, predominantly nematic phases (only
orientation order) and smectic (one dimensional positional order) are obtained. Disk-like
molecules give liquid crystals that mainly form nematic and columnar phases (with
orientational and two-dimensional positional order).

Liquid crystals are molecular materials, which combine anisotropy with dynamic
nature. Their unique character can lead to the fabrication of new dynamically functional
materials,”! and led them to be employed as advanced materials for optoelectronic
materials such as display devices. Liquid crystals also have close relationships to
biomolecular systems. Cell membranes are constituted of amphiphilic molecules, which
possess liquid-crystalline behavior.”! The design of liquid crystals by using a variety of
structures and interactions might lead to widen the applicability of mesomorphic

materials.
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2.1.1 Classification of mesophases

Liquid crystals can be divided into two main groups depending on how the
mesophases are formed: thermotropic and lyotropic liquid crystals.®! Lyotropic liquid
crystals are generally composed of amphiphilic molecules and mesophases are obtained
by adding a solvent, which is usually rather polar (e.g. water).**! Upon adding solvent
the system changes from crystalline to mesophase and upon further increasing of amount
of solvent, it changes into an isotropic liquid. A variety of mesophases is possible in
lyotropic liquid crystals depending of the amphiphile, solvent and amount of it used.™ In
contrast, thermotropic liquid crystals exhibit mesophases under specific thermal
conditions. Different mesophases can be obtained depending on the shape, symmetry, and
degree of long range order of the mesogenic molecules in the liquid crystalline phase
(Fig. 2.1).1

b)

!
[

Col Cub

Figure 2.1. Most common liquid crystalline phases; a) Nematic (N), b) Smectic (Sm), ¢) Columnar (Col),
and d) Cubic (Cub).



Chapter 2

In the nematic phase (N) only orientational order is maintained, while any long range
positional order is absent (Fig. 2.1a). The most important phases with long-range
positional order are smectic (Sm), columnar (Col) and cubic (Cub) phases (Fig. 2.1). In
the smectic phases, generally observed for rod-shaped mesogens, the molecules are
ordered into layers (Fig. 2.1b). Depending on the organization of the mesogens into the
layer, different smectic phases can be obtained.’®! On the other hand, disk-shaped
molecules commonly prefer a columnar organization showing two-dimensional positional
order (Fig. 2.1c¢). The several columnar phases are distinguished by the order within the
columns and the order between the columns. Both are indicated in a subscripted suffix.
The most common phases are hexagonal (Coly) and rectangular (Col) columnar

phases.!"®!

2.2 Hydrogen-Bonded Liquid Crystals

The use of noncovalent interactions such as 7z interactions, Van der Waals, metal
coordination, and hydrogen bonding has been widely exploited in the last years to obtain
new structures in the solid state.*' In particular, the use of hydrogen bonding
interactions has attracted much attention because of its relevance to a variety of naturally
occurring processes, such as recognition and self-assembly of complementary
nucleobases that stabilize the double helix of nucleic acids. Its dynamic nature together
with its stability (between 10 and 50 kJ/mol), directionality and reversibility makes
hydrogen-bonding the perfect candidate for obtaining dynamic functional materials.[*>™*

Liquid crystals are functional materials which properties can be modulated also
through noncovalent interactions, in particular by hydrogen bonds. The liquid crystals
can be classified by hydrogen bonding according to three types viz. liquid crystalline
molecular associates between identical and different components, and polymeric liquid

crystals (Fig. 2.2).
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(@)

“closed” “open”

(b)

(c)

“identical” “different”

Figure 2.2. Hydrogen-bonded liquid crystalline materials formed by (a) identical components (closed or

open structure), (b) different components, and (c) polymers.

The first type can be subdivided in hydrogen-bonded liquid crystals that can be
formed by closed and well-defined structures or by open structures (ribbon, layer, etc.).
Liquid crystals formed by hydrogen-bonded polymers can also be obtained by the

association of identical and different components.
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2.2.1 Molecular assemblies of identical molecules

2.2.1.1 Closed structures
2.2.1.1a Thermotropic liquid crystals

Thermotropic liquid crystalline materials can be prepared by the organization of
closed structures obtained by hydrogen bonding. For example, pyridone forms a
hydrogen-bonded dimer with a closed structure in solution (Fig. 2.3a).**%? Upon
functionalization of a pyridone unit with dodecyl chains, the dimer 1 forms a hexagonal
columnar phase (Coly,) between 88 and 108°C.*#?®1 On the other hand, a phthalhydrazide
derivative which forms a trimer through similar hydrogen bonding (Fig. 2.3b), shows
columnar mesophases between 100 and 270°C depending on the length of the alkyl
chains. The type of columnar arrangement is influenced by the length of the alkyl chains.
By increasing the length of the chains, the mesophase changes from rectangular columnar

mesophases for n= 6 to hexagonal columnar for n= 14.[24

(b) R R
H’O i\ ;“Q
o} ,’N\I}l 5 R: CpHan+1
R lH " H
N o) n=6, 10, 14
R — N"-H\N =
O. Y/,
H """ O R
1 2 R

Figure 2.3. Chemical structures of the hydrogen-bonded (a) pyridone dimer and (b) phthalhydrazide

trimer.

Kato et al. have widely used hydrogen bonds for the formation of liquid crystalline
materials in order to obtain new functional soft materials by the self-organization of disk-
like mesogens.™>*”1 They showed that the oligo(glutamic) unit, which is biologically
relevant, forms thermotropic hexagonal columnar liquid crystals from 26 to 89°C when it
is properly functionalized. This relative low isotropization temperature is due to the

10
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weakness of the hydrogen bonds between the amido groups of the oligo(glutamic)
unit.!!

The authors discovered that the isotropization temperature rises when folic acid,
which forms a tetrameric complex in solution,?® is attached to the oligo(glutamic) unit
(compound 3) (Fig. 2.4). The length of the alkyl chains of the oligo(glutamic) unit of 3

determines the type of mesophase: smectic for n=11 and hexagonal columnar for
n=18.4"%

OCnHan+1
0 O\:’OKUOCHHZM
o) ' s =
H,,}‘)\\N @  COCFs
H

OCnHan+1

3

n=6,11,18

smectic columnar

Figure 2.4. Chemical structure of compound 3. The presence of an metal ion induces a change in the

hydrogen-bonding pattern, as a result of which the ribbon structure changes to a disk structure.

Due to the noncovalent nature of the hydrogen bonds, the type of organization of 3 in
the mesophase can be modulated. The addition of a metal ion induces a change in the
hydrogen bonding motif of the folic acid unit, and the mesophase goes from a smectic
(phase) to a columnar phase.”””? When a more stable hydrogen-bonded motif is used, as in

11
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the guanine-cytosine DNA base pair, the integrity of the disk-like building blocks is
retained.?”]

Percec et al. have extensively investigated the formation of thermotropic liquid
crystals through the self-assembly of dendritic molecules such as 5 and 6 (Fig. 2.5).2%3¢
The apex of the dendrons has different functionalities, such as carboxylic acids or esters,
that have the ability to from hydrogen bonds. The rational variations in the number of
substituents and the geometry of the functional groups has led to different mesophases in
a broad temperature range, going from columnar phases to cubic to micelles (Fig.
2.5). [37-39]

(a) CioHa50

OC1oH2s
Ci2Hz50,
Q_ Ci2H250
o}
C12H250 : Ci2H2s0, s}
C12H250 \—-0O

COOCH;§
C12H250

5 o 6
C12H250_©_/ Ci2Hz60 o
CroHae ' Q/ l
C12H250

OCizHzs

v
b
&
é

OC12Hzs

(b) p
OCH, 5?;0/_@ OC12Hzs
o .

5 o
B @-
o \_®_0C12H25

Oc12H25

Figure 2.5. (a) Self-assembly of monodendrons in different arrangements depending on the type of

functionalization. (b) Chemical structures of the oligopeptide monodendron.
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The ability to modulate the shape of the dendrons by rational design has allowed the
discovery of new organizations, which are typical for metal alloys, opening the route
toward photonic bandgap arrays of soft materials.***!) Percec and coworkers have
demonstrated that the functionalization of the dendron apex with an oligo-peptide (Fig.
2.5b) leads to the formation of pore liquid crystalline materials.*?) By increasing the
length of the alkyl chains on the dendrons, the ordering of mesophases increased going
from a nematic columnar phase to hexagonal phases. The principles of self-assembly of
these new classes of liquid crystals have been analyzed. The stereochemistry of chiral
centers and the type of protecting groups on the peptide are the two crucial parameters in
the formation of pores with controlled diameter.**! Furthermore, the modulation of the
pore size has been achieved by thermal stimuli."**! Tschierske and coworkers have used
hydrogen bonds to combine incompatible parts in thermotropic liquid crystals.[*>*]
Compounds 7-9, which are amphiphilic mesogens having diol moieties (Fig. 2.6),
showed very different self-assembly behavior. Compound 7 exhibited a stable
thermotropic smectic phase, while rectangular columnar phases were induced for
compounds 8 and 9. The cooperative and dynamic networks of intermolecular hydrogen
bonding between the diol groups provided sufficient cohesive energy to inhibit a
complete collapse of the molecular order and support the segregation of the incompatible

parts, leading to a series of novel mesophases.

13
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OH
cmeoo\/\)\/OH
7

curuoD) 4D —~D-oen

o]

_& n
o/\K\OH
OH

9 CnH2n+1

Figure 2.6. Chemical structures of the diol derivatives 7, 8 and 9.
2.2.1.1b Lyotropic liquid crystals

Biomolecule complexes, such as DNA and RNA, have shown lyotropic liquid-
crystalline behavior in water. Interesting examples of biomolecules that show lyotropic
liquid crystallinity by association of identical molecules are guanosine and folic acids
(Fig. 2.7a).1Y These molecules exhibit columnar mesophases due the formation of
hydrogen-bonded assemblies in water. Folic acids, in the presence of sodium ions, self-
assemble in a tetramer structure that stack in columns showing hexagonal

arrangements.%

14
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(a) 0 O OH /g;(\;i\ ..........

LXLwy 8 TR

(b)

o -~

I o g
5

Figure 2.7. a) Stacking of a folic acid derivatives in aqueous solution. b) Carbohydrates forming a smectic

phase in aqueous solution.

Other molecules, which have also biological importance and show lyotropic

mesophases, are carbohydrates and multihydroxylated compounds (Fig. 2.7b).**? Being

amphiphilic molecules they present a smectic mesophase where the polar heads form a

well-defined hydrogen bonding network, and the hydrophobic tails interdigitate with each

other. Increasing the temperate new mesophases can be obtained as in the case of octyl-p-

D-galactopyranoside, which also presented columnar and discontinuous phase

S.[4'52]

2.2.1.2 Open structures

Open structures forming columnar liquid crystals with nanometer order (Fig. 2.2a)

have attracted attention for their possible use in optical photovoltaic devices.*

Formation of columnar structures can be favored when amide groups are used. The

15



Chapter 2

conformation of the amide bond allows stacking of molecules along the stacking
direction through the formation of orthogonal hydrogen bonds. Unfortunately, for liquid
crystals the number of amide-containing molecules is limited because the intermolecular
hydrogen bonding chain often raises the melting temperatures and reduces the liquid
crystallinity.”*® Nevertheless, a proper use of amide groups to direct the assembly of a
new class of crowded aromatics has been reported.®* The fine-tuning between steric
hindrance and the number of hydrogen bonds allowed those mesogenic molecules to have
a liquid crystalline phase between 47°C and 200°C.**! When the bulkiness of the
peripheral groups was increased, the liquid crystalline packing was influenced, going
from hexagonal millimeter-scale domains to a distorted hexagonal lattice.

Amide groups have also been employed to stabilize the mesophases of triphenylene
molecules.®*! The intermolecular hydrogen bonds led to a minor inter-disk distance
from 3.32 to 3.18 A, with consequently an increase of the charge carrier mobility in the
triphenylene derivative.®® Compound 10, which was obtained by covalent attachment of
three triphenylene moieties to a 1,3,5-benzenecarboxamide, gives a discotic hexagonal

plastic phase with an isotropization temperature of 208°C (Fig. 2.8).

Figure 2.8. Self-organization of compound 10 in the liquid crystalline phase through hydrogen bonding.

The formation of hydrogen bonds and 77 interactions in 10 led to a helix-like
rotation over 60° allowing a large overlap of triphenylene units with consecutive an

increase of the charge carrier mobility.”"!

16



Hydrogen-Bonded Liquid Crystals

Meijer et al. also reported the use of 1,3,5-benzenetricarboxamide derivatives in order
to promote the formation of columnar aggregates.®® The intermolecular hydrogen bonds
formed by the amide groups were used to direct the stacking, resulting in columnar
aggregates with a mesophase between 158-171°C. The functionalization of the 1,3,5-
benzenetricarboxamide derivatives with a photopolymerizable group allowed afterwards
the manipulation of the columnar aggregates in solution.

Percec and coworkers have reported the preparation of twin-tapered dendritic
benzamides 11, which self-assemble into supramolecular columns generated by an
orthogonal hydrogen-bonded dendritic benzamide unit (Fig. 2.9).°*®Y The dendritic
benzamides have an unequal length of the alkyl chains. A crystalline phase was observed
when the combination of short and long alkyl chains was dissimilar, while a hexagonal
columnar phase was observed from 47 to 92°C when the length was the same.””
Surprising, when the alkyl chains were partially fuorinated the twin-dendritic benzamides
12 changed the mode of self-assembly from single-layer supramolecular columns to an
unprecedented bilayered pyramidal supramolecular columns (Fig 2.9). The mesophase
for this new class of molecules was columnar hexagonal. The intermolecular hydrogen
bonds maintained the columnar stacking, and the segregation between partially
fluorinated aliphatic chains was the driving force for the formation of pyramidal

columns.[5%¢%
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(@)

OC12H2s
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Figure 2.9. Self-assembly of building blocks based on (a) twin dendrons 11 into cylindrical columns, (b)

lattices.

18

fluorinated twin dendrons 12 into pyramidal columns and their self-organization into hexagonal columnar



Hydrogen-Bonded Liquid Crystals

2.2.1.3 Polymers

Liquid crystallinity in hydrogen-bonded polymers can be achieved using bifunctional
monomers through the association of single or multiple hydrogen bonds.®2®” Meijer and
coworkers have reported several hydrogen-bonded polymers through the self-assembly of
ureidopyrimidinone derivatives (UPy)" and ureidotriazines (UTr)®*? (Fig. 2.10).

RO OR
sl gy i i
Os_N._N__N NN o N__N__N__0O
S e P LA B O S
Ny O 0 Nz NN | N wH NN
O)\’}‘)\\N NH
B B
RO OR RO OR RO OR
OR OR OR
UPy UTr
R =CqzHzs

Figure 2.10. Chemical structures of the monomers based on ureidopyrimidinone (UPy) and ureidotriazines

(UTr) derivative, which are used to form hydrogen-bonded polymers.

The UPy mesogens showed a columnar discotic mesophase where the isotropization
temperature depended on the rigidity and length of the spacer between the two receptor
sites. The isotropization temperature decreased from 173 to 140°Cwhen the number of
carbon atoms in the alkyl spacer was increased. Using a rigid spacer such as a benzyl

group increased the isotropization temperature to 247°C.1*")
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2.2.2 Supramolecular assemblies consisting of different molecules

2.2.2.1 Closed structures

The first example of rod-shaped closed structures that form liquid crystals by
hydrogen bonding between different molecules was reported in 1989.%7% The
supramolecular liquid crystals obtained by the hydrogen bonding between 13 and 14
showed a mesophase up to 252°C, which is higher than the two single components (Fig.
2.112).1" The theory of this type of association in liquid crystalline materials has been

studied by Tanaka and co-workers.[™

(a) SN O f,o
° O-H--- NC/>—\\_

13 14

050

Figure 2.11. Structure of a hydrogen-bonded mesogen between 13 and 14 (a) and an electrooptically

active complex 15 (b).

Another interesting example of a rod-shaped mesogen is the supramolecular structure
15. This structure displayed a mesophase at room temperature (Fig. 2.11b), while the two
individual building blocks do not show any mesogenic behavior. The hydrogen-bonded
complex produced a nematic phase with an electro-optical respons.[’"!

Rod-shaped mesogens formed by molecular recognition of stilbazole derivatives and
ferrocene derivatives with acid functionalities have been described.’® The delicate
balance between the volume occupied by the central core and the flexible chains is
responsible for the formation of different mesophases (from smectic to cubic
mesophases). Hydrogen-bonded mesogens which do not have a rod shape have been

prepared from a variety of components.’®®””) Doublel’” and triple®® hydrogen bonds

20



Hydrogen-Bonded Liquid Crystals

were utilized for the formation of those mesogenic assemblies, which have a shape in
between rod-like and disk-like.

Disk-like molecules based on the 3:1 hydrogen-bonded complex between the
carboxylic acid and imidazole derivativest’®’ show hexagonal columnar mesophases
from 62 to 288°C when the carboxylic acid derivatives are functionalized with long alkyl
chains (Fig. 2.12).1"87

H
R= —0-Cy4Hz;—COO-C=CH,

Figure 2.12. Organic nanoporous materials obtained by using hydrogen-bonded liquid crystalline
templates.

The presence of polymerizable groups in the carboxylic acids allows the formation of
ordered nanopores, which show good nitrogen gas permeability after the removal of the

imidazole derivative.[”®

21
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Mesogenic assemblies having the V-shape typical for banana mesogens have been
prepared by hydrogen bonding between a stilbazole derivative and a carboxylic acid
derivative.®™ The hydrogen-bonded banana mesogens showed almost the same thermal
behavior of its covalent analog; a smectic polar phase between 93-119°C for the
hydrogen-bonded mesogens and between 110-119°C for the covalent analog. The
formation of closed structures by hydrogen bonding is not always a favorable process.
For example, diazoperylene derivatives show a decrease of the isotropization temperature
after complexation with different carboxylic acid derivatives because the hydrogen bonds

disturbed the packing of the diazoperylene.®®

2.2.2.1a Melamine-based mesogens

Melamine derivatives have been widely employed as building blocks for the
construction of supramolecular architectures through hydrogen bonding in solution, 24
solid state,’®>**! and on solid supports.”** Due to the versatility in forming different
hydrogen bonding motifs with barbiturates and cyanuric derivatives, 28910191 they have
been employed also as building blocks for the formation of mesogenic structures.[*%1%]
The proper functionalization of the melamine with benzyl groups bearing alkoxy chains
has led to the formation of columnar liquid crystalline phases when complexed to benzoic
acids."®! The resulting arrangements of the columns in mesophases could be tuned. The
complex formed a columnar hexagonal mesophase when the acid was functionalized with
one alkyl chain, while a rectangular columnar mesophase was displayed when the acids
bore two alkyl chains. The difference in the columnar arrangements could be attributed to
an unequal distribution of the alkyl chains around the hydrogen-bonded core in the case
of the difunctionalized acid. This led to an ellipsoidal shape of the complex and to a
rectangular columnar mesophase. Serrano and coworkers have studied the same kind of
system in order to understand how to modulate the columnar packing in hydrogen-
bonded liquid crystals. They emphasized the importance of the effective space filling by a
sufficient number of peripheral tails in the formation of columnar mesophases.®®! For
example when the number of chains was too high, a stable hydrogen-bonded complex

could not be formed and consequently no mesophase was observed. Depending on the
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type of benzoic acids, the stability and the polymorphism of the liquid crystalline phase
vary. For example, in the case of acids with bulky substituents the mesophase of the
complex resembled more that of the acid than that of the triazine component.

Proper functionalization of the melamine unit with benzyl groups bearing alkyl chains
(16) led to the formation of mesogenic hydrogen-bonded rosettes with the barbiturate dye
17 or cyanurate 18 (Fig.2.13a).
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Figure 2.13. Mesophases obtained by different hydrogen-bonded motives:(a) ““rosette” and (b) “tape”.

The rosette assembly 1632173 arranged into a rectangular columnar phase due to the
bulkiness of the peripheral groups of 17. Less steric hindrance in building block 18 led to
the formation of a hexagonal columnar phase."”! The rosette was not formed when more
bulky substituents were used as in melamine 19. The self-assembly of 19 with the
barbituric dye 20 led to the formation of a tape motif, which assembles in a rectangular
columnar phase (Fig. 2.13b).[*%]
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2.2.2.2 Polymers

Noncovalent interactions have been recognized to be versatile for the design of
functional polymeric materials in building mesogenic polymers.'"2%°1% Dynamic
functions, such as phase modulation, can be introduced into polymeric systems by
hydrogen bonds. The first example of a mesogenic hydrogen-bonded polymer by hetero-
intermolecular hydrogen bonding was reported by Kato and Fréchet in 1989.° Since
then many types of hydrogen bonded polymers have been prepared having well-defined
structures, such as main-chain,'*****"1 side-chain, 8124 and network structures,[*2>12!

Main chain polymers show different behavior depending on the type of molecules
involved in the formation of the polymer itself.**311511%] For example, when the length of
the spacer in rod-coil copolymer 21 was increased, the mesophase in those polymers
changes from cubic (n = 8, 10) to hexagonal (n = 15, 17, 21). The liquid crystallinity was
completely suppressed for n = 27 (Fig. 2.14a).1* The type of spacer between the
receptor sites was critical in the formation of the liquid crystalline phase.[****'> Rod-
like polymers are formed by the molecular recognition between the mesogenic 5-
alkoxyisophthalic acid and different diamines. The complex showed a lamellar phase
only when it was formed with flexible amines such as 1,3-propyldiamine. When more

rigid amines were used, liquid crystallinity was not observed.
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Figure 2.14. Chemical structures of main-chain rod coil polymer 21 (a) and side chain polymers 22 and 23

(b).

A variety of hydrogen-bonded side-chain polymers based on polyacrylate and
stibazoles have been prepared, showing different types of mesophases.[®% 19 122-124]
Different smectic phases could be obtained just varying the functional group in the
stibazoles derivatives (Fig. 2.14b).***! The hydrogen-bonded polymer based on 22
showed lower isotropization temperatures than those based on 23 (ATz3.22 = 50°C). This
is due to the shorter length of the extended mesogen compared to its diameter.

It is well known that hydrogen bonds could showed reversible processes of
association and dissociation because of their moderate bonding energies. A new type of
dynamic material was obtained through the control of such processes in hydrogen-bonded
polymers (Fig. 2.15). Self-assembly of low molecular weight compounds led to the
formation of liquid crystalline network polymers.*?®) Depending on the type of
substitution in the carboxylic acid derivative different mesophases were obtained. A
smectic mesophase was displayed by the compound 24 in the presence of 25 (Fig. 2.15a),

while 26 formed a nematic phase in the presence of 25 (Fig. 2.15b).
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Figure 2.15. Schematic illustration of the smectic network formed by hydrogen bonding of 24 and 25 and

nematic network by 26 and 25.

2.2.3 Chirality in hydrogen-bonded liquid crystals

The role of supramolecular chemistry in material science is perhaps expressed most
impressively in liquid crystals in which slight variations of chiral content can lead to
dramatic variation in the properties of the mesophases.**”! The helical sense (twist) of
these mesophases is determined not only by intrinsically chiral mesogens but also by the
use of dopants which more often than not interact with achiral host LCs to generate chiral
phases.'?1?%l As in the case of achiral mesophases, the type of chiral mesophases
depends on the shape, symmetry and order of the chiral mesogen. Rod-shaped molecules
give chiral nematic phases, the so-called cholesteric phase, because it was first observed
for cholesterol derivatives. Hydrogen bonding can be a tool for the “synthesis™ of chiral
mesogenics or for the induction of chirality in achiral LCs. The directional nature can
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direct the twist of mesogens along the stacking direction in the formation of a chiral
mesophase.

2.2.3.1 Chiral mesogens

Chiral nematic LCs can be prepared from achiral polysiloxanes with 4-alkoxybenzoic
acid side chains in combination with optically active trans-stilbazole. The chiral
properties can be tuned through the ratio of stilbazole to polymer units, as well as by the
length of alkyl spacers in the structures.*® The same principle can be used with small
molecules such as benzoic acids.™*™ A study of mixtures of benzoic acids and chiral
stilbazole derivatives showed that the 1:1 complex actually did not give the largest range
of the chiral phase. When 25% of the chiral stilbazole was added the chiral smectic C
(SmC*) phase existed from 72 to 124°C. Thereafter a chiral nematic (cholesteric) phase
was observed up to the isotropization point of 138°C.

The valency of the hydrogen bond donor and acceptor can be varied to produce chiral
mesophases.**? Mixtures of divalent 4,4’-bipyridine with 4-[(S)-2-methylbutoxy]benzoic
acid in ratios between 1:9 and 4:6 showed LC behavior, but chiral mesophases existed
only over a smaller ratio range of components.™***!

Lehn et al. have shown the stereospecific formation of helical fibers from
diastereomers of tartaric acid functionalized with either uracil or 2,6-diacylamino
pyridine. The complementary components, which are not liquid crystals in their pure
state, upon mixing formed mesophases in a very broad temperature range, which

depended on whether the tartaric acid core is either b, L or meso (Fig. 2.16).5!

27



Chapter 2

NN

NS0

N OR O OY o
pl

R O * O N.
/’\L Z 0~ NO/\/ z | H + HQNJj\/ OR O H
O OR N * \
N o ONO I N

Figure 2.16. Self-assembly of complementary chiral tartaric acid derivatives to liquid crystalline materials.

Aminoacid derivatives have been widely used to form chiral liquid crystals.[3413
Kato et al. have reported the use of glutamic acid derivatives as the source of chirality in
hydrogen-bonded liquid crystals.****! When a pyrene moiety was attached to the
glutamic residue chiral columnar mesophases were displayed through one-dimensional
self-assembly of the mesogens.*¥ Chiral cubic phases could be induced from the
columnar hexagonal phase by addition of metal salts when a folic acid moiety was
attached to the glutamic residue.™®! In these compounds, the formation of chiral
structures in solution is aided by the addition of sodium cations in chloroform. In
dodecane the ions are not necessary for the chiral expression.

Melamine derivatives have been also used in combination with chiral benzoic acids to
form chiral disk-shaped structures. These systems were able to form chiral hexagonal
columnar phases (Fig. 2.17a).% The stabilization of the chiral columnar mesophases is
a compromise between the number of peripheral chains and bulkiness of the carboxylic
acids. The chirality is transferred from the benzoic acid to the liquid crystalline assembly
through the hydrogen bonds. The chiral information can also be transferred from the
melamine derivative to the mesophases through the complexation with carboxylic acids
(Fig. 2.17h).1144
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Figure 2.17. Structures of the chiral mesogen formed by (a) achiral melamine derivative and chiral
carboxylic acid and (b) chiral melamine and achiral carboxylic acid. Both mesogenic complexes give a

hexagonal columnar mesophase.

2.2.3.2 Induction of chirality

The induction of chirality in LCs is of interest for the possible application in display
technology.**? Chiral induction can be obtained by the addition of a non-racemic dopant
to an achiral mesophase. The chiral superstructure is achieved by the noncovalent
interaction of the solvent with the solute, or vice versa when an achiral dopant is
introduced into a chiral LC. For achiral Cs-symmetrical trisamides which exhibit discotic
liquid crystalline phases, chiral induction has been reported.3*4 When the compound
was dissolved in chiral (R)-(-)-2,6-dimethyloctane significant Cotton effects were

detected.**! A chiral disc-like trisamide could also be used as a dopant at concentrations
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as low as 2.5% to induce supramolecular chirality in the stacks of achiral compounds
(Figure 2.18). However, additional hydrogen bonds in a self-complementary urea unit in

the Cs-symmetrical trisamide were unfavorable for chiral induction.

=N )= —_—

Figure 2.18. Cs-symmetrical disk-shaped molecules with achiral and chiral side-chains. A small

percentage of chiral molecules induces supramolecular chirality in the columns.

Sierra et al. have reported the induction of chirality in hydrogen-bonded disk-like
mesogens by the complexation with chiral carboxylic diacids.[**) When the ratio between
the mesogenic assembly and the chiral diacid is varied, different phases were formed. For
a ratio assembly-diacid of 2:1 a hexagonal columnar phase was obtained, while for a ratio
of 1:4 a crystal phase could be seen. Circular dichroism spectroscopy showed that
thermodynamically stable chiral mesophases were formed when the ratio between the
assembly and the diacid is 2:1. Sierra and co-workers also showed that a chiral columnar
arrangement could be obtained with a self-assembled mesogen, formed by a melamine
derivative and a series of banana-shaped carboxylic acids (1:3 ratio).'**”! The combination
of hydrogen bonding and the =-stacking of melamine allow the self-assembled mesogen
to form columnar aggregates. The particular shape of the carboxylic acids allows both
enantiomeric stacking possibilities: right-handed (P) and left-handed (M). As shown by
circular dichroism, the functionalization of the carboxylic acid with chiral alkyl chains
led to formation of only one enantiomer, which displayed a rectangular columnar

mesophase.
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2.2.3.3 Spontaneous chiral resolution

The chiral induction in liquid crystalline phases by achiral moleculest*®! can be
considered an analogue of chiral induction in crystal phases where only one chiral
conformation of achiral molecules is retained during the crystallization process.[“g] The
first compounds discovered with the ability to have chiral resolution were the “bent-core”
or “banana-shaped” mesogens.***** Hydrogen bonds can be used to create bent-core

mesogens with the same characteristics as covalent analogs (Fig. 2.19).[5%
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Figure 2.19. Chemical structures of the hydrogen bonding acceptors 27, 28, and hydrogen bond donor 29.
The hydrogen-bonded complexes give a chiral smectic polar phase (SmCP) typical for banana-shape

mesogens.

The formation of the complexes between the calamitic benzoic acid derivative 29 and
bent-core molecules functionalized with a pyridyl group (27 and 28), neither of which
display mesomorphic behavior gave rise to a material which displayed a chiral smectic
polar phase (SmCP) mesophase. It is worth to notice that the hydrogen-bonded complex
2829 exhibited a phase transition from the smectic polar to the isotropic phase at 119 °C.
The same phase transition (SmCP-isotropic) temperature is shown by its covalent analog.

Kishikawa et al. reported the spontaneous chiral resolution of achiral N,N’-bis(3,4,5-
trialkoxylphenyl)urea derivatives, which formed disk-like dimers with a columnar liquid
crystalline phase from 60 to 188 °C.™? The presence of urea moiety in the mesogens
allowed the formation of hydrogen bonds in one-directional stacking. The hydrogen
bonds induced a reduction of the inter-columnar dipole-dipole interaction allowing the

formation of a chiral mesophase by achiral molecules. Strigazzi and coworkers reported
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achiral nematic-type LCs formed by trans-4-alkylcyclohexane carboxylic acids**®! and 4-

n-alkyloxybenzoic acids,*>*

which display spontaneous chiral resolution. These
molecules form a dimer at low temperatures by hydrogen bonding between acid groups.
This dimer dissociated at higher temperatures. The chirality was displayed through the
textures cooling from the isotropic phase, the polarized optical images are characteristic
of cholesteric rather than nematic phases. The authors suggest that the carboxylic acid,

which is anchored on the surface, oligomerizes and generates a chiral super-structure.

2.3 Conclusions and Outlook

Liquid crystals are promising soft materials with dynamic functions because they
form ordered and dynamic structures which allow fast response to external stimuli such
as magnetic field or light with great importance in the technology field (e.g. screen
displays).

In this chapter, a short overview of the development of hydrogen-bonded liquid
crystals has given. Depending of the association of identical and different components by
hydrogen bonds, different types of liquid crystals, such as columnar, smectic and cubic,
can be obtained. It has also been shown that, in order to build highly functional liquid
crystals, it is important to design molecules with appropriate chemical structures and to
control the process of their self-organization. It is very important to notice that
supramolecular assembly through specific molecular interactions and phase segregation
are the keys for further structural control over the materials. In particular, hydrogen
bonding can be an invaluable tool to form mesogenic molecules with novel shapes and to
organize those in order to obtain new functions. Furthermore, hydrogen bonding allows
the stabilization and the induction of the chirality in liquid crystalline phases with
important consequences for applications in materials science.

The work described in this thesis deals with the role of hydrogen bonds in self-
assembled nano-containers, which form achiral and chiral liquid crystalline materials.
The dynamic nature of these liquid crystalline materials is exploited through their

response to external stimuli such as temperature and surface interactions.
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Chapter 3

Induction of Liquid Crystallinity by Self-

Assembled Molecular Boxes™

In this chapter, liquid crystalline materials based on the self-organization of self-
assembled molecular boxes are described. Double rosette assemblies 1bze(DEB)s
(DEB = diethylbarbituric acid) and 1bs¢(BuCYA)s (BUCYA = butylcyanuric acid) are
formed spontaneously through the formation of 36 hydrogen bonds by mixing
calix[4]arene dimelamine 1b with either two equivalents of DEB or BUCYA in apolar
solvents. The liquid crystalline phases for these assemblies have been determined by
polarized optical microscopy (POM), differential scanning calorimetry (DSC) and X-ray
diffraction (XRD). The double rosette assemblies organize in a columnar fashion in the
liquid crystalline phase, showing a remarkable thermal stability considering their non-

covalent nature.

“ Part of this chapter has been published: A. Piermattei, M. Giesbers, A. T. M. Marcelis, E. Mendes, S. J.
Picken, M. Crego Calama, D. N. Reinhoudt Angew. Chem. Int. Ed. 2006, 45, 7543-7546



Chapter 3

3.1 Introduction

The self-assembly of small molecular building blocks into supramolecular aggregates
by noncovalent interactions has been extensively used for the formation of nanometer-
scale structures.) Their self-organization into highly ordered nanoarchitectures requires
the use of well-defined structures with high thermodynamic stability.”) Hydrogen
bonding is one of the tools to construct such structures due to their directional and
dynamic nature®® and their capability for error correction. A variety of liquid crystalline
materials®®® have been prepared by self-assembly via hydrogen bond formation.["®! Rod-
likel®*? and disk-like!*?Y low molecular weight complexes and polymers?2?® with side-
chain,®?*®! main-chain,’?®*® network and host-guest®® 2**1 combination or single
building blocks?*3%34 have been reported. The shape of mesogenic molecules is one of
the factors that determine packing and order in the liquid crystalline phases. Recently,
unconventional shapes such as bananas,®® dendrons,*“% cones,™ shuttlecocks,’® rod-
dendrons, and ringst® have been reported. The self-assembly of these unconventional
mesogenic “supramolecules” has produced supramolecular liquid crystals with new
phases.[*) To the best of our knowledge, there are no examples in the literature that
report hydrogen-bonded 3D nano objects formed by different building blocks, with the
capability to form liquid crystals. In this chapter we report the first example of a liquid
crystalline material based on the self-organization of self-assembled molecular boxes.

3.2. Formation of Double Rosette Assemblies

Earlier studies have shown that hydrogen-bonded double rosettes assemblies
132(BAR)s/132(CYA)s are spontaneously formed by mixing calix[4]arene dimelamine 1
with 2 equivalents of barbiturates (BAR) or cyanurates (CYA) in apolar solvents, such as
chloroform, benzene and toluene (Fig. 3.1).1***! The assembly formation is driven by the
formation of 36 complementary hydrogen bonds between the donor-acceptor-donor
(DAD) array of the calix[4]arene dimelamine and acceptor-donor-acceptor (ADA) array

of the barbiturate/cyanurate building blocks.
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io ALk

S, = A

BAR/CYA 15°(BAR)g/ 13 (CYA)s

Figure 3.1. Schematic representation of the molecular building blocks and their self-assembly into double
rosettes 13¢(BAR)s/132(CYA)e.

These assemblies can exist in three different isomeric forms with Ds-, Cz,- and Cs-
symmetry (Fig. 3.2).* The assemblies with Ds-symmetry, which is the predominant
isomer, are chiral due to the staggered (antiparallel) orientation of the two melamine
fragments, leading to a twist of the two different rosette planes, which can either adopt a
clockwise ((P)-isomer) or counterclockwise ((M)-isomer) conformation. In both Cg,- and
Cs-isomers, the two melamine fragments adopt an eclipsed (parallel) orientation and are

therefore achiral. The difference between these isomers is the 180° rotation of one of the
calix[4]arene dimelamines in the case of the Cs-isomer.

(P)-Enantiomer (M)-Enantiomer
mirror

D,

Figure 3.2. Schematic representation of the possible isomers with Csp-, Cs-, and Ds-symmetry. Both the

(P)- and (M)-enantiomers of the Ds-symmetrical isomer are depicted.
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3.3 Characterization of Double Rosette Assemblies

Double rosette assemblies can conveniently be characterized by 'H NMR
spectroscopy.[*?) Titration experiments have proven the 1:2 stoichiometry and the strong
cooperativity of the assembly process. Upon formation of the assembly the diagnostic
signals of the imide NH protons of BAR/CYA are observed between 6 = 13 and 16 ppm.
The number of signals in this region indicates the isomeric form of the assembly. For the
Ds- and Cap-isomers only two different signals are observed, while six different signals
are observed for the assembly with Cs-symmetry.

The Ds-isomer is the most common, and in the absence of an another center of
chirality, it is formed as a racemic mixture of both (P)- and (M)-enantiomers. However,
upon introduction of chiral centers in one of the molecular components of the assembly
(calix[4]arene dimelamines or barbiturate/cyanurate), only one of the two possible
diastereoisomers is formed with a diastereomeric excess (d.e.) up to 96%.1 When
chiral cyanurates are used the sense of the twist of the melamine fragments is dictated by
the stereochemistry of the chiral center in the cyanurates, i.e. a cyanurate bearing a chiral
center with (R)-stereochemistry leads only to the formation of, for example, the (P)-
diastereomer, while the (S)-isomer then leads only to the (M)-diastereomer. These chiral
(P)- and (M)-assemblies are highly circular-dichroism (CD) active due to the asymmetric
arrangement of the different chromophores within the rigid structure and therefore this
characterization technique is of tremendous value.

Another characterization technique is MALDI-TOF mass spectrometry after Ag’
labelling.[*"*® This is an extremely mild technique and provides a nondestructive way to
generate charged assemblies based on the high affinity of Ag® for (two) cooperative n-
donors, cyano or crown-ether functionalities.

Finally, X-ray crystallography provides evidence for the existence of double rosette
assemblies in the solid state. The crystal structure of 13¢(DEB)s shows that the two single
rosette planes are neatly stacked on top of each other, with an interatomic distance of 3.2-
3.5 A (Fig. 3.3). Furthermore, it shows that the calix[4]arene units are fixed in a pinched
cone conformation, the only conformation that allows simultaneous participation of the

calix[4]arene units in both the upper and the lower rosette motifs.
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Side view

Top view

Figure 3.3. Top and side view of the X-ray crystal structure of assembly 1;¢(DEB)s.

3.4. Results and Discussion

With the aim of inducing a liquid crystalline phase in double rosette hydrogen-bonded
assemblies, octadecyl chains were introduced on the melamine moieties of the
calix[4]arene skeleton (1).”! The long alkyl chains in the dimelamine calix[4]arene 1b are
connected to the melamine moieties to avoid interference with the network of hydrogen
bonds that holds the double rosette together.[*”! Different assemblies were synthesized
mixing the dimelamine 1b and barbiturates (BAR) or cyanurates (CYA) (Chart 3.1).
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1a 1b

HN

HoN
C1gHa70 l OCgHs7

OC1gH37

BA DEB

C.
o —
b o0
o o)
CYA BuCYA (R)-MePropCYA

X=

N

Chart 3.1. Molecular structures of dimelamines 1 and BAR/CYA.

3.4.1 Synthesis

Calix[4]arene dimelamine 1b was obtained by the coupling reaction between the

calix[4]arene la and 2, which were synthesized following literature procedures (Scheme
3.1).57~0
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NH, -
. 95 o
HHN u/\/\"”z Q OR
+ HO
o 0

N
HZN/\/\H

OR
S S% 2 R=CigHy;

1a 2

1b
Scheme 3.1. Synthesis of the dimelamine calix[4]arene 1b: i. HBTU, DIPEA, CH,CIl,/DMF

3.4.2 Liquid crystalline phase characterization

The formation of the self-assembled mesogens was confirmed by ‘H NMR
spectroscopy in solution (Fig. 3.4). The hydrogen-bonded imide NH .,y proton signals of
DEB and BuCYA around 15-14 ppm are diagnostic for the formation of the assemblies
due to the fact that these protons are strongly shifted downfield upon hydrogen bond

formation (Snrfreepea=8.40 PPM; Sn freeBucya=11.2 ppm).H2

o _ OR 15 14 7 6 5 4 3
,l/ )) R= CIBH:W ~— 5/ppm

Figure 3.4. Parts of '"H NMR spectrum (400 MHz) of 1b;¢(DEB)s (1mM). The spectrum was recorded at
298 K in toluene-ds.
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The thermal behavior of the assembly and of the isolated components has been
determined by polarized optical microscopy (POM), and differential scanning calorimetry
(DSC) (Table 1).

Tablel. Thermal properties of 1b and the double rosettes 1bse(DEB)g/1b3e(BUCYA)s.

Compound Phase Transition®

1b Cr 17 (59.8) Iso

1bs+(DEB)s Col, 16 (187) Col, 173 (350) lIso
1bs+(BUCYA)s Cr 31 (1675 Col, 233 (70.1) lso

[a] Phase transition temperatures (°C) and enthalpy changes (kJ mol™ in parentheses)

Cr: crystalline; Col,: unidentified columnar phase; Coly: hexagonal columnar phase; Iso: isotropic

The DSC shows two transition peaks for each assembly, 1bs¢(DEB)s and
1bze(BUCYA)s in the thermogram. For 1bse(DEB)s the first phase transition at lower
temperature is attributed to a reversible transition between an unidentified columnar
phase (Coly) and the hexagonal columnar phase (Col,). However, between these two
phases no changes in the optical textures and X-ray diffractograms were observed. In the
case of the 1bs¢(BUCYA)s, the first transition is attributed to a crystal-liquid crystalline
transition (Coly). The second transition at higher temperature is due to the liquid
crystalline-isotropic phase transition for both double rosette assemblies. The thermotropic
hexagonal columnar LC phase (from 16°C to 173°C for 1bsz*(DEB)s, and from 31°C to
233°C for 1bsz*(BuCYA)) is exhibited by the two assemblies over a wide temperature
range. This indicates a remarkable thermal stability of the liquid crystalline phase
considering the dimensions (1.2 nm height, 3.3 nm width) and the noncovalent nature
(twelve DAD-ADA interactions) of the double rosette assembly.[*? For the building
block 1b, the DSC shows only one phase transition peak in the thermogram. This phase
transition is attributed to the crystalline-isotropic transition based on polarized optical
microscopy which shows its crystalline phase as spherulite texture. It is remarkable that
the liquid crystalline phase is observed for the double rosette assemblies even though

none of the isolated building blocks is mesogenic.
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To exclude thermal degradation of the double rosette assemblies during the heating
process circular dichroism (CD) studies on thin layers were performed (data not shown)
with an optically active assembly 1bze((R)-MePropCYA)e.P* Optically active double
rosette assemblies (with (P)- or (M)- helicity) exhibit a very strong induced CD signal at
wavelengths between 250-350 nm,? due to the dissymmetric arrangement of the many
chromophoric units within the structure, while the individual building block are hardly
CD active. The CD signal does not decrease even after several thermal cycles, an
evidence of the high thermal stability of these noncovalent assemblies.

By polarized optical microscopy (POM) the liquid crystalline phase is attributed to a
columnar mesophase. A mosaic texture was observed for 1bz*(DEB)s and 1bsz*(BUCYA)s
after cooling from the isotropic melt showing birefringent areas, which is a strong

indication that the mesophase is columnar (Fig. 3.5).5

Figure 3.5. Polarized photomicrographs of 1lbse(DEB)s at 120 <C (left) and 1bs¢(BuCYA)s at
180 <C (right).

It is important to notice that the assemblies 1bz¢(DEB)s and 1bsze(BuCYA)s have very
different isotropization temperatures (Tisosucya-Tisopes = 60°C). Cyanurate derivatives
form stronger hydrogen bonds with melamines than barbiturates®®? resulting in the higher
thermal stability of the 1bs¢(BuCYA)s. Furthermore, cyanurates have a nitrogen atom
with trigonal geometry at position 5 of the heterocycle. As a result the butyl group and
the heterocycle are in the same plane. Consequently, the rosette floors with BUCYA can
be seen as flat surfaces, leading to good stacking of the double rosette assemblies in the

columnar phase. On the other hand, barbiturates have a carbon atom with a tetrahedral
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geometry at the 5 position. As molecular simulation studies suggest (Quanta 97,
CHARMmM 24.0),1*1 the ethyl groups point to the top and the bottom of the rosette floor,
and this may weaken the interaction between two double rosette assemblies which may
also contribute to a lower thermal stability.

The X-ray powder diffraction pattern for the columnar phase of the double rosette
assembly 1bse(DEB)s is shown in Figure 3.6. In the small angle region, the relatively
sharp reflections of 37.3 A (1,0,0), 21.9 A (1,1,0), 19.1 A (2,0,0) and 14.0 A (2,1,0) are
characteristic of the hexagonal structure. A reflection of 8.4 A corresponds to the distance
between two floors of two different assemblies. In the wide angle region, the diffuse halo
of around 4.7 A is due to the disorder of the terminal alkyl chains, and this is

characteristic of the liquid-like arrangement of the aliphatic chains.

1000 145734 (1,0,0)
= 1 .
b UL 21.9A (1,1,0)
S E 8
> i19.1A (2,0,0)
[%2] e
5 14.0A (2,1,0)
£ i
8.4A
10
15 65 115 16.5 215

20/° —
Figure 3.6. X-ray diffraction intensity versus 26 of 1bs;*DEBg at 120 <C, and schematic representation of the

liquid crystalline hexagonal columnar organization of the double rosette assemblies. Reflections are
indexed using Miller indices (hkl)

The double rosettes pile up in an ordered columnar fashion. The driving force is the
nanoscale segregation between the two flat rosette motifs and the lipophilic alkyl chains
that leads to the formation of the self-assembled columnar double rosettes.****! The
intercolumnar distance (h) is 43.0 A (Figure 3.6).5°! A similar value for this distance was

found for same type of assemblies by AFM.B™ Their deposition on highly ordered
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pyrolytic graphite (HOPG) showed that the double rosette assemblies self-organize in
rodlike structures by face-to-face arrangement. A hierarchical process leads to the
formation of the self-assembled double rosettes that assemble into columns, which are
able to self-organize into a liquid crystalline phase with a hexagonal columnar
morphology, as demonstrated by X-ray diffraction.

The double rosette 1bz¢(BuCYA)s shows the same X-ray diffraction pattern observed
for 1bze(DEB)s, which indicates that the side chain groups of these barbituric and
cyanuric derivatives do not interfere with the self-organization and packing. This is
probably caused by the large dimensions of the rosette core scaffold when compared to
the small size of the side groups.”*

3.5. Conclusions

Herein we have demonstrated that self-assembled molecular boxes 1bs*(DEB)s and
1bze(BuUCYA) are able to form liquid crystals. The strength of the hydrogen bonds and
the spatial disposition of the side groups of the barbituric and cyanuric derivative are
crucial factors in the stability of the mesophase. The lateral substitution on the building
blocks seems not to affect the hierarchical organization of the mesophase. To the best of
our knowledge, there are no examples in literature of well-defined hydrogen-bonded
structures that show one LC phase over such a wide temperature range.”® The
remarkable thermal stability and the good ordering together with the easy introduction of
chemical diversity in these self-assembled receptors®*®? make them a good platform for

nanomaterials.

3.6. Experimental Section

All chemicals were of reagent grade and used without further purification. CH,Cl,
was freshly distilled from CaCl,. NMR spectra were recorded on Varian Unity 300 and
400 (*H NMR 300 MHz and 400 MHz) using tetramethylsilane (TMS) or the
corresponding residual solvent as internal standard. MALDI-TOF mass spectra were
recorded on a PerSpective Biosystem Voyager-De-RP spectrometer. A 337 nm UV

nitrogen laser producing 3 ns pulses was used in the linear and reflection mode. A Perkin-
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Elmer DSC-7 was used for thermal analysis. DSC measurements were performed on a
DSC Piris Series 7 (scanning rate: 10 °C min). A polarizing optical microscope
Olympus BH-2 equipped with a Mettler FP82HT hot stage was used for visual
observation.

The molecular arrangements in different samples were analyzed with an X-ray
diffractometer equipped with a home-built capillary oven. Each sample was placed into
X-ray capillary with 1.0 mm internal diameter and then the capillary tube placed inside a
vertically aligned graphite tube containing a hole transversal to it, allowing the incident
X-ray beam to cross freely. The temperature of the graphite tube was controlled by a
system formed by a thermo-couple attached to a power supply and it acts as a fast-
response online oven ranging from room temperature to 350 °C. The X-ray measurements
were carried out in a Bruker-Nonius D8 diffractometer with a 2-D detector with a
sample-to-detector distance set to 10 cm, and spectra were recorded for 1 h. A focused
permanent magnetic field of approximately 4 T was applied perpendicular to the capillary
allowing for alignment of any liquid crystal phase. CD measurements were conducted on
a JASCO J-715 spectropolarimeter using a Mettler FP82HT hot stage. Transparent thin
films of a chiral double rosette assemblies were prepared by casting its toluene solutions

(conc. = 1 mM) on quartz plates.

Synthesis. The syntheses of the compounds 1a,5% 2B1 BuCcYAM! and (R)-
MePropCYAIY have been reported previously.

Calix[4]arene bis(3,4,5-tris(n-octadecan-1-yloxy)phenyl)dimelamine (1b): A solution
of 2 (534 mg, 0.58 mmol), HBTU (238 mg, 0.063 mmol), DIPEA (0.19 mL, 1.10 mmol)
and la (255 mg, 0.26 mmol) in CH,Cl, / DMF ratio 4:1 was stirred overnight at room
temperature. The solvent was evaporated and the crude residue was solubilized again in
CH,Cl,. MeOH was added till complete precipitation. The precipitate was filtered off and
purified by column chromatography (CHCIl;:MeOH:AcOEt = 95:4:1). 1b was
crystallized by CHCI3/MeOH to give a white powder (60%). *H NMR (300 MHz, CDCls,
298K) 8=7.48 (br m, 2H, CH,NHCO), 7.05 (br m, 8H, COo-ArH + m-ArH), 6.85 (br m,
2H, 0-ArH), 6.17 (br m, 4H, o-NHAr), 5.30-4.88 (br, 4H, NH), 4.41 and 3.10 (ABq, 8H,
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2Jun=12.5 Hz, ArCH,Ar), 3.96 (s m, 18H, OCH,+NHCH, + ArOCH,-CH,), 3.644 (s t,
4H, OCHy), 3.40 (br m, 8H, NHCH, + OCH,-CH?2), 2.11 (br m, 4H, NH-CH,-CH,-CH,-
NH), 1.9 (s m, 8H, OCH,-CH,), 1.43 (br, m, 12H, ArOCH,-CH,-CH2), 1.25 (s m, 90H,
ArOCH,-CH,-(CHy)15-CHj3), 1.08 (s t, 6H, OCH,-CH,-CHs), 0.87 (s t, 24H, ArOCH,-
CHa-(CH2)15-CH3 + OCH-CH2-CHs). MS (MALDI-TOF): m/z 2774.6 (100) ([M+H™],
Elemental Analysis calcd (%) for C174H204N14012.: C, 75.33; H, 10.68; N, 7.07; found: C,
75.54; H, 10,72; N, 7.11.

Formation of 1bz*(DEB) ¢, 1b3¢(BUCYA)s, and 1lbse((R)-MePropCYA)s: Hydrogen-
bonded assemblies 1bz*(DEB)s and 1bzs(BuCYA)s were prepared by mixing
calix[4]arene dimelamine 1b with 2 equivalents of DEB or BUCYA in toluene-ds for 15
min. After evaporation of the solvent under high-vacuum, the assembly is ready for use.
Assembly 1bz¢(DEB)s: 'H NMR (400 MHz, toluene-ds, 298 K) &= 14.64 (s, 6H, H,),
13.84 (s, 6H, Hy), 8.77 (s, 6H, Hc), 7.99 (s, 6H, Hy), 7.47 (s, 6H, Hy), 7. 40-7.39 (m, 12H,
$J(H,H)=6.78 Hz, H. + ArH), 7.25-7.22 (m, 12H, H; + ArH), 7.15 (s, 12H, o-ArH), 7.04
(m, 6H, %J(H,H)=6.78 Hz ArH), 6.34 (s, 6H, Hh), 5.92 (s, 6H, CH,-NH-CO), 4.65-4.57
(dd, 12H, 2J(H,H)=13.4 Hz, ArCH.Ar), 4.10 (t, 12H, ArOCH,), 3.95 (m, 6H, NH-CH,-
CHy), 3.77 (t, 24H, ArOCH,), 3.16 (d 6H, *J(H,H)=13.4 Hz, ArCH.A).

Assembly 1bzs(BUCYA)s: *H NMR (400 MHz, toluene-dg, 298K) 6= 15,13 (s, 6H, Ha),
14,54 (s, 6H, Hy), 9,27 (s, 6H, Hc), 8.28 (s, 6H, He), 8.10 (s, 6H, Hy), 7.64 (s, 6H, Hg) 7.39
(d, 6H, ArH), 7.34 (s, 12H, o-ArH), 7.29 (d, 6H, 3J(H,H):7.04 Hz, ArH), 7.09 (t, 6H,
ArH), 7.04 (m, 6H, %J(H,H)=7.04 Hz, ArH), 6.71 (s, 6H, CH2-NH-CO), 6.34 (s, 6H, Hy),
4.65-4.57 (dd, 12H, 3J(H,H)=14.17 Hz ArCH,Ar), 4.12 (t, 12H, ArOCHy), 3.85 (t, 24H,
ArOCHy), 3.34-3.16 (dd 12H, *J(H,H)=14.17 Hz, ArCH,Ar).

Assembly 1bse((R)-MePropCYA)s: *H NMR (400 MHz, toluene-ds, 298K) &= 15,19 (s,
6H, H.), 14,04 (s, 6H, Hy), 9,17 (s, 6H, Hc), 8.09 (s, 6H, H.), 8.02 (s, 6H, Hy), 7.69 (s, 6H,
Hg) 7.49 (d, 6H, *J(H,H)=6.87 Hz, ArH), 7.35 (d, 6H, *J(H,H)=6.87 Hz, ArH), 7.20 (s,
12H, o-ArH), 6.35 (s, 6H, H;),6.04 (s, 6H, CH,-NH-CO), 5.07 (q, 6H, N-CH-CH,CHz)
4.69-4.64 (dd, 12H, *J(H,H)=10.72 Hz, ArCH,Ar), 4.15 (t, 12H, ArOCH,), 3.37-3.26 (dd
12H, J(H,H)=14.50 Hz, ArCH,Ar).
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Chapter 4

Supramolecular Chirality in Mesogenic Hydrogen-

Bonded Molecular Assemblies

In this chapter the supramolecular chirality of mesogenic double rosette assemblies in
solution and the liquid crystalline state is described. The chirality of the double rosettes
in solution is transferred to the liquid crystalline state, as demonstrated by circular
dichroism measurements. In the mesophase different orientations of the columns along
the stacking direction are obtained depending on the nature of the building blocks of the

assembly. Formation of a gel phase is described for double rosettes.



Chapter 4

4.1 Introduction

Chirality in liquid crystals!"! is a topic that attracts a great deal of interest in materials
science due to the possibility of achieving highly organized functional supramolecular
organizations. Chiral helical organizations provide a way to achieve properties, such as
nonlinear optics’™?! and selective reflection of light,'* *! that result from a preferred
direction i.e. the helical axis. Columnar mesophases are good candidates for the new
generation of functional materials through a helical arrangement of these structured
materials using a two-fold organization process. First, a preferred direction is defined
within the columns. Second, twisting the columns to a given sense dictated by the

chirality defined at the molecular level,[6'12]

introducing properties that originate from a
helical organization.

The formation of columnar mesophases is usually achieved by self-assembly of disk-
like mesogens through the use of noncovalent interactions, in particular hydrogen

[13-18] The combination of these two interactions has led to

bonding and 77 interactions.
the formation of new functional liquid crystalline materials.!'*?% In particular hydrogen
bonds have a predominant role in the formation of liquid crystalline materials through

[21-25]

their employment in the “synthesis” of new dynamic mesogenic compounds able to

26-28

form columnar aggregates with different properties.”***! Furthermore, hydrogen bonds

through their directionality can be used to transfer the chirality from the mesogenic

(2939 I Chapter 3 the liquid crystallinity for achiral

molecules to columnar organization.
hydrogen-bonded 3D nano-objects is described, where the assemblies aggregate in a
hexagonal columnar mesophase. This organization is due to the microsegration between
the polar core of the assembly and the lipophilic character at the periphery (Chapter 3).
This chapter deals with chiral hydrogen-bonded nano-objects that aggregate in a chiral
columnar fashion showing liquid crystalline behavior and gel formation depending on the
conditions, such as temperature and concentration. The bulkiness of the functional groups
on the building blocks (barbiturates and cyanurates) of the assembly is responsible for the

double rosette formation and consequently for the mesophase. The strength of the

hydrogen bonds is responsible for the column orientation in the mesophase. The transfer
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of the chirality from the molecular level to the liquid crystalline phase is investigated by

circular dichroism.

4.2. Constitutional Isomers of Assemblies 13¢(BAR)s/132(CYA)s

Double rosette assemblies 13¢(BAR)s/13¢(CYA)s are formed from calix[4]arene 1 and
barbiturates (BAR) or cyanurates (CYA) by self-assembly in apolar solvents. The
assemblies are composed of two flat rosette motifs that are covalently connected via
calix[4]arene moieties (Fig. 4.1). In general, depending of the substitution on the building
blocks, three constitutionally different isomers either with Ds-, Csp-, or Cs-symmetry can

be obtained (see Chapter 3).

OR

RO!QR

HN O

o
H\NJLN,H
PN
BAR/CYA
1R= CigHy7
Barbiturates (BAR) . .
. . 1, (BAR)g /15 (CYA)q
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(S)-2-MeBuBAR (R)-2-MePheBAR

Cyanurates (CYA)
N N

N

(R)-MePheCYA (S)-MePropCYA (R)-MePropCYA

Figure 4.1. Molecular structure of the double rosettes 132(BAR)s/132(CYA)q
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In the Ds-isomer the two melamine fragments of 1 are in a staggered orientation with
respect to each other. Since the orientation can be clockwise (P) or counterclockwise (M),
this causes the assembly to be chiral (Fig. 4.2). The Ds-isomer is formed as a racemic
mixture of (M)- and (P)-enantiomers when 1 and BAR/CYA are achiral. Assemblies with
a single handedness are formed when either 1 or BAR/CYA contains chiral center.*" The
Csp- and Cs-isomers, in which the two melamine fragments of 1 are in an eclipsed
orientation, have a plane of symmetry and are therefore achiral (Fig. 4.2). The Cap- and
Cs-isomers differ in the sense that the Cs-isomer lacks a Csz-axis, because of a 180°

rotation of one of the dimelamines 1 (see Chapter 3).

° (6 o) O
$9¢¢ §$%%
staggered eclipsed

Figure 4.2. Staggered and eclipsed orientation of the two melamine fragments of calix[4]arene
dimelamine 1.

4.3 Results and Discussion

In Chapter 3 the liquid crystal behavior of achiral double rosettes having long alkyl
chains on the substituted calix[4]arene 1 was discussed. These achiral double rosettes
organize in a columnar fashion in the mesophase with a remarkable thermal stability
taking into account their noncovalent nature. Here, chiral double rosettes were prepared
in order to produce chiral liquid crystals. With the aim of controlling the chiral self-
assembly and self-organization of the double rosettes in the mesophase, structural
variations within the building blocks have been introduced in the chiral barbiturates and
cyanurates. For this reason, double rosette assemblies containing dimelamine

calix[4]arene 1 and either barbiturate derivates (S)-2-MeBuBAR and (R)-2-MePheBAR,
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or cyanurate derivates, (S)-MePropCYA, (R)-MePropCYA and (R)-MePheCYA have
been prepared (Fig. 4.1).

4.3.1 Synthesis

Dimelamine calix[4]arene derivative 1, (R)-2-MePheBAR, (R)-MePropCYA, (S)-
MePropCYA, and (R)-MePheCYA were synthesized following literature procedures.!'” **
331 Chiral barbiturate (S-2-MeBuBAR) was prepared in two steps. In the first step, the
alkylation of diethyl ethylmalonate with (S)-(+)-bromo-2-methylbutane in dry THF
yields compound (S)-4. In the second step, the ring closure of (S)-4 with urea in the
presence of sodium ethoxide gave (S)-2-MeBuBAR in overall yield of 14% (Scheme

4.1).

Br OEt OEt
OEt OEt . i
+ _— o
o) o]

(S)-4 (S)-2-MeBuBAR

Scheme 4.1. Synthesis of the barbituric derivative (S)-2-MeBuBAR: i. NaH, dry THF; ii. urea, NaOEt,
ethanol.

4.3.2 Liquid crystallinity

The formation of double rosette assemblies 13¢((S)-2-MeBuBAR)s, 13((S)-
MePropCYA)s, 13¢((R)-MePropCYA)s, and 13¢((R)-MePheCYA)s was confirmed by 'H
NMR in solution. Surprisingly, the double rosette assembly was not formed when (R)-2-
MePheBAR was employed as the building block. The bulky phenyl group in the -
position at the C-5 atom in the barbituric ring may interfere with the formation of the
rosette motif. The complete induction of the supramolecular chirality for the
assemblies 13¢(S-2-MeBuBAR)s, 13¢((S)-MePropCYA)s, 13¢((R)-MePropCYA)s and
1;((R)-MePheCY A)s was confirmed by circular dichroism (CD) spectroscopy (Fig. 4.3).
As mentioned before, the introduction of chiral centers in one of the molecular
components of the assemblies (in this case the barbiturate and cyanurate) leads to the

formation of only one diasteroisomer with a diastereomeric excess (d.e.) up to 96%.5'*
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The CD signal from 275-350 nm for the double rosette assemblies (1.0 mM, toluene)
was due to the asymmetric arrangement of the chromophores in the assemblies. The
intensity for the double rosette 1;¢((S)-2-MeBuBAR)¢ (Figure 4.3, curve a) was lower
because the stereocenter is the B-position. CD activity is due to asymmetric arrangement
of the chromophores in the assembly. This arrangement is induced by the stereocenters in
the double rosette. If the stereocenter is far from the double rosette core, its influence is
less pronounced with a consequent decrease of the intensity of the CD signal.**! The CD
intensity is also related to the number of chromophore units in the double rosette
assemblies.**! The latter explains the higher intensity of the CD signals of the phenyl-
containing double rosette 13¢((R)-MePheCY A)s compared to 13¢((R)-MePropCY A)s.
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Figure 4.3. CD spectra for the double rosette assemblies (a) 13°((S)-2-MeBuBAR)s, (b)13¢((S)-
MePropCYA)s, () 132((R)-MePropCYA)s, and (d) 13((R)-MePheCYA)s. All spectra were recorded in

toluene at a 1.0 mM concentration.

The sign of the CD signal is related to the twist of the melamine fragments, which is
dictated by the stereochemistry in the barbiturates and cyanurates. For example, in the
case of the double rosette 1;¢((S)-MePropCYA)s, the (S)-stereochemistry of the
cyanurate leads to the (M)-diastereoisomer (Fig. 4.3, curve b), while the (R)-
stereochemistry gives the (P)-diastereoisomer (Fig. 4.3, curve c), leading to a mirror
image of the CD signal.

The thermal behavior of the double rosette assemblies has been determined by

polarized optical microscopy (POM) and differential scanning calorimetry (DSC). Based
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on polarized optical microscopy the liquid crystalline phase is attributed to a columnar
mesophase. For  13°((S)-2-MeBuBAR)s, 13¢((R)-MePropCYA)s and  1;¢((S)-
MePropCYA)s after cooling from the isotropic melt, a mosaic texture was observed
showing birefringent areas, which is a strong indication that the mesophase is columnar

(Fig. 4.4 a, b and c¢), as described in Chapter 3.

Figure 4.4. Polarized optical microscopy images of the double rosettes (a) 1;¢(S-2-MeBuBAR)g at
130 °C, (b) 15*((R)-MePropCYA)s at 135 °C, (c) 15¢((S)-MePropCYA)s at 135°C, and (d) 1s*((R)-
MePheCYA)g at 150°C.

On the other hand, 13¢(R-MePheCY A)e displays a crystalline phase after cooling from
the isotropic state (Fig. 4.4d). The image shows isolated features, typical for crystal
phases. Instead for liquid crystalline phases, the features are uniformly spread for the
whole sample.”

The DSC thermogram of 1;(MePheCYA)s shows two transition peaks. The first
transition is attributed to a crystal-crystal transition (Cr) by the high value of the enthalpy

change (156 kJ mol™) (Table 1).°%
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Table 4.1: Thermal properties of the double rosette 1;¢(R-MePheCYA)s, 13¢(S-2-MeBuBAR)s, 1z¢((R)-
MePropCYA)s, and 13¢((S)-MePropCYA)s.

Compound Phase Transition!
1;*((R)-MePheCYA)s Cr 25 (1565) Cr 176  (541)  Iso
13+((S)-2-MeBuBAR)s Col, 29  (12.7) Coly 146 (242)  Iso
135((R)-MePropCYA)s Coly 11 (0.30) Col, 157 (592)  Iso

13((S)-MePropCYA)s Col, 12 (032) Col, 156 (57.3)  Iso

[a] Phase transition temperatures (°C) and enthalpy changes (kJ mol™ in parentheses)
Cr: crystalline; Coly: unidentified columnar phase; Coly,: hexagonal columnar phase; Iso: isotropic

The second phase transition at higher temperature is due to a crystal-isotropic phase
change, as demonstrated by POM. The presence of a crystalline phase for this assembly
can be attributed to the phenyl group in the a-position with respect to the nitrogen atom
in the 5-position of the cyanuric acid ring (Fig. 4.1). Probably, the packing of the double
rosettes in the solid state can be stabilized by additional 77 interactions between phenyl
groups of adjacent double rosettes as the high isotropization temperature suggests (Table
4.1). On the other hand, the assemblies 1;¢((S)-2-MeBuBAR)s, 13°((S)-MePropCYA)s,
and 1;((R)-MePropCYA)s showed liquid crystalline behavior (Table 4.1). The DSC
showed two transition peaks for each assembly, 1;¢(S-2-MeBuBAR)s, 13°((S)-
MePropCYA)s, and 13¢((R)-MePropCYA)s. The first phase transitions at lower
temperature were attributed to a reversible transition between an unidentified columnar
phase (Coly) and the hexagonal columnar phase (Col,). However, differences between
these two phases in the optical textures and X-ray diffractograms were not observed. The
second transitions at higher temperature were due to the liquid crystalline-isotropic phase
transition for the three double rosette assemblies.

As described in Chapter 3 for the achiral double rosettes, the thermotropic hexagonal
columnar LC phase (29-146°C for 13¢(S-2-MeBuBAR)s, 11-157°C for 1;3°((R)-
MePropCYA)s, and 12-156°C for 1;e((S)-MePropCYA)s) is exhibited over a wide

temperature range by these three assemblies. This indicates a remarkable thermal stability
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of the liquid crystalline phase considering the dimensions (1.2 nm height and 3.3 nm
width)?*" and the noncovalent nature (twelve DAD*ADA interactions; D,A= hydrogen
bond donor and acceptor, respectively) of the double rosette assembly. A small difference
in isotropization temperature is observed (ATiso= Tisocya-TisoBaArR= 10-11 °C) between the
assemblies with barbiturate and cyanurate, which is very different from the achiral
assemblies (ATis,.=60 °C) studied in Chapter 3. The difference in isotropization
temperature can be attributed to the different strength of the hydrogen bonds between
melamine and cyanurate (K,= (2.2 + 0.8) x 10° M in CDCl5) compared to barbiturate
(K= (1.0 £ 0.1) x 10> M in CDCL) in the assemblies. Simulations (Quanta 97,
CHARMmMm 24.0) suggest that in the 13¢((R)-MePropCYA)s and 13¢((S)-MePropCYA)gs,
the methyl groups of the cyanuric derivatives point out of the top floor of the
assembly.®* This may weaken the stacking interaction between these double rosettes
when they stack in the mesophase. This effect might explain the difference in
isotropization temperatures when compared to the achiral cyanurates the functional
groups of which are in the plane of the double rosette floor, as observed in Chapter 3.

The X-ray powder diffraction pattern for the columnar phase of the double rosette
assembly 1;¢(S-2-MeBuBAR)s is shown in Figure 4.5a. In the small angle region, the
relatively sharp reflections at 36.2 A (1,0,0), 21.9 A (1,1,0), 19.1 A (2,0,0) and 11.5 A
(0,3,0) are characteristic of the hexagonal structure (a= b3, where a and b are the lattice
parameters). A reflection at 5.7 A (0,0,1) corresponds to the distance between two floors
of two different assemblies. In the wide angle region, the diffuse halo of around 4.8 A is
due to the disorder of the terminal alkyl chains. This is characteristic of the liquid-like

arrangement of the aliphatic chains.
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Figure 4.5. X-ray diffraction intensity versus 26 of (a) 13(S-2-MeBuBAR)s at 120<C, (b) 13*((S)-
MePropCYA)s, and schematic representation of their liquid crystalline hexagonal columnar organization.

Reflections are indexed using Miller indices (hkl).

Thus it can be concluded that the double rosettes stack in a columnar fashion.
Probably the driving force is the nanoscale segregation between the two flat rosette
motifs and the lipophilic alkyl chains that lead to the formation of the self-assembled
columnar double rosettes, as mentioned in Chapter 3. The inter-columnar distance (a) is
42.0 A (Fig. 4.5).5"

The double rosette 1;°((S)-MePropCYA)s, as well as its enantiomer 1;¢((R)-
MePropCYA)s, organize in a columnar mesophase as shown by the X-ray diffraction
pattern shown in Figure 4.5b. In the small angle region of the diffractogram, relatively
sharp peaks appear corresponding of the reflection of 35.1 A (1,0,0), 29.0 A (0,1,0), 17.4
A (2,0,0), 13.9 A (0,2,0), and 12.0 A (1,2,0). This set of reflections, is characteristic for
pseudo-hexagonal (a= bV3) columnar phases where the columns are tilted by 30° with
respect to the stacking direction. For the double rosette 1;¢((S)-MePropCYA)e, the
reflection of 8.8 A (0,0,1) corresponds the distance between two floors of two different
assemblies. In the wide angle region, the diffused halo of around 4.7 A is due to the
disorder of the terminal alkyl chains. The two double rosettes 1;¢((S)-2-MeBuBAR)s and
15+((R)-MePropCYA)s arrange in the same manner (hexagonal columnar) in the liquid
crystalline phase. The difference is only in the orientation of the columns, i.e.
perpendicular and tilted (30°) to the stacking direction in case of 13¢(S-2-MeBuBAR)g
and 13°((S)-MePropCY A)g, respectively (Fig. 4.6).
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Figure 4.6. Schematic representation of the orientation of the chiral mesogenic double rosettes in the
liquid crystalline phase: perpendicular, 1z¢((S)-2-MeBuBAR)s, and tilted, 1;¢((R)-MePropCYA)s, to the

column stacking direction

As molecular simulation studies have suggested, the difference may be due to the
orientation of the double rosette floors with cyanurates.*” In these assemblies the
hydrogen-bonded floors are not completely parallel to each other but they are convex due
to the strong hydrogen bonds between the melamine and the cyanurate. Probably this
leads to a tilting of the columns in the mesophase. Nevertheless, it is important to notice
that the hydrogen bonds not only enable the formation of the mesogenic achiral double
rosette, but they influence the spatial configuration of the double rosette, which
determines the orientation of mesogenic molecules in the columns, and consequently the

characteristics of the mesophase.

4.3.3 Circular dichroism in the liquid crystalline phase

To study the thermal stability of the mesogenic chiral double rosette assemblies
13+((S)-2-MeBuBAR)s, 13¢((R)-MePropCYA)e, and 13+((S)-MePropCYA)e in the liquid
crystalline phase, and the induction of chirality from the single component (double
rosette) to the mesophase, circular dichroism (CD) experiments were carried out. These
experiments were performed on neat samples both at the temperature of the mesophases

and of the isotropic state. The cells were allowed to cool avoiding external mechanical
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stress. Linear dichroism effects were eliminated by averaging several CD spectra
(recorded at different film positions rotated around the light beam). The CD spectra of the
mesophases (Coly) exhibited significant bands that correspond to absorption bands in the
UV spectrum (Fig. 4.7).

The CD spectra of 13¢((S)-2-MeBuBAR)s and 1;¢((R)-MePropCYA)s in the
mesophase show a negative exciton splitting, whereas the CD spectrum of 1;¢((S)-

MePropCY A)s shows a positive exciton splitting (Fig. 4.7).
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Figure 4.7. Left image: CD (top) and UV-vis (bottom) spectra of the mesogenic double rosettes a) 1¢(S-2-
MeBuBAR)g, b) 15¢((S)-MePropCYA)s and c¢) 1z¢((R)-MePropCYA)e. Right image: CD spectra for 13¢((S)-
MePropCYA)s in a) isotropic state and b) liquid crystalline state.

These signals are centered at the wavelength of 7-7* transition of the chromophores.
In the spectrum a Cotton effect is visible, corresponding to a shoulder in each of the UV
spectra at 325 nm (Fig. 4.7). The results confirm the existence of a helical arrangement
within the columns. The (P)- or (M)-helicity of the columns in the mesophase is
determined by the handedness of the double rosette itself, which depends of the
stereochemistry of the chiral center (see also Section 4.2.2). For example, the double
rosette 13((S)-MePropCY A)s has (M)-helicity that is reflected in the same handedness in
the mesophase (Fig. 4.7). It is worth to note that these CD signals are also found for the
double rosette in the isotropic state (Fig. 4.7). This indicates a large thermal stability of
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double rosettes. This is a remarkable result taking into account that generally for
supramolecular chiral systems in the isotropic state no CD signal is present.***%*") On the
other hand, the double rosette is intact with a signal of higher intensity than in the
mesophase state, probably due to the optimal conformation of the chromophores in the

isotropic state.

4.3.4 Self-assembled gels

Supramolecular columnar aggregates are usually associated with the formation of

(4142 Here, a gel phase is

macroscopic gels by low mass molecules in different solvents.
described for the chiral double rosettes 13¢((R)-MePropCY A)s and 13¢((S)-MePropCY A)s
in n-alkane solvents such as tetradecane, dodecane, and octane. Generally the formation
of supramolecular gels is associated with the stacking of relatively small molecules which
have great tendency to aggregate through solvophobic interactions.!"**** Therefore the
presence of a supramolecular gel is remarkable taking into account the nanometer
dimensions of the double rosette (1.2 nm height and 3.3 nm width) and the molecular
weight (~ 10000 g mol™).

The gels were made in a vial by dissolving the double rosettes in the hot apolar

solvents and subsequent cooling. The double rosette was considered in the gel state when

no gravitational flow was observed after turning of the vials (Fig 4.8b).

(a) BT W - ‘l OF) b, T

Figure 4.8. Pictures of the double rosette 13¢((R)-MePropCYA)s in a) liquid state and b) gel state.

By this method minimum gel forming concentrations were determined. Depending on
the number of the carbon atoms in the solvent, the minimum concentration varied for the
double rosettes, going from 47.5 mg/mL (5.0 mM) for tetradecane (n= 14) to 142.5
mg/mL (15.0 mM) for octane (n= 8). It is important to note that only in the case of the
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chiral double rosettes the formation of a gel was obtained, whereas neither the achiral
double rosettes nor the single building blocks led to the formation of a gel phase. The
explanation is still unclear,*"! but it might be due to how the solvent interacts with the
surface of the gel fibers.[*’} Unfortunately, the characterization of the gel morphology by
transmission electron microscopy (TEM) and scanning electron microscopy (SEM) was
impossible due to the nature of the solvents that did not allow a good resolution of the
fibers. However, the formation of columns in the liquid crystalline state (see section
4.2.2) and the fiber organization on solid support (Chapter 6) are good indications of fiber
formation for the double rosette assemblies 13°((R)-MePropCYA)s and 1se((S)-
MePropCYA)s. Another proof for the fiber formation in the gel state comes from 'H
NMR spectra in deuterated dodecane at 10 mM. As expected the signals of the double
rosette assembly 13¢((S)-MePropCYA)s in the gel state are hardly visible because the
assembly is in an aggregated state.*”) When the temperature is increased at 80°C, the
typical signals for the hydrogen-bonded double rosette are displayed in the 'H NMR
spectrum, indicating the dissolution of the fibers.

The presence of the double rosettes laz*((R)-MePropCYA)s and 1las*((S)-
MePropCYA)e in the gel was confirmed by CD measurements. In the case of 1;¢((R)-
MePropCY A)e, the CD absorptions from 290-350 nm in the gel phase is typical for the
double rosette assemblies (Fig. 4.9 curve a).*’! Variable-temperature CD performed on a
10.0 mM gel of 1;¢((R)-MePropCYA)s showed that the intensity of the CD signal
increased upon heating of the sample, going from a gel to a solution (Fig. 4.9 right). The
CD signal intensity observed in solution was higher than in the gel phase due to the
optimal conformation of the chromophores in the assemblies. By variable-temperature
CD measurements and plotting the CD maximum absorption at a wavelength of 307 nm
as a function of the temperature, a value of 65 °C was obtained for Tgs. This is the

temperature at which the gel turns into a solution (Fig. 4.9).
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Figure 4.9. Left image: CD spectra of the double rosette 13¢((R)-MePropCYA)s in the a) gel state and b)
liquid state. Right image: graph of the CD maximum absorption for 13¢((R)-MePropCYA)s (4=307 nm) vs

temperature. All spectra were recorded in dodecane at 10.0 mM concentration.

4.4. Conclusions

The liquid crystallinity of the chiral double rosette assemblies 13¢(S-2-MeBuBAR)g,
13+((R)-MePropCY A)s and 13+((S)-MePropCY A)s has been demonstrated. The functional
groups on the periphery of the double rosettes are responsible for the formation and the
physical properties of the assemblies. The stacking direction in the liquid crystalline state
strongly depends on the nature of the constituents of the double rosette assembly,
pointing out the importance of the noncovalent interactions in the self-organization of the
double rosette in the liquid crystalline state. CD spectroscopy revealed that the helicity of
the assembly is retained in the columnar organization. The supramolecular chirality is
transferred from the molecular level (assembly) to the macroscopic level (mesophase).
Surprisingly, the chiral double rosettes 13((R)-MePropCY A)s and 13+((S)-MePropCY A)s
exhibit a gel phase in n-alkane solvents, which has not been observed for the individual

building blocks and the achiral rosettes.
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4.5. Experimental Section

THF was freshly distilled from Na/benzophenone, and CH,Cl, from CaCl,. All
chemicals were of reagent grade and used without further purification. Flash column

chromatography was performed using silica gel (SiO,, E. Merck, 0.040-0.063 mm, 230-

400 mesh). NMR spectra were recorded on a Varian Unity 300 and 400 ("H NMR 300
MHz and 400 MHz) using tetramethylsilane (TMS) or the corresponding residual solvent
signal as internal standard. FAB-MS spectra were recorded on a Finningan MAT 90
spectrometer with m-nitrobenzyl alcohol (NBA) as a matrix. CD spectra were recorded
on a JASCO J-715 spectropolarimeter. A Perkin-Elmer DSC-7 was used for thermal
analysis. DSC measurements were performed on a DSC Piris Series 7 (scanning rate: 10
°C min"). A polarizing optical microscope Olympus BH-2 equipped with a Mettler
FP82HT hot stage was used for visual observation.

The molecular arrangements in different samples were analyzed with an X-ray
diffractometer equipped with a home-built capillary oven. Each sample was placed into
an X-ray capillary with 1.0 mm internal diameter and then the capillary tube was placed
inside a vertically aligned graphite tube containing a hole transversal to it, allowing the
incident X-ray beam to cross freely. The temperature of the graphite tube was controlled
by a system formed by a thermo-couple attached to a power supply and it acts as a fast-
response online oven ranging from room temperature to 350 °C. The X-ray measurements
were carried out in a Bruker-Nonius D8 diffractomenter with a 2-D detector with a
sample to detector distance set to 10 cm and spectra were recorded for 1 h. A focused
permanent magnetic field of approximately 4 T was applied perpendicular to the capillary
allowing for alignment of any liquid crystal phase. CD measurements were conducted on

a JASCO J-715 spectropolarimeter using a Mettler FP82HT hot stage.

Synthesis. The synthesis of compounds 1, (R)-MePropCYA,P? (S)-MePropCYAP?
and (R)-MePheCYAP*! has been reported previously.

2-((S)-2-methylbutyl)-2-ethylmalonic acid ester ((S)-4). After trituration with hexane,
NaH (60% dispersion in mineral oil, 0.73 g, 18.2 mmol) was suspended in dry THF (140
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mL) and the diethylmaolonate (6.8 g, 36.4 mmol) was added dropwise at 0°C. After
stirring for lhr at room temperature (S)-(+)-bromo-2-methylbutane (2.50 g, 16.5 mmol)
was added and the mixture was stirred for 30 min at room temperature and subsequently
refluxed for 3 days. After evaporation of the solvent, the residue was redissolved in
CH,ClI, (150 mL), washed with H,O (2 x 30 mL) and brine (30 mL), and dried on
MgSO,. The solvent was evaporated and the residual diethyl ethylmalonate was removed
under vacuum (p=0.1 Torr at T=80°C). Compound (S)-4 was obtained as a colorless oil
(2.50 g, 58.6%). '"H NMR (300 MHz, CDCl;) & 4.13-415 (q, 4H, OCH,CHj3), 1.94-1.86
(m, 4H, CCH,CH and CCH,CHs;), 1.72-164 (m, 1H, C*H), 1.2-1.4 (m, 8H, OCH,CH3,
C*HCH,CHj3), 0.82-0.72 (m, 9H, CHCH;CH,CHs, C*HCHs, and CH,CHs). *C NMR
(75 MHz, CDCl3) & 171.35, 170.71,60.42, 60.17, 56.85, 46.4, 30.8, 29.8, 29.1, 20.7, 14.1,
11.6, 8.5. MS (FAB): m/z 258.4([M+H'], calcd 258.4).

5-((S)-2- methylbutyl)-5’-ethylbarbiturate ((S)-2-MeBuBAR). A solution of
compound (S)-4 (1.0 g, 3.8 mmol) in EtOH (15 mL) was dropwise added to a solution of
Na (0.28 g, 11.6 mmol) in EtOH (35 mL) at room temperature. After the addition of urea
(0.277 g, 4.2 mmol), the mixture was refluxed for 2 days, after wich the solvent was
evaporated. The residue was redissolved in water (75 mL), acidified till pH of ~ 2/3 using
6 N HCI, and extracted with CH,Cl, (4 x 40 mL). After drying over MgSQO,, the
combined organic fractions were evaporated to dryness. The compound SmebBAR was
obtained as white solid (0.332 g, 38%) after column chromatography (SiO,,
CH,Cl,/MeOH/NH4OH =90/9.5/0.5). '"H NMR (300 MHz, DMSO-d¢) & 11.3 (s, 2H,
NH), 1.9-1.6 (m, 4H, CCH,CH and CCH,CH3), 1.4-1.1 (m, 2H, C*HCH,CHs), 1.1-0.9
(m, 2H, C*H), 0.8-0.6 (m, 9H, CHCH;CH,CHs, C¥*HCHs, and CH,CH3). °C NMR (75
MHz, DMSO-d¢) 6 172.2, 171.5, 53.5, 47.0, 30.0, 29.7, 20.0, 11.6, 7.7. MS (FAB): m/z
226.3 ([M+H'], caled 226.3).

Formation of double rosette assemblies. Hydrogen-bonded assemblies were prepared
by mixing calix[4]arene 1 with 2 equivalents of (S)-2-MeBuBAR, (S)-MePropCYA, (R)-
MePropCYA and (R)-MePheCYA respectively, in toluene-dg for 20 min at 100°C. For
example, 8.32 mg (0.003 mmol) of 1 and 1.10 mg (0.006 mmol) of (S)-MePropCYA
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were dissolved in 5 mL of toluene—dg, stirred and heated at 100°C till all compounds
were dissolved. After evaporation of the solvent under high vacuum, the assembly

wasready to use.

Circular dichroism in the liquid crystals state. The prepared double rosette assemblies
were placed in between two quartz slides and heated by a hot stage untill the isotropic
phase. Afterwards, the CD spectra were recorded cooling down from the isotropic point
at a rate of 10 °C/min. The thickness of the film was check qualitatively by multiple UV-

vis measurements.
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Chapter 5

Self-Organization of Guest Molecules in Mesogenic

Self-Assembled Nanocontainers

In this chapter, the complexation of alizarin by mesogenic self-assembled molecular
boxes (double rosettes) in solution and in the liquid crystalline state is described.
Depending on the nature of the building blocks in the self-assembled system, the alizarin
is encapsulated or intercalated. In the liquid crystalline state, the alizarin complexation
by the double rosettes leads to highly stable mesophases which, in the case of lasz*((S)-
MePropCYA)s, leads to a crystalline phase.



Chapter 5

5.1 Introduction

In the last years soft materials, often classified as functional for their rapid response to
external stimuli,”"*! are attracting a lot of interest for their possible applications in
materials science and nanotechnology.”” For example, new properties can be introduced
by establishing order in the soft material.l®’

Liquid crystals (LCs) are ordered soft materials consisting of self-organized
molecules and can be potentially used as new functional materials.” A particular class
of liquid crystals, the so-called discotic LCs, has attracted attention for their potential

10-I51 The columnar

application to 1D mass transport and as optoelectronic nanomaterials.!
superstructures, formed via aromatic 7—7x stacking interactions of these disk-like
mesogenic molecules, can further organize into larger columns via Van der Waals
interactions, which is often accompanied with the formation of elongated fibers.'*'* The
propensity of disk-shaped entities to organize into columnar aggregates strongly depends

19-21]

on the morphology of the disks, including peripheral substituents.. If the morphology

of the disk-shape entities may be changed by means of external stimuli such as the

complexation with small molecules,***!

and the change is amplified via self-
organization,''** functional soft materials are obtained.

In the last decades, supramolecular chemistry has been used to construct and order
self-assembled structures through the use of noncovalent interactions such as hydrogen

bonding.!"*

Self-assembly and self-organization are considered the tools for the
spontaneous and programmed generation of nanoscale architectures and materials, on the
basis of the instruction stored in the building components and of the interactive
algorithms that bind these components together.**%%*

In Chapter 3, the liquid crystallinity of self-assembled molecular boxes has been
described. The liquid crystallinity is induced by the nano-segregation between the polar
core of the assemblies and the lipophilic chains at the periphery. This chapter describes
the complexation of alizarin by mesogenic self-assembled molecular boxes in solution
and in the liquid crystalline state. In solution, the alizarin shows different complexation
modes with the double rosette assembly. This complexation depends strongly on the

composition of the assemblies. In the liquid crystalline phase, the different complexation
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modes lead to distinct physical properties of the double rosette assemblies in the liquid

crystalline phase.

5.2. Results and Discussion

Double rosette assembly 1as*((S)-2-MeBuBAR)s consists of three calix[4]arene
dimelamines 1a and six barbiturates molecules held together through the formation of 36
cooperative hydrogen-bonds (Chart 5.1).**2% The hydrogen-bonded assembly can be
seen as a nano-container, where the calix[4]arene units are the side walls and the space
between the two circular networks (rosettes)!! limits the encapsulation area. The two
rosette motifs that form the bottom and top of the nano-box are formed by
complementary hydrogen bonds between melamines and barbiturates. These molecular
containers are thermodynamically stable, even at a concentration of 5 puM in apolar
solvents.’”! The periphery of the assembly is decorated with long alkyl chains, which
promote the liquid crystalline (Chapter 3) behavior of the assembly. The liquid crystalline
phase for the chiral double rosette 1as*((S)-2-MeBuBAR)s shows a columnar
arrangement of double rosettes.

The doping of liquid crystalline materials with optically active molecules is attracting
attention because of the possible application in the field of electro-optical materials.*!
Thus, the complexation of the UV-Vis active molecule alizarin by the mesogenic double

rosettes in solution and the mesophase is studied here.
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Chart 5.1. Formation of the hydrogen-bonded assemblies 1;°(BAR)s and 1;2(CYA)s and molecular

structure of the guest molecule 2. The schematic representation of the double rosettes (side view) is also

shown.

5.2.1 Complexation of alizarin by mesogenic double rosette assemblies in solution

"H NMR spectroscopy

Addition of alizarin (2, 3 equiv) to the assembly 1az((S)-2-MeBuBAR)¢ (1.0 mM in
toluene-ds) produced a large shift in the '"H NMR signals for both host and guest
molecules (Fig. 5.1). For example, the hydrogen-bonded imide protons of (S)-2-
MeBuBAR (Ha and Hb) shows upfield shifts from 14.85 and 14.00 ppm to 14.33 and
13.74 ppm, respectively (Fig. 5.1). Furthermore, the majority of the signals of the guest
molecules are upfield shifted by > 3 ppm indicating the encapsulation of 2 (this part of
the '"H NMR not shown). The integration of the "H NMR signals indicates a 3:1 ratio for
the complexation of 2 by 1a3*((S)-2-MeBuBAR)s. On the other hand, the downfield shift
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(from 6.2 ppm to 10.30 ppm) observed for the hydroxyl proton Hn of 2 indicates the
formation of an intermolecular hydrogen bond between this proton and the carbonyl

group of the adjacent alizarin guest molecule.

: - (a) a b
IEI : : v : A )k
I H H . . . hoodsh STV RPN mvu b b

h
\MHQ I\ (b) a : b m n

1a, ((S)-2-MeBuBAR),
q P
r ° (c)
S OH n
t

Figure 5.1. Parts of the 'H NMR spectra (400 MHz) of (a) double rosette assembly las+((S)-2-MeBuBAR);,

<—35 ppm

(b) complex las;*((S)-2-MeBuBAR)s*2;, and (c) alizarin 2. Spectra were taken in toluene-dg at room

temperature.

This type of encapsulation has been observed previously for non-liquid crystalline
hydrogen-bonded double rosettes.** Thus, it can be concluded that the alizarin forms a
self-assembled trimer between the two rosette floors of a mesogenic assembly resulting in

the complex 1a3*((S)-2-MeBuBAR)¢*25 (Fig 5.2).
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(b)

staggered eclipsed

Figure 5.2. (a) The complexation of the alizarin trimer in the double rosette cavity (only the bottom floor of
the rosette is shown in the case of the complexation for clarity) and (b) schematic representation of the
change of the calix[4]arene melamine orientation due to the complexation of alizarin in the double rosette

assemblies.

The X-ray studies performed with the non-liquid crystalline double rosettes revealed
clearly that the encapsulation of three molecules (trimer) of alizarin 2 exists also in the

B34 These studies showed also that the two melamines of each calix[4]arene

solid state.
adopt an eclipsed orientation upon alizarin complexation, while in absence of the guest
these melamines are in a staggered orientation (Fig. 5.2b). The electron deficient
aromatic ring of 2 (ring B, Fig. 5.2b) is stacked between the two relatively electron-poor
rings of the melamine units with a slight offset of the face-to-face arrangement.

The possible release of the alizarin from the mesogenic double rosette 1ase((S)-2-
MeBuBAR)s by adding cyanuric derivatives has been studied.”*! The higher strength of
the hydrogen bonds between the melamines and cyanurates compared to barbiturates as
reflected by the association constants (K,= 2.2 + 0.8 X 10° M in CDCl; for melamine-
cyanurate and K,= 1.0 + 0.1 x 10> M in CDCl; for melamine-barbiturate) allows an

exchange reaction, where the barbiturates are substituted for the cyanurates derivatives in
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the hydrogen-bonded assembly.*®! This exchange can lead to the release of the guest
molecules through a conformational change of the assemblies. Therefore, six equivalents
of the cyanuric acid derivative (S)-MePropCYA were added to the double rosette
1as+((S)-2-MeBuBAR)s. The 'H NMR spectrum shows the formation of assembly
1as*((S)-MePropCYA)s and the release of the alizarin (confirmed also by CD
experiments, see below). Additionally, other signals corresponding to a new complex are

also seen in the "H NMR spectrum (Fig. 5.3).°

h H Hg L\ N )?\(OR m . m
H
| ) (b),,,‘_/\/_\—/\J\
o O n
)/ )/ R= CgHy; > e iy j\,

1a; ((S)-MePropCYA),

q p
r o
s *\OH n (c)
t o

2 LI L L B L L L L L ) BN |
15 14 13 12 1 10

<—35 ppm

Figure 5.3. Parts of the 'H NMR spectra (400 MHz) of the double rosette assembly 1az+((S)-MePropCYA)s
(a), complex laz*((S)-MePropCYA)s with 3 equiv of alizarin (b), and alizarin 2 (c). Spectra were taken in

toluene-dg at room temperature.

The first evidence of the new complex formation is the upfield shifting and splitting
of the hydrogen-bonded imide protons signals of (S)-MePropCYA (Ha and Hb) (Fig.
5.3b). The number of proton signals for Ha and Hb is related to the symmetry of the
assembly. Double rosettes with Ds-symmetry display two signals for Ha and Hb in the 'H
NMR spectrum (Fig. 5.3a). However, a change in the symmetry of the assembly can lead
to a different number of signals for these protons. The symmetry change can be induced

by a change in the number of guest molecules and in the complexation mode.***”
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The downfield shift of protons Hm (from 12.95 ppm to 13.30 ppm) and Hn (from 6.2
ppm to 10.30 ppm) of 2 (Fig 5.3) could indicate the encapsulation of 2 by the double
rosette 1az*((S)-MePropCYA)s because similar shifts were found for the complex
1as+((S)-2-MeBuBAR)¢*2;. Nevertheless, the integration of the Hn signal of 2 indicates
that only two molecules would be encapsulated in the double rosette lase((S)-
MePropCYA)s. This could explain the breaking of the Dj;-symmetry and the
consequently higher number of hydrogen-bonded NHs)mcpropcya-proton signals (Fig.
5.3b). 2D 'H NMR (COSY) experiments were carried out to assign all alizarin protons to
confirm this possibility. If the encapsulation occurs then protons Hr, Hs, and Ht of 2 (Fig
5.3) should shift upfield due the partial inclusion of the unsubstituted electron-rich ring of
2 (ring A, Fig. 5.2) in the calix[4]arene cone.”¥ Nevertheless, the 2D 'H NMR spectrum
did not show any shift of those signals, indicating then that the alizarin is not
encapsulated. Therefore, the increase of the number of signals for the protons Ha and Hb
is probably due to the complexation of 2 outside of the rosette box, i.e. on top and bottom
of the double rosette floors (exo-complexation) (see also CD experiments below). The
similarity with the encapsulation proton spectrum suggests that the alizarin is intercalated
between the floors of two different double rosettes. Other groups have also observed a
similar intercalation mode upon addition of antraquinone derivatives to guanine quartets-
based receptors.”®

The exo-complexation of alizarin has never been observed before for other cyanurate-
based double rosettes. One of the reasons for the intercalation of alizarin could be the
presence of large aggregates.”!! To confirm this possibility DOSY™"! experiments were
carried out (1.0 mM, toluene-ds). The diffusion constants revealed that the double rosette
1a;3*((S)-MePropCYA)s form aggregates, and that the addition of alizarin produced even
larger aggregates. As a control experiment, assembly 1bs¢((S)-MePropCY A)s, which has
short alkyl chains on the melamine units, was prepared. This assembly does not display
aggregation under the same experimental conditions. Furthermore, no complexation (or
aggregation) was found for 1bs*((S)-MePropCY A)s upon addition of 3 equivalents of 2.
Therefore, it seems that aggregation is necessary for the intercalation of alizarin by
cyanurate-based double rosettes. Possibly, the alizarin enforces the interactions between

the mesogenic double rosettes 1a3*((S)-MePropCY A)s allowing a better stacking between
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the double rosettes through the interdigitation of the long alkyl chains at the periphery of
the assembly. The driving force for the formation of the complex can be the minimization
of m-m repulsive interactions between the melamine units and the B-ring of 2 (Fig.
5.2).4%%1) variable temperature 'H NMR experiments showed that the assemblies are

thermodynamically stable until 80 °C.

UV-vis spectroscopy

Alizarin has a maximum absorption peak at a wavelength of 419 nm in toluene (Fig.
5.4). Thus, in order to gain more insight about the encapsulation/intercalation of 2 by
double rosette 1a3*((S)-2-MeBuBAR)s and 1a;3°((S)-MePropCY A)s, the complexation of
2 was followed by UV-vis spectroscopy.*”

As established by '"H NMR spectroscopy, the addition of 3 equivalents of 2 to the
double rosette 1a;*((S)-2-MeBuBAR)s leads to the encapsulation of alizarin. The UV-vis
spectrum of 1as+((S)-2-MeBuBAR)s (1.0 mM in toluene and dodecane) in the presence of
3 equivalents of alizarin showed a maximum absorption peak at 432 nm (Fig. 5.4).*"!
Probably, the shift of the maximum absorption in the UV-vis spectrum (from 419 to 432
nm) is due to the 7~ interaction between the electron-deficient rosette motif and the
electron-rich rings (A and C Fig. 5.2) of alizarin. A charge-transfer complex may be
formed between the alizarin and the double rosette, as suggested by the change of the
color from yellow (alizarin) to red (complex).

Analogously, the addition of 3 equivalents of 2 to 1a3*((S)-MePropCYA)s (1.0 mM in
toluene and dodecane) produced a color change from yellow to red, indicating also the
possible formation of a charge-transfer complex. The UV-vis spectrum of this solution

showed also a maximum absorption peak at 432 nm (Fig. 5.4).
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Figure 5.4. (a) UV-vis absorption spectra for double rosette assembly las*((S)-MePropCYA)s*2; (black
line), laz*((S)-2-MeBuBAR)s*2; (grey) at concentration 1.0 mM, and 2 (light grey) at 3.0 mM in toluene;
(b) UV-vis spectra for las*((S)-MePropCYA)s with 3 equiv of alizarin in dodecane (black line), in
chloroform (grey line)at 1.0 mM, and for 2 (light grey) at 3.0 mM. All spectra were recorded in 0.01mm

cuvette path length.

Thus, the values of the maximum absorption for both complexes 1asz*((S)-2-
MeBuBAR)s*2; and 2NM1aze((S)-MePropCYA)s are very similar which indicates a
comparable stacked geometry, i.e. the alizarin is encapsulated between two rosette floors
of the same assembly 1la;*((S)-2-MeBuBAR)s, and intercalated between different
assemblies 1a3*((S)-MePropCY A)s.

In chloroform, only the absorption peak of free alizarin was observed in the UV-vis
spectrum of 1az*((S)-MePropCYA)s (Fig. 5.4), indicating that this double rosette does
not complex alizarin. Chloroform is a solvent in which solvophobic interactions between
aromatic groups and alkyl chains are much weaker than in toluene and dodecane, thus the
formation of aggregates is more difficult than in toluene and dodecane.

In conclusion, these UV-vis studies confirm that the presence of double rosette
aggregates is necessary for the exo-complexation of the alizarin as demonstrated also by

DOSY experiments.

Circular dichroism spectroscopy

Circular dichroism (CD) measurements have confirmed the intercalation of alizarin

molecules between two floors of different chiral double rosettes assemblies.**) The CD
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spectrum of the double rosette 1az*((S)-MePropCYA)s (1.0 mM in toluene) showed a
typical signal for (M)-helicity in the 275-325 nm region (Fig. 5.5a) due to the exciton
coupling between chromophores in the core of the assembly 1az+((S)-MePropCYA)e.[**!
The CD spectrum of the solution containing the chiral double rosette lase((S)-
MePropCY A)s changed completely upon addition of 3 equivalents of alizarin (Fig 5.5b).
The CD spectrum showed a bisignate Cotton effect with a negative peak at 373 nm and a

positive peak at 432 nm (Fig. 5.5).1*Y
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Figure 5.5. Circular dichroism spectra of (a) 1as*((S)-MePropCYA)s and (b) 2N1as*((S)-MePropCYA)s at

room temperature in toluene. All spectra were recorded at 1.0 mM and 0.01mm cuvette path length.

Alizarin is a small achiral molecule and does not have an intrinsic CD spectrum and
the double rosette 1a3*((S)-MePropCYA)s does not present CD signals in the wavelength
region of 350-450 nm. Therefore, the observed CD spectrum (Fig 5.5b) is attributed to a
chiral environment felt by the alizarin chromophores.*”! If the alizarin is placed on the
top and bottom of the double rosette floors, it will be immersed in the chiral environment
produced by the double rosette inducing a CD signal for 2 in the 350-450 nm region.!*"’
This signal rules out a groove binding mode™”! (where the alizarin would be placed on
the side of the double rosette assemblies) (Fig. 5.6) because in this binding mode the

alizarin would not feel the chiral environment since the stereocenters of the assembly

would be too far from the guest molecules (Chapter 4).

89



Chapter 5

-

1a; ((S)-MePropCYA)6
_
&

2

“groove”
complexation

“intercalation”

Figure 5.6. Schematic representation of the possible binding modes of double rosette las*((S)-
MePropCYA)s.

In summary, we have shown a novel complexation mode of alizarin by the mesogenic
double rosette 1ase((S)-MePropCYA)s. The aggregation of 1as*((S)-MePropCYA)s in
toluene and dodecane enables the intercalation of alizarin between two adjacent double

rosettes.

5.2.2 Complexation of alizarin by double rosettes in the liquid crystalline phase

In Chapter 4 of this thesis the liquid crystallinity of assemblies 1asz*((S)-2-
MeBuBAR)s and 1a3*((S)-MePropCYA)s (Chart 5.1) has been discussed. These
assemblies showed a columnar liquid crystalline phase for a wide range of temperatures,
where the columns are arranged in hexagonal and pseudohexagonal fashion for 1asz*((S)-
2-MeBuBAR)s and 1as*((S)-MePropCYA)s respectively. They differ also in the
columnar alignment along the z-direction in the liquid crystalline phase. In the case of
1as((S)-2-MeBuBAR)g, the columns are parallel to this direction while for 1asz*((S)-
MePropCYA)s the columns are tilted by an angle of 30° with respect to the stacking
direction. ©**!

Here the complexation of alizarin 2 by the double rosettes 1ase((S)-2-MeBuBAR);
and 1a3*((S)-MePropCY A)s in the liquid crystalline state is studied.

Three equivalents of alizarin were added to a solution of 1az*((S)-2-MeBuBAR)¢ in

toluene. The yellow solution was stirred until the color change to red, which indicates
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complexation (see Section 5.2.1). The liquid crystalline behavior of complex 1az*((S)-2-
MeBuBAR)s*2; was analyzed by different techniques, such as polarized optical
microscopy (POM), differential scanning calorimetry (DSC) and X-ray powder
diffraction (XRD). The formation of 1a3*((S)-2-MeBuBAR)s*23 in the liquid crystalline
phase was previously demonstrated by CD spectroscopy (see Section 5.2.3). The POM
studies showed a mosaic texture for 1as((S)-2-MeBuBAR)¢*23 upon cooling down from
the isotropic phase. This texture indicates a columnar arrangement of the double rosettes

in the mesophase (Fig. 5.7).

v

1a, ((S)-2-MeBUBAR), 1a, ((S)-2-MeBUBAR),-2,

Figure 5.7. Polarized optical microscopy images of 1as*((S)-2-MeBuBAR) before and after the addition of
alizarin at 130 °C.

DSC showed only one phase transition for the complex 1az*((S)-2-MeBuBAR )25 at
177°C which corresponds to the liquid crystalline-isotropic phase transition (Table 5.1).

91



Chapter 5

Table 5.1: Thermal properties of the double rosette las;*((S)-2-MeBuBAR)s, la;*((S)-2-MeBuBAR)4*2;,
la;*((S)-MePropCYA)s and 2N1as*((S)-MePropCYA)s.

Compound Phase Transition!”

1a;*((S)-2-MeBuBAR)s  Col, 29  (12.7) Col, 146 (242) Iso

1as((S)-2-

MeBuBAR)¢*2; Col, 177  (7.5)  Iso

1a3¢((S)-MePropCYA)s  Coly 11 (0.30) Col, 157 (59.2) Iso

2N1a;+((S)-MePropCYA)s Cr 28  (52.3) Cr 227 (153.1) Iso

[a] Phase transition temperatures (°C) and enthalpy changes (kJ mol™ in parentheses)
Cr: crystalline; Coly: unidentified columnar phase; Coly,: hexagonal columnar phase; Iso: isotropic

The complex 1as*((S)-2-MeBuBAR)s*2; has a higher isotropization temperature
compared to the double rosette 1asz*((S)-2-MeBuBAR)s (AT, = 31°C), thus the
encapsulation of alizarin leads to a more stable mesophase (for 1ase((S)-2-
MeBuBAR)s*2; than for 1az*((S)-2-MeBuBAR)g). It is worth to note the remarkable
thermal stability of the assembly 1a;*((S)-2-MeBuBAR)s*23, considering that the self-
assembled complex is held by only noncovalent interactions such as 77 interactions and
hydrogen bonds. The higher isotropization temperature for the complex lasz*((S)-2-
MeBuBAR)s2; may be attributed to a better stacking of the double rosettes in the
columnar phase due to the expansion of its cavity after the accommodation of the alizarin
trimers (see section 5.2.1). An indication of the cavity expansion is given by the change
of the double rosette column inter-distance from 5.7 A to 7.0 A for laz*((S)-2-
MeBuBAR)s and 1ase((S)-2-MeBuBAR)g*2; respectively, as demonstrated by X-ray
powder diffraction measurements (Table 5.2). Probably this conformational change leads
to a different spatial disposition of the functional groups at the periphery of the assembly

which otherwise could weaken the stacking interactions as described in Chapter 3.
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Table 5.2: X-ray powder diffraction data for the double rosette las;*((S)-2-MeBuBAR)s, las*((S)-2-
MeBuBAR)*2;, 1as*((S)-MePropCYA)s and 2N1az*((S)-MePropCYA)s.

r comant G e gy
Compound (°C) phase (A) (A) (A)
36.2 36.2 100
a=42.0 21.9 21.9 110
1330((8)-2-M6BUBAR)6 130 COlhO c=5."7 19.08 19.1 200
4.8 (br)
a($)2 y_dls 40.3 40.4 100
a3*((S)-2- 120 Coly, ' 242 22 11
MeBuBAR)s+2; =70 ' ' "
4.6 (br)
35.06 35.06 110
a=41.0 28.97 28.97 010
12;+((S)-MePropCYA)s 145 Coly,  b=38.0 17.41 1741 200
c=8.8 13.90 13.90 0200
12.00 12.00 120
43.9 44.0 100
. ( a=44.0 37.8 38.0 010
2N1az*((S)- 195  Cromn b=38.0
0 : 28. 28. 11
MePropCYA)e " i i ’
c=5.1 14.6 14.7 300
11.1 11.1 030

Furthermore, the XRD analysis revealed a hexagonal columnar mesophase (Coly,) for
the complex 1az*((S)-2-MeBuBAR)¢*2; (Table 5.2). The presence of sharp peaks in the
low-angle region with a reciprocal spacing ratio of 1:V3 is characteristic of hexagonal
columnar arrangement, as explained in Chapter 3. The inter-columnar distance is 41.8 A,
which is in agreement with the values found for mesogenic double rosette assemblies
1a3*((S)-2-MeBuBAR)s and 1az*((S)-MePropCYA)s (Table 5.2). In summary, the
encapsulation of three alizarin molecules stabilizes the mesophases of the double rosette
1as((S)-2-MeBuBAR)g, while the hexagonal columnar arrangement is not disturbed by
the encapsulation.

To investigate the influence of the intercalation of alizarin in the columns of the liquid

crystalline double rosette 1az*((S)-MePropCYA)s in the mesophases, the complex
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2N1az*((S)-MePropCYA)s was prepared. Three equivalents of alizarin were added to a
solution of 1as¢((S)-MePropCY A)s in toluene, which turned red indicating the formation
of the complex. After the intercalation of alizarin was confirmed by CD spectroscopy in
the solid state (see Section 5.2.3), the thermal behavior of 2N1a3+((S)-MePropCYA)s was
investigated by POM, DSC, and XRD.

The DSC measurements showed that the double rosette 1a;*((S)-MePropCYA)s does
not present a liquid crystalline phase when the alizarin is intercalated. The high enthalpy
change value (153 kJmol™) for 2N1a3+((S)-MePropCYA)s is typical for a crystalline-
isotropic phase transition (Table 5.1). The enthalpy change values for the liquid
crystalline-isotropic phase transitions are generally smaller than crystalline-isotropic
phase transitions due to the lower ordering in liquid crystalline phases compared to
crystalline phases. Probably, the intercalation of alizarin freezes the mobility of double
rosettes 1az*((S)-MePropCYA)s resulting in the crystallization of 2MN1az*((S)-
MePropCYA)s as emphasized by the huge difference between the isotropization
temperatures of 2M1az((S)-MePropCYA)s and 1as((S)-MePropCYA)s (AT, = 51°C)
(Table 5.1).

The POM image of 2N1a3*((S)-MePropCY A)s showed yellow birefringent features,
when the sample was cooled down slowly from the isotropic state, indicating a columnar

arrangement of the double rosette in the crystalline state (Fig. 5.8).

1a, ((S)-MePropCYA)q 2N1a, ((S)-MePropCYA),

Figure 5.8. Polarized optical microscopy images of the double rosette las*((S)-MePropCYA)s before (140
°C) and after intercalation of 2 (200°C).
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The formation of a crystalline phase for 2N1as((S)-MePropCYA)s was also
confirmed by XRD measurements (Table 5.2). The high number of reflections in the X-
ray powder diffractogram is characteristic of crystalline phases. This phase is identified
by the presence of a set of low-angle maxima related to a two-dimensional (2D) array of
columns. The spacing can be indexed in a 2D orthorhombic lattice (Corn), and the lattice
constants are shown in Table 5.2. The double rosettes are still tilted by 30° with respect
to the stacking direction of the columns as shown in the case of 1a3*((S)-MePropCY A)s.
The inter-distance between the double rosettes changes from 8.8 A to 5.1 A, for 1as+((S)-
MePropCY A)e, and 2N1a3+((S)-MePropCY A)s, respectively. The intercalation of alizarin
diminishes the inter-assembly distance, as a result the mobility between the columns

decreases leading to the crystalline phase.”*”

5.2.3 CD spectroscopy in the liquid crystalline state

As mentioned in Chapter 4, double rosette assemblies 1az*((S)-2-MeBuBAR)s and
1as*((S)-MePropCYA)s have Dj;-symmetry where the two melamine rings of each
calix[4]arene are in antiparallel orientation with respect to each other.*® Due to the
presence of a chiral center on the barbituric and cyanuric derivatives only one
diastereomer ((P)- or (M)-) is formed. This property enables the study of the chiral
arrangement of the double rosettes in the liquid crystalline state by CD. Thus, the
different binding modes of alizarin by the mesogenic double rosettes in the liquid
crystalline state were studied by CD spectroscopy. The experiments were performed on
the corresponding neat samples both at the temperature of the mesophases and in the
isotropic state. The double rosette 1as*((S)-2-MeBuBAR); in the liquid crystalline state
has a helical arrangement within the columns (Chapter 4) (Fig. 6.9, curve a). The
negative sign in the CD curve is typical for double rosettes bearing chiral barbiturate
derivatives with (S)-stereochemistry (Chart 5.1).1*) Upon direct addition of the alizarin to
the liquid crystal l1asz*((S)-2-MeBuBAR)s the CD signal in the 310-450 nm region
disappeared (Fig. 5.9, curve b). The loss of optical activity for the double rosette
assembly is an indication of the encapsulation of alizarin in the double rosette 1as*((S)-2-

MeBuBAR)s. The encapsulation of the alizarin trimer breaks the Dj;-symmetry of the
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assembly l1a;*((S)-2-MeBuBAR)s leading to the formation of the complex 1az*((S)-2-
MeBuBAR )23 with Cj,-symmetry, which presents a horizontal plane that renders the
assembly almost CD silent.*”) This change in symmetry implies a change of the two
melamines rings of each calix[4]arene 1a from the staggered conformation in the empty

receptors to an eclipsed conformation in the complex (Fig. 5.2).1*"
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Figure 5.9. Circular dichroism spectra for double rosette assemblies; (a) las*((S)-2-MeBuBAR)s at 130°C,
(b) 1as+((S)-2-MeBuBAR)s*2; at 130°C and (c) 1as;*((S)-MePropCYA)s in the presence of alizarin at 180 °C.

All CD spectra were recorded from the same sample cooling down from the isotropic phase.

As demonstrated before, the addition of cyanurate derivatives leads to the release of
alizarin from the double rosette cavity in solution. To study the possible release of the
alizarin from the double rosette in the mesophase, (S)-MePropCYA was added to the
complex 1az*((S)-2-MeBuBAR)¢*23. A CD signal is recorded in the region 290-350 nm
(Fig. 5.9, curve c). The positive sign in the CD curve is typical for double rosettes with
(S)-cyanurate (Chart 5.1), indicating that exchange between the (S)-2-MeBuBAR and
(S)-MePropCYA has occurred. Therefore, the recovery of the optical activity for double
rosette assembly 1as*((S)-MePropCYA)s suggests that the alizarin is released from the
double rosette cavity.*] The intercalation of the alizarin between the columns of
1a;*((S)-MePropCYA)s was confirmed recording a spectrum from 290-600 nm (Fig
5.10). A bisignate Cotton effect with a negative peak at 390 nm and a positive peak at
435 nm was observed (Fig 5.10).* The shape of the CD spectrum for the complex
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2N1a3*((S)-MePropCY A)s is similar to the CD spectrum recorded in solution (Fig. 5.5).
The observed CD spectrum (Fig 5.10) is probably the result of the chiral environment felt
by the alizarin chromophores,'* which induce a CD signal for 2 in the region of 350-450

nm. %!
(@ 20 (b)
15
T 10 -
. 5_»/\\
L e s
S ]
-10 1
-151 2M1a, (S-MePropCYA),
-20 T . T T T

290 350 410 470 530 590 650
L/ nm —>»

Figure 5.10. (a) CD spectrum for the complex 2N1a;*((S)-MePropCYA)s on quartz plates at 175°C after
cooling down from the isotropic phase and (b) schematic representation of the chiral columnar

arrangement for 2N1ase((S)-MePropCYA)s.

The direct exchange of building blocks in the solid state points out two important
aspects: the response to external stimuli for the mesogenic double rosettes and the
modulation of the optical activity. The introduction of perturbations to the system, such
as the addition of small molecules, has led to a major change at the macroscopic level
(e.g. crystal phase). This points out the importance of self-assembly and self-organization
to obtain new materials. The control and the ability to write the optical activity in the
solid state (1as*((S)-2-MeBuBAR)s, CD active), to erase it (1a3*((S)-2-MeBuBAR )4°2;,
CD silent), and rewrite it (1a3*((S)-MePropCYA)s, CD active) have been demonstrated

(Fig 5.11).
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©

1ay (S-mebBAR)g

1a; (S-mebBAR)g 2,

D,-symmetry (CD active) C,,-symmetry (CD silent)

S-propCYA

S-mebBAR

<o’

© 2M1a, (S-propCYA),
D,-symmetry (CD active)
Figure 5.11. Schematic representation of the direct exchange of the building blocks in the double rosettes

las*((S)-2-MeBuBAR)s and las*((S)-2-MeBuBAR)s*2;. The corresponding symmetries and CD activities

are also given.
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5.3. Conclusions

In this chapter, the different complexation modes of alizarin by mesogenic double
rosettes 1as((S)-2-MeBuBAR)s and 1a3*((S)-MePropCYA)s have been demonstrated.
The alizarin was encapsulated in the cavity of the double rosette 1as+((S)-2-MeBuBAR )
and intercalated between the floors of the double rosettes 1ase((S)-MePropCY A)e. In the
liquid crystalline state, alizarin complexation led to high thermal stability of the double
rosettes mesophases. In the case of 1as*((S)-MePropCYA)s, the enhancement in stability
is so high that leads to a crystalline phase.

The dynamic behavior of these double rosette assemblies is shown by their ability to
adapt rapidly to external stimuli. Different complexation modes can be obtained by direct
and selective exchange of the guest molecules and the assembly building blocks, which

allows also the modulation of optical activity in the liquid crystalline state.

5.4. Experimental Section

THF was freshly distilled from Na/benzophenone, and CH,Cl, from CaCl,. All
chemicals were of reagent grade and used without further purification. NMR spectra were
recorded on a Varian Unity 300 ('"H NMR 300 MHz) using tetramethylsilane (TMS) or
the corresponding residual solvent signal as internal standard. FAB-MS spectra were
recorded on a Finningan MAT 90 spectrometer with m-nitrobenzyl alcohol (NBA) as a
matrix. CD spectra were recorded on a JASCO J-715 spectropolarimeter. A Perkin-Elmer
DSC-7 was used for thermal analysis. DSC measurements were performed on a DSC
Piris Series 7 (scanning rate: 10 °C min'). A polarizing optical microscope Olympus
BH-2 equipped with a Mettler FP82HT hot stage was used for visual observation. UV-
Vis measurements were carried out on a Varian Cary 3E UV-spectrophotometer.

The molecular arrangements in different samples were analyzed with an X-ray
diffractometer equipped with a home-built capillary oven. Each sample was placed into
X-ray capillary with 1.0 mm internal diameter and then the capillary tube placed inside a
vertically aligned graphite tube containing a hole transversal to it, allowing the incident

X-ray beam to cross freely. The temperature of the graphite tube was controlled by a
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system formed by a thermo-couple attached to a power supply and it acts as a fast-
response online oven ranging from room temperature to 350 °C. The X-ray measurements
were carried out in a Bruker-Nonius D8 diffractomenter with a 2-D detector with a
sample to detector distance set to 10 cm and spectra were recorded for 1 hr. A focused
permanent magnetic field of approximately 4T was applied perpendicular to the capillary
allowing for alignment of any liquid crystal phase. CD measurements were conducted on

a JASCO J-715 spectropolarimeter using a Mettler FP82HT hot stage.

Synthesis. The synthesis of compounds 1a,°” 1b,*! (S)-2-MeBuBAR,”!! (S)-
MePropCY AP has been reported previously.

Formation of double rosette assemblies. Hydrogen-bonded assemblies were prepared
by mixing calix[4]arene 1a or 1b with two equivalents of (S)-2-MeBuBAR or (S)-
MePropCYA respectively, in toluene-ds for 20 min at 100°C. For example, 8.3 mg
(0.0030 mmol) of 1 and 1.10 mg (0.0060 mmol) of (S)-MePropCYA were dissolved in 5
mL of toluene—dj, stirred and heated at 100°C until all compounds were dissolved. In
case of the complexes formation 3 equivalents of alizarin 2 were added and the mixtures
were stirred untill all compound was dissolved. After evaporation of the solvent under

high vacuum, the assembly is ready to use.

Circular dichroism in the liquid crystalline state. The prepared double rosette
assemblies were placed in between two quartz slides and heated by hot stage until the
isotropic phase. The cells were allowed to cool down with no external mechanical stress.
Linear dichroism effects were eliminated by averaging several CD spectra (recorded at
different film positions rotated around the light beam). The CD spectra were recorded

cooling down from the isotropic point at rate of 10 °C/min".
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Chapter 6

Supramolecular Organization of Hydrogen-

Bonded Molecular Boxes on Surfaces

In this chapter, the investigation of the supramolecular organization of mesogenic
double rosettes on surfaces by AFM and STM is described. The self-organization of these
assemblies on solid supports was studied by variation of parameters such as the nature of
surface, concentration and solvent. The presence of double rosette aggregates in solution
at low concentration (25 #M) led to the formation of micrometer-long ordered structures
on graphite. The chirality of the double rosettes allowed the organization of these
assemblies in ordered structures when deposited onto mica. Moreover, STM
measurements allowed the visualization of individual mesogenic double rosettes on
HOPG.



Chapter 6

6.1 Introduction

The self-assembly of single elements into complex, organized structures via specific
intermolecular interactions is the key issue for the realization of molecular devices and
well-defined nanometer-scale objects."”) Such programmed structures are commonly
found in biological systems such as double stranded DNA."! The information encoded at
the molecular level guides the organization at the supramolecular level. Several types of
noncovalent interactions have been applied to construct complex architectures which may
find applications in the field of biology and material science.*”’ However, the
positioning of those complex structures on solid support is not a simple issue. A restricted
number of studies show the opportunities and limitations of transferring the objects from
solution to a surface in a controlled way.!'*'¥!

In liquid crystals, the specific properties of the materials are determined by the
chemical structure and the supramolecular organization of the building blocks. Their
organization in the mesophase, and consequently their properties, can be tailored by
noncovalent interactions such as hydrogen bonds."'>'” In particular, columnar liquid
crystalline materials have a high degree of organization in the mesophase leading to
possible applications in the optoelectronic field due to their high electron and hole

18201 1 such applications, it is crucial to control, for example, the column

mobility.!
orientation as well as other aspects of thin film morphology. Generally, the constituents
of those columns are flat and electron-rich molecules, which can be easily influenced by

[21-25

different parameters when deposited on a solid support from solution. I However,

there are not many studies on the influence of those parameters for mesogens with
nanometer dimensions, which have already an intrinsic organization.!**>*

In Chapter 3 the liquid crystallinity was described of hydrogen-bonded double rosette
with nanometer dimensions, obtained by the self-assembly of different components,
which displayed hexagonal columnar mesophases for a wide range of temperatures. The
driving force for the mesophase formation is the microsegregation between the rigid polar
core and the lipophilic alkyl chains attached at the periphery of the assembly. In this

chapter the presence in solution of the mesogenic double rosettes and their aggregation at

low concentration which has been observed by 'H NMR is reported. The influence of
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several parameters (concentration, solvent, etc.) on the self-organization of mesogenic
double rosettes on surfaces has been investigated by means of different surface
techniques such as atomic force microscopy (AFM) and scanning tunneling microscopy
(STM). The self-organization of nonliquid crystalline double rosettes on highly ordered
pyrolytic graphite (HOPG) has been also studied by AFM and STM by our group.!®'!*"
311 The rigid structure of those assemblies allowed only rod-like organization. The
assemblies followed the main directions of the underlying graphite and they are oriented

[30 31 on the surface. The different orientations depended on the nature

edge-on"" or face-on
of the building blocks. In this chapter, a random organization of rod-like structures
formed by mesogenic double rosettes on HOPG is described. This different organization
of those assemblies is probably due to the dynamic nature of the liquid crystalline double

rosettes. A hexagonal organization of these assemblies is also shown by STM.

107



Chapter 6

6.2. Results and Discussion

Dimelamine 1, BuCYA, (R)-MePropCYA and (S)-MePropCYA (Chart 6.1) have
been synthesized following methods previously described.”***! The achiral 1;2(DEB)j,
1;+(BuCYA)s and chiral double rosettes 13¢((R)-MePropCYA)s, 132((S)-MePropCYA)s
consist of three calix[4]arene dimelamine 1 and six barbiturates or cyanurates held
together through the formation of 36 cooperative hydrogen bonds (Chart 6.1).°***) The
periphery of the self-assembled double rosette is decorated with six phenyl groups, each
bearing three octadecyl chains, which are able to promote the self-organization of the

double rosette assembly in the liquid crystalline phase.

DEB BuCYA (R)-MePropCYA  (S)-MePropCYA

Chart 6.1. Structural and schematic representation of the dimelamine 1 and barbiturate/cyanurate
derivatives, and the corresponding hydrogen-bonded assemblies 1;2(DEB)s, 1:(BUCYA)s, 1z¢((R)-
MePropCYA)s, and 13¢((S)-MePropCYA)s.
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6.2.1. Double rosette aggregation in solution at low concentration

Previously our group has shown by UV-vis studies that double rosette assemblies are
thermodynamically stable in solution, even at concentration of 5 uM.”® Furthermore, in
Chapter 5 of this thesis the presence of aggregates of the mesogenic double rosettes in
solution at 1.0 mM concentration in apolar solvents (toluene and dodecane) was
confirmed by 'H NMR spectroscopy, while in chloroform this aggregation was ruled out.
The aggregation of the double rosette 132(BuCYA)s at low concentration by 'H NMR was
investigated, to study whether the pre-organization of mesogenic double rosettes in
solution influences the organization on surfaces. Dilution experiments in deuterated
toluene showed the presence of the characteristic™ hydrogen-bonded amide protons
around 15-14 ppm for the double rosette 132(BuCYA)s even at 10.0 uM (Fig. 6.1). The
integration of those signals indicated that more than 50% of the assemblies are intact at

this concentration.

1; (BUCYA),

T T T T

90 85 80 75 70 65 6.0
<«—— dlppm

Figure 6.1. Parts of "H NMR spectrum (600 MHz) of 15¢(BUCYA); (10 1M). The spectrum was recorded at
298 K in toluene-ds.

In dodecane (25.0 uM), the 'H NMR spectrum of the double rosette 132(BuCYA)s
shows broad peaks for the characteristic hydrogen-bonded NHp,cya protons in the region
15-9 ppm. This indicates the aggregation of double rosette assemblies under these

conditions.”” Probably, dodecane allows better stacking of the double rosettes due to its
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more apolar character compared to toluene. Sharp peaks were not visible even at 50°C,
indicating the remarkable thermodynamic stability of 1;*(BuCYA)s aggregates at this

concentration.

6.2.2. Double rosettes on HOPG: the effect of the concentration

In order to study the morphology of double rosettes on solid support, solutions of
1;+(DEB)s, 13¢(BuCYA)s, and 13¢((R)-MePropCYA)s were drop-cast onto freshly
cleaved HOPG substrates (10.0 uM in chloroform). The topographic images for the three
double rosette assemblies acquired by high resolution tapping mode AFM (TM-AFM)

showed the presence of fibers closely packed together in random directions (Fig. 6.2).

Figure 6.2. TM-AFM phase images (400 x 400 nm?) of double rosette assembly 1;2(DEB)s (left),
15(BUCYA); (middle) and 15+((R)-MePropCYA)s (right) deposited on HOPG from chloroform at 1x10° M

concentration.

The rod-like structures did not follow the main directions of the HOPG, as it was
found earlier for other double rosette assemblies.!''~" Probably, the interaction between
the lipophilic chains and the graphite is strong enough to overcome the interaction
between the phenyl groups of the dimelaminecalix[4]arene 1 and the graphite. The latter
would lead to rod-like structures that follow the main directions of the underlying
graphite.!'"! Although the mesogenic double rosettes 13¢(DEB)s, 13¢(BuCYA)s, and
15+((R)-MePropCY A)s did not aggregate in chloroform, as described in Chapter 5 of this
thesis, at the solid-liquid interface the formation of fibers can be attributed to the

nanosegration between the hydrophilic core of the double rosettes and the hydrophobic
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alkyl chains. Analysis of the AFM pictures showed that the inter-row distance for the
double rosettes 1;*(DEB)s and 13°((R)-MePropCYA)s is 4.5 = 0.1 nm. This is in good
agreement with the inter-column distance found for those assemblies in the LC
mesophase (4.3 nm and 4.1 nm, respectively) as described in Chapters 3 and 4. It was not
possible to determine the inter-row distance for the double rosette 132(BuCYA)s because
the fibers were short and randomly organized. Moreover the random directions of the
fibers precludes the determination of the double rosettes orientation through extrapolation
of step length at the boundary of the well-oriented rod-like domains.!'"

The effect of the concentration of the double rosette assemblies on the thin film
packing has been investigated for the assembly 1;¢(BuCYA)s. Figure 6.3 shows the AFM
pictures of 13¢(BuCYA)s in chloroform at 1.0 x 107, 5.0 x 10°, and 5.0 x 107 M

concentrations.

Figure 6.3. TM-AFM phase images of double rosette assembly 1;¢(BuCYA)s deposited on HOPG from
chloroform: a) 1.0 x 10®° M (image size: 300 x 300 nm? b) 5.0 x 10° M (image size: 200 x 200 nm?), and
¢) 5.0 x 107 M (image size: 15 x 15 zm?).

At high concentration, an elevated number of fibers was detected (Fig. 6.3a), but they
were short and closely packed together on the surface. As the concentration decreases,
the fiber length increased, and isolated stacks of fibers oriented according to the graphite
lattice were visible (Fig. 6.3b). Although a constant width of about 18 nm for the fiber
was found, the measured lateral dimensions are easily overestimated by several
nanometers due to the tip-convolution effects.*®! Therefore, the values of measured
heights are a more accurate way to evaluate the orientation of the double rosette on

HOPG. The single cylindrical fibers of 13¢(BuCYA)s had a uniform height of 1.8 nm,
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which could correspond to three double rosettes stacked on top of each other in face-on
manner (Fig. 6.4). An edge-on orientation of the double rosettes was ruled out because

this orientation implies a height > 3.3 nm (Fig. 6.4).1""]

face-on edge-on

o? 00800

Figure 6.4. Possible orientations for the mesogenic double rosettes on HOPG.

Upon lowering the concentration to 5.0 x 107 M, the assembly 132(BuCYA)s formed
micrometer-long homotropic arrangements typical for hexagonal columnar liquid crystals
with the mesogens oriented in a face-on manner when deposited on the surface (Fig.
6.3¢).’”) The face-on orientation was confirmed by measuring the height of these
features. A value of 0.6 nm was found which is similar to the height found by X-ray
diffraction .*> Thus, at low concentration the double rosette 132(BuCYA)s displayed a
higher degree of organization (hexagonal columnar lattice, 2D organization) than at high
concentration (fiber, 1D organization). The basic concepts of crystal growth can be
applied to explain this growth process. The nucleation sites and the nucleation and
growth rates are parameters that can influence the organization of the double rosette on
the surface. Generally, the nucleation sites and rate determine the number of fibers in

[40,41

relation to the concentration.”*"*! Instead, the growth process is controlled by diffusion,

and hence, at higher concentration, the probability that molecules encounter a nucleation

(40421 Consequently at high concentration, there are many short fibers on

site increases.
the surface, while at low concentration the fibers are longer, and they can further organize
in a 2D arrangement (hexagonal columnar lattice) as shown in Figure 6.3c. Therefore, the

concentration can be used to control very easily the type of organization on surfaces.

112



Supramolecular Organization of Hydrogen-Bonded Molecular Boxes on Surfaces

6.2.3. Double rosettes on HOPG: the effect of the solvent and temperature

Solutions of double rosette 1;(BuCYA)s in chloroform, toluene, and tetradecane at
1.0 x 10 M concentration were drop-cast on HOPG. Immediately after the deposition,
no organization can be seen in the AFM images for the samples in tetradecane and
toluene (Fig. 6.5a, b). This is probably due to presence of solvent molecules that make

the sample too soft to be imaged. After thermal annealing in a vacuum oven at 60°C

overnight, organized structures were revealed by AFM.

Figure 6.5. TM-AFM phase images (image size:300 x 300 nm?) of double rosette assembly 13¢(BUCYA)g
(1x10® M) on HOPG after thermal annealing at 60°C overnight. Deposited from: a) toluene, b)
tetradecane, and c) chloroform. White arrows indicate the several points of the samples where the inter-

fibers distance was measured.

The sample in chloroform was annealed at 60°C overnight as well for comparison
with the other solvents, even though the structures can be also seen without thermal
annealing (Fig. 6.3). This sample shows nanosegration of the double rosettes (Fig. 6.5¢)
that resembles the TEM pictures for homeotropically aligned liquid crystals.?>*
Probably, the fiber organization is destroyed by the fast solvent evaporation (see section
6.2.2). Consequently, the double rosette assemblies are organized in small domains where
the polar cores of the assembly are fused together surrounded by the lipophilic chains.
The sample drop-cast from toluene reflects the opposite situation (Fig. 6.5a). The double
rosette 132(BuCYA)s formed bundles randomly oriented on the HOPG. Each bundle is

formed by a single layer of double rosettes oriented in a face-on manner as deduced from

the height values (0.6 nm). Thus the bundles are formed by fibers, which are formed by
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the consecutive alignment of double rosette assemblies. For aligned fibers a distance
between two fibers of 7.0 + 0.2 nm was found (Fig. 6.5a). This value is higher than the
inter-column distance found in the liquid crystalline phase, indicating a decrease in the
intermolecular interaction between the double rosettes. This decrease is probably due to
the competitive interactions between alkyl chains and the graphite which makes the
packing weaker than in the mesophase. In tetradecane the double rosette 1;(BuCYA)s
forms rod-like structures (Fig. 6.5b), similar to the ones observed in previous studies on
double rosettes."” As it can be observed in Figure 6.5b, multi-layered rods are formed.
The height of these features is 1.8 nm corresponding to three double rosette assemblies
on top of each other. The inter-row distance of 5.1 = 0.1 nm indicates that each row is
composed by one double rosette oriented in face-on manner. The rods have micrometer
dimensions following the lattice of the graphite. The different supramolecular
organizations in chloroform, toluene and tetradecane (Fig. 6.6) can be attributed to
dewetting phenomena during solvent evaporation.””*** The boiling temperature of
tetradecane is 256°C, which is higher than the boiling temperature of toluene (110°C) and
chloroform (68°C).

§tradecane i '@‘
i »
«Sig %%@ ®
'@ %$ chﬁfom
& priooy

Figure 6.6. Different organization of the double rosette 1;2(BuCYA)s from tetradecane, toluene, and

chloroform.
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The high supramolecular ordering of double rosettes from a tetradecane solution can
be ascribed to the formation of aggregates in this solvent as observed for dodecane since
they are chemically similar. In toluene, the double rosettes do not form aggregates at 1.0
x 10 M concentration and the evaporation is faster than for tetradecane. This leads to an
alignment of the double rosettes in short bundles of nanometer size (Fig 6.6). Therefore,
the slow evaporation rate of the tetradecane allows the double rosettes to be perfectly
aligned on the surface. In chloroform, the evaporation of solvent is faster than in toluene.

Thus, the dewetting process governs the supramolecular organization.

6.2.4. Double rosettes on mica: the effect of the surface nature

Double rosette 132(BuCYA)s was deposited on mica from chloroform at (1 % 107 M).
The AFM image shows the formation of globular structures (Fig. 6.7). The formation of
these structures can be attributed to the unfavorable interactions between the mesogenic
assemblies and the mica surface. Contrary to graphite, the surface of the mica substrate is
hydrophilic. On this surface, the double rosettes fuse together to minimize the contact

between the hydrophobic alkyl chains and the hydrophilic surface.

Firm  J Section Analysis

Figure 6.7. TM-AFM phase images (8.0 x 8.0 zm?) (left) and the height profile (right) of the double rosette

assembly 15+(BUCYA)s on mica deposited from chloroform at 1x10° M concentration.

The globular structures are quite regular with an average height and width of 10 nm
and ~ 200 nm, respectively (Fig 6.7b). The formation of these structures is controlled by

sub-micron-scale solvent evaporation dynamics,!””! as highlighted by the globular
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structures (Fig. 6.7). On the other hand, when the double rosette 1;*(BuCYA)s was
deposited on mica from toluene, no regular structures or patterns were observed.

For the chiral double rosette 13¢((R)-MePropCYA)s a regular pattern can be seen
upon deposition of a 1.0 x 10 M solution in toluene on mica (Fig. 6.8). The organized
structures do not show changes in their supramolecular organization even after thermal

treatment in vacuum at 60°C overnight, indicating a remarkable thermal stability.
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Figure 6.8. Supramolecular organization of the double rosette assembly 1z¢((R)-MePropCYA)s on mica;
TM-AFM phase images (400 x 400 nm?) (a) and schematic representation of the 2D network of the double
rosette (b).

The double rosette assembly 1;((R)-MePropCYA)s organized in columns with an
inter-column distance of ~10.2 nm (Fig. 6.8b), as measured by AFM. The columns
aligned in rows with an inter-row distance of ~5.3 nm indicating a high organization of
these structures. The double rosettes 1;¢((R)-MePropCYA)s have a 2D-organization on
the mica surface. Considering the dimensions of the double rosette 13¢((R)-MePropCYA)s
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(3.3 nm width, 0.8 nm height) obtained by X-ray diffraction in the liquid crystalline state

1331 cach bright spot

(see Chapter 4) and the X-ray crystal structure for similar assemblies,
in the AFM image (inset in Figure 6.8a) corresponds to one column of ten double rosettes
13+((R)-MePropCYA)s (Fig. 6.8b). The assemblies have an averaged height of 3.4 nm
corresponding to an edge-on orientation. This orientation enables a limited interaction
between the hydrophilic surface and the hydrophobic chains. The double rosettes
1;+(BuCYA)s and 13¢((R)-MePropCYA)s show completely different behavior when
deposited onto mica, even though they have the same molecular formula, being the
BuCYA and (R)-MePropCYA structural isomers. These assemblies differ only in the
presence of a chiral center in (R)-MePropCYA. To investigate the role of the chiral
centers in the formation of ordered supramolecular structures on mica, a double rosette
solution was prepared with (R)-MePropCYA/(S)-MePropCYA (1:1) (Chart 6.1) and 1.
The resulting solution is a statistical racemic mixture (heteromeric assembly) between the
two enantiomers (M)-1;¢((R)-MePropCYA)s and (P)-1;3+((S)-MePropCYA)s as
demonstrated by 'H NMR spectroscopy. In this case, as for the achiral double rosette
1;(BuCYA)s, no regular self-organization was found on mica. Therefore, the
supramolecular chirality of optically activity of the double rosette 13¢((R)-MePropCYA)e

influences the self-organization on surfaces.

6.2.5. Visualization of double rosette assembly on HOPG by STM

It is well known that due to tunneling difficulties, it is difficult to obtain a reliable
STM image of an adlayer when the molecules are very large.***”] Therefore, the
visualization of self-assembled double rosettes which have nanometer size (3.3 nm width,
0.7-1.2 nm height by X-ray datal®*) might be difficult. Previously, the visualization of
gold-containing double rosettes has been achieved by STM.P' It was assumed that the
presence of gold atoms facilitates the tunneling through the double rosette assemblies due
to the conductive nature of the gold. Consequently it was interesting, to investigate if the
presence of the Au atoms was necessary to visualize the double rosettes by STM.

The assembly 132(BuCYA)g at 1.0 x 10° M concentration was deposited on an HOPG

surface under a toluene saturated atmosphere. STM datal*® were acquired at ambient
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conditions after annealing of the sample at 60°C overnight. The annealing was necessary
to allow the complete evaporation of the solvent. It was found that the double rosette
1;+(BuCYA)s, which is oriented face-on (AFM), allows tunneling since the distance
between the tip and the substrate is ~1 nm. In Figure 6.9 individual double rosettes are
clearly visible. The double rosette 1;*(BuCYA)s shows a hexagonal organization, which
is similar to the one observed by AFM (Section 6.2.2) and in the liquid crystalline state.
The hexagonal arrangement is slightly distorted because of the strong interaction between
the alkyl chains and the graphite surface, which is typical for discotic liquid crystals
absorbed on HOPG."""! The inter-double rosette distance of 5.8 + 0.4 nm between the
double rosettes 1;*(BuCYA)s is higher than the inter-column distance found in the liquid
crystalline phase. This indicates a decrease in the intermolecular interaction between the
double rosettes due to probably the competitive interactions between the alkyl chains and
the graphite which makes the packing weaker than in the mesophase. STM measurements
were also carried out for the double rosette 132(DEB)¢ but the STM images did not show
any clear organization. Perhaps, the double rosette 1;¢(DEB)s adopts an edge-on
orientation, therefore the tunneling through the rosette structures becomes difficult or

even impossible due to the high separation between the tip and the substrate (~3

6,11,30,31]

nm).!

Figure 6.9. Supramolecular organization of the double rosette assembly 1;2(BuCYA)s; a) STM images (340
x 340 nm?); b) schematic representation of the hexagonal arrangement of the double rosettes on HOPG.
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6.3. Conclusions

The organization of achiral 13*(DEB)¢ and 1;¢(BuCYA)s and chiral 1s¢((R)-
MePropCYA)s double rosettes on HOPG and mica has been investigated by AFM and
STM. The mesogenic double rosettes formed ordered rod-like structures on HOPG which
did not follow the underlying graphite lattice. Their organization could be controlled by
the variation of parameters such as concentration and solvent evaporation rate. The
formation of highly organized structures with micrometer size on surfaces couldn be the
result of their aggregation in solution, as '"H NMR spectroscopy at low concentration
demonstrated. The achiral double rosette 132(BuCYA)s did not show organization on
mica, while the chiral double rosette 13¢((R)-MePropCYA)s showed 2D-organization,
pointing out the importance of chirality in stabilizing the self-organization of the double
rosette on surfaces. For the first time STM measurements have been carried out on
double rosette assemblies without metals, that might help the tunneling effect through the
assembly. The STM images showed that the double rosettes with cyanurates adopted a

hexagonal arrangement on HOPG typical for discotic liquid crystals.
6.4 Experimental Section

'H NMR spectra were recorded on Avance II Bruker 600 MHz using a dual inverse
'H/"*C HR-MAS probe-head *H-lock, equipped with Mégic Angle-aligned coil gradient
(GRASP II). Zirconia rotors with Teflon PTFE or Kel-F insert were used to obtain a final
volume of 12 uL. Residual solvent protons were used as an internal standard and
chemical shifts are given relative to tetramethylsilane (TMS). Compound 1,°%
BuCYA,”? (R)-MePropCYAP and (S)-MePropCYAP?! were prepared according to

methods described previously

Formation of assemblies 13¢(DEB)s/132(BUCYA)s/13¢((R)-MePropCYA)s/1s((S)-
MePropCYA)s. Hydrogen-bonded assemblies 132(DEB)s, 13¢(BuCYA)s, and 13¢((R)-
MePropCYA)s were prepared by mixing calix[4]arene 1 with 2 equivalents of DEB,
BuCYA and (R)-MePropCYA respectively, in toluene-dg for 20 min at 100°C. For
example, 8.32 mg (0.003 mmol) of 1 and 1.10 mg (0.006 mmol) of DEB were dissolved
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in 5 mL of toluene—dsg, stirred and heated at 100°C till all compounds were dissolved.

After evaporation of the solvent under high-vacuum, the assemblies are ready to use.

AFM measurements. The taping mode (TM)-AFM data were acquired with a
Nanoscope III multimode AFM (Veeco Co., Santa Barbara, CA) by using a 10 um (E)
scanner and microfabricated silicon tips/cantilevers (model NCH-W, resonance
frequency vy = 320-370 kHz, Nanosensors, Germany). The system was thermally
equilibrated over a period of typically 1 to 2 days by operating the AFM in contact mode
with false engagement. The rms amplitude of the cantilever (= 40 nm) and the amplitude
damping (= 5%) were minimized to reduce the peak normal forces. Height and phase
images were captured using scan rates between 0.75 and =~ 1 Hz. All data presented here

have been subject to a first order plane fit to compensate for sample tilt.

STM measurements. The STM experiments were performed under ambient conditions
with a Nanoscope IlIa MultiMode SPM system (Veeco Co., Santa Barbara, CA). STM
tips were mechanically cut from a 0.25 mm Pt/Ir wire (80/20) and tested on freshly
cleaved HOPG surfaces. All STM images were recorded in the constant current mode
under various tunneling conditions (typical tunneling currents 0.5-1.2 nA and tunneling
voltages 0.5-1.0 V) and with the sample positively biased. The STM scanner was
calibrated using images of clean HOPG using the Scanning Probe Image Processor
(SPIP™) software (Image Metrology ApS). Alignment difficulties prevented
identification of the lattice directions of the underlying HOPG substrate in the images of
molecular over layers. STM images are shown either as unprocessed images (except for
background subtraction and a slight low-pass filtering) or processed by the correlation
averaging method of the SPIP™ software. In the correlation averaging a template area is
defined, and an average is performed over the N (here N = 100) equivalently sized

regions in the image that provide the best match (correlation) to this template.
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Chapter V4

Noncovalent Synthesis of Tetrarosette Assemblies

and their Behavior as Liquid Crystalline Materials

In this chapter, the noncovalent synthesis of tetrarosette assemblies is described,
as well as the formation of liquid crystalline materials by properly functionalized
tetrarosettes. The role of barbiturate derivatives as a (chiral) catalytic chaperone in the
formation of (optically pure) cyanurate-based tetrarosette assemblies has been studied.
The enantioselective synthesis of tetrarosette assemblies was achieved by using

substoichiometric amount of chiral barbiturates via amplification of chirality.



Chapter 7

7.1 Introduction

The properties of a material depend both on the nature of its constituents and the
interactions between them. Therefore the formation of nanometer-size structures with
control over the spatial disposition of the molecular components has crucial importance
in materials science.'"” Self-assembly is well suited to synthesize discrete and well-
defined structures through the spontaneous connection of a few (or many) components.™!
The main advantage of self-assembly is that noncovalent bonds are formed spontaneously
and reversibly under thermodynamic equilibrium, with the possibility of error correction
and without undesired side-products.”) However, it is expected that the kinetics of
formation of noncovalent structures will be no longer fast when the size is > 3 nm and a
large number of weak interactions are involved.[”!

To direct the noncovalent synthesis of supramolecular assemblies to the desired
product, chemists have made use of “helpers” or “templates”. In general, a template
organizes an assembly of atoms with respect to one or more geometries, in order to

achieve a particular linking of atoms. This strategy, also known as template-assisted

synthesis, has led to the guest-templated formation of covalent and noncovalent

8-10 [11-14] [15]

systems, " self-replicating systems, and molecular imprinted polymers," ™ as well

as the selection of the best receptor in dynamic combinatorial libraries of receptor.!'®!"!
Nature uses templates but it also makes use of “helpers”, so-called chaperones, to direct
the correct folding of polypeptides (proteins)."® Chaperones are a family of proteins that
mediate the correct assembly of other polypeptides, inhibiting incorrect molecular
interactions that will generate nonfunctional structures, but they are not themselves
components of the final functional structure.!'® Generally, the chaperone stabilizes the
metastable conformations of the protein and it is not always attached to it during the
whole folding process, while the template has to be present (usually noncovalently) in a
specific location during the synthesis to direct the product formation. Surprisingly, the
use of molecular chaperones has hardly been exploited for the synthesis of (non)covalent
assemblies. The only example found in literature of the use of synthetic chaperones has

been recently published by our group.”) An equimolar amount of molecular chaperone

promoted the noncovalent synthesis of a hydrogen-bonded assembly which formation
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was unattainable without the chaperone. Later this study was extended to the synthesis of
tetrarosette assemblies using catalytic chaperones.'” In this example, a barbiturate
derivative acts as catalytic chaperone in the noncovalent synthesis of cyanurate-based
tetrarosette assemblies. The barbiturate derivative inhibits the formation of kinetically
stable ill-defined assemblies and allows the formation of the tetrarosette assembly.

In this chapter, an extended study of the noncovalent synthesis of hydrogen-bonded
assemblies by using chiral and nonchiral barbiturates as a (catalytic) chaperone is
described. Using this concept, the enantioselective synthesis of hydrogen-bonded
tetrarosette assemblies has been achieved by amplification of chirality. The quantitative
formation of the tetrarosette assemblies is obtained by lowering the chiral catalyst
concentration to substoichiometric amounts by mixing chiral and nonchiral barbiturates
in different ratios. Furthermore, the noncovalent synthesis of hydrogen-bonded

tetrarosette assemblies for liquid crystalline materials was attempted.
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7.2. Results and Discussion

The tetrarosette 132(BAR/*BAR);, consist of fiftheen different components, of which
three are tetramelamine calix[4]arene derivatives and tewelve are barbiturate derivatives
(BAR/*BAR, BAR= barbiturate derivatives). All these components are held together by
72 hydrogen bonds (Chart 7.1).

A

BAR/*BAR
—

\ 4

. . 1;(BAR/BAR),,

(0]
'y A
(0]
)]\ o (6]
1a R= ¢ <N °J< BAR/*BAR
DEB
(0]
1b = OC1gHar
R 1%{\/\” o JOL
OCgHa7 HNJ\NH HN™ “NH —
OCygHa7 O)\N o O)\N o = ‘
Hre, .
H\ Hac/k‘ CYA/*CYA
BuCYA (R)-MePheCYA

Chart 7.1. Chemical and schematic representation of the tetramelamine 1 and barbiturate/cyanurate
derivatives, and the corresponding hydrogen-bonded assembly 13+(BAR/*BAR)y,.
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Similar to double rosette assemblies (see Chapter 4), tetrarosette assemblies can be
conveniently characterized by "H NMR spectroscopy.*”) Upon formation of the assembly
1;+(DEB);,, four singlets of equal intensity characteristic of the hydrogen-bonded imide
NH protons of DEB were observed in the region between 6 = 13 and 16 ppm. Integration
of the appropriate signals in the 'H NMR spectrum confirmed the expected 1:4
stoichiometry for assemblies 1;¢(DEB);,. Tetrarosette assemblies can adopt a large
variety of different isomeric structures as result of the staggered (S) or eclipsed (E)
orientation of the melamine rings in each rosette layer. Nevertheless, 'H NMR (four
signals for the NH protons of DEB) and gas-phase MM calculations have shown the
formation of only the SSS-isomer.*"!

In the absence of any source of chirality, this SSS-isomer (Ds-symmetry) exists as a
mixture of enantiomers ((P)- and (M)-enantiomers) due to the staggered orientation of the
different melamine rings. However, the introduction of chiral centers in one of the
building blocks of the assembly leads to the formation of only one of the two possible
diastereomers. Therefore, these assemblies are highly circular dichroism (CD) active.
MALDI-TOF mass spectrometry measurements after Ag' labeling provided additional
evidence for the formation of tetrarosettes.'**!

The barbiturate-based tetrarosette assembly 1;¢(DEB);; is spontaneously formed in

(201 \while the

apolar solvents (Chart 7.1), such as chloroform, benzene and toluene,
formation of cyanurate-based assemblies is a kinetically controlled self-assembly process,
which can lead to the formation of ill-defined assemblies. This problem can be overcome
using two different approaches: (i) mixing the two building blocks (tetramelamine and
cyanurates (1:4 ratio)) in toluene and heating the resulting solution at 100°C for one week
(direct method) (Fig. 7.1a), and (ii) formation of the assemblies using DEB and
subsequent exchange by a cyanuric acid derivative (DEB:cyanuric acid 1:1 ratio)
(exchange method) (Fig. 7.16).17 In this method, the barbiturates are used as molecular

chaperones to help the self-assembly process (Fig 7.1b).1""]
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(@)

0

e
N/KO or o o
H\ HC
1 BuCYA (R-MePheCYA
toluene, 100°C
1 week

1,4BUCYA),, 1; ((R)-MePheCYA),,
racemic mixture only P-diastereomer
1 of P- and M-enantiomers
(o]
(b) , o
L ko
4 H NH |
ffj?igo BuCYA
or
1 DEB (R)-MePheCYA
_—
1;(DEB), 1,°(BUCYA),, 13 (R)-MePheCYA),,
1 racemic mixture racemic mixture only P-diastereomer
of P- and M-enantiomers of P- and M-enantiomers

Figure 7.1. Schematic representation of the direct method (a) and the exchange method (b) for the

formation of cyanurate-based tetrarosette assemblies.

In nanotechnology and materials sciences, the absolute control over the molecular
components and their interactions is one of the key issues. In particular in the liquid
crystals field this control over the molecular components and the ordering of the resulting
structures can lead to new functions for these materials.*" Here, the noncovalent
synthesis of highly ordered tetrarosette assemblies for liquid crystalline materials is
described. Additionally and in order to gain more control over their self-organization for

further applications, a study on the noncovalent synthesis of these structures is presented.
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7.2.1 Synthesis

Tetramelamine 1a, (R)-2-MePheBAR, BuCYA and (R)-MePheCYA have been
synthesized following methods previously described.!” ) The tetramelamine 1b was
synthesized via a 4-step synthesis (Scheme 7.1). First, the dimelamine calix[4]arene 2
was mono-protected by reaction with di-tert-butyl dicarbonate in anhydrous
tetrahydrofuran at room temperature, obtaining the dimelamine calix[4]arene derivative
2a. The coupling reaction between the dimelamine calix[4]arene 2a and 1,4-butyl-bis(p-
nitrophenyl) dicarbamate in dichloromethane resulted in tetramelamine 1c. The
deprotection of 1¢ with trifluoroacetic acid at room temperature gave compound 1d. The
final tetramelamine 1b was obtained by a coupling reaction of 5 with the carboxylic acid

6 in the presence of HBTU.
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Scheme 7.1. Synthesis of the tetramelamine 1b: (i) (Boc),O, THF, r.t; (ii) 1,4-butyl-bis(p-nitrophenyl)

dicarbamate, DIPEA, CH,Cl,, r.t.; (iii) TFA, CH,ClI,, r.t.; (iv) HBTU, DIPEA, CH,CI,/DMF 4:1, r.t.
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7.2.2. Attempts to obtain liquid crystalline materials based on tetrarosette assemblies

In the previous chapters, the liquid crystalline properties of double rosette assemblies
have been shown. Here, liquid crystalline materials based on tetrarosette assemblies,

27281 have been

which show higher organization compared to double rosettes,
investigated. The high organization of tetrarosettes should allow to obtain liquid
crystalline materials with new characteristics since the ordering is one of the requirement
to obtain new functions in liquid crystalline materials.**! Tetramelamine 1b was
synthesized introducing octadecyl chains in order to induce liquid crystallinity in the

) [29,30

assembly (Scheme 7.1 ] The long alkyl chains in the tetramelamine 1b are connected

to the melamine moieties to avoid interference with the network of hydrogen bonds that

31" The formation of the self-assembled

holds the double rosette motifs together..
tetrarosette 1b3+(DEB);» was confirmed by 'H NMR spectroscopy in solution (Fig. 7.2).
The "H NMR spectrum shows the characteristic four signals in the region & = 15-13 ppm
expected for the formation of hydrogen bonds between the NH protons of DEB and the

melamine rings of 1b.
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Figure 7.2. Parts of the *H NMR spectrum of the tetramelamine 1bse(DEB);,, recorded at 25°C in toluene-
dg (400MHz).

The thermal behavior of the tetramelamine 1b and the assembly 1b;*(DEB);, has
been investigated by polarized optical microscopy (POM) and differential scanning
calorimetry (DSC). Unfortunately, the images obtained by POM did not show any liquid
crystalline phase for the single component 1b or the assembly 1bs;e(DEB);; (Fig 7.3).

Figure 7.3. Polarized optical microscopy images for (a) the tetramelamine 1b at 50°C and (b) tetrarosette

1b3¢(DEB);, at 120°C. The images were taken cooling down form the isotropic phase.
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Cooling down from the isotropic melt, birefringent areas, which are typical for liquid
crystalline materials, were not observed. The tetramelamine 1b and the tetrarosette
1b;+(DEB);; behaved as glassy materials. The DSC measurements confirmed that both
the tetramelamine and the tetrarosette 1b;*(DEB);, are not liquid crystals because no
phase transitions related to a liquid crystalline phase were detected in a range of
temperature from -20°C to 300°C. Probably the dimensions of the tetrarosette (3.3 nm
width and 3.3 nm height) do not allow the correct interdigitation of the long alkyl chains
and consequently the tetrarosette does not self-organize in the molten state.

In the case of cyanurate derivatives BuCYA and (R)-MePheCYA, the tetrarosette
assembly was formed neither via the direct method nor the exchange method (see section
7.2). It is possible that the presence of the long alkyl chains stabilizes the ill-defined
kinetically stable assembly in such a way that even the chaperone does not help the

correct formation of the tetrarosette.

7.2.3 Achiral barbiturate derivates as a catalytic chaperone in the synthesis of

tetrarosettes

As described above, highly ordered supramolecular liquid crystals by the self-
organization of barbiturate-tetrarosette assemblies could not be achieved. The reasons are
the lack of self-organization in the solid state in case of barbiturate-based tetrarosettes
and the impossibility to form the assembly in case of cyanurate-based tetrarosettes (see
Section 7.2.2). Therefore, it was important to study (in detail) the noncovalent synthesis
of non-liquid crystalline cyanurate-based tetrarosettes to obtain information on how to
direct the synthesis of large hydrogen-bonded structures and manipulate them through the
control of their molecular components.”'*?*) This could result in valuable information
for the fabrication of noncovalent liquid crystalline materials.

Previous studies in our group have shown that the formation of cyanurate-based
tetrarosette assemblies is a kinetically controlled self-assembly process.'” Mixing
tetramelamine 1la with BuCYA (1:4 ratio) in chloroform at room temperature did not
result in the expected tetrarosette assembly 1la;*(BuCYA)». Instead of the characteristic

'H NMR four signals in the region & = 13-15 ppm expected for the formation of a
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tetrarosette, a complex set of proton signals was observed (Fig. 7.4). The mixing process
led to the formation of nondefined structures, which displayed high kinetic stability. Only
after heating at 100 °C for one week, the "H NMR showed the formation of the assembly
laz*(BuCYA);, (Fig. 7.4b). The high kinetic stability of these ill-defined assemblies was
confirmed by CD spectroscopy and gel permeation chromatography (GPC).!"”!

WWMJ“LM

Figure 7.4. Parts of the *"H NMR spectrum of tetramelamine 1a and BuCYA (1:4 ratio) (a) immediately

a)

b)

ppm)

after mixing and (b) after 1 week at 100 °C in toluene. The spectra were recorded in CDCl; at room
temperature (300 MHz).

A solution to overcome the problem of the formation of kinetically stable, ill-defined
assemblies is the use of molecular chaperones (Fig. 7.2b). This strategy is widely used in
nature for the correct folding of proteins. The ‘chaperone’ strategy involves the formation
of the assembly using a barbiturate derivative (1:4 ratio tetramelamine:barbiturate) and
subsequent exchange by cyanuric acid derivatives (1:1 ratio DEB:cyanuric acid).””) This
exchange is possible due to the formation of stronger hydrogen bonds within the
melamine:cyanurate pair than the melamine:barbiturate pair.”**!

The noncovalent synthesis of tetrarosette assemblies is also possible using only
catalytic amounts of chiral/nonchiral barbiturate chaperones.'” By mixing DEB and 1a
in toluene in a 1:1 ratio (instead of a 4:1 ratio DEB:1a as in the sample above) and adding
4 equivalents of the cyanuric derivative (R)-MePheCYA, stirring at 100°C for two 2 h
(Fig. 7.5), the formation of the tetrarosette 1az*((R)-MePheCYA);, was achieved as 'H

NMR spectroscopy demonstrated at room temperature. Whereas in the absence of DEB
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the formation of 1az*((R)-MePheCY A);, takes place only after one week at 100°C. Chiral

cyanuric derivative (R)-MePheCYA was chosen because the formation reaction can be

also studied by CD spectroscopy.”™
By
4 Oj\N NHO -t

0 NH

O
7 X
HC HN NH
1 (R)-MePheCYA 1
—> EE— + O o
(with respect to DEB)

(P/M)-1a; (DEB),,

1a 25% assembly  75% 1a (P)-1a,*((R)-MePheCYA),,
only (P)-diastereomer ‘

1a

Figure 7.5. Schematic representation of the formation of cyanurate-based tetrarosette assemblies showing

the catalytic chaperone effect by DEB.

To study in more detail the kinetics of the catalytic effect of the barbiturates, a new
experiment was performed where the course of the reaction was monitored in time.
Tetramelamine 1a, DEB, and (R)-MePheCYA were mixed in a 1:1:4 ratio, respectively,
in an NMR tube in deuterated toluene. The formation of the assembly (P)-laze((R)-
MePheCYA);, was followed by 'H NMR spectroscopy at 100°C recording one spectrum
every 10 min for a total of 10 h (Fig. 7.6). The relative intensity of the proton Hci-2 of the

tetrarosette 1a3*((R)-MePheCY A);, was plotted versus time, showing a trend similar to a
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bimolecular reaction (Fig 7.6b). A plateau was reached after 10 h indicating the end of

the reaction.
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Figure 7.6. (a) Parts of *H NMR spectra of the tetrarosette (P)-1az*((R)-MePheCYA),,, recorded at 100°C

in toleuene-d8 (400MHz); (b) plot of the relative intensity of proton Hci-2 versus time.

The 'H NMR studies clearly showed that DEB enhanced the formation rate of the

tetrarosette (P)-1a;*((R)-MePheCYA),, compared to reaction without the barbiturate,

which takes place only after one week under the same experimental conditions.

Unfortunately, given the complexity of the system, the catalytic effect can be detected

only on the overall formation reaction of the tetrarosette assembly and the experimental

data can be treated only in qualitative manner.
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Other proof of the catalytic effect of the DEB in the noncovalent synthesis of
cyanurate-based tetrarosettes comes from the recycling of the catalytic chaperone.!'”!
After the formation of tetrarosette (P)-lasz*((R)-MePheCYA),, free DEB is present in
solution as demonstrated by '"H NMR spectroscopy. Therefore, the addition of new
tetramelamine la (1:1 ratio DEB:la) and (R)-MePheCYA cyanurate (1:4
DEB:cyanurate) respectively leads to the formation of additional amounts of the
“correct” assembly (P)-laz*((R)-MePheCYA);,. The increase in the assembly
concentration was demonstrated by CD measurements indicating that the catalyst
(chaperone) can be reused. Thus, DEB acts as a catalytic chaperone enhancing the
formation rate thus forming the correct tetrarosette assembly from ill-defined kinetically
stable assemblies. However, the mechanism of the catalytic chaperone is not clear.
Different experiments were carried out to clarify the overall enhancement in the
formation rate and the ill-defined assembly formation and inhibition by DEB.

First, the ill-defined assemblies were formed by mixing tetramelamine la and (R)-
MePheCYA in 1:4 ratio as shown 'H NMR spectroscopy at 100°C in deuterated toluene.
Upon addition of DEB in a catalytic amount (1:4 DEB:cyanurate) the formation of the
tetrarosette (P)-laze((R)-MePheCYA);, was observed by 'H NMR spectroscopy.
Additional proof for correct formation of the formation of (P)-1as*((R)-MePheCYA)»
was obtained from CD spectroscopy (Fig. 7.7). First the ill-defined assembly formation
was observed for the solution 1a/(R)-MePheCYA in a 1:4 ratio (Fig. 7.7¢), which has a
small signal intensity compared to the tetrarosette because of its ill-defined structure. The
further addition of DEB led to the complete formation of the tetrarosette assembly (Fig.
7.7d). Thus, the addition of DEB led to the formation of the correct assembly, not only
inhibiting the formation of the ill-defined assembly when all the components are added at
the same time but also by correcting the errors when the chaperone is added after

formation of the “wrong” assemblies (Self-healing).
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Figure 7.7. CD spectra of tetramelamine las*((R)-MePheCYA),, recorded in toluene (1.0 mM) after the
formation of the tetrarosette assembly by addition of 1a, DEB, (R)-MePheCYA ratio 1:1:4 (a) as powder,
(b) as solutions, (c) formation of the ill-defined assembly and (d) after the addition of DEB to ill-defined

assembly.

Furthermore, to exclude that the different solubility of DEB and cyanurate could be
one of the causes of the observed catalytic chaperone effect, two different experiments
were designed. In the first experiment 1la, DEB, and (R)-MePheCYA were dissolved
individually in toluene-dg and mixed in an NMR tube. The formation of the tetrarosette
(P)-1as*((R)-MePheCYA);, was followed by 'H NMR spectroscopy at 100°C as
previously described (Fig. 7.6). In the second experiment the three species tetramelamine
la, DEB and (R)-MePheCYA were introduced (as solids) in an NMR tube and the
solvent was added later. Immediately there after, the 'H NMR kinetic study was started.
Both experiments demonstrated the complete formation of the tetrarosette assembly (P)-
las*((R)-MePheCYA); after 10 h, while in absence of DEB the reaction under the same
experimental conditions only took place over a week. Thus, the different solubilities of
barbiturates and cyanurates are not responsible for the catalytic effect.

CD spectroscopy also confirmed that the formation of the tetrarosette (P)-1as*((R)-
MePheCYA);, is not influenced by the solubility of barbiturates and cyanurates (Fig.
7.7). In both cases, i.e. when 1la, DEB and (R)-MePheCYA in 1:1:4 ratio, were added
simultaneously, in solution or as powders, the CD spectra showed tetrarosette formation

(Fig. 7.7a,b).
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Although the interpretation of the kinetic data is very difficult due to the complexity
of the system, the function of the barbiturates as catalyst and molecular chaperone is
clearly demonstrated: the addition of the DEB blocks and correct the ill-defined assembly
pathway (chaperone) and lowers the activation energy of the correct pathway (catalyst).
Probably, the formation of more labile hydrogen bonds between the pair
melamine:barbiturate compare to the pair melamine:cyanurate does not allow the
formation and correct the ill-defined species, leading to the formation of the correct

assembly."*

7.2.4. Asymmetric catalysis in the synthesis of enantiopure tetrarosette assemblies

The development of enantiopure structures is important for new applications of self-
assembled systems in nanotechnology and materials sciences. It could be envisioned that
one of the possible ways to fabricate them is to make use of enantioselective catalysts.

Ideally, in a catalytic reaction for covalent systems, the amount of catalyst should be
low due to its expensiveness. Therefore, it would be very interesting to know if the
amount of catalytic chaperone in our system could be reduced. For this purpose the
concept of amplification of chirality in noncovalent systems, in which a high
enantiomeric or diastereomeric excess (e.e. or d.e., respectively) is induced by a small
initial amount of chiral bias could be used.”* In this way, the chiral information carried
by the chaperone could be amplified using mixtures of nonchiral/chiral barbiturates (X:Y

ratio from 90:10 to 10:90) (Fig 7.8).1""]
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Figure 7.8. Schematic representation of the enantioselective formation of cyanurate-based tetrarosette
assemblies by the amplification of chirality by a catalytic chaperone. Different percentages of DEB/(R)-2-
MePheBAR molecules (X/Y=100/0, 90/10, 70/30, 50/50, 30/70, 10/90 and 0/100) were used while the total

percentage corresponds to 1 equivalent of barbiturate.

Solutions of 1a and DEB in a 1:1 ratio, and solutions of 1a and (R)-2-MePheBAR in a
1:1 ratio in toluene (0.11 mM) were mixed in ratios ranging from 90:10 to 10: 90. CD
spectra were recorded from 275 to 350 nm, showing the formation of the heteromeric
assemblies  1az*(DEB)y(P)-1a;*((R)-2-MePheBAR)».) (n=1-11) (Fig 7.9a)!"7 The
thermodynamic equilibrium was reached almost immediately after the mixing process.”®
From these measurements, the relative CD intensities were related to a calculated 100%
value based on the ratio (P)-1a;*((R)-2-MePheBAR );»/1a;+(DEB);, and plotted as a
function of the molecular fraction of the chiral component (Fig. 7.9b). The plot of the
relative CD intensity (measured at 286 nm) as function of the molar ratio of the chiral
rosette assembly showed the typical nonlinear behavior resulting from the ‘sergeants-and-

soldiers’ principle, where the achiral units follow the helicity induced by the chiral units.

Figure 7.9b clearly shows that in toluene the intensity of the Cotton effect for particular
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mixtures is significantly higher than for pure homomeric assembly (P)-lasze((R)-2-
MePheBAR);,.*™!

For example, when a 90:10 mixture of 1a;*+(DEB);, and (P)-1az*((R)-2-MePheBAR);,
reaches thermodynamic equilibrium, the relative CD intensity has increased from 10%
(expected in the case where there is no chiral amplification) to 76%. The nonlinear
increase of CD intensity is due to the exchange between the chiral and nonchiral
barbiturates within the assemblies, that is to say, to the presence of the heteromeric
assemblies 1az*((DEB),(P)-1as¢((R)-2-MePheBAR)».,) (n=1-11), in which the presence
of 1 to 11 chiral centers ((R)-2-MePheBAR) in these assemblies leads to the preferential
formation of (P)-diastereomer.*®! The addition of BuCYA (1:4 barbiturate:cyanurate) led
to a more intense signal in the CD spectrum (Fig. 7.9a), despite the fact the assembly (P)-
laz*(BuCYA);» no longer contains any chiral center. It can be concluded that the
exchange between (R)-2-MePheBAR and BuCY A leads to a quantitative enantioselective
formation of assembly (P)-1laz*(BuCYA);> (0.33 mM) as '"H NMR and CD spectroscopy
demonstrated. Plotting the CD intensity for the tetrarosette assembly (P)-1az;*(BuCYA);;
obtained for different ratios of (P)-1as;*((R)-2-MePheBAR );,/1a;¢(DEB),; as a function
of the molecular fraction of the chiral component, it is immediately clear that already
when (R)-2-MePheBAR is present only in 50% with respect to DEB, the quantitative
formation of the enantiopure assembly (P)-1a;*(BuCYA);; is obtained (Fig. 7.9¢).
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Figure 7.9. (a) CD spectra of mixtures of (P)-1az*((R)-2-MePheBAR );, and las*(DEB);, (1:1
la:DEB/(R)-2-MePheBAR ) (1.0 mM) before (i) and after (ii) the addition of BUCYA; (b) Plot of
the relative CD intensity measured at 286 nm for the mole fraction of chiral assembly (P)-
1as*((R)-2-MePheBAR )i2; (c) Plot of the CD intensity for 1azs(BuCYA);, measured at 286 nm
versus the mole fraction of chiral assembly (P)-1as*((R)-2-MePheBAR );,.

Thus, it is possible to synthesize enantiopure assemblies using the concept of the
amplification of chirality with low concentrations of the catalyst. The concept of a
catalytic chaperone is not only valid for the of chiral ((R)-2-MePheBAR) barbiturate but
also for the mixtures chiral ((R)-2-MePheBAR) and achiral (DEB) ones, opening new

routes to perform reactions by amplifying the chiral information (asymmetric catalytic

noncovalent synthesis).
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7.3. Conclusions

The possible formation of liquid crystalline materials by proper functionalization of
barbiturate-based tetrarosette assembly has been investigated. The tetrarosettes do not
show any liquid crystalline properties due to dimensions of the tetrarosette (3.0 nm width
and 3.0 nm height), which probably do not allow a correct interdigitation of the alkyl
chains and the consequent self-organization of these assemblies in the molten state.

The noncovalent synthesis of tetrarosette assemblies by using catalytic chaperones is
described. The use of barbiturate derivatives in the formation of cyanurate-based
tetrarosette assemblies inhibits (or heals) incorrect interactions between the building
blocks (chaperon) and enhances the rate of the tetrarosette formation (catalyst).
Furthermore, the catalyst can be reused as well.

The ‘chaperoned’ catalytic process displays enantioselectivity when the barbiturate is
chiral leading to the formation of the (P)-1a;*(BuCYA),. By amplification of chirality in
the barbiturate-based tetrarosettes, the formation of the enantiopure tetrarosette (P)-
laz*(BuCYA);, is obtained using substoichiometric amounts of the chiral barbiturates
with great implications for further applications in enantioselective noncovalent synthesis.
This is the first example in literature of asymmetric catalysis of noncovalent

(supramolecular) assemblies.

7.4. Experimental Section

All chemicals were of reagent grade and used without further purification. CH,Cl,
was freshly distilled from CaCl,. THF was freshly distilled by Na/benzophenone. NMR
spectra were recorded on Varian Unity 300 and 400 (‘H NMR 300 MHz and 400 MHz)
using tetramethylsilane (TMS) or the corresponding residual solvent as internal standard.
MALDI-TOF mass spectra were recorded on a PerSpective Biosystem Voyager-De-RP
spectrometer. A 337 nm UV nitrogen laser producing 3 ns pulses was used in the linear
and reflection mode. A Perkin-Elmer DSC-7 was used for thermal analysis. CD
measurements were conducted on a JASCO J-715 spectropolarimeter. A Perkin-Elmer

DSC-7 was used for thermal analysis. DSC measurements were performed on a DSC
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Piris Series 7 (scanning rate: 10 °C min'). A polarizing optical microscope Olympus
BH-2 equipped with a Mettler FP82HT hot stage was used for visual observation.

Flash column chromatography was performed using silica gel (SiO,, E. Merck, 0.040-
0.063 mm, 230-240 mesh). All reagents were commercially obtained and used without

further purification.

Synthesis. The synthesis of the compounds 2, 6, (R)-2-MePheBAR BuCYA and (R)-

MePheCY A have been reported previously. >0

5-N-[4-Amino-6-(3-amino-propylamino)-1,3,5-triazin-2-ylJamino-17-N-[4-amino-6-
(3-N-Boc-amino-2,2-dimethyl-1,3-propylamino)-1,3,5-triazin-2-yl]Jamino-
25,26,27,28-tetrapropoxycalix[4]arene (3): A solution of di-tert-butyl dicarbonate
(0.176 g, 0.81 mmol) in THF (63 mL) was added dropwise over 1 hour to a solution of 2
(0.700 g, 0.77 mmol) and DIPEA (0.189 mL, 1.08 mmol) in THF. The reaction mixture
was stirred for an additional 60 min and then evaporated to dryness. The residue was
redissolved in CH,Cl,, washed with NaOH (1 N), H,O, and brine, and dried over MgSOs,.
After evaporation of the solvent, the residue was purified by flash column
chromatography (SiO,, 9/1 CH,Cl,/CH30H-1% NH4OH) giving 3 as a white solid (310
mg, 38%). 'H NMR ( 300 MHz ,CDCl3): & = 7.48 (br m, 2H, CH,NHCO), 7.05 (br m,
8H, CO0-ArH + m-ArH), 6.17 (br m, 4H, 0-NHAr), 5.30-4.88 (br, 4H, NH), 4.25 and 3.0
(ABq, 8H, 23a=12.5 Hz, ArCH,Ar), 3.96 (s m, 4H, ArOCH,-CH,), 3.644 (s t, 4H,
OCH;), 3.40 (br m, 8H, NHCH, + OCH,-CH2), 2.11 (br m, 4H, NH-CH,-CH,-CH,-NH),
1.9 (s m, 8H, OCH,-CH,), 1.43 (br, m, 12H, ArOCH,-CH,-CHy), 1.08 (s t, 6H, OCH,-
CH,-CH3), 0.87 (s t, 6H, OCH,-CH,-CH3). MS (MALDI-TOF) m/z 1054 (100) ([M +
H+], calcd 1055.0). Anal. Calcd for CsoHgyOgN4: caled C 65.92, H 7.80, N 17.64; found:
C 65.38, H7.72, N 17.70.

Tetramelamine (4): To a solution of monoBoc-protected dimelamine 3 (189 mg, 0.18
mmol) and DIPEA (70 pL, 0.39 mmol) in CH,Cl, was added instantaneously a solution
of 1,4-butyl-bis(p-nitrophenyl) dicarbamate (30.7 mg, 0.09 mmol) in CH,Cl,, and the

reaction was stirred overnight at room temperature. Subsequently, the reaction mixture
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was washed with aqueous NaOH (1 N), H,O, and brine and dried over MgSO,. After
removal of the solvent under reduced pressure, the residue was purified by flash column
chromatography (SiO,, CH,Cl,/CH30OH- 1%NH4OH, 90:10) affording 4 as a white solid
(200 mg, 98%). 'H NMR ( 300 MHz ,CDCl3): § = 7.4 (br m, 4H, CH,NHCO), 7.06 (br
m, 16H, CO0-ArH + m-ArH), 6.17 (br m, 8H, 0-NHAr), 5.30-4.88 (br, 8H, NH), 4.39 and
3.12 (ABq, 16H, *J(H,H) ) 13.4 Hz), 4.0-3.9 (s m, 8H, ArOCH,-CH,), 3.6 (s t, 8H,
OCH,), 3.2 (br m, 16H, NHCH, + OCH,-CH,), 2.11 (br m, 8H, NH-CH,-CH,-CH,-NH),
1.25 (s, 18H, Boc), 1.05 (t, 12H, *J(H,H)= 7.4 Hz), 0.9 (s t, 12H, OCH,-CH,-CH3) (m,
36H). MS (MALDI-TOF) m/z 2248.0 (100) ([M + 6H+], calcd 2254.0). Anal. Calcd for
C124H170N30014°5CH;0H: C 62.99, H 8.05, N 16.44; found: C 62.77, H 7.38, N 16.30

Tetramelamine (5): To a solution of tetramelamine 4 (364 mg, 0.16 mmol) in CH,Cl,
TFA was added dropwise (7.24 mL, 100.0 mmol), and the reaction was stirred overnight
at room temperature. After removal of the solvent under reduced pressure, the residue
was precipitated with ether. The filtrate was washed with ether in order to remove the
TFA. The product was used without any further purification. 'H NMR ( 300 MHz,
CDCl3): 6 = 7.4 (br m, 4H, CH,NHCO), 7.06 (br m, 16H, CO0-ArH + m-ArH), 6.17 (br
m, 8H, 0-NHAr), 5.30-4.88 (br, 8H, NH), 4.39 and 3.12 (ABq, 16H, *J(H,H) ) 13.4 Hz),
4.0-3.9 (s m, 8H, ArOCH,-CH>), 3.6 (s t, 8H, OCHz), 3.2 (br m, 16H, NHCH, + OCH>-
CH,), 2.11 (br m, 8H, NH-CH,-CH,-CH,-NH), 1.05 (t, 12H, *J(H,H)= 7.4 Hz), 0.9 (s t,
12H, OCH,-CH,-CH3) (m, 36H). MS (MALDI-TOF) m/z 2249.0 (100) (M + 3H+],
caled 2252.0). Anal. Calcd for C;190H148N30010: C 64.43, H 7.27, N 20.49; found: C 64.77,
H 7.31, N 20.30;

Tetramelamine (1b): A solution of 6 (230 mg, 0.26 mmol), HBTU (100 mg, 0.26
mmol), DIPEA (0.19 mL, 0.49 mmol) and 5 (230 mg, 0.19 mmol) in CH,Cl, / DMF ratio
4:1 was stirred overnight at room temperature. The solvent was evaporated and the crude
residue was solubilized again in CH,Cl,. MeOH was added till complete precipitation.
The precipitate was filtered off and purified by column chromatography
(CHCI3:MeOH:AcOEt = 95:4:1). 1b was crystallized by CHCl;/MeOH to give a white
powder (60%). 'H NMR (300 MHz, CDCls, 298K) 8=7.48 (br m, 4H, CH,NHCO), 7.05
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(br m, 16H, CO0-ArH + m-ArH), 6.85 (br m, 4H, 0-ArH), 6.17 (br m, 8H, 0-NHAr),
5.30-4.88 (br, 8H, NH), 4.41 and 3.10 (ABq, 16H, *Jyz=12.5 Hz, ArCH,Ar), 3.96 (s m,
32H, OCH,+NHCH; + ArOCH,-CH), 3.644 (s t, 8H, OCH>), 3.40 (br m, 16H, NHCH, +
OCH,-CH,), 2.11 (br m, 8H, NH-CH,-CH,-CH,-NH), 1.9 (s m, 16H, OCH,-CH,), 1.43
(br, m, 24H, ArOCH,-CH,-CH), 1.25 (s m, 90H, ArOCH,-CH,-(CH,);5-CH3), 1.08 (s t,
12H, OCH,-CH,-CH3), 0.87 (s t, 36H, ArOCH,-CH,-(CH,);5-CH3 + OCH,-CH,-CH3).
MS (MALDI-TOF): m/z 3866.91 (100) ((M+H '] 3870, Elemental Analysis calcd (%) for
Cu32H370N300,8*5CH;0H: C, 70.64; H, 9.80; N, 10.43; found: C, 70.54; H, 9,72; N,

Preparation of tetramelamine 1a, barbiturate and cyanurate solutions for the 'H
NMR measurements. The solutions of DEB and (R)-MePheCYA were obtained after
sonicating at elevated temperatures in toluene-dg. The tetramelamine 1a was dissolved at
room temperature in toluene-dg. Typically, 300 uL of a 5.0 mM solution of DEB in
toluene-dg and 500 pL of a 24.0 mM solution of (R)-MePheCYA were added to 200 uL
of 15 mM solution of tetramelamine 1a. "H NMR measurements were started as soon as

possible after mixing.
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barbiturate is present in the assembly with different functional groups, while homomeric
assemblies present only one type of barbiturate.

L. J. Prins, J. Huskens, F. de Jong, P. Timmerman, D. N. Reinhoudt, Nature 1999, 398,
498-502.

The stronger Cotton effect of the mixtures suggests that for all the assemblies after mixing
the Ag, (CD intensity at wavelength of maximum absorbance) is not the same as it was
assumed for previous studies on these assemblies.

L. J. Prins, P. Timmerman, D. N. Reinhoudt, J. Am. Chem. Soc. 2001, 123, 10153-10163.
V. Percec, C. H. Ahn, T. K. Bera, G. Ungar, D. J. P. Yeardley, Chem. Eur. J. 1999, 5,
1070-1083.

150



Summary

In this thesis different aspects of functional hydrogen-bonded (double and
tetrarosette) assemblies are described. The functions were inspired by naturally occurring
phenomena such as self-organization, supramolecular chirality, and the correct folding of
proteins. The studies presented in this thesis are focused on the synthesis of
supramolecular materials by these noncovalent assemblies. The emphasis is on liquid
crystals (and gels), which are able to interact with the environment and adapt to it.

Double and tetrarosette assemblies are formed upon mixing calix[4]arene
dimelamines and calix[4]arene tetramelamines in apolar solvents with barbiturate and
cyanurate derivatives in a 1:2 and 1:4 ratio, respectively. The assembly process is driven
by the formation of 36 (double rosette) or 72 (tetrarosette) hydrogen bonds between the
complementary hydrogen bonding arrays of different building blocks, leading to
assemblies with high thermodynamic stability.

Chapter 2 reviews hydrogen-bonded liquid crystalline materials that have been
described in the literature in the past decades. The concepts and the principles for the
formation of these materials are discussed, and examples are given that illustrate the
control over these systems.

Chapter 3 describes the formation of liquid crystalline materials by hydrogen-bonded
double rosettes achieved by the functionalization of the melamine units of the
calix[4]arene with octadecyl chains. The liquid crystalline phases of these assemblies
have been determined by polarized optical microscopy (POM), differential scanning
calorimetry (DSC) and X-ray diffraction (XRD). The double rosette assemblies organized
in columnar fashion in the liquid crystalline phase, showing a remarkable thermal
stability considering their non-covalent nature. Furthermore, the strength of the hydrogen
bonds and the spatial disposition of the side groups of the barbituric and cyanuric

derivatives are crucial factors for the stability of the mesophases.
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In Chapter 4 the supramolecular chirality of mesogenic double rosette assemblies in
solution and the liquid crystalline state is described. The bulkiness and the position of the
chiral group of the barbiturate and cyanurate building blocks play an important role in the
formation of double rosette assemblies and the liquid crystalline phases. The chirality of
the double rosettes in solution was transferred to the liquid crystalline state, as
demonstrated by circular dichroism measurements. In the mesophase different
arrangements and orientation of the columns along the stacking direction have been
obtained depending on the nature of the building blocks of the assembly. Formation of a
gel phase is described for these chiral double rosettes in n-alkane solvents.

Chapter 5 describes the complexation of a molecular guest (alizarin) by mesogenic
chiral self-assembled double rosettes in solution and in the liquid crystalline state.
Alizarin was encapsulated in barbiturate-based assemblies and intercalated between
cyanurate-based assemblies. In solution, the presence of aggregates is a necessary
requirement for the intercalation of alizarin molecules between the double rosette floors
as confirmed by *H NMR DOSY, UV-Vis and CD experiments. In the liquid crystalline
state, the alizarin complexation by the double rosettes led to highly stable mesophases. In
case of barbiturate-based assemblies, the complexation did not alter the type of phase,
while for cyanurate-based assemblies the complexation led to the formation of a
crystalline phase. Furthermore, the in-situ exchange of building blocks in the liquid
crystalline state led to the modulation of the optical activity in these assemblies.

In Chapter 6, the investigation by AFM and STM of the supramolecular organization
of mesogenic double rosettes on surfaces is described. The self-organization of these
assemblies on highly ordered pyrolytic graphite (HOPG) depends on the concentration
and polarity of the solvent. For example, the double rosette organization on HOPG went
from 1D (fibers) to 2D (hexagonal columnar lattice) order by decreasing the
concentration. Furthermore, the presence of double rosette aggregates in solution at low
concentration (25 uM) leads to the formation of micrometer-long ordered structures on
graphite. The chirality in the double rosettes allowed the organization of these assemblies
in ordered structures when deposited onto mica. Moreover, STM measurements allowed

the visualization of individual mesogenic double rosette on HOPG.
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In Chapter 7 the noncovalent synthesis of cyanurate-based tetrarosettes, in which
barbiturate derivatives were employed as a catalytic chaperone, is described. In the
noncovalent synthesis of tetrarosette assemblies, the barbiturate acts simultaneously as
chaperone inhibiting the formation of kinetically stable ill-defined assemblies and as
catalyst accelerating the formation reaction. Furthermore, the enantioselective synthesis
of cyanurate-based tetrarosette assemblies was achieved via amplification of chirality by
using substoichiometric amounts of chiral barbiturates as a chaperone. Moreover the
synthesis of barbiturate-based tetrarosette assemblies have been performed and their
liquid crystalline behavior have been studied after the proper functionalization of
tetramelamine calix[4]arene with octadecyl chains.

The results presented in this thesis illustrate the ability of well-defined nanometer-size
self-assembled structures to form supramolecular materials. The noncovalent nature of
the assemblies allows to obtain different materials properties by the simple replacement
of one building block with another leading toward the synthesis of responsive materials.
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Samenvatting

In dit proefschrift zijn verschillende aspecten van functionele waterstofgebrugde
(dubbele en tetrarozet) assemblages beschreven. De functies zijn geinspireerd op in de
natuur voorkomende fenomenen als zelforganisatie, supramoleculaire chiraliteit, en de
juiste vouwing van eiwitten. De in dit proefschrift beschreven studies zijn gefocusseerd
op de synthese van supramoleculaire materialen door deze niet-covalente assemblages.
De nadruk ligt op vloeibare kristallen (en gels), die in staat zijn met hun omgeving
interactie te hebben en zich daaraan aan te passen.

Dubbele en tetrarozet assemblages worden gemaakt door calix[4]areen dimelamines
en calix[4]areen tetramelamines in apolaire oplosmiddelen te mengen met barbituraten
and cyanuraten, in, respectievelijk, een 1:2 en 1:4 verhouding. Het assemblageproces
wordt gedreven door de vorming van 36 (dubbele rozet) of 72 (tetrarozet)
waterstofbruggen tussen de complementaire waterstofbrug eenheden van verschillende
bouwstenen, resulterend in assemblages van thermodynamisch hoge stabiliteit.

Hoofdstuk 2 geeft een overzicht van waterstofgebrugde vloeibaar-kristallyne
materialen die in de afgelopen decennia in de literatuur zijn beschreven. De concepten en
principes voor de vorming van deze materialen worden bediscussieerd en er zijn
voorbeelden gegeven die de controle over dit soort systemen illustreert.

Hoofdstuk 3 beschrijft de vorming van vloeibaar- kristallyne materialen door
waterstofgebrugde dubbele rozet, verkregen door het functionaliseren van de melamine
eenheden van de calix[4]areen met octadecyl alkylketens. De vloeibaar- kristallyne fase
van deze assemblages is gekarakteriseerd met gepolariseerde optische microscopie
(POM), differentiéle scanning calorimetrie (DSC) en rontgenstraling diffractie (XRD).
De dubbele rozet assemblages organiseren zich in kolomachtige structuren in de
vloeibaar-kristallijne fase, daarbij een, gezien het niet-covalente karakter, opmerkelijke
temperatuur stabiliteit tonend. De kracht van de waterstofbruggen en de ruimtelijke
positionering van de zijgroepen van de barbituraten en cyanuraten zijn cruciale factoren

in de stabiliteit van de mesofases.
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In Hoofdstuk 4 is de de supramoleculaire chiraliteit van de mesogene dubbele rozet
structuren in oplossing en in de vloeibaar-kristallijne fase beschreven. De grootte en de
positie van de chirale groepen van de barbituraat en cyanuraat bouwstenen speelt een
belangrijke rol in de vorming van dubbele rozet structuren en de vloeibaar-kristallijne
fase. De chiraliteit van de dubbele rozet in oplossing wordt overgebracht op de vloeibaar-
kristallijne fase, bewezen met circulair dichroisme metingen. In de mesofase worden
verschillende oriéntaties van de kolommen langs de “stacking”-richting verkregen,
afhankelijk van het type bouwsteen dat voor de structuur is gebruikt. Vorming van een
gelfase van deze chirale dubbele rozetten in n-alkaan oplosmiddelen wordt ook
beschreven.

Hoofdstuk 5 beschrijft het binden van een moleculaire gast (alizarine) door een
mesogeen chiraal zelfassemblerend dubbele rozet, in oplossing en in de vloeibaar-
kristallijne toestand. De alizarines word gekomplexeerd op barbituraat gevormde
structuren en voegen zich daarentegen tussen de rozet eenheden in de op cyanuraat
gebaseerde structuren. De aanwezigheid van aggregaten is in  oplossing een
noodzakelijke vereiste voor de “intercalerende” interactie van alizarine tussen de dubbele
rozet vloerdelen, zoals is geconcludeerd aan de hand van 1H NMR DOSY, UV-Vis en
CD experimenten. In de vloeibaar-kristallijne fase leidt het binden van de alizarine tot
zeer stabiele mesofases. In het geval van de op barbituraat gebaseerde structuren leidt de
binding niet tot een verandering van fase, terwijl in het geval van de cyanuraat structuren
de binding van alizarine leidt tot de vorming van een kristallijne fase. De in situ
vervanging van bouwstenen in de vloeibaar-kristallijne toestand leidt tot verandering van
de optische activiteit van de structuren.

In Hoofdstuk 6 is de bestudering van de supramoleculaire interactie van mesogene
dubbele rozetten met behulp van AFM en STM beschreven. De zelforganisatie van deze
structuren op sterk-geordend pyrolitisch grafiet (highly ordered pyrolytic graphite,
HOPG) hangt af van de concentratie en van de polariteit van het oplosmiddel. De dubbel
rozet organisatie op HOPG gaat bijvoorbeeld van 1D (fibers) naar 2D (hexagonaal
kolomachtig rooster) bij afname van de concentratie. De aanwezigheid van dubbel rozet
aggregaten in oplossing bij lage concentratie (25 uM) leid tot de vorming van

micrometerlange geordende structuren op grafiet. De chiraliteit van de dubbele rozetten
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geeft de mogelijkheid om de geordende structuren op het oppervliak van mica te
verkrijgen. Met STM is het bovendien mogelijk om individuele mesogene rozetten op de
HOPG te visualiseren.

In Hoofdstuk 7 is de niet-covalente synthese van op cyanuraat gebaseerde
tetrarozetten beschreven, waarbij barbituraten werden gebruikt als katalytische
chaperonnes. In de niet-covalente synthese van tetrarozet structuren functioneert
barbituraat zowel als chaperonne, de vorming van foutgedefinieerde structuren
voorkomend, en als katalysator, de reactie versnellend. De enantioselectieve synthese
van op cyanuraat gebaseerde rozetten is gelukt door versterking van de chiraliteit,
gebruikmakend van subequivalente hoeveelheden chirale barbituraat als chaperonne.
Verder is ook de synthese van op barbituraat gebaseerde tetrarozetten uitgevoerd en hun
vloeibaar-kristallijne gedrag bestudeerd na het benodigde functionaliseren  van

tetramelamine calix[4]areen met octadecanyl ketens.
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