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Preface

Thesis Outline

Abstract. The Preface introduces the scientific research questions addressed in this thesis and
provides an overview of the principles that can be used for the construction of smart materials
based on liquid crystalline dendrimers. The final section of the Preface covers the objectives of this
research and the structure of the thesis.



“We must not forget that when radium was discovered no one knew that it would prove
useful in hospitals. The work was one of pure science. And this is a proof that scientific
work must not be considered from the point of view of the direct usefulness of it. It must
be done for itself, for the beauty of science, and then there is always the chance that a

scientific discovery may become like the radium a benefit for humanity.”

Marie Curie



THESIS OUTLINE

The term dendrimer is derived from the Greek words dendron and meros, meaning
tree and part, respectively. These molecules were first called cascade molecules by
Vogtle,® and later arborols by Newkome.? However, the term dendrimer is

commonly used and accepted and it has displaced the original one.

Dendritic polymers are highly branched polymers that exhibit very different
properties compared with their linear analogues.>> Depending on the control over
the branching units there are five main subgroups in dendritic polymers:
dendrimers, dendrons, hyperbranched polymers, dendronized polymers and

dendrigraft polymers (Figure 1).

Dendron

Dendronized polymer Dendrigraft polymer

Figure 1. Schematic representation of the subclasses of dendritic polymers.

Dendrimers are monodisperse and perfectly branched molecular architectures
(Figure 2). They consist of a central multifunctional core with layers of repeating
units that are radially branched. Each layer is called a generation and the branched
structures linked to the central core are termed dendrons. A large number of end-
groups are present at the periphery of the dendrimer. The dendrimer periphery is
probably the most interesting aspect because it is accessible for further

functionalization and permits modification of dendrimer properties. In addition,
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the number of functional end-groups increases with each generation, leading to an

amplification effect called the dendritic effect.®

End-groups

Dendron

Core

Generations

Figure 2. Schematic representation of a dendrimer.

Such highly branched architecture gives dendrimers unique properties that have
been exploited in the design of functional materials with applications in target drug

delivery, optoelectronics, light-harvesting, sensors, among others.””®

Likewise, liquid crystals (LCs) represent a fascinating state of matter which
combines order and mobility from molecular to macroscopic level. In such state of
matter, molecules possess orientational and various degrees of
translational/positional molecular orderings like in crystalline solids and also share
the mechanical properties of liquids (Figure 3). There are several ways of classifying
LCs, however, the most widely utilized classification is the distinction between
thermotropic and lyotropic LCs. Thermotropic LCs form mesophases within a
certain temperature range, while the formation of lyotropic mesophases is solvent

and concentration dependent.

LCs are the advanced materials found in low-power-consuming flat-panel displays
(liquid crystal displays, LCD) which have drastically revolutionized daily life and
constitute a $100 billion market, globally. Nevertheless, the “beyond display”

applications are also important and numerous.*°
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Liquid Liquid Crystal Solid

Mobility Mobility Order
Isotropic Anisotropy Anisotropy

Figure 3. Schematic representation of the supramolecular organization in the states of matter.

LCs are now playing a very important role in nanoscience and nanotechnology.!?
For instance, they can potentially be used as new functional materials for electron,
ion, and molecular transporting, as well as for sensory, catalytic, optical and
bioactive materials.'> 3 Due to their dynamic nature, LCs are able to respond to
different external stimuli such as temperature, magnetic field, electric field, light,
mechanical stress, among others. Thus, they can be used for the preparation of
stimuli-responsive multifunctional materials.!* Moreover, the biomedical

applications of LCs have been demonstrated recently.*> 1®

Molecular engineering of LCs is an important method to control the self-organizing
process of single moieties into periodically nanostructured mesophases.t’
Additionally, ordered supramolecular assemblies can enhance the functions of
single molecules. Therefore, dendrimers are attractive candidates as novel
scaffolds for the preparation of new LC materials.’®2° In these materials, the
mesogenic units are arranged in a highly congested environment which leads to
the formation of singular supramolecular organizations that are not achievable

with conventional LCs.%!

LC dendrimers are usually prepared by the introduction of mesogenic units within
a dendritic structure (Figure 4). The most commonly used approach are the so-
called side-chain LC dendrimers. It consists of the attachment of mesogenic units

to the periferial end-groups of a conventional dendrimer. Main-chain LC
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dendrimers are a less employed method that involves the introduction of

mesogenic groups as repeating units within the central dendritic structure.

(a) (b}

Figure 4. Schematic representation of (a) side-chain and (b) main-chain LC dendrimers.

Nowadays, obtaining LC behavior in dendrimers is not the main aim, it is the way
to enhance other interesting functionalities. Thus, current research in LC
dendrimers is focused on the search of applications in these materials.?? LC
dendrimers represent an attractive tool for the preparation of functional materials
as they combine the inherent properties of the dendritic scaffold with the

anisotropic properties provided by the LC state.

The main objective of this doctoral thesis was the development of organic
materials based on LC dendrimers with applications both in materials science and

biomedicine.

CHAPTER 1 describes the preparation of LC dendrimers and their use as potential

efficient organic semiconductors. In the field of organic electronics, the structural

versatility of dendrimers is really interesting because it allows the introduction of
different functional units (donor-acceptor systems) in the dendritic structure.
These functionalities self-assemble into a LC arrangement with a supramolecular

order that facilitates charge transport.

CHAPTER 2 describes a versatile method to obtain ion transporting materials by

using an easy and quantitative method of synthesis. lonic LC dendrimers are used
for the preparation of 1D and 2D proton conductive materials. The formation of

ionic nanosegregated areas (formed by ionic salts) generates the continuous
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pathways necessary for proton conduction to occur. These ionic pathways are not
disrupted after photocrosslinking, thus nanostructured, thermally and
mechanically stable membrane materials with permanent pathways for proton
transport are obtained. The proton conduction in these ionic LC dendrimers may
open a new path in the search for electrolyte materials for the preparation of

electrochemical devices.

The research described in CHAPTER 3 focuses on the development of organic

nanoporous materials from hydrogen-bonded columnar LC dendrimers. The

obtained nanoporous materials show remarkable size selectivity in adsorption
experiments because our strategy allows us to control the size of the pores and,
consequently, the adsorption selectivity of the obtained polymers. Moreover, the
obtained nanoporous polymers are highly versatile because their adsorption
selectivity can be tuned on demand by in situ chemical treatment of the polymer
films. Such results can potentially be used to control the size and the chemical
nature of the pores and the group of molecules and ions that can be separated by

these nanoporous polymers.

In CHAPTER 4, luminescent LC dendrimers were employed for the preparation of
different nanostructures such as micelles, vesicles or nanospheres. These

nanostructures are used as nanocarriers, being of interest for drug delivery.
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Chapter 1

Organic Semiconductors Based on Liquid
Crystalline Porphyrin-Core Dendrimers

Abstract. We report a new class of nematic discotic porphyrin-core dendrimers that have coumarin
or carbazole functional units around the porphyrin core. Such dendrimers exhibit nematic discotic
mesophases. Their high tendency for homeotropic alignment makes these LC dendrimers excellent
candidates for device applications, due to their easy processability, spontaneous alignment
between electrodes, and self-healing of defects, because of their dynamic nature. The charge
mobility values of these materials are the highest ever reported for nematic discotic mesophases.
Moreover, these values are similar to the highest values reported for ordered columnar
mesophases, and this shows that a supramolecular organization in columns is not necessary to
achieve high charge mobility.

11
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ORGANIC SEMICONDUCTORS BASED ON LIQUID CRYSTALLINE PORPHYRIN-CORE DENDRIMERS

1. INTRODUCTION

1.1 Liquid Crystals as Organic Semiconductors

Organic electronic devices such as organic light-emitting diodes (OLEDs), organic
field-effect transistors (OFETs) and organic photovoltaic devices (OPVs) are based
on the transport of electrical charges between electrodes.!” In these devices, the
electronically active materials are organic semiconductors which consist of n-
conjugated small molecules or polymers. The speed of the charge carriers through
this active material is one of the main factors that governs the performance of
organic semiconductors in devices.® The ideal organic semiconductor must have
closely-packed molecules with few defects between molecules or domains because

charge transport depends on molecular order.91!

The highest charge carrier mobility in organic systems has been measured in single
crystals of pentacene and rubrene (20 cm?-V1-s1).12 However, the preparation of
single-crystalline thin films is very tedious and not applicable industrially. To
overcome this limitation, liquid crystals (LCs) offer an interesting approach as they
bring order and dynamics.**> They self-organize into nanostructured phases which
provide similar properties to the organic single crystals, while the dynamics is vital

for the processability and the self-healing of structural defects.!®

Molecules with LC ordering, so-called mesogens, are typically composed of a rigid
anisotropic core and flexible alkyl side chains. In the case of semiconducting
materials, the core of the mesogen consists of a large m-conjugated system that
allows charge carrier transport. The LC order is facilitated by strong n-m interations
between the conjugated cores, whereas the disordered alkyl chains prevent a “true

long-range order” by filling space and favoring molecular mobility.

Depending on the shape of the mesogenic units, LCs can be mainly classified into
calamitic (rod-like), discotic (disk-like), and bent-core (banana-shaped) LCs (Figure
1.1).

13



Chapter 1

Figure 1.1 Different types of mesogens and the most common (a) calamitic, (b) discotic and (c)

bent-core mesophases.

Calamitic LCs tend to form nematic or smectic mesophases. Smectic phases, in
which molecules are arranged in layers, demonstrate two-dimensional charge

transport with charge carrier mobilities up to 10 cm2-V1.s1,17-19 Sych mobility is

14
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anisotropic with the highest values in the directions within the layer plane, because

the smectic phase favors -t intermolecular interactions within the plane.

Discotic LCs (DLCs) arrange into nematic or columnar phases.?®?® In the nematic
discotic (Np) phase, the disk-shaped molecules stay more or less parallel having
orientational order but no long-range positional order. The lateral nematic phase
(NL) is built of aggregates formed by multiple discotic mesogens. These
supramolecular aggregates then organize into a nematic phase. In columnar
phases, the disks stack on top of each other and arrange primarily in columns. In
addition, the columns pack in various lattices, including hexagonal (Coln) or
rectangular (Col;) unit cells. The nematic columnar (Nco) phase is characterized by
a columnar stacking of the molecules. However, these columns do not form two-

dimensional lattice structures.

Conduction in columnar LCs is highly anisotropic as charges move preferentially
along the conducting aromatic cores of the columns.?* 2> Flexible alkyl chains linked
to the m-conjugated core act as an insulating hydrocarbon matrix and decrease the
probability of intercolumnar tunneling of the charge carriers. Therefore, columnar
LCs represent one-dimensional conducting molecular wires. Depending on the m-
conjugated core and the degree of order in the columnar stacking, charge carrier
mobilities of 103-1 cm?-V1-s? along the direction of the columns have been
reported.?®2° Depending on the ionization potential (HOMO) or electron affinity
(LUMO), these discotic molecules are able to transport either positive holes or
negative electrons and accordingly, the materials can be classified as p-type or n-

type semiconductors.

These structural and electronic properties of columnar LCs enable their application
as an alternative to conventional inorganic semiconductors. Currently, there are
many companies that are focused on the fabrication of flexible OFETs displays
based on organic semiconducting materials.3° Moreover, OLEDs and organic solar

cells devices are commonly found commercialy.3!
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1.2 Charge Transport in Discotic Liguid Crystals

The charge transport mechanism in LC semiconductors seems to be an incoherent
hopping process.3> 33 The disk-like molecules self-assemble into columns with a
significant intermolecular overlap of the delocalized n-electrons, providing quasi-
one-dimensional channels for charge transport.3* There are several techniques to
determine the charge carrier mobility such as pulsed radiolysis time-resolved
microwave conductivity (PR-TRMC), time of flight (TOF), space charge-limited
current (SCLC), and field-effect transistor (FET) techniques.®® In recent years,
charge carrier mobility measurements in many DLC mesophases have been
reported. The charge carrier mobility in organic semiconducting materials is one of
the crucial parameters as it determines the performance of the material in
electronic and optoelectronic devices. Mobility is related with the switching speed

of OFETs, the intensity of light in OLEDs, and the separation of charges in OPVs.

To achieve high charge carrier mobility, it is important to have a high degree of
molecular order within the columnar phase. This implies that the columns must be
appropriately aligned in the direction that charge carriers are likely to flow. DLCs
can align either perpendicular to the substrate surface (homeotropic alignment) or
parallel to the substrate surface (planar alignment) (Figure 1.2). A planar alignment
is required for OFETs, whereas a homeotropic alignment is preferred for OPV and
OLED applications.”> However, columnar mesophases still suffer from the
disadvantage that orientationally uniform domains that are large enough to be
used in most devices are often hard to obtain, even with the help of long thermal

annealing, surface treatments or complex processing techniques.3¢4

Figure 1.2 Schematic representation of (a) a planar orientation of the molecules desired in OFETs
and (b) homeotropic alignment, which is considered to favor the performance of OPVs and OLEDs.

(Adapted from reference 26)
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Charge carrier mobility does not depend just on the degree of order, but also on
the m-m stacking distance between the molecules within the columnar
organization. Therefore, to achieve high charge carrier mobility, several chemical
modifications have been introduced in semiconducting DLCs to increase the order

along the column by decreasing the nt-it stacking distance.

Most of the DLCs described today are derived from electron-rich aromatic cores
and are known to be hole transporting materials. Representative examples include
derivatives of triphenylene, hexa-peri-benzocoronenes, porphyrins or
pthalocyanines, among others (Figure 1.3). Several charge mobility studies with
triphenylene-based DLCs have been carried out.*>* Short-side alkyl chains
derivatives allow better interactions of the cores resulting in higher mobilities in
comparison to long-side chain analogs (Figure 1.3a). Additionally, the substitution
of the lateral ether bonds by thioether resulted in a hexagonal columnar helical
mesophase with considerably higher charge mobility values. The higher order in
the columnar helical mesophase increases the hole mobility up to 10! cm?v1.s?

in comparison to only 103 cm?:V1-s! in the hexagonal columnar phase.*®

(a)

Ry = OC, Hypey (n=4-7)
Ry =S5CgHq3
R, = OC Hyp,y (n =10, 12, 14)

R{ Ry = Ph-Ci5Hye
R, = CH—(C9H19)2
Y
. o
Y
M=HH,Zn X=0,NH
Ry Y =CyoHys, (CH,)10CqFg

\
)
Rs R R, Rs=H, CgHy7

Figure 1.3 Chemical structures of (a) triphenylene, (b) hexa-peri-benzocoronene, (c) porphyrin

and (d) pthalocyanine discotics studied for charge carrier mobility.

Mullen and coworkers developed a new family of DLCs based on hexa-peri-

benzocoronenes with charge carrier mobilities in the range of 10'-1 cm?-v1.s'
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(Figure 1.3b).*”" ® These high charge carrier mobilities were attributed to highly
ordered columnar phases that resulted in a large intermolecular m-orbital overlap
between aromatic cores.* °° Thus, hexa-peri-benzocoronenes derivatives have
been extensively used as active conducting layers in molecular devices.>* Aida and
coworkers also reported a series of hexa-peri-benzocoronenes with two
hydrophobic dodecyl chains and two hydrophilic triethylene glycol chains (Figure

1.4).°>?> The mixture of both derivatives self-assembled in a coaxial nanotube

structure with an intratubular hole mobility of 2 cm?-v-1.s1,

Figure 1.4 Schematic representation of the hexa-peri-benzocoronene derivatives and their

nanotubes. (Adapted from reference 52)

Porphyrin and phthalocyanines macrocycles have also been used as electron-rich
systems which may display columnar LC behavior. Charge carrier mobility studies
were carried out on these systems obtaining mobilities in the 103-10"1 cm2-v1.s?t
range.>3’ Li and coworkers reported some porphyrin-based DLCs that formed
spontaneously defect-free large-area monodomain films with homeotropic
alignment.®® > With these materials they prepared bilayer- and bulk-
heterojunction solar cells, obtaining the highest power conversions efficiencies of

any reported solar cells using columnar LCs.%°
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Gdémez-Lor and coworkers reported columnar LCs based on triindole with different
linking groups between the core and the side chains (Figure 1.5). In these systems,
the mobility values increased from 6x10* to 2.8 cm?V='s? by improving the
intramolecular order, reducing the stacking distance from 4.4 to 3.3 A,

respectively.61-64

R1=ChHanig (n=0,1,4,8,12)
Ry = CioHy1
Ry = —=-CgHy;

R, = '"'@’%"ﬁs;

Rs = CypHys

Figure 1.5 Chemical structures of triindol derivatives reported by Gémez-Lor and coworkers for

charge carrier mobility.

While p-type discotics are abundant and well-studied for charge transport
properties, n-type discotics are rare and there are only few reports on their charge
transport behavior. They can be obtained either by substitution of electron-
withdrawing peripheral groups onto a p-type discotic core or by designing new
electron-deficient aromatic cores. Perylene derivatives are probably the most
studied n-type semiconducting materials and they have been widely used as active
layers in prototype devices such as organic solar cells, OFETs and OLEDs (Figure
1.6a). Charge mobilities in perylene derivatives was found to lie within the range

of 102-10"1cm?-v1.s1,6568

In recent years, other n-conjugated systems have been identified as promising
DLCs cores for electron transport. For instance, hexaazatriphenylene is an electron-
deficient aromatic heterocyclic core that exhibited a columnar mesophase with
mobilities up to 2x102 cm?-V1-s! (Figure 1.6b).%> 7° Lehmann et al. reported DLCs
based on an electron-deficient hexaazatrinaphthylene core with charge carrier
mobilities of 9x10! and 3x10t cm?-V1-s? for crystalline and columnar LC phases,

respectively (Figure 1.6c).” Demenev et al. reported electron mobilities of
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2x103 cm?V'1-s! in benzotristhiophene derivatives with hexagonal columnar LC
phases (Figure 1.6d).”2 In our research group, Beltran et al. synthesized hexagonal
columnar LCs based on a tris(triazolyl)triazine aromatic core (Figure 1.6e). The
electrochemical studies confirmed the electron deficient nature of this core and its
potential for electron transport.”> 7* So far, electron mobilities in the 102-10!
cm?-V1.s! range were found for these tris(triazolyl)triazine-based columnar LCs.”>

R, SR
@ o N o (b) R,HN_O (c) ’ SR,

‘ NHR, N7 ONHR, N
PN A N R3S N N

O l}l 0 R,HN™ O SR,
Ry SRy
(e) Rs
NHR, NN Ry =ChH;peq (n=0,1,4,8,12)
Nf Ry = Ph(OC;5H55)5
NN Ry =CiaHas
Ly R3 = CyHans1 (N =6,8,10,12)
RS‘N\/Y\N)\E \\/N Ry = Ph{OCy,Hps)s
NHR, N=N N Rs = Ph(OCyoHa1)3

Figure 1.6 Chemical structures of (a) perylene, (b) hexaazatriphenylene, (c)
hexaazatrinaphthylene (d) benzotristhiophene and (e) tris(triazolyl)triazine DLCs studied for

charge carrier mobility.

Aida’s research group synthesized a fused metalloporphyrin dimer that formed a
LC mesophase with a m-stacked columnar structure at room temperature. High
charge carrier mobilities of 2.7x10* cm?-V1-s! were found for these derivatives.”®
7 In another interesting approach, Percec and coworkers reported hole and
electron mobilities (ranged from 10 to 7x103cm?-V-1-s1) in columnar LC dendrons

with the donor/acceptor groups filling the central space of the columns.”® 7°
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1.3 Porphyrin

Porphyrins are natural products that are important in biological systems. Natural
porphyrin derivatives, including hemes, chlorophylls, and bacteriochlorophylls, are
integrated into proteins scaffolds and are essential for their biological activities.®°
Porphyrin and their metal complexes are also relevant in material science due to
their photo-stability, photo-absorption over a broad range of wavelengths,
interesting photophysical properties, and convenient chemical synthesis. These
attractive properties make them suitable for many organic electronic

applications.?18¢

The porphyrin macrocycle consists of four pyrrole rings joined by four interpyrrolic
methine bridges to give a highly conjugated macrocycle. Porphyrins can be
prepared by several methods such as the tetramerization of monopyrroles, the
dimerization of dipyrromethanes and from open chain pyrrolic derivatives.8’-8°
Nevertheless, all methods give only moderate yields and the purification of the

product is generally tedious.

1.3.1 Porphyrin-Based Liquid Crystals

Porphyrin derivatives have been extensively incorporated into self-organizing
supramolecular LC systems due to their attractive properties. The first porphyrin-
based LC was reported by Goodby and coworkers and it was prepared from
commercially available uroporphyrin | dihydrochloride.*® Since them several works
have described the incorporation of porphyrins and their metal complexes into
self-organizing LC systems. Although there are some examples of porphyrin
derivatives displaying calamitic mesophases, the porphyrin core has been
frequently used as central platform to obtain DLC materials. LC porphyrin
derivatives can be divided into two broad categories depending on the location of
the substitution in the macrocyclic ring (Figure 1.7): porphyrins octa-substituted at
the B-positions of the pyrrole rings, and porphyrins di- and tetra-substituted at the

meso-positions.
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R R R
Figure 1.7 Structures of B-substituted (left) and meso-substituted (right) porphyrins.

1.3.1.1 B-Substituted Porphyrin Derivatives

Gregg et al. reported a series of n-alkyl octaesters and octaethers of B-substituted
porphyrins and their metal complexes (Figure 1.8a).9' %2 In general, the compounds
showed columnar LC behavior and the incorporation of metal ions into the
porphyrin core enhanced the thermal stability of the mesophases. The central
metal ion increased the strength of the m-m interactions between neighboring
porphyrins because metalation increases both the rigidity of the porphyrin rings
and their electrostatic attraction. In a similar way, more recently Shearman et al.
prepared a series of octaalkyl B-substituted porphyrins with LC behavior. The
metal-free derivatives were not mesomorphic whereas their Zn?* complexes

displayed rectangular columnar phases.”

a b
(a} q, R, (b}
Ry Ry R,O 00C

\
R, Coo OR,

OR,

R, = CH,COOC H,,,q N =3-14
R, = CH,CH,0C Hypyq N = 4-10

M = H H, Zn, Cu, Pt, Pd, Ni, Cd R,0 00C Coo OR,
Ry=C Hyneq N=4,8,12,16 \Q/ \Q/
M'=H H, Zn, Cu OR, OR,

Figure 1.8 Chemical structures of (a) octaesters and octaethers and (b) hemin-based B-substituted

porphyrins and their metal complexes.

Velasco and coworkers reported a family of asymmetrical B-substituted porphyrins
prepared from hemin (ferriprotoporphyrin IX chloride), a naturally occurring iron-

containing asymmetrically substituted porphyrin (Figure 1.8b).°*°® These hemin-
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derived discotics exhibited columnar LC properties from room temperature with a
wide mesophase range. As expected, the alkyl chain lengths affected the melting
and the clearing points and metalation enhanced the thermal stability of the
mesophases due to the enhancement of the interactions between the porphyrin

cores.

Wirthner and coworkers prepared a hexagonal columnar LC by the attachment of
a second-generation dendritic unit onto a commercially available chlorophyll
derivative (Figure 1.9).°” The Percec-type dendron governed the self-assembly into
cyclic structures composed of 5-6 slices that led to columnar mesophases. Hole
mobilities of around 102 cm?-V1-s! were obtained, revealing that these organized
columnar superstructures hold promise for optoelectronic and photovoltaic

applications.

O O
O
C1oH,50 OCy,Hos

OCIZHZS OCIZHZS

OCIZHZS
OCIZHZS
Figure 1.9 Chemical structure, proposed arrangement within the column stratum and AFM (left)

and STM (right) images of the LC arrangement. (Adapted from reference 97)

1.3.1.2 meso-Substituted Porphyrin Derivatives

Meso-substituted porphyrins, though not naturally occurring, are widely preferred
candidates in various fields due to their much simpler synthesis compared to B-
substituted porphyrins. A large number of meso-tetra-substituted porphyrins
which displayed columnar LC behavior have been prepared.’® While simple

tetraalkyl-substituted porphyrins are generally non-mesomorphic, many tetra-(4-
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alkylphenyl),  tetra-(4-alkoxyphenyl), tetra-(3,4-dialkylphenyl), tetra-(3,4-
dialkoxyphenyl), etc. displayed LC behavior.*®

Li and coworkers reported a family of tetrakis-(3,4,5-trialkoxybenzoate)phenyl
porphyrins that exhibited hexagonal columnar mesophases (Figure 1.10).>° The flat
porphyrin core promoted the formation of homeotropic aligned mesophases
making these products excellent candidates for device applications.®® These
porphyrin derivatives were also blended with fullerene Ceo obtaining a LC
arrangement in which Csp was sandwiched between two porphyrin cores due to
M-Tt interactions.!® The supramolecular adduct retained the homeotropic aligned
LC nanostructure providing efficient paths for electrons and holes along the
columnar axis. In addition, introducing fluorine into the alkyl chains provided a
structural change that enhanced the tendency towards defect-free homeotropic

alignment of interest for high performance electronic applications.>®

X =0C.Hyp,y (n=12, 14, 16)
X = O(CH,)10C4F o

Figure 1.10 (a) Chemical structure of porphyrin derivatives reported by Li and coworkers, (b) POM
textures and XRD patterns of the homeotropic monodomain, (c) schematic representations of the

possible arrangements with Cso. (Adapted from reference 100)

Wu et al. reported fatty acid meta-octaesters of tetraphenylporphyrins.®t

Temperature ranges of the hexagonal columnar mesophase were considerably
increased by complexation with several metal ions (Zn?*, Cu®*, Ni?>* and Mg?).
Interestingly, the corresponding Cu?* complexes displayed no fluorescence

emission due to the paramagnetism of this metal ion.

24



ORGANIC SEMICONDUCTORS BASED ON LIQUID CRYSTALLINE PORPHYRIN-CORE DENDRIMERS

The introduction of additional functional units around the porphyrin core was a
strategy employed by Kimura et al. They reported the preparation of a perylene-
based dendritic porphyrin derivatives with columnar mesomorphism.!%? The
inclusion of Ceo in the dendritic structure modified the LC arrangement resulting in
the quenching of the fluorescence properties. In addition, DLCs based on a
porphyrin core surrounded by triphenylene functional units were reported by Miao
et al.’% These compounds presented a microphase separation between the
porphyrin and the triphenylene columns that may be useful for organic

photovoltaic and photochemical applications.

Aida and coworkers reported the preparation of LC materials based on fused
metalloporphyrin dimers that formed LC mesophases with a n-stacked columnar
structure (Figure 1.11).”% 77 These materials behaved as charge-transporting

semiconductors with mobilities in the 1073-10"t cm? V™! s7! range.

Ry =Ry =CyoHys

R; =R, ={CH,CH,0),CH,

Ry =Ry = (CH,)6CyFg

R = CyHy5 Ry = (CH,CH,0)3CH;
Ry = CyaHys, Ry = (CH,)6CyF g

Figure 1.11 Molecular structures of fused metalloporphyrin dimers.

Bruce and coworkers demonstrated that extending the porphyrin macrocycle in
one direction transformed the discotic porphyrins into rod-like molecules that
showed calamitic nematic and smectic phases at elevated temperatures (Figure
1.12).194106 More recently, Mehl et al. also synthesized rod-like porphyrin-based
materials but in this case the lamellar mesomorphism was achieved at room

temperature.1%’
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X=H,R; =R, =0CH,p,y, N=8, 10,12, 14,16

Q,
X=H,R;=0H,R; = ___o>_©’oan2n+1 n=7,8,14
0,
X = OCgHy; Ry = OH, R, = __()}—{;yoan2n+l n=7,8, 14

Figure 1.12 Chemical structure of calamitic porphyrin derivatives reported by Bruce and

coworkers.

Supramolecular interactions were also employed to functionalize porphyrin
macrocycles. The first example was described by Camerel et al. who reported an
easy way to produce porphyrin-based LC materials by ionic self-assembly.%® |onic
complexes were prepared by mixing tetrakis(4-sulfonatophenyl)porphyrin and
ammonium functionalized amido derivatives of 3,4,5-trialkyloxybenzoic acid

(Figure 1.13). In all cases, hexagonal columnar phases were obtained.

(a) h
C H2n+1
Ry Ry Ry = OS o® N@ C.Hapeg
n=28,12
Rl
(b)

= = =

Figure 1.13 (a) Chemical structure of the ionic porphyrin derivatives reported by Camerel et al.
and (b) their organization along the column in the hexagonal columnar mesophase. (Adapted from

reference 108)

Very recently, our research group reported the preparation of hydrogen-bonded
LC dendrimers formed between 5,10,15,20-tetra(4-pyridyl)porphyrin and its zinc
metalated derivative and four peripheral bifunctionalized dendrons derived from

bisMPA with coumarin and pyrene moieties as functional groups (Figure 1.14).1%°
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The supramolecular dendrimers showed LC behavior. However, it is noteworthy
that a priori the molecular structure seemed to induce a discotic arrangement,
although the flexibility of the bisMPA dendrons resulted in the formation of

calamitic superstructures and smectic mesophases were observed.

Figure 1.14 Schematic representation of the supramolecular porphyrin-core dendrimers prepared
by hydrogen bonding.
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1.3.2 Porphyrin-Core Dendrimers for Light-Harvesting

Sunlight is the most abundant renewable energy available to our planet, and thus,
nature has developed several complex photosynthetic processes to convert solar
radiation into a useful source of fuel. The photosynthesis starts with the collection
of light energy and energy transfer to the photosynthetic reaction center. The light-
harvesting complexes play a vital role in absorbing photons in the visible region and
funneling the acquired energy to the reaction center with an efficiency of 100%.1°
112 Artificial light-harvesting antenna systems are a fascinating challenge for
chemists because they may offer potential technological advantages with a variety

of applications in molecular electronics and molecular optics.3

In the design of artificial light-harvesting systems, a great number of chromophores
must be incorporated to acquire a large absorption cross-section.'417 |n addition,
these chromophores have to be spatially organized in order to facilitate directional
energy transfer in a cooperative way. The use of synthetic dendritic building blocks
permits the introduction of a large number of chromophoric pigments at the
periphery of the dendrimer. In fact, several multichromophoric dendrimers have
been reported for carrying out the so-called “antenna effect”.18-120 Dendritic light-
harvesting antennas for the collection of photons have attracted attention not only
from a fundamental point of view but also for their potential applications in

optoelectronics, bioimaging or photodynamic therapy.!* 12

Among these light-harvesting systems, dendrimers built from a porphyrin core with
different branching functional units have been studied as synthetic analogous of
biological systems closely imitating the function of the natural photosynthetic
machinery. One of the first examples was reported by Aida and coworkers (Figure
1.15a).'22 They found highly efficient energy transfer from poly(benzyl ether)
dendrons to the free-base porphyrin core (per= 80.3%). The energy transfer
efficiency depended on the morphology and the generation number of the
dendritic units. The dendritic architecture provided a densely packed configuration
which allowed an efficient energy-migration from one benzyl ether unit to the next
one (through-space Forster mechanism). Similarly, Kimura et al. prepared
polyphenylene-based rigid dendritic porphyrins with efficient energy transfer (¢per=
42-98%) from the polyphenylene dendritic side groups to the focal porphyrin unit
(Figure 1.15b).'3
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Figure 1.15 Dendritic porphyrin derivatives described by (a) Aida and coworkers and (b) Kimura et
al. (Adapted from reference 122 and 123)

Fréchet and coworkers compared the intramolecular energy transfer of three
different macromolecular architectures: a four-generation dendrimer and its eight-
and four-arm star-shaped isomers (Figure 1.16).22* They found that the dendrimer
exhibited a much higher efficiency (per= 83.9%) than the eight- (per= 57.0%) and
four-arm (der= 34.2%) star-shaped isomers. These results demonstrated the great
advantage of using dendritic scaffolds for energy transfer from the periphery to the

core.
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Figure 1.16 Chemical structures of a four-generation dendrimer and its eight- and four-arm star-

shaped isomers described by Fréchet and coworkers (Adapted from reference 124)

Fréchet’s research group also obtained efficient energy transfer (¢der= 65-98%) by
using polycaprolactone branches functionalized with coumarin moieties (Figure
1.17a).12> 126 |n addition, they prepared dendrimers that consisted of a porphyrin
core with both coumarin and naphthopyranone functional units (Figure 1.17b).*?’
Excitation of the outer coumarin units gave an energy transfer cascade from the

outer layer, where the coumarins are located, to the inner layer containing the
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naphthopyranones, and then to the focal porphyrin unit (ber= 97%). Therefore, the
system absorbs light over a wide spectral range and transferred to the porphyrin

acceptor where the light is emitted at a single wavelength.

Figure 1.17 Porphyrin-core dendrimers containing (a) polycaprolactone branches functionalized
with coumarin donor moieties, and (b) naphtopyranone and coumarin donor chromophores.
(Adapted from references 125 and 127)

Due to its special electronic and optical properties, carbazole is also a promising
building block for the construction of light-harvesting dendritic porphyrins. Loiseau
et al. reported the first example of porphryrin-core dendrimers with carbazole-
based branching subunits.’?® In these dendrimers, light was absorbed by the
peripheral carbazole chromophores and efficiently transferred to the porphyrin
core. The efficiency of energy transfer decreased with the generation (¢er=
40-69%).12° Similarly, Yamamoto and coworkers reported several carbazole-
phenylazomethine dendrimers with a porphyrin core.® Such molecular
architectures were also able to complex metal ions or fullerene derivatives at the

imine sites.13% 132

Beside of this, intramolecular energy transfer in other porphyrin-core dendrimers
was investigated using platinum-acetylide,'33 truxene,'3* or triphenylamine!3>137

derivatives around the porphyrin macrocycle.
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1.4 Coumarin

Coumarins are an important class of heterocyclic compounds which are used in
biology, medicine and material science.'*® Coumarin derivatives have found optical
applications such as OLEDs, optical sensors, laser dyes, light-harvesting materials,
fluorescent probes in biology and medicine, among others.13%142 They are also

present in perfumes and cosmetics, cigarettes, alcoholic beverages, and drugs.

Upon UV irradiation, coumarins undergo [2+2] cycloadditions to yield cyclobutane
dimers (Figure 1.18). The photodimerization reaction has been studied both in

solution and in the solid state and it can be reversed via UV irradiation at a shorter

A> 300 nm
254 nm

Figure 1.18 Coumarin photodimerization reaction

wavelength.

1.4.1 Liquid Crystalline Coumarins

Due to their exceptional optical properties, several mesogenic coumarin
derivatives have been reported.?*31%° LC coumarins possess wide range of potential

applications from display devices to biological systems.38

On the other hand, LC polymers bearing coumarin moieties as side-chains have
been reported as a new kind of photoalighment layer for LCs in which the
photodimerization of the coumarin units occurs by exposure to UV light.>%1>4 The
direction of the orientation of the LCs could be tailored by the polarization
direction of the irradiated light. Photoalignment is a noncontact method employed
to avoid the problems that originate with mechanical rubbing. The uniaxial

orientation of LCs is the basis of some electronic devices.'®>

Our research group has described several LC dendrimers that incorporate
coumarin fluorescent units in order to study their photoconductivity. The

dendrimers were prepared by hydrogen bonding between a melamine central core
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and coumarin-containg bifunctional dendrons based on bisMPA (Figure 1.19). It
was concluded that this type of dendritic system may be useful in the preparation
of polymeric materials with potential applications in organic electronic devices.*>®
So far, we essayed a similar approach using a porphyrin central core (Figure
1.14).1% Beside of this, more recently we reported the preparation of new PPI

dendrimers bearing coumarin units that displayed LC behavior.*>’

Figure 1.19 Schematic representation of hydrogen-bonded dendrimers containing pyrene or

coumarin luminescent units.
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1.4.2 Coumarin-Based Light-Harvesting Systems

As mentioned in Section 1.3.2 (Porphyrin-Core Dendrimers for Light-Harvesting),
the design of artificial systems for harvesting solar energy has been a topic of
interest due to their potential optoelectronic and biomedical applications.!® 12
The first works incorporated coumarins into polymers in an attempt to harvest and
transfer the solar radiation energy. For instance, Palmans et al. prepared a poly(p-
phenylene ethylene) derivative with coumarin units attached to the polymer
backbone (Figure 1.20).°® Energy transfer was evidenced by the absence of the
emission of the coumarin groups (donor) and the presence of the emission of the

polymer backbone when coumarins were excited (¢er= 80%).

Figure 1.20 Coumarin-containing poly(p-phenylene ethylene) derivative.

Fréchet and coworkers also studied energy transfer in coumarin-containing
polymers and dendrimers. The dendrimers were synthesized using two different
coumarin units (Figure 1.21a). The coumarin located at the focal point (acceptor)
absorbed the emission from the coumarin units at the periphery of the dendrimer
(donors). As the dendrimer increased in generation, the number of donor
coumarins increased, thus the dendrimer was able to absorb more light resulting
in a more efficient antenna effect (per= 86—-97%).2°°161 Due to the difficult synthetic
methods for Fréchet’s harvesting dendrimers, linear polymers with chemical
compositions mimicking such dendrimers were synthesized (Figure 1.21b).1%2 The
linear polymers had comparable energy transfer efficiencies to dendrimers.
However, the polymers also had some undesirable properties not present in the

dendrimers such as low fluorencence quantum yields and low solubility.
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In addition to this, coumarin units have also been incorporated into porphyrin
derivatives with the aim of taking advantage from the efficient energy transfer
between coumarin and porphyrins for light harvesting applications.'®®> However,
these coumarin-porphyrin systems have already been reviewed in Section 1.3.2

(Porphyrin-Core Dendrimers for Light-Harvesting).
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Figure 1.21 Chemical structure of coumarin-containing (a) G4 poly(arylether) dendrimer, and (b)

linear polymers.

1.4.3 Coumarin Photodimerization as a Crosslinking Reaction

Very recently, Barner-Kowollik and coworkers reviewed the formation of precision
polymeric networks using advanced photoinduced ligation techniques including
coumarin photodimerization as a promising alternative to (meth)acrylate or epoxy

materials.'®* One of the appealing properties of this strategy is its reversibility. This
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approach allows both the light-triggered formation and cleavage (reverse reaction
of photodimerization) of covalent networks. Coumarin photodimerization is
particularly attractive as it does not require an initiator or catalyst and side

reactions may be avoided.

Chujo et al. reported for first time the preparation of a polyoxazoline-based
hydrogel by coumarin photodimerization.'®> The photoclevage of the gel was
carried out by 253 nm irradiation and was almost quantitative. The reversible
photocrosslinking and photoclevage behavior was investigated by Zhang and
coworkers using a hyperbranched polymer functionalized with 4-methylcoumarin

units.6®
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Figure 1.22 (a) Chemical structure of polysilesquioxane polymer and its nanoparticles (before and
after irradiation). (b) Chemical structure of the coumarin-containing actuator and schematic
illustration of the mechanism of the photoinduced film bending. (Adapted from reference 167 and
168)

Shea and coworkers reported the synthesis of photoresponsive spherical
nanoparticles. The polysilesquioxane-based nanoparticles incorporated a
coumarin dimer as light-responsive moiety (Figure 1.22a). Photoclevage of

coumarin dimers resulted in deformation of the nanoparticles by 254 nm
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irradiation.'®’ Zhao et al. found that coumarin photodimerization could be
employed for the preparation of photodeformable polymers networks (Figure
1.22b).1%® The plausible mechanism was based on the photodimerization of
coumarin pendant groups occurring on one side of the film which created

imbalanced surface stresses leading to the bending.

Zhao et al. also employed coumarin photodimerization for the preparation of well-
defined single chain nanoparticles. They employed these nanoparticles as
nanoreactors for the synthesis of Au nanoparticles.'®® So far, the same authors
reported the preparation of photorresponsive LC single-chain nanoparticles that
underwent photoinduced deformation upon exposure to linearly polarized light
(Figure 1.23). These nanoparticles were deformed from an initially spherical form

to a stretched shape.'”°

Figure 1.23 Schematic illustration for the preparation of photorresponsive LC single-chain
nanoparticles based on the intra-chain photodimerization of coumarin moieties. (Adapted from

reference 170)

Joy and coworkers synthesized two novel polyesters in which coumarin units were
incorporated into the polymer chain.'’* 72 The coumarin-based polyesters
exhibited dual photoresponsive properties: crosslinking upon 350 nm irradiation
and polymer chain scission and uncrosslinking at 254 nm irradiation. In addition,
micropatterned surfaces were created by irradiation at 350 or 254 nm. The
prepared materials were mechanically robust and stable in the absence of light and

preliminary studies with cells showed their biocompatibility.
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1.5 Carbazole

Carbazole is an aromatic heterocyclic compound which consists of two benzene
rings fused on a pyrrole ring. The chemistry of carbazole has been studied for many
years due to their extensive biological activity.!’> However, in recent years
carbazole-based materials have attracted considerable attention for

optoelectronic applications.}’# 175

Carbazole derivatives have been recognized for their good charge transport
properties. They undergo reversible oxidation processes and they are able to
transport positive charges (holes) via the radical cation species (Figure 1.24).17° In
addition, carbazole derivatives generally exhibit high thermal and photochemical
stability. The photoconductivity and hole-transport properties of carbazole units
have been extensively exploited in several fields such as xerography, light-emitting

diodes or photorefractive materials.
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Figure 1.24 Mechanism of the electrochemical oxidation of carbazole.
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1.5.1 Carbazole-Based Liquid Crystals

Carbazole-based LCs are attractive for the preparation of photorefractive materials
as they combine the self-organization into LC phases with the photoconductivity
and charge transport properties in the same molecule.'’” Thus, there are several
works in which carbazole moiety has been incorporated into low-molecular weight

and polymeric LC materials. These include both calamitic and discotic mesogens.

Figure 1.25 Chemical structure of carbazole-based low molecular weight mesogenic derivatives.

The first example was reported by Kawaguchi et al. and it consisted of cholesteryl-
carbazole LC derivatives (Figure 1.25a).1’® Photochemical studies on these
molecules were carried out, obtaining low photocurrent values. Since then, several
examples of carbazole-based LCs were synthesized with the aim of studying the

relationship between the mesomorphic properties and the photoconductive
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behavior.}’® 18 |ric et al. reported the synthesis of a smectic A LC which contained
a carbazole chromophore (Figure 1.25b).'8! Low fluorescence quantum yields were
obtained due to the formation of intermolecular hydrogen bonds. Moreover, a
large number of bisindenocarbazoles derivatives that exhibit LC phases have been
reported (Figure 1.25c¢).'®21% These compounds showed blue photoluminescence

with high fluorescence efficiencies and good stability to oxidation.

Regarding DLCs containing carbazole, Manickam et al. reported a series of
triphenylene derivatives with carbazole units linked to the periphery (Figure
1.26a).18% 187 None of the materials displayed LC behavior. However, a hexagonal
columnar phase was observed upon doping some of the triphenylene-carbazole
derivatives with 2,4,7-trinitrofluorenone. Perea et al. reported hexagonal
columnar mesophases with a 9-phenylcarbazole derivative as the central core
(Figure 1.26b).188 189
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Figure 1.26 Chemical structure of: (a) mono- and bi-carbazole-triphenylene derivatives, and (b)

polysubstituted N-arylcarbazole derivatives.

Gdémez-Lor’s research group reported the synthesis of several triindole compounds
(tricarbazole core) (Figure 1.5).67%% Highly ordered hexagonal columnar phases
with high charge mobility values were obtained by extending the conjugation in
these systems. Camerel et al. grafted trialkoxybenxamide residues to carbazole-

and naphthalene-based core (Figure 1.27).2°° The amide groups played a crucial
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role in the stabilization of the hexagonal columnar mesophases by hydrogen
bonding. In addition, spectroscopic measurements showed that these compounds

were luminescent in solution and in the solid state.
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Figure 1.27 Chemical structure of carbazole-based derivative reported by Camerel et al.

Percec and coworkers demonstrated that the attachment of carbazole moieties to
dendrons mediated the self-assembly of these functional units in a m-stack located
in the center of the columns (Figure 1.28).1°% 192 The supramolecular columns self-
organized into various columnar LC phases that enhanced the charge carrier

mobility of the carbazole molecules.”® ”®
9 CeF
817
O N/\/o\/\o 0
0
O o\_\/_\\/\/cst

C8F17

Figure 1.28 Chemical structure and proposed arrangement within the column stratum. (Adapted

from reference 192)
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Carbazole moieties were also incorporated into macrocycles to obtained materials
for non-linear optics.'* 1°* So far, Millen and coworkers described the charge
transport properties of carbazole macrocycles with a hexagonal columnar
mesophase.'® 19 These systems allowed charge transport in three dimensions due
to inward-facing side chains. Following this synthetic approach, Kawano et al.
described hexagonal columnar metallomacrocycle with carbazole units (Figure
1.29).17 The inner cavity was able to interact with various metal ion guest

molecules.

Figure 1.29 Chemical structure of carbazole-based macrocycles reported by Kawano et al.

(Adapted from reference 197)

Our research group has done pioneering research on LC dendrimers containing
carbazole units with potential optoelectronic applications. For instance, Castelar et
al. described two families of supramolecular dendrimers based on ionic or
hydrogen bonding self-assembly between carbazole-containing dendrons and
poly(propylene imine) (PP1)!*® or melamine'® cores. The carbazole functional
groups provided Iluminescent and photoconductive properties to these
dendrimers. In another interesting approach, Gracia et al. developed functional
carbazole block codendrimers with hexagonal columnar LC behavior (Figure
1.30).2° Due to the presence of carbazole units, hole mobilities of 108 cm? V! s7?
were obtained. In addition, these block codendrimers were able to form

organogels with a pronounced photoluminescence.?!
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Figure 1.30 Chemical structure of carbazole-containing block codendrimer with hexagonal

columnar mesomorphism.

1.5.2 Dendrimers with Carbazole Units

Although the physical properties of carbazole containing polymers have been
extensively studied in the development of organic optoelectronic devices, the
three-dimentional architecture of dendrimers allows additional control over the
intermolecular interactions of the photoactive moieties leading to an interesting
improvement of their physical properties. Carbazole-containing dendrimers have
been widely used for the preparation of OLEDs due to their light emission and
charge transporting properties.?’? Li et al. reported a new carbazole-based
hyperbranched polymer with promising hole-transporting properties for
applications in organic electronics.?®> The OFET devices prepared with the
carbazole-based hyperbranched polymer exhibited remarkably enhanced

efficiency compared to the linear polymer.

In the development of highly efficient materials for OLED devices, it is desirable to
use dendrimers with more than one functional unit. Therefore, carbazole-based
dendrons were attached to conjugated cores such as triazine,?%* pyrene,?®

209 210

ethynylbenzene,?®® 297 biphenyl,2®® perylene bisimide, oligothiophene,

triphenylamine,?' 22 or porphyrin derivatives. 128132 213,214
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Furthermore, due to their high luminescence quantum vyields carbazole-based
dendrons were also introduced into transition-metal-based complexes such as
iridium, gold or europium (Figure 1.31).22>-21° The presence of a heavy-metal center

enhanced the performance of OLED devices.
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Figure 1.31 Chemical structure of a gold (lll) carbazole-based dendrimer.

Advincula’s research group investigated several carbazol-terminated dendrimers
for their interest in the development of optoelectronic devices and other photonic
applications (Figure 1.32).220223 They reported the preparation of carbazole-
terminated Fréchet-type poly(benzyl ether) dendrimers. The electrochemical
crosslinking of the peripheral carbazole units at 3,6-positions led to the formation
of polycarbazole units. The electroactive carbazole side groups facilitated
electrodeposition forming oligocarbazole polymer nanoparticles on the surface of
the electrode. They found that the electro-optical properties and electrodeposition

of these dendrimers and dendrons were generation dependent.
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Figure 1.32 Chemical structure of carbazole-terminated dendrimers (top) and AFM pictures

(bottom): (a) before and (b) after electrochemical crosslinking. (Adapted from reference 223)

The same research group employed carbazole electrodeposition for the
preparation of oligo(ethylene glycol)-functionalized biocompatible surfaces for

protein adsorption resistance (Figure 1.33).2%4 22>

Figure 1.33 Surface modification by electrodeposition of oligo(ethylene glycol)-functionalized

linear carbazole dendrons. (Adapted from reference 227)
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Advincula and coworkers also reported the complexation between carboxylic acid-
terminated carbazole-containing dendrons and amine groups of poly(amidoamine)
(PAMAM) dendrimer and hyperbranched polyethylenimine (PEI) (Figure 1.34). The
electrochemical oxidation of ionic dendrimers showed the formation of nano-ring
structures composed of the PAMAM core and a carbazole dendron shell.22®
Additionally, these compounds were utilized for the encapsulation of anionic
guests and for the in situ formation of gold and silver nanoparticles without any

reducing agent.??’

Figure 1.34 (a) Chemical structure of carbazole-containing ionic dendrimer, and (b) schematic
representation of the encapsulation of anionic guests and the in situ formation of gold and silver

nanoparticles. (Adapted from reference 230)
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2. HIGH CHARGE MOBILITY IN A NEMATIC DISCOTIC
MESOPHASE FORMED BY PORPHYRIN-CORE DENDRIMERS
WITH COUMARIN MOIETIES”

2.1 Objectives

The structural and synthetic versatility of LC dendrimers has been exploited in the
design of functional materials. The topology of these molecules bearing several
external reactive groups allows the introduction of different active moieties that
modify their physical properties. LC dendrimers combine in the same molecule the
dendritic structure with the self-organization into LC phases. Therefore, they have
been recognized as an attractive tool for the preparation of polymeric materials for

optoelectronic applications.

In this context, our research group has studied new families of supramolecular LC
dendrimers prepared by hydrogen bonding between a porphyrin central core and
bifunctional dendrons, based on bisMPA structure, containing a carboxyl group at
their focal point (Figure 1.14).!%° The dendrons were functionalized with a
promesogenic unit and coumarin or pyrene moieties. The aim of this work was to
obtain materials with potential applications in organic electronics by exploiting the
LC properties as a tool to organize these functional dendrimers. However, their
performance was limited due to the dynamic nature of hydrogen bonding which
broke down as temperature increased. Moreover, the flexible external bisMPA-
based dendrons avoided obtaining columnar organizations and only lamellar

phases were observed.

To overcome all these limitations, we planned the synthesis of a new family of
multifunctional discotic dendrimeric LCs that consist of a porphyrin central core
covalently linked to four dendritic structures, derived from 3,4,5-trialkoxicarboxylic
acid, bearing coumarin moieties (Figure 2.1). Porphyrin metalation has a marked
effect on the photophysical properties and therefore the Cu?* and Zn?* derivatives

were also prepared. In addition, coumarin functional units were chosen to

* Published in: A. Concellén, M. Marcos, P. Romero, J. L. Serrano, R. Termine & A. Golemme. Not
Only Columns: High Hole Mobility in a Discotic Nematic Mesophase Formed by Metal-Containing
Porphyrin-Core Dendrimers. Angew. Chem. Int. Ed. 2017, 56, 1259-1263.

This work was carried out in collaboration with Prof. Attilio Golemme (University of Calabria, Italy)
during a 3 months stay financed by MINECO (EEBB-1-15-09927).
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introduce luminescent and hole transporting properties. In this section, we report
the synthesis, chemical and physical characterization of these systems with the aim

of assessing their possible use in the preparation of organic electronic devices.
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Figure 2.1 Chemical structure of the porphyrin-core dendrimers.
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2.2 Results and Discussion

2.2.1 Synthesis and Structural Characterization

The dendron containing coumarin units (diCou) was obtained following the
synthetic methodology given in Scheme 2.1. In the first step umbelliferone was
alkylated with 11-bromo-1-undecanol under standard Mitsunobu etherifications
conditions to yield 1. Subsequent etherification with methyl gallate under
Williamson conditions yielded 2. diCou was obtained by alkaline hydrolysis of the
methyl ester group of 2.

The porphyrin-core dendrimer P-diCou was synthesized by Steglich esterification
using meso-tetra(p-hydroxyphenyl)porphine (P-OH) and dendron diCou (3 equiv.
per phenol group) (Scheme 2.1). Thin layer chromatography was not sufficient for
monitoring the progress of the reaction because some of the partially
functionalized cores exhibit an Rf value similar to that of the fully functionalized
product. Therefore, MALDI-TOF mass spectroscopy was used to monitore the
reaction. The free-base porphyrin-core dendrimer P-diCou was quantitatively
metalated by dissolving the macromolecule and the corresponding salt in
methanol-chloroform (1:1) and heating at reflux overnight. Confirmation of the
metalation was provided by NMR and MALDI-TOF mass spectroscopy. The MALDI-
TOF mass spectra showed the expected peak and no other signals corresponding
to dendrimers with a partial metalation were detected. The *H NMR spectrum of
the product containing Zn** (ZnP-d1Cou) no longer exhibited the characteristic
signal at around 6= -3 ppm of the two protons located inside the porphyrin ring of
the free-base starting material (Figure 2.2). The NMR spectrum of the dendrimer
containing Cu?* (CuP-di1Cou) was not measured because of the paramagnetism of

this metal ion.

The chemical structures of all the compounds were confirmed by IR spectroscopy,
one-dimensional *H and '3C NMR spectroscopy (Figure 2.2, and Figures 6.1-6.4)
and two-dimensional 'H-'H COSY, DOSY, 'H-3C HSQC and H-3C HMBC

experiments, MALDI-TOF mass spectroscopy (Figure 6.25) and elemental analysis.

49



Chapter 1

o
Methyl gallate o/\/\/\/\/\f
Z K,COj3, Kl, acetone D

/\/\/\/\/\/\
k ", el

11-Bromo-1-undecanol
PPhs, DIAD, THF 1) KOH, MeOH-THF

2} aq. HCI

fj@\
<
oToT o ko

o] X
9 JOBN
o/\/\/\/\/\/\o O (o]

HC

O/\/\/\/\/\/\o /@o\l

d1COLI

meso-tetra(p-hydroxyphenyl)porphine (P-OH)
DCC, DMAP, THF

‘ P-d1COU

M = Zn: Zn(OAc), . 2H,0
M = Cu: Cu(OAc), . H,O
CHCI3-MeOH

ZnP-d4Cou (M = Zn)
CuP-d4Cou (M = Cu)

Scheme 2.1 Synthetic route of the porphyrin-core dendrimer with coumarin units and their metal

complexes.
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Figure 2.2 'H NMR spectra (400 MHz, CD,Cl,) of P-d1Cou (bottom) and ZnP-d;Cou (top).

2.2.2 Thermal Stability and Liquid Crystalline Properties

The thermal stability was studied by thermogravimetric analysis (TGA). All the
samples showed good thermal stability and in all cases the 2% weight loss
temperature (T2%) was detected more than 100 °C above the clearing point (Table
2.1). Thermal transitions and mesomorphic properties were studied by polarized
optical microscopy (POM) and differential scanning calorimetry (DSC) and the

results are listed in Table 2.1.
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Table 2.1 Thermal properties.

Tas (°C)? Phase transitions®
diCou 242 g 28 (-32.4) Cr 89 (71.5) |
P-d:Cou 232 g 16 Np 61°|
ZnP-d;Cou 271 g 11 Np 74¢1
CuP-d;Cou 215 g 17 Np 73¢1

? Temperature at which 2% mass lost is detected in the thermogravimetric curve.

b DSC data of the second heating process at a rate of 10 °C/min. Temperatures are read at the
maximum of the corresponding peak, and enthalpies (kJ/mol) are in brackets. g: glass, Cr: crystal,
Np: nematic discotic mesophase, I: isotropic liquid.

¢ POM data.

The DSC curves of free-base and metal porphyrin-core dendrimers showed only a
glass transition (Figure 2.3a). All the compounds displayed enantiotropic liquid
crystalline mesophases from room temperature. The clearing temperatures were
established from POM observations because transition peaks were not detected in
DSC curves. Due to their tendency to homeotropic alighment, the mesophase was

observed by POM on applying mechanical stress to the samples (Figure 2.3b).

Figure 2.3 (a) DSC traces corresponding to the second heating scan for the porphyrin-core
dendrimers (10 °C/min, Exo down). (b) POM microphotographs observed in the cooling

process at room temperature after applying mechanical stress.
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The incorporation of Zn?* and Cu?* into the porphyrins enhanced the thermal
stability of mesophases, raising their clearing temperatures by 10-15°C. The
enhanced interactions between neighboring porphyrins is believed to be
responsible for this improvement, as metalation has been shown to increase both

the rigidity of the porphyrin rings and their electrostatic attraction.% 101

The nature of the mesophase was identified by XRD. The diffractograms recorded
for all porphyrin-core dendrimers showed only diffuse scattering in the low-angle
region owing to the lateral disk-disk distance (Figure 2.4). In the high-angle region
a broad diffuse halo was observed and this is related to the conformational
disorder of the liquid-like hydrocarbon chains. These patterns, along with the POM
textures shown in Figure 2.3b, are consistent with a nematic discotic (Np)
mesophase, which has only orientational order.??® 22 Indeed, the absence of Bragg
reflections and the presence of only diffuse reflections indicate that there is no

periodical order and thus the presence of columnar structures can be ruled out.

Figure 2.4 Room temperature XRD patterns of CuP-d;Cou in the Np mesophase: complete (left)

and low-angle region (right).

2.2.3 Absorption and Emission Properties

The UV-Vis absorption and fluorescence spectra of porphyrin-core dendrimers
were collected on dilute solutions (10 to 10”7 M) in dichloromethane (DCM) and
in thin films. Relevant data are presented in Table 2.2.
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The UV-Vis absorption spectra of the free-base porphyrin-core dendrimer
(P-d1Cou) in DCM included four Q-bands in the region of 500-700 nm, the Soret
band at 420 nm, and the peripheral coumarin units at 320 nm (Figure 2.5a). In
general terms, the absorption of P-diCou in solution was, within experimental
error, a combination of the spectra of the corresponding building blocks, and this
implies no conjugation effect between the two chromophores (Figure 2.5a). After
complexation with metal ions, the number of Q-bands was modified and the
absorption frequencies were red-shifted due to the increased molecular symmetry
of metal complexes (Figure 2.5b). Thin solid films of these compounds were
prepared by casting DCM solutions onto quartz substrates. The absorption bands
for the porphyrin-core dendrimers in solid films exhibited a bathochromic shift of

about 7-13 nm in relation to those in solution, due to the aggregation effect.

a Soret band
(a) Soret band (b)
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Figure 2.5 UV-Vis absorption spectra in DCM solution
The fluorescence emission spectra of the free-base porphyrin-core dendrimer

(P-d1Cou) in DCM, obtained at an excitation wavelength (Aexc) of 420nm, consisted
of two bands at 650 nm (Q(0-1)) and at 712 nm (Q(0-2)) (Figure 2.6a). After
complexation with Zn?*, the emission spectrum exhibited hypsochromic shifts of
about 50 nm. In contrast, the copper porphyrin displayed no fluorescence
emission, as expected, considering the paramagnetism of the Cu?* ion.!® The
fluorescence quantum yields (¢f) of the porphyrin-core dendrimers were also
measured with tetraphenylporphyrin (¢r= 0.11 in benzene) as a standard,
obtaining low quantum vyield values. Moreover, the fluorescence spectra were
recorded in thin film. Compared to the data from DCM solutions, the emission
Q(0-1) and Q(0-2) peaks are red-shifted ca. 5-10 nm (Figure 2.6a).
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Figure 2.6 (a) UV-Vis absorption spectra in DCM solution (red line) and emission spectra (Aexc = 420
nm) in DCM solution (blue line) and in thin film (dashed line) of P-d;Cou. (b) UV-Vis absorption
spectra of d;Cou (red line), UV-Vis absorption spectra of P-OH (green line) and emission spectra

of diCou (blue line).

The absorption and fluorescence spectra for diCou and P-OH are shown in Figure
2.6b. There is a partial overlap of the P-OH absorption spectrum (Aaps= 420 nm) and
diCou emission spectrum (Aem= 388 nm). In the present porphyrin-core
dendrimers, the porphyrin unit serves as an acceptor whereas multiple coumarin
donors are present in the dendrimer periphery. When coumarin donors were
excited selectively (Aexc= 320 nm), emission from both the coumarin units and the
porphyrin acceptor was observed, thus demonstrating that fluorescence
resonance energy-transfer (FRET) was facile but not quantitative in these systems
(Figure 2.7). Intramolecular energy transfer occurs from coumarin moieties to the
porphyrin core (antenna effect), despite the low degree of overlap between the
emission spectrum of the donor and the absorption spectrum of the acceptor
(Figure 2.6b). FRET efficiencies (¢er) were calculated by comparing the donor
emission in the presence of the acceptor relative to that in the absence of the

acceptor, and moderate ¢er values were obtained.

The fluorescence spectra at an excitation wavelength of 320 nm were also
recorded in thin film and compared to the data from DCM solutions; almost no
residual emission of the coumarin moieties was observed (Figure 2.7). This finding
demonstrates that FRET from coumarin units to the porphyrin core is more
efficient in thin film than in DCM solution. This behavior probably reflects the fact
that in the solid state the porphyrin-core dendrimers are in the Np mesophase and
this forces the porphyrin ring to be within the same plane as the coumarin units,

leading to enhanced electronic communication with this arrangement.?3°
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Figure 2.7 (a) Schematic representation of intramolecular energy transfer in the porphyrin-core
dendrimers, (b) UV-Vis absorption spectra in DCM solution (red line) and emission spectra (Aexc =
320 nm) in DCM solution (blue line) and in thin film (dashed line) of P-d;Cou.

2.2.4 Electrochemical and Charge Transport Properties

To investigate the feasibility of electron- and hole-injection processes in these new
porphyrin-core dendrimers, cyclic voltammetry (CV) measurements were carried
out. All the porphyrin-core dendrimers exhibited similar cyclic voltammograms
that show that these compounds can be easily oxidized. However, meaningful
reduction processes were not detected. The HOMO and LUMO energy levels
referred to the vacuum level were estimated by combining electrochemical and

optical data. The values are summarized in Table 2.3

The charge carrier mobilities of the porphyrin-core dendrimers were measured by
using the space charge-limited current (SCLC) technique. In such measurements,
substances are sandwiched between two electrodes, with one of them injecting
charges of a given sign (ohmic contact) while the other one should be non-injecting
for charges of the opposite sign.>> Considering the HOMO energy values of the
materials (see Table 2.3), gold electrodes were used as positive electrodes because
its work function (Wau= -5.1 eV) matches the HOMO values and thus ensures the
formation of an ohmic contact. As a counter-electrode, indium tin oxide (ITO) was
used because its work function (Wiro= -4.6 eV) is significantly lower than the
estimated LUMO energy values (see Table 2.3) and because being transparent
allows to check the macroscopic orientation by POM. All the cells were filled by
capillarity by heating the material above the isotropic liquid transition. After

sample filling, the cells were cooled down to room temperature.
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A typical double logarithmic plot of the current density (J) versus applied voltage
(V) is shown in Figure 2.8a. All materials showed ohmic behavior at low voltages
with a typical linear relationship. At higher voltages, for which the current becomes
space-charge-limited, a quadratic relationship was observed. In the SCLC region the

mobility could be calculated from the modified Mott-Gurney equation:?3!

9 V\v?
] =geotrtpexp| B |7 | 3

in which J is the measured current density, uo is the zero-field charge mobility, &,
is the free-space permittivity, &, is the relative dielectric constant of the material,
V is the applied voltage, d is the thickness of the device and f is a constant

describing the field dependence of the mobility. Within this model, the mobility is

14
M= Hyexp </3 E)

and the two parameters po and S can be extracted from fits of the SCLC sections of

expressed as:2*?

the experimental data. The resulting hole mobility values are summarized in Table
2.3. The effect of the presence of the metal on charge mobility is dramatic and can
be seen by comparing the mobilities of the compounds at an applied field E= 5
V-um™, within the range of the SCLC sections of the experimental J-V curves. In
fact, the metal-porphyrin derivatives exhibit a hole mobility 6-7 orders of
magnitude higher than the metal-free porphyrin, which shows a very low pixole value
(1.2x107 cm?-V1-s1). Regardless of the presence of the metal, these porphyrin-
core dendrimers showed a strong tendency to orient with their short molecular
axes perpendicular to the substrate. That is, without any surface treatment the
alignment of the director was perfectly homeotropic for all compounds (with the
director perpendicular to the plane of the substrates; dark view observed by POM
between crossed polarizers). This situation rules out the possibility that the large
difference in mobility associated with metalation is due to a difference in
macroscopic orientational order. The hole mobility of CuP-diCou in the Np
mesophase was also measured at different temperatures, while an SCLC regime
was not observed when experiments were performed in the isotropic phase. The

mobility was constant within experimental error up to 25-30 °C below the Np-I
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transition and then it gradually decreased with increasing temperature as the
isotropic transition was approached (Figure 2.8b). Such gradual decrease is

probably associated with the very weakly first order nature of the Np—I transition.
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Figure 2.8 (a) Typical J-V curve for a 8.8 um thick CuP-d;:Cou (circles represent experimental data
and the two continuous lines represent the ideal linear and quadratic dependence of J on V). (b)
Temperature dependence of mobility for a 9.3 um thick sample of CuP-d;Cou (these data are

taken over the best performing area of the sample).

In order to check the injecting performance of the gold electrodes and to exclude
ionic contributions to the measured currents, cells with one gold electrode and one
aluminum electrode were prepared. In these cells, the measured mobilities were
within the range observed in samples with gold/ITO electrodes when the positive
voltage was applied on the gold side. However, in measurements with the positive
voltage on the aluminum side, currents were 6-7 orders of magnitude lower and
an SCLC regime was not observed. Therefore, ionic currents are negligible and their

effect can be excluded.

To our knowledge, the hole mobility values measured for these metal porphyrin-
core dendrimers are the highest ever reported for nematic discotic phases.?®3 In
fact, the charge carrier mobility values obtained for ZnP-d1Cou and CuP-diCou are
comparable to the highest values described to date in the more ordered hexagonal
columnar mesophases.®®  In columnar phases, the high mobility values are
commonly rationalized in terms of the high charge transfer rates allowed within
the stack by the -t intermolecular interactions between the cores of neighboring
molecules. However, the phase structure of the Np phase does not exhibit any long-
range columnar order, and this leaves an open question as to why such a high
mobility is observed in the Np phases formed by ZnP-diCou and CuP-d;Cou that,
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given the data illustrated above, must be connected with metalation. A certain
degree of short-range columnar order cannot be excluded but, given the lack of
influence of metalation on the XRD patterns, a direct influence of metalation on
the orientational properties can be excluded. It seems instead more reasonable to
invoke either or both 1) a direct involvement of the metal in the charge transfer
through metal-metal or metal-nitrogen intermolecular interactions and 2) an
increase in the transfer integral owing to the metal-induced variation of the ring
shape, leading to stronger intermolecular interactions, as also suggested by the
increase in the clearing temperature with metalation. The decisive influence that
metalation has on the physical properties of some LC derivatives has been reported
in previous works, although in many cases it is not possible to propose a plausible
explanation for the experimental results.®® 234236 The data presented in this work
do not allow further conclusions to be drawn regarding this important issue, and

more experimental and theoretical investigations are required.
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2.3 Conclusions

In conclusion, we have prepared a new family of disk-like liquid crystalline
dendrimers with a porphyrin core and luminescent coumarin units at the
periphery. All of the porphyrin-core dendrimers display a nematic discotic
mesophase and are stable up to 200 °C. It has also been demonstrated that
excitation of coumarin moieties leads to energy transfer to the luminescent
porphyrin core. Despite the fact that the compounds exhibit a nematic discotic
phase, the charge mobility values measured in the metal-porphyrin derivatives are
among the highest reported for discotic mesogens to this date, including the values
observed in the much more ordered columnar phases. In their nematic discotic
phases, the studied compounds show a high tendency to form large
homogeneously oriented domains, with very low density of defects and scattering
losses, as observed by POM. In addition, the compounds have a high viscosity and
a good processability and, in this respect, they are quite similarly to thermoplastic
polymers. For the reasons outline above, the results described in this work could

open a new way to the design of organic materials for optoelectronic applications.
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3. LIQUID CRYSTALLINE DENDRITIC METALLOPORPHYRINS
VIA CLICK CHEMISTRY: LIGHT-HARVESTING AND HOLE-
TRANSPORTING SYSTEMS'

3.1 Objectives

Although the preparation of dendrimers has been improved over the past decades,
their synthesis requires extremely efficient reactions. ‘Click’ chemistry, introduced
into the field of materials chemistry by Sharpless, provides efficient routes for the
synthesis of dendrimers.?3”-23° Among the wide variety of ‘click’ reactions described
to date, the copper-catalyzed azide-alkyne “click” cycloaddition (CUAAC) has been
widely used for the synthesis of several dendrimeric architectures as it requires
mild reaction conditions and simple work-up procedure, tolerates a wide range of

functional groups, and leads to high yields.?4%-243

In Section 2 we have described a new family of LC dendrimers which consist of a
porphyrin core and luminescent coumarin units at the periphery. In spite of
exhibiting good charge transport properties, the synthetic methodology followed
for their preparation gave only low yields and their purification was very tedious.
Therefore, the aim of the work reported in this section was to exploit ‘click’
chemistry as an effective and elegant approach for the preparation of LC

dendrimers with potential applications in organic optoelectronic devices.

Herein, we have described a new approach which allows us to connect four azido
functionalized dendrons with an alkyne functionalized porphyrin core. This
strategy gives high yields and resulted in products that can be easily purified by
non-chromatographic procedures. What’s more, the new triazole groups introduce

an additional electronic density which may increase the conductive properties.”

Following this synthetic approach, four porphyrin-core dendrimers have been

synthetized and their chemical structure are shown in Figure 3.1. Two of them are

" Published in: A. Concellén, M. Marcos, P. Romero, J. L. Serrano, R. Termine & A. Golemme. Light-
harvesting and hole-transporting systems based on liquid crystalline dendritic metalloporphyrins
formed via ‘click’ chemistry. In preparation 2018; A. Concelléon, M. Marcos, P. Romero, J. L.
Serrano, R. Termine & A. Golemme. High efficient artificial light-harvesting antenna with a
porphyrin-core dendrimer with fluorinated coumarins as peripheral units. In preparation 2018.
This work was carried out in collaboration with Prof. Attilio Golemme (University of Calabria, Italy)
during a 3 months stay financed by MINECO (EEBB-1-15-09927).
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the first- and second-generation dendrimers bearing coumarin moieties
(ZnP-t-d1Cou and ZnP-t-d2Cou). The third porphyrin-core dendrimer is synthesized
in an attempt to enhance the antenna effect efficiency, thus we introduce a
chemical modification in the peripheral coumarin units (ZnP-t-diCou-CFs3). The
fourth porphyrin-core dendrimer is prepared to evaluate the role of coumarin
peripheral units in these supermolecular systems. It is formed by a first-generation
dendron cointaining dodecyloxy alkyl chains without coumarin moieties
(ZnP-t-d1C12).

In this section, we report the synthesis, characterization and mesomorphic
properties of these porphyrin-core dendrimers. In addition, their physical
properties were studied by absorption and emission spectroscopy, cyclic

voltammetry and charge transport experiments.

Nomenclature: the porphyrin core dendrimers are denoted as ZnP-t-d,X where:

e nindicates the generation of the dendron (n =1: first generation dendron, n
= 2: second generation dendron).

e Xrepresents the functional dendron (X = Cou: dendron containing coumarin
units, X = Cou-CFs3: dendron containing fluorinated-coumarin units, and X =
C12: dendron cointaining dodecyloxy alkyl chains).

e trefers to the triazole moiety which links the dendron and the porphyrin

core.
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5 ZnP-t-d,Cou R =~ CCL,
ZnP-t—d1Cou-CF3 R=-

ZnP-t-d,C12 R = —CH,

;{f %}\

¥ %%

Figure 3.1 Chemical structure of the porphyrin-core dendrimers prepared by ‘click’ chemistry

65



Chapter 1

3.2 Results and discussion

3.2.1 Synthesis and Structural Characterization

The synthesis of the alkyne functionalized porphyrin core (ZnP-YNE) was carried
out following a previously reported procedure.?** The azido functionalized
dendrons (Ns3-diCou, Ns3-d2Cou, Ns3-diCou-CFs; and Ns3-diC12) were obtained
following the synthetic methodology given in Scheme 3.1.

R/\/\/\/\/\/\ Br

Methyl gallate
K;CO3, Kl, acetone

1) KOH, MeOH-THF
2) aqg. HCI

o] 2-Azidoethanol o]

o] DCC, DPTS, THF o]
O TN NN R O TN NN R
HO ©

N;-ds X

X=Cou: R= \OO\/:,\LO X=Cou-CF;: R= - X=C12: R= ---CH4

Scheme 3.1 General synthetic approach used for the preparation of the azido functionalized

dendrons.

In the final synthetic step, the azido functionalized dendrons and the alkyne
functionalized porphyrin were coupled by CuAAC using THF/water as solvent and
CuS04-5H,0/sodium ascorbate as the catalytic system (Scheme 3.2). An excess of
the azide dendron (1.5 equivalents per alkyne group) was employed to ensure the
completeness of the reaction and was removed using a previously synthesized
alkyne-functionalized Wang resin. The efficiency of the CuAAC coupling was
determined by FTIR, NMR spectroscopy (Figures 6.5-6.18), MALDI-TOF MS (Figures
6.26-6.29), and size exclusion chromatography (SEC).
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FTIR spectra confirmed the coupling, the bands at around 3280 (=C-H), 2120 (C=C)
and 2110 (Ns3) disappeared after the CuAAC reaction (Figure 3.2a). Further
confirmation of the coupling was provided by SEC analysis and MALDI-TOF mass
spectroscopy. The MALDI-TOF mass spectra showed the expected peak and no
other signals corresponding to dendrimers with a partial functionalization were
detected (Figure 3.2b). The SEC curves showed monomodal molar mass
distributions and residual precursors were not detected (Figure 3.2c). As can be
observed, CuAAC coupling of the precursor blocks gave rise to a shift of the molar
mass distribution towards lower retention times that indicates the porphyrin-core

dendrimer’s formation.
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Figure 3.2 (a) FTIR spectra of ZnP-YNE (red), ZnP-t-d;Cou (black) and Ns-d:Cou (blue). (b) MALDI
mass spectrum of ZnP-t-d;Cou. (c) SEC traces of: ZnP-YNE (red), ZnP-t-d;Cou (black) and Ns-d;Cou
(blue).

Further evidence for the formation of the dendrimers was collected from *H NMR
spectra (Figure 3.3), where new peaks corresponding to the newly formed triazol
ring appeared at around 7.95 ppm (Hv) and the ethynyl proton signal of the alkyne
functionalized porphyrin core disappeared upon CuAAC coupling. Furthermore,
there were changes in the shift of the methylenic protons linked to the newly

formed triazol (Hy and Hr).
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Figure 3.3 'H NMR spectra (400 MHz, CD,Cl,, 298K) of: ZnP-YNE (red), ZnP-t-d;Cou (black) and
Ns-d;Cou (blue).

3.2.2 Thermal Stability and Liquid Crystalline Properties

The thermal stability of all the compounds were studied by TGA. All of the samples
showed good thermal stability with the 2% weight loss temperature more than
150 °C above the clearing point (Table 3.1). Thermal transitions and mesomorphic
properties were studied by POM, DSC and XRD, and the results are listed in Table

3.1. Three cycles were carried out in DSC experiments and data were taken from
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the second cycle. In some cases, temperatures were taken from POM observations

because transition peaks were not detected in DSC curves.

Table 3.1 Thermal properties.

T2 (°C)? Phase transitions®
Ns-d:1Cou 213 g 20 (-14.9) Cr (63.9) 61 |
Ns-d,Cou 230 g 11 N 73¢|
N3-di1Cou-CF3 190 g-16 SmA 59¢ |
Ns-d1C12 241 Cr30(19.8) |
ZnP-t-d;Cou 344 g 24 Np 112¢|
ZnP-t-d,Cou 309 g 21 Np 98¢ |
ZnP-t-d1Cou-CF3 305 g 9 Np 69¢1
ZnP-t-d1C12 335 g 122 (-15.55) Cr 151° M 155¢|

? Temperature at which 2% mass lost is detected in the thermogravimetric curve.

b DSC data of the second heating process at a rate of 10 °C/min. Temperatures are read at the
maximum of the peak, and enthalpies (kJ/mol) are in brackets. g: glass, Cr: crystal, N: nematic
mesophase, Np: nematic discotic mesophase, M: unidentified mesophase, I: isotropic liquid.

¢ POM data.

Only two azido functionalized dendrons, N3-d2Cou and Ns-d1Cou-CFs, exhibited LC
behavior. The other azido functionalized dendrons (Ns-diCou and N3-d1C12) were
not mesomorphic. N3-d2Cou showed a birefringent texture by POM at room
temperature on applying mechanical stress (Figure 3.4a). The XRD pattern showed
only diffuse scattering, suggesting the absence of long-range positional order in the

LC phase (Figure 3.4b). This kind of pattern corresponds to a nematic mesophase.

Figure 3.4 (a) POM microphotograph of Ns;-d>Cou taken at room temperature in the second
cooling process. (b) XRD pattern of N3-d>Cou.
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In the case of Ns3-diCou-CF3, it showed a enantiotropic smectic A mesophase
(Figure 3.5a). The XRD pattern consisted of a diffuse halo in the high-angle region
and one sharp strong maxima in the small-angle region (Figure 3.5b). This
maximum is assigned to the first order reflection of the smectic layers and it was
used to deduce the layer spacing by applying Bragg’s law. The diffuse halo is related
to the conformational disorder of the liquid-like chains. This kind of pattern
corresponds to a smectic A organization, given the orthogonal character of the
mesophase deduced from the presence of homeotropic domains in the textures
observed by POM (Figure 3.5a). The experimentally measured layer thickness
(40.8 A) was significantly larger than the molecule length in its most extended
conformation (28.6 A). This suggests that the mesophase adopts a bilayer

structure.

Figure 3.5 (a) POM microphotograph of N3-diCou-CF; taken at room temperature in the second
cooling process. (b) XRD pattern of N3-d;Cou-CFs.

All the porphyrin-core dendrimers exhibited mesogenic properties and the thermal
behavior was different depending on the compound. In the case of the porphyrin-
core dendrimers with coumarin functional units around the porphyrin core
(ZnP-t-d1Cou, ZnP-t-d2Cou and ZnP-t-d1Cou-CFs), they displayed enantiotropic LC
mesophases. The DSC curves showed only a glass transition freezing the
mesomorphic order at room temperature, while clearing temperatures were
established from POM observations. All the compounds had a high tendency to
homeotropic alignment and the mesophase was observed by POM on applying

mechanical stress to the samples showing birefringent textures (Figure 3.6).
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Figure 3.6 POM microphotographs of: (a) ZnP-t-d;Cou taken at room temperature in the second
cooling process, (b) ZnP-t-d,Cou taken at room temperature in the second cooling process, (c)
ZnP-t-d;Cou-CF; taken at room temperature in the second cooling process, and (d) ZnP-t-d,C12 at

152 °Cin the second heating process.

Assignment of mesophase type was carried out by XRD (Figure 3.7). The XRD
pattern recorded for ZnP-t-diCou showed one diffuse reflection in the low-angle
region. It corresponds to intra and intermolecular interactions between porphyrin
units and approximates the diameter of the porphyrin core (26 A). In the high-angle
region a broad diffuse halo was detected at 4.5 A which corresponds to short-range
correlations between the conformationally disordered alkyl chains. On the other
hand, the XRD pattern of ZnP-t-d2Cou and ZnP-t-d1Cou-CF3 only showed diffuse
scattering in the low-angle region and in the high-angle region a broad diffuse halo
was detected, corresponding to a mean distance of about 4.5 A. All the obtained

XRD patterns were consistent with Np mesophases.?%% 229

With ZnP-t-d1C12, the DSC curve showed an exothermic peak at 122 °C (cold
crystallization) and an endothermic peak corresponding both to the crystal-to-
mesophase transition and the transition from mesophase to isotropic liquid. These
two transitions were observed by POM and detected as only one endothermic peak
in the DSC which corresponds to the sum of the two transition peaks, so the nature

of the mesophase could not be identified by XRD.
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Figure 3.7 (a) XRD pattern of ZnP-t-d;Cou, (b) XRD pattern of ZnP-t-d>Cou, (c) XRD pattern of ZnP-
t-d1Cou-CF3, and (d) 1D XRD profiles.

3.2.3 Absorption and Emission Properties

The UV-Vis absorption and fluorescence spectra of porphyrin-core dendrimers
were collected on dilute solutions (10 to 10”7 M) in DCM and in thin film. Relevant
data are presented in Table 3.2. The UV-Vis absorption spectra of the four
porphyrin-core dendrimers in DCM are, within experimental error, a combination
of the spectra of the corresponding azido functionalized dendron and the alkyne
functionalized porphyrin. Thin solid films of these compounds were prepared by
casting DCM solutions onto quartz substrates. The absorption bands for the
porphyrin-core dendrimers in thin films exhibited a bathochromic shift of about 10

nm in relation to those in solution, due to the aggregation effect.
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The fluorescence emission spectra of the four porphyrin-core dendrimers (Aexc=
425 nm) consisted of two bands with a Q(0-1)-band at around 600 nm and a Q(0-
2)-band at around 645 nm. The fluorescence quantum yields of the porphyrin-core
dendrimers were also measured with tetraphenylporphyrin (¢= 0.11 in benzene)
as a standard, which led to low quantum vyield values. The fluorescence spectra
were also recorded in thin films. Compared to the data from DCM solutions, the
emission Q(0-1) and Q(0-2) peaks are red-shifted ca. 5-10 nm.

Figure 3.8 (a) UV-Vis absorption spectra in DCM solution (black line) and emission spectra (Aexc=
340 nm) in DCM solution (blue line) and in thin film (red line) of ZnP-t-d;Cou-CFs. (b) Schematic

representation of ZnP-t-d1Cou-CF; intramolecular energy transfer.

When coumarin units were excited at 320 nm for ZnP-t-d1Cou and ZnP-t-d>Cou and
335 nm for ZnP-t-d1Cou-CF;3, significant fluorescence emission is observed with the
porphyrin, while the fluorescence of the coumarins was suppressed (Figure 3.8a).
This indicates that energy transfer from coumarins donors to the porphyrin
acceptor occurs efficiently. The ¢er values were calculated by comparing the donor
emission in the presence of the acceptor relative to that in the absence of the
acceptor and are summarized in Table 3.2. These results indicate that light energy
collected by peripheral coumarin chromophores is transfered to the porphyrin core
(Figure 3.8b). Therefore, ZnP-t-d1Cou-CF3 is an efficient light-harvesting antenna
(per= 92%), with the porphyrin acting as the energy trap. By contrast, in the
fluorescence spectra of ZnP-t-diCou and ZnP-t-d>.Cou obtained by exciting at 320
nm, emission from both the coumarin units and the porphyrin was observed,
demonstrating that energy transfer from the coumarin moiety to the porphyrin
core is less efficient than that of ZnP-t-d1Cou-CFs. This result is in agreement with

one of the principles of resonance energy transfer: ¢er increases with increasing
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spectral overlap between the absorption spectrum of the acceptor and the

emission spectrum of the donor (Figure 3.9).

—
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Figure 3.9 (a) UV-Vis absorption spectra of N3-d;Cou-CFs (black line), UV-Vis absorption spectra of
ZnP-YNE (blue line), and emission spectra of N3-d1Cou-CF3 (red line). (b) UV-Vis absorption spectra
of N3-d;Cou (black line), UV-Vis absorption spectra of ZnP-YNE (blue line), and emission spectra of

N3-d;Cou (red line).

The fluorescence spectra at excitation wavelength of 320 or 335 were also
recorded in thin film and compared to the data from DCM solutions; almost no
residual emission of the coumarin moieties was observed (Figure 3.8a). Energy
transfer from coumarin units to the porphyrin core is more efficient in thin film

than in solution.3°

3.2.4 Electrochemical and Charge Transport Properties

Cyclic voltammetry experiments (CV) were performed to study the electrochemical
properties of the porphyrin-core dendrimers. ZnP-t-diCou, ZnP-t-d:Cou,
ZnP-t-d1Cou-CF; and ZnP-t-d1C12 exhibit similar cyclic voltammograms with
reduction and oxidation processes. These results are consistent with the electron
and acceptor character of the porphyrin core. The HOMO and LUMO energy levels,
referred to the vacuum level have been estimated from the oxidation and

reduction waves. The values are summarized in Table 3.3.
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Table 3.3 Electrochemical parameters and hole mobilities.

Eox(V)? Enomo (€V)°  Ered(V)®  Eumo(eV)®  Hhoe (cm?V1s?)

ZnP-t-d1Cou 0.60 -4.92 -1.33 -2.99 0.15
ZnP-t-d,Cou 0.62 -4.94 -1.35 -2.97 0.90¢
ZnP-t-d1Cou-CF; 0.58 -4.90 -1.31 -3.01 4.409
ZnP-t-d1C12 0.60 -4.92 -1.56 -2.76 2.0x10°

@ Onset potential for the first oxidation/reduction process.

b Enomo = — (on —E1/2, roc + 4.8) ev.

¢ ELumo = — (Ered — E1/2, Foc + 4.8) eV.

4 Lower estimation of the charge carrier mobility (measured in areas with the lowest currents).

The charge carrier mobility measurements were performed by using the space
charge-limited current (SCLC) technique.?® As explained in Section 2.2.4, the SCLC
method was chosen by considering the HOMO energy value of the materials, which
matches the work function of gold (Wau= -5.1 eV) and thus ensures the formation
of an ohmic contact. As a counter-electrode, indium tin oxide (ITO) was used
because its work function (Wiro= -4.6 eV) is significantly lower than the LUMO
energy values and because being transparent allows to check the macroscopic
orientation by POM. All the cells were filled by capillarity by heating the material
above the isotropic liquid transition temperature. After sample filling, the cells
were cooled down to room temperature. ZnP-t-diCou, ZnP-t-d.Cou and
ZnP-t-d1Cou-CF3 showed a strong tendency for homeotropic alignment. That is,
without any surface treatment, the samples were perfectly oriented with their
short molecular axes perpendicular to the substrate. However, cells filled with
compound ZnP-t-d1C12, which did not display liquid crystal properties, showed

non-homeotropic alignment with large domains of various orientations.

The current-voltage curves typically exhibit a linear region at low applied voltages,
where the behavior is ohmic. However, at higher voltages, where the current
becomes space-charge-limited, a quadratic dependence can be observed. In this
regime the current depends only on the charge carrier mobility and it is calculated

from Mott-Gurney equation:?%

9 V2
J= 58081‘“?

77



Chapter 1

where J is the measured current density, u is the charge mobility, &, is the free-
space permittivity, &, is the dielectric constant of the material, V is the applied
voltage, and d is the thickness of the device. From this equation, since the relative
dielectric constant and the sample thickness can be easily measured, charge
mobilities can be easily obtained from J-V curves. The hole mobilities values (unore)
obtained by the SCLC technique are summarized in Table 3.3.

Typical J-V curves were obtained for ZnP-t-diCou and ZnP-t-d1C12 (Figure 3.10),
and the resulting mobilities were 0.15 and 2.0x10° cm?-V1.s, respectively. The
low mobility value of ZnP-t-d1C12 can be explained by taking into account that this
compound did not display liquid crystal properties and thus all the measurements
were carried out in macroscopically disordered crystalline phases. In the case of
ZnP-t-d1Cou, the introduction of coumarin units around the porphyrin core
contributes to the appearance of the Np mesophase, leading to a remarkable
increase of unoe by 8 orders of magnitude. However, the measured hole mobility
values for ZnP-t-diCou were of the same order of magnitude as the values
measured for ZnP-diCou (described in Section 2) which has a similar chemical

structure and mesomorphic behavior.
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= 1E-94 &
S 5
< < 1E-44
— 1E-105 -
1E-54
1E-11 4
T T T 1E_6 T T
0,1 1 10 100 0,1 1 10
Voltage (V) Voltage (V)

Figure 3.10 Typical J-V curves for: (a) ZnP-t-d;C12 and (b) ZnP-t-d;Cou (circles represent
experimental data and the two continuous lines represent the ideal linear and quadratic

dependence of Jon V).

On the other hand, very high currents were measured for ZnP-t-d,Cou and
ZnP-t-d1Cou-CF3 and the mobility values reported in Table 3.3 were obtained in
areas with the lowest currents. This can be explained by taking into account that
only in these areas the injected charges reach a local density high enough to enter

the space-charge regime. In areas with higher mobility (higher currents), the
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density of the injected charges never reaches a level high enough to obtain the
space-charge regime. This means that the measured mobilities are a lower
estimation of the mobility of these materials and thus the real unole is probably one
of the highest values ever reported for a non-crystalline organic material.
Therefore, additional measurements are being collected with an alternative
method (Hall Effect technique) in order to confirm these high charge carrier

mobility values.

Although differences are not dramatic among the three liquid crystalline
porphyrin-core dendrimers, ZnP-t-diCou-CF3 gave the highest mobility. The
difference, which is especially relevant when comparing with ZnP-t-d1Cou, could
be attributed to the trifluoromethyl-substitution of the peripheral coumarin units,
leading to an efficient energy transfer (ber= 92%, see Section 3.2.3) and inducing
an enhanced electronic communication between the porphyrin ring and the
coumarin units, with a consequent increase in charge mobility. In a similar way, a
comparison between the mobilities of ZnP-t-d2Cou and ZnP-t-d;1Cou indicates that
increasing generation of the dendrimer, which results in a more efficient energy
transfer due to the higher number of coumarin units around the porphyrin core,

also increases the mobility.
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3.3 Conclusions

We have developed a convenient and highly versatile route involving ‘click’
chemistry to prepare novel LC dendrimers based on a porphyrin core and different
coumarin units at the periphery of the dendrimer. As we proved in analogous
materials described in Section 2, we have found that combining a metalloporphyrin
core with coumarin moieties in the same scaffold is a good strategy for the

preparation of polymeric materials for optoelectronic applications.

On one hand, it has been demonstrated that excitation of coumarin donors results
in energy transfer to the porphyrin central core. The efficiency of this antenna
effect strongly depends on the degree of overlap between the absorption

spectrum of the acceptor and the emission spectrum of the donor.

On the other hand, the supramolecular organization in nematic discotic
mesophases gives high charge mobility values (of the order of 1 cm?-V1-s!) which
show the importance of tuning the optical and electronic properties of these new
LC dendrimers upon dendrimer periphery modification. In particular, determining
which compound is characterized by the highest mobility can be extremely useful
for understanding the relationship between charge transport properties and
molecular structure, with the final goal of tuning the functional performance of the

materials in organic electronic devices.

80



ORGANIC SEMICONDUCTORS BASED ON LIQUID CRYSTALLINE PORPHYRIN-CORE DENDRIMERS

4. LIQUID CRYSTALLINE CARBAZOLE-CONTAINING
PORPHYRIN-CORE DENDRIMERS WITH OPTICAL AND
ELECTRONIC PROPERTIES?

4.1 Objectives

Due to their photorefractive properties, carbazole derivatives have been used in
plastic electronics since the early 2000s. The ongoing peak of interest in carbazole-
containing polymers is connected mostly with their ability as efficient light-emitting
diodes, charge transport and photorefractive properties.’’* 17> Furthermore,
carbazole-based dendrimers have shown similar properties to polymers. However,
the three-dimensional architecture of dendrimers allows additional control over
the intermolecular interactions of the photoactive moieties. In this context, our
research group has explored different approaches for the preparation of carbazole-

containing LC dendrimers with optoelectronic applications.198-2%

As a continuation of our research programme in this area, and taking into account
the new approach for the synthesis of porphyrin-core dendrimers which has been
described in Section 3, we decided the introduction of carbazole moieties around
a porphyrin core. Herein, we describe the synthesis of two carbazole-containing LC
porphyrin-core dendrimers that were denoted as ZnP-t-dnX (Figure 4.1). The
subscript n indicates the generation of the dendron (n=1: first generation
dendron). The letter X represents the functional dendron (X = Cz: dendron
containing carbazol units, X = PhCz: dendron containing phenylcarbazole units).
The letter t refers to the triazole moiety which links the dendron and the porphyrin

core.

The aim of the work described here was to exploit the capability of these
porphyrin-core dendrimers to self-assemble into LC organizations, and the study of
their electronic properties by absorption and emission spectroscopy, cyclic

voltammetry and charge transport experiments.

¥ This work was carried out in collaboration with Prof. Attilio Golemme (University of Calabria,
Italy).
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ZnP-t-d;Cz R =—oO%

3 ZnP-t-d,PhCz R=-

R R

Figure 4.1 Chemical structure of the carbazole-containing porphyrin-core dendrimers.
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4.2 Results and Discussion

4.2.1 Synthesis and Structural Characterization

The azido functionalized dendrons bearing carbazole units (N3-d1Cz and N3-d1PhCz)
were obtained following the synthetic methodology described in Section 3
(Scheme 3.1). The synthesis of the porphyrin-core dendrimers with carbazole units
at the periphery (ZnP-t-d1Cz and ZnP-t-d1PhCz) was carried out by using the same
coupling strategy presented in Section 3 where first generation dendrons with an
azido group at the focal point (N3-d1Cz and Ns-diPhCz) were ‘click’ coupled to an
alkyne functionalized porphyrin (ZnP-YNE) by CuAAC (Scheme 4.1).

4
ZnP-t-d,Cz

4
ZnP-t-d,PhCz

Scheme 4.1 Convergent synthetic approach used for the preparation of the porphyrin-core
dendrimers (CuAAC: CuSO4-H,0, sodium ascorbate, THF/H,0)

The chemical structures of all the compounds were confirmed by FTIR
spectroscopy, one-dimensional *H and '3C NMR spectroscopy (Figure 4.2 and
Figures 6.19-6.24) and two-dimensional *H-'H COSY, DOSY, *H-13C HSQC and *H-13C
HMBC experiments, MALDI-TOF mass spectroscopy (Figures 6.30-6.31) and
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elemental analysis. For instance, Figure 4.2 depicts the 'H NMR spectra of
ZnP-t-d1Cz and ZnP-t-diPhCz, where new peaks corresponding to the formed
triazol ring appeared at 7.5-8.5 ppm (Hwm in Figure 4.2), and at 4.5-5.0 ppm
corresponding to the methylenic protons linked to it (Hkand Hy in Figure 4.2).

Figure 4.2 (a) 'H NMR spectrum (500 MHz, DMSO-de, 353K) of ZnP-t-diCz, and (b) *H NMR
spectrum (500 MHz, TCE-d;, 373K) of ZnP-t-d;PhCz.
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4.2.2 Thermal Stability and Liquid Crystalline Properties

The thermal stability of all the compounds were studied by TGA. All of the samples
showed good thermal stability with 2% weight loss temperature more than 150 °C
above the clearing point (Table 4.1). Thermal transitions and mesomorphic
properties were studied by POM, DSC and XRD, and the results are listed in
Table 4.1.

Table 4.1 Thermal properties.

T2 (°C)? Phase transitions®
Nz-diCz 255 g 61N 107¢1
Ns-diPhCz 190 g-4I1
ZnP-t-d;Cz 320 g 82 Np 155°|
ZnP-t-d1PhCz 315 g 50 Np 89° 1

? Temperature at which 2% mass lost is detected in the thermogravimetric curve.

® DSC data of the second heating process at a rate of 10 °C/min. g: glass, N: nematic mesophase,
Nb: nematic discotic mesophase, I: isotropic liquid.

¢ POM data.

Only N3-d1Cz exhibited LC behavior, showing a birefringent texture by POM at room
temperature on applying mechanical stress (Figure 4.3a). The XRD pattern showed
diffuse scattering in the low-angle region, suggesting the absence of long-range
positional order in the LC phase (Figure 4.3b). This kind of XRD pattern is consistent
with a nematic mesophase. The other azido functionalized dendron, N3-d1PhCz, did
not show LC behavior.

Figure 4.3 (a) POM microphotograph of N3-d:Cz taken at room temperature in the second cooling
process. (b) XRD pattern of Ns-d;Cz.
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Both porphyrin-core dendrimers (ZnP-t-diCz and ZnP-t-diPhCz) exhibited
enantiotropic LC mesophases. The DSC traces showed only a glass transition
freezing the mesomorphic order at room temperature. The clearing temperatures
were taken from POM observations because transition peaks were not detected in
DSC curves. Both compounds had a high tendency to homeotropic alignment, thus
the mesophase was observed by POM on applying mechanical stress to the

samples which showed birefringent textures (Figure 4.4).

Figure 4.4 POM microphotographs for: (a) ZnP-t-d,Cz taken at room temperature in the second

cooling process, and (b) ZnP-t-d;PhCz taken at room temperature in the second cooling process.

The nature of the mesophase was identified by XRD (Figure 4.5). The XRD patterns
recorded for ZnP-t-d1Cz and ZnP-t-d1PhCz showed diffuse scattering in the low-
angle region. In the high-angle region, a broad diffuse halo was detected due to the
conformational disorder of the liquid-like hydrocarbon chains. These patterns,
along with the POM textures (vide supra) are consistent with nematic discotic

mesophases (Np).

Figure 4.5 XRD pattern of: (a) ZnP-t-d;:Cz, (b) ZnP-t-d;PhCz.
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4.2.3 Absorption and Emission Properties

The UV-Vis absorption and fluorescence spectra of porphyrin-core dendrimers
were collected on dilute solutions (10®° to 107 M) and in thin films at room

temperature. Relevant data are shown in Table 4.2.

The UV-Vis absorption spectra of ZnP-t-diCou and ZnP-t-diCou in solution
consisted of porphyrin Soret (425 nm) and Q (500-700 nm) bands, and the
characteristic carbazole n-nt* (295-305 nm) and n-it* (340-370 nm) bands (Figure
4.6). These absorption spectra are a combination of the spectra of the
corresponding building blocks and the presence of new bands was not observed.
This result implies no conjugation effect between the two chromophores as the
porphyrin core and the dendritic structure itself do not interfere with the
absorption properties of the carbazole. The absorption bands for the porphyrin-
core dendrimers in thin film exhibited a bathochromic shift of about 5-10 nm in

relation to those in solution, due to the aggregation effect.

a b
(a) 7-n*bands  Soret band () Soret band
—— ZnP-t-d,Cz W ZnP-t-d,PhCz
3 —N,d,Cz 9 ——N_d,PhCz
& —— ZnP-YNE ~ —— ZnP-YNE
o] o
o o - bands
g n-z* bands @ T  band
2 2 n-r* bands
Q-bands Q-bands
A N~ N
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 4.6 UV-Vis absorption spectra in: (a) THF and (b) DCM solution.

The fluorescence emission spectra of the porphyrin-core dendrimers (Aexc= 425 nm)
consisted of two bands with a Q(0-1)-band at around 600 nm and a Q(0-2)-band
at around 650 nm. The fluorescence quantum vyields were also measured with
tetraphenylporphyrin (®f= 0.11 in benzene) as a standard, resulting in low
quantum vyield values. Fluorescence spectra were also collected in thin films.
Compared to the data from solution, the emission Q(0-1) and Q(0-2) peaks are
red-shifted ca. 5-10 nm.
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Similarly to the compounds described in Section 3, in ZnP-t-d1Cz and ZnP-t-d1PhCz,
the porphyrin unit serves as an acceptor whereas multiple carbazole donors are
present in the dendrimer periphery. When carbazole donors were excited
selectively in their -t* band (Aexc= 295 nm), emissions from both the carbazole
units and the porphyrin acceptor were observed (Figure 4.7). This result indicates
that light energy collected by peripheral carbazole chromophores transfers to the
porphyrin core (antenna effect). The ¢er values are summarized in Table 4.2 and
were calculated by comparing the donor emission in the presence of the acceptor
relative to that in the absence of the acceptor. Low ¢er efficiencies were obtained
because of the low degree of overlap between the emission spectrum of the
carbazole and the absorption spectrum of the porphyrin. Fluorescence spectra at
an excitation wavelength of 295 nm were also collected from the thin films and
compared to the data from solution, almost no residual emission of the carbazole
moieties was observed (Figure 4.7). Energy transfer from carbazole units to the

porphyrin core is more efficient in the thin film than in solution.

(a) 200 (b)

Absorbance
Absorbance

300 400 500 600 700 300 400 500 600 700
Wavelenght (nm) Wavelenght (nm)

Figure 4.7 UV-Vis absorption spectra in DCM solution (red line) and emission spectra in DCM
solution (blue line) and in thin film (dashed line) of ZnP-t-d;PhCz: (a) Aexc = 425 nm, and (b) Aexc =
295 nm.

4.2.4 Electrochemical Crosslinking of Carbazole Units

Advincula’s research group has studied for some time the electrochemical
crosslinking of carbazole-containing dendrimers at the 3,6-positions to form
poly(3,6-carbazole) derivatives.??22” The mechanism has been shown in

Figure 1.24. Therefore, carbazole has potential for producing new electro-optical
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materials because it is not only polymerizable, but also potentially electrically

conductive when polymerized.!’*

The precursor azido-functionalized dendrons (Ns3-diCz and Ns-diPhCz) and the
porphyrin-core dendrimers (ZnP-t-d1Cz and ZnP-t-d1PhCz) were
electropolymerized and deposited on ITO substrates. In all cases, 10 cyclic
voltammetry cycles were applied by scanning the electrodes from -0.2 to 1.2 V.
Cyclic voltammetry (CV) results are shown in Figure 4.8, with the arrows pointing
from the 1t to the 10%" cycle.

5,0x10° 2,0x10*
5] (a) (b)
4,0X105' 1,5X10-A'
5]
3.0x10 1,0x10°
2,0x10° .
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02 00 02 04 06 08 10 12 02 00 02 04 06 08 10 12
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Figure 4.8 Cyclic voltammograms of the electrochemical polymerization (100 mV/s, 10 cycles) of:
(a) N3-diCz, (b) ZnP-t-d1Cz, (c) N3-d1PhCz, and (d) ZnP-t-d;PhCz. Arrows indicate from 1% to 10"

cycle.

In the first cycle of ZnP-t-d1PhCz, the onset of porphyrin and carbazol oxidation
was found at around 0.63 and 0.79 V, respectively. N3-diPhCz exhibited one
oxidation peak at 0.85 V corresponding to carbazole units. Starting from the second
CV cycle, the oxidation waves ranged from 0.8 to 1.0 V corresponded to the doping
process of the polymerized carbazoles and formation of polaronic and bipolaronic
species. The reduction peaks from 1.0 to 0.7 V corresponded to the dedoping

process, in which the polarons and bipolarons gained electrons to give the neutral
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coupled carbazole species. Upon further cycling, the oxidation and reduction
currents increased progressively, indicating a continous mass deposition of
Ns3-d1PhCz and ZnP-t-d1PhCz with more charges built up in the electropolymerized
films. The anodic and cathodic currents of N3-d1PhCz were significally lower than
those of ZnP-t-d;PhCz due to the lower number of active species (carbazole) per
molecule. Nevertheless, in ZnP-t-diPhCz, which has a higher number of carbazole
moieties per molecule, the anodic and cathodic peaks moved further apart with
increasing CV cycles. This suggests that more ZnP-t-d1PhCz was electrochemically

deposited onto the electrodes.

On the other hand, N3-d1Cz and ZnP-t-d1Cz were not electrochemically deposited
onto ITO electrodes, as deduced from the CV voltammograms. These compounds
have 3-substituted carbazole units and consequently, the coupling of carbazoles at

3,6-position and subsequent polymerization is not expected.

Figure 4.9 Tapping-mode AFM topography images of the electropolymerized films from:
(a) N3-d1Cz, and (b) ZnP-t-d;Cz.
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The crosslinking of the peripheral carbazoles at the 3,6-position leads to the
formation of electrodeposited films onto ITO electrodes. The morphology of these
electrodeposited films was studied using AFM measurements (Figure 4.9). In the
case of N3-diPhCz, small globular particles (<40 nm) were formed, while for the
porphyrin-core dendrimer (ZnP-t-d1PhCz), the size increased up to 150 nm. The
increasing number of electropolymerizable units has a decisive influence on the
final size of the particles. An increase of the number of cycles (up to 20) does not
modify the size of the particles, which suggests that the equilibrium is readily

achieved.

The morphology of N3-diPhCz and ZnP-t-d:PhCz after electrochemical deposition
onto ITO electrodes was also studied by SEM to confirm agreement with the AFM
measurements. As shown in Figure 4.10, the size of the globular particules was
found to be around 50 nm (for N3-diPhCz) and 170 nm (for ZnP-t-d1PhCz).

Figure 4.10 SEM images of the electropolymerized films from: (a) Ns-d1Cz, and (b) ZnP-t-d;Cz.

4.2.5 Electrochemical and Charge Transport Properties

To study the possible use of these porphyrin-core dendrimers (ZnP-t-d1Cz and
ZnP-t-d1PhCz) in optoelectronics, it is important to investigate the feasibility of
electron- and hole-injection processes in these materials which can be deduced
from CV experiments. ZnP-t-diCz and ZnP-t-diPhCz exhibit similar cyclic
voltammograms with one reduction wave, corresponding to the porphyrin core,
which is consistent with the electron acceptor character of this unit. Moreover,
several oxidation processes were observed and they corresponded to the

porphyrin and carbazol electron donating moieties. The HOMO and LUMO energy

92



ORGANIC SEMICONDUCTORS BASED ON LIQUID CRYSTALLINE PORPHYRIN-CORE DENDRIMERS

values, calculated from the oxidation and reduction waves, are summarized in
Table 4.3.

Table 4.3 Electrochemical parameters and hole mobilities.

Eox(V)?  Enomo (eV)®  Ered(V)®  Erumo(eV)®  tnoe (cm?V-is?)

ZnP-t-d;Cz 0.82 -5.14 -1.36 -2.96 0.54

ZnP-t-d1PhCz 0.59 -4.91 -1.38 -2.94 1.30¢

2@ Onset potential for the first oxidation/reduction process.

® Enomo = — (Eox — E12, roc + 4.8) eV.

¢ Etumo = — (Ered — E1/2, Foc + 4.8) eV.

4 Lower estimation of the charge carrier mobility (measured in areas with the lowest currents).

As explained in Section 2.2.4, the charge carrier mobility measurements were
performed using the space charge-limited current (SCLC) technique.3 SCLC was
chosen by considering the HOMO energy values (see Table 4.3) which matches the
work function of gold (Wau= -5.1 eV) which ensures the formation of an ohmic
contact in samples consisting of films placed between gold- and ITO-coated glass
electrodes. All the cells were filled by capillarity by heating the material above the
isotropic liquid transition. After sample filling, the cells were cooled down to room
temperature. In current-voltage measurements, at low fields the observed current
is ohmic and has a linear relationship with the field, while at higher fields the

current becomes space-charge limited following the Mott-Gurney equation:?*

9 vz

J = g Eofrk 3

where J is the measured current density, u is the charge mobility, g, is the free-
space permittivity, &, is the dielectric constant of the material, V is the applied
voltage, and d is the thickness of the device. As all the other parameters in the
equation are measurable, charge mobilities can be easily obtained from J-V curves.
The resulting charge mobilities are quite high, and the values are summarized in
Table 4.3. Moreover, very high currents were measured for ZnP-t-d1PhCz and thus
Unole Was Obtained in areas with the lowest currents. As explained in Section 3.2.4,
in this sense, the measured mobility values can be considered lower limits (to
confirm them, additional measurements are in progress with an alternative

technique).
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4.2.6 Preparation of Organic Photovoltaic Devices

Given its high charge mobility, ZnP-t-d1Cz is suitable for application in organic
electronic devices. In particular, the value of its frontier orbital energy is
appropriate for a use as donor in bulk heterojunction (BH) solar cells. In these
devices, a blend of two bicontinuous phases is present as the active medium. The
acceptor-rich phase is often based on soluble fullerene derivatives, while the donor
phase can be polymeric or low molecular weight compounds. Polymeric phases are
better suited to form pinhole-free films deposited by spin-coating. This is another
reason to use ZnP-t-d1Cz, whose high molecular weight is reflected in a polymer-
like behavior in terms of viscosity, glass-phase forming properties, and is readily
made into films. PC70BM (see chemical structure in Figure 4.11a) was the molecule
of choice as an acceptor. It has been widely used in BH solar cells for its good

electron transport properties and its solubility in common organic solvents.

(b)

ZnP-t-d Cz
ZnP-t-d Cz + PC_ BM (3 wt. %)

2
‘@
C
2
£
P3HT
505 500 600 700 800
PEDOT:PSS Wavelength (nm)

Figure 4.11 (a) Chemical structures of PC;0BM, PEDOT:PSS and P3HT. (b) Emission spectra in thin
film deposited by spin-coating (Aexc = 420 nm).

In fact, the spin-coating film deposition method requires both the acceptor and the
donor to be soluble in a common solvent. This was the first problem to solve
because PC70BM is soluble in non-polar solvents (toluene and dichlorobenzene are
the most often used) while ZnP-t-d1Cz is soluble in more polar solvents. After

several trials, the only common solvent found was 1,1,2,2-tetrachloroethane (TCE).

The first characterization was the evaluation of the fluorescence quenching of
ZnP-t-d1Cz in presence of PC;0BM. As illustrated in Figure 4.11b, films of ZnP-t-d1Cz
containing 3% of PC70BM showed a reduced emission, an observation that can be
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interpreted as an electron transfer from ZnP-t-d1iCz to PC;0BM. This electron

transfer is one of the necessary steps for the operation of the solar cell.

Figure 4.12 Schematic representation of a standard BH solar cell.

The next step consisted of the construction of the BH device (Figure 4.12). The solar
cell support consisted of a rigid glass substrate, covered with a thin layer of
semiconducting ITO. Then, a 40-50 nm thick layer of PEDOT:PSS was spin-coated
from an aqueous solution onto the ITO. PEDOT:PSS is a thiophene-based hole-
conducting polymer (see chemical structure in Figure 4.11a), used to improve the
hole injection processes into the ITO and to block electrons from being injected.
On top of the PEDOT:PSS layer, the active layer was deposited by spin-coating from
a solution containing the donor and the acceptor. Finally, the top electrode, which
consisted of aluminum, was deposited by high vacuum thermal evaporation. It is
also quite common to introduce an electron transport layer (called the buffer layer)
between the active layer and the top electrode. Lithium fluoride and calcium are

the most common substances used for this purpose.

The performance of BH devices depends on several factors. Some of them are
directly tied to the properties of the substances used, such as light absorption and
emission, energy transfer behavior in both phases, donor/acceptor electron
transfer properties, and charge mobilities for both electrons and holes. However,
there are other parameters that control the performance of BH devices based on
the morphology of the BH, which are the size and connectivity of the domains of

the two interpenetrating phases. In most cases, highly interconnected domains of
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around 10-20 nm give the best results. This morphology mainly depends on the
kinetics of the phase separation process that occurs during and after the end of

spin-coating.

In order to control the phase separation kinetics, several processing parameters
can be varied. The main one is choice of solvent, but in this case it could not be
changed because TCE was the only common solvent available for ZnP-t-d1Cz and
PC70BM. Thus, we proceeded to change the ZnP-t-d1Cz:PC70BM weight ratio, the
temperature during spin-coating, and tried adding small amounts of a co-solvent
or a commonly used nucleation agent. Unfortunately, variations in morphology
were unsatisfactory and the overall performance of the solar cells did not improve
(Figure 4.13).

Figure 4.13 (a) Representative J-V curves of the BH cells (active layers deposited at different
temperatures). (b) AFM images (tapping-mode topography) showed a growth of globular

structures on the surface of the films upon increasing the content of PC70BM.

From the shape of the J-V curves, it was hypothesized that either an incorrect
formation of the BH morphology occurred or an interfacial problem existed with
the aluminum counter electrode which caused poor electron collection. Thus, we
tried to introduce a buffer layer of lithium fluoride between the active layer and

the aluminum electrode in order to improve the electron extraction at the counter
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electrode. Additionally, we carried out a post-deposition treatment to selectively
remove ZnP-t-d1Cz from the active layer. After several trials, the post-deposition
treatment consisted of spin-coating with a mixture of isopropyl
alcohol:chlorobenzene (3:1) or a PC70BM solution in that mixture. In both cases,
we observed a slight improvement of the solar cells performance, confirming that
the morphology in the bulk of the active layer (and not just at the surface) is at the

origin of this problem (Figure 4.14).

Figure 4.14 (a) Representative J-V curves of BH cells with active layer of ZnP-t-d;Cz:PC;0BM (1:2)
deposited at RT. (b) Representative J-V curves of BH cells with active layer of ZnP-t-d;Cz:PC;BM
(1:1) deposited at RT. (c) AFM images (tapping-mode topography) showed the effect of the post-

deposition treatments.

Finally, we tried using ZnP-t-d;1Cz to substitute PEDOT:PSS as a hole transporting
layer. To accomplish this, the BH solar cell support consisted of a ITO-covered glass
substrate. Then, a 25-70 nm thick layer of ZnP-t-d1Cz was spin-coated from a TCE
solution onto the ITO. On top of this hole transporting layer, the active layer which
consisted of a 1:1 mixture of PC70BM and P3HT (see chemical structure in Figure
4.11a) was deposited by spin-coating from a chlorobencene solution. Finally, the
top electrode consisted of aluminium which was deposited by high vacuum

thermal evaporation. In general, the results were very poor (Figure 4.15), which
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was likely a result of low charge carrier density, despite the high mobility of

ZnP-t-d1Cz, or possibly because of its lack of electron blocking properties.

ol T /

'
N
N

—e— PEDOT:PSS (35 nm)
4 —e—ZnP-t-d,Cz (70 nm)
i —e— ZnP-t-d,Cz (45 nm)

ZnP-t-d Cz (25 nm)

J (mA/cm?)
>
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Figure 4.15 Representative J-V curves of BH cells with different hole transporting layers.
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4.3 Conclusions

We have synthesized new liquid crystalline carbazole-containing porphyrin-core
dendrimers which displayed a nematic discotic mesophase. In this LC arrangement,
the compounds can be easily processed due to their high tendency to form large
oriented homeotropic domains. Moreover, all the compounds displayed
electrochemical properties with a high HOMO energy level (of around -5.0 eV) that
make these products suitable for applications where charge injection from an
electrode is required. Notably, we have carried out experimental investigations of
spherical nanoparticle deposition on ITO by electrochemical crosslinking of

carbazole units.

The charge mobility studies revealed that the nematic discotic mesophase displays
semiconductor properties with hole mobility values of around 1 cm?V=*s? and
accordingly these porphyrin-core dendrimers have great potential as

semiconducting soft materials with high charge mobility.
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5. EXPERIMENTAL PART

5.1 Characterization techniques

5.1.1 Materials

Meso-tetra(p-hydroxyphenyl)porphine (P-OH) was purchased from Frontier
Scientific. Pyrrole was dried over CaH, and vacuum-distilled before use. All other
commercially reagents were purchased from Sigma-Aldrich and used as received.
Anhydrous THF and DCM were purchased from Scharlab and dried using a solvent

purification system.

5.1.2 Structural Characterization

Infrared spectroscopy spectra were obtained on a Bruker Vertex 70 FT-IR

spectrophotometer using KBr pellets.

Solution nuclear magnetic resonance experiments were carried out on Bruker
Avance spectrometers operating at 500/400 MHz for 'H and 125/100 for *3C, using
standard pulse sequences. Chemical shifts are given in ppm relative to TMS and the

residual solvent peak was used as internal reference.
Elemental analysis was performed using a Perkin-Elmer 2400 microanalyzer.

MALDI-TOF mass spectrometry was performed on an Autoflex mass spectrometer

(Bruker Daltonics) using dithranol or DCTB as matrix.

5.1.3 Liquid Crystal Characterization

Mesogenic behavior was investigated by polarized-light optical microscopy using

an Olympus BH-2 polarizing microscope fitted with a Linkam THMS600 hot stage.

Thermogravimetric analysis was performed using a Q5000IR from TA Instruments

at heating rate of 10 °C/min under nitrogen atmosphere.
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Thermal transitions were determined by differential scanning calorimetry using a
DSC Q20 and Q2000 from TA Instruments at a scan rate of 10 °C/min with
powdered samples (2-5 mg) sealed in aluminum pans under nitrogen atmosphere.
Glass transition temperatures (Tg) were determined at the half-height of the
baseline jump, and first-order transition temperatures were read at the maximum

of the corresponding peak.

X-ray diffraction was performed with an evacuated Pinhole camera (Anton-Paar)
operating a point-focused Ni-filtered Cu-K, beam. The patterns were collected on
flat photographic films perpendicular to the X-ray beam. Powdered samples were

placed in Lindemann glass capillaries (0.9 mm diameter).

X-ray diffraction was also performed with a Ganesha Lab Instrument equipped
with a GeniX-Cu ultralow divergence source producing X-ray photons with a
wavelength of 1.54 A and a flux of 1x108 ph-s~1. Scattering patterns were collected
using a Pilatus 300 K silicon pixel detector. The beam center and the g range were
calibrated using the diffraction peaks of silver behenate. Powdered samples were

placed in Lindemann glass capillaries (1 mm diameter).

5.1.4 Optical Properties

Ultraviolet-visible spectra were recorded on an ATI-Unicam UV4-200

spectrophotometer.

Fluorescence measurements were recorded on a Perkin-Elmer LS 50B fluorescence

spectrophotometer.

All the measurements were performed in dilute DCM or THF solutions (10 to 10”7
M) using quartz cuvettes. Thin films for UV-vis absorption experiments were
prepared by casting from DCM or THF solutions (1 mg/mL) onto quartz substrates.
Films for fluorescence measurements were prepared between two quartz plates
by heating the compounds above their isotropization temperature and cooling
down to RT.
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5.1.5 Electrochemical Properties

Cyclic voltammetry was carried out using a p-Autolab ECO-Chemie potentiostat
over a scanning range from -2.0 to 2.0 V (vs Ag/AgCl) and at a scan rate of 100
mV/s. A three-electrode system (a glassy carbon working electrode, Pt counter
electrode, and Ag/AgCl reference electrode) was used in all cases. The experiments
were carried out under argon in DCM with tetrabutylammonium
hexafluorophosphate (TBAPFs) as supporting electrolyte (0.1 M). A ferrocene
solution (0.1 M in DCM) was tested by the same procedure to obtain the half-wave
potential (Ei/2 roc) in order to correlate all measurements. The energy of the HOMO
level was calculated by the empirical relationship: Enonvio = — (Eox — E1/2, roc + 4.8) €V,
where E.y is the onset potential for the oxidation wave. The energy of the LUMO
level was calculated by the empirical relationship: Ecumo = — (Ered — E1/2, Foc + 4.8) €V,
where Erq is the onset potential for the reduction wave. When no reduction
processes were detected, the energy of the LUMO level was deduced from the
optical band gap (AEg). AE4 was calculated upon the intersection of the normalized
UV-Vis absorption spectrum and the fluorescence spectra. The energy of the LUMO

was determined according to the expression: Eiunmo = Enomo — AEg.

The electrochemical measurements for electropolymerization were carried out
using a p-Autolab ECO-Chemie potentiostat. Cyclic volammetry was performed
over a scanning range from -0.2 to 1.2 V (vs Ag/AgCl) and at a scan rate of 100
mV/s. A three-electrode system (ITO supported on glass working electrode, Pt
counter electrode, and Ag/AgCl reference electrode) was used in all cases. The
experiments were carried out under argon with tetrabutylammonium

hexafluorophosphate (TBAPFs) as supporting electrolyte (0.1 M).

Atomic force microscopy (AFM) imaging was examined in ambient conditions with

a Multimode 8 from Veeco-Bruker in the tapping mode.

Field emission scanning electron microscopy (FESEM) measurements were
performed using a Carl Zeiss MERLIN™ microscope. Samples for FESEM

measurements were coated with platinum.
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5.1.6 Charge Transport Properties

Glass substrates with five 0.6 mm wide Indium Tin Oxide (ITO) electrodes were
prepared by photolithography, starting from commercial glasses entirely covered
by ITO (VisionTek, 120 nm ITO thickness, 12 Q/sq resistivity). Thermal evaporation
of gold or aluminum on glass substrates covered by a mask was used to prepare

substrates with three 1.2 mm wide metal electrodes.

The cells for SCLC measurements were assembled by superimposing one substrate
with gold electrodes and one with ITO electrodes, controlling the thickness within
the 7-12 um range by using glass spacers and thus obtaining 15 independent
overlapping areas per sample. The cells were then placed on a hot plate with some
of the active material on one open side and heated up to a few degrees above the
melting point of the liquid crystal. Due to the high viscosity of the materials, the
filling of the cells by capillarity usually lasted 10-12 h. Once the space between the
two substrates was completely filled with the material, the hot plate was turned

off and the samples reached room temperature in about one hour.

Either a Keithley 6517A or a Keithley 2636B electrometer were used to acquire
voltage/current characteristic curves, while the dielectric constant was obtained

by capacity measurements performed by using a HP 4284A Precision LCR Meter.

Given the extremely uniform macroscopic orientation of the director, the values of
the mobility measured in different areas of each sample and in different samples
showed very little variation, with a difference between the highest and the lowest
values of less than one order of magnitude but with most measurements much
closer to the average. This is in marked contrast to the behavior usually observed
for columnar phases, where a uniform macroscopic orientational order is much

harder to achieve.
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5.2 Synthetic Procedures

5.2.1 Porphyrin-Core Dendrimers Prepared by Steglich Esterification

o
Methyl gallate O/\/\/\/\/\f
~ K,COs3, K, acetone D

1 o«/\/\/\/\/\ N
) LI
11-Bromo-1-undecanol
PPhs, DIAD, THF 1) KOH, MeOH-THF
2} aq. HCI

L1
~
oo OH QO\LO

O N
o S
)_Qo/\/\/\/\/\/\o oo

HO

O/\/\/\/\/\/\o /@/o\l

d1COLI

meso-tetra(p-hydroxyphenyl)porphine (P-OH)
DCC, DMAP, THF

M = Zn: Zn(OAc), . 2H,0
M = Cu: Cu(OAc), . H,O
CHCI;-MeOH

ZnP-d,Cou (M = Zn)
CuP-d,Cou (M = Cu)

Scheme 5.1 Synthetic route of the porphyrin-core dendrimer with coumarin units and their metal

complexes.
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7-((11-bromoundecyl)oxy)-2H-chromen-2-one (1). Umbelliferone (8.00 g, 49.34
mmol), 11-bromo-1-undecanol (12.39 g, 49.34 mmol) and triphenylphosphine
(12.94 g, 49.34 mmol) were dissolved in anhydrous THF (450 mL). The reaction flask
was cooled in an ice bath and flushed with argon, then diisopropyl
azodicarboxylate (9.98 g, 49.34 mmol) was added dropwise. The mixture was
stirred at RT for 12 h under an argon atmosphere. The white precipitate was
filtered off. The solvent was evaporated and the crude product was recrystallized
in ethanol. Yield: 91%. IR (KBr, v, cm™): 3076 (=C-H), 2917 (C-H), 1722 (C=0), 1620,
1471 (Ar), 1236, 1132 (C-O). *H NMR (CD,Cl, 298K, 400 MHz, &, ppm): 7.65 (d, J=
9.4 Hz, 1H), 7.43-7.35 (m, 1H), 6.87-6.78 (m, 2H), 6.18 (d, J=9.4 Hz, 1H), 4.02 (t, J=
6.6 Hz, 2H), 3.42 (t, J= 6.6 Hz, 2H), 1.90-1.74 (m, 4H), 1.52-1.21 (m, 14H). 3C NMR
(CD2Cly, 298K, 100 MHz, &, ppm): 162.99, 161.43, 156.53, 143.94, 129.33, 113.37,
113.28, 112.95, 101.74, 69.29, 34.82, 33.44, 30.03, 29.99, 29.95, 29.85, 29.53,
29.29, 28.70, 26.45. MS (MALDI*, dithranol, m/z): calcd. for CyoH27BrOs, 394.1;
found, 417.0 [M + Na]*. Anal. calcd. for Cy0H27BrOs: C, 60.76%; H, 6.88%. Found: C,
61.02%; H, 7.13%.

Methyl 3,4,5-tris((11-((2-oxo-2H-chromen-7-yl)oxy)undecyl)oxy)benzoate (2). A
mixture of compound 1 (5 g, 12.71 mmol), methyl gallate (0.71 g, 3.85 mmol),
potassium carbonate (5.32 g, 38.52 mmol), a teaspoon of potassium iodide and
acetone (125 mL) was stirred and heated under reflux for 24 h. The reaction
mixture was allowed to cool down to RT and the solids were filtered off and washed
with acetone. The solvent was evaporated and the crude product was purified by
flash column chromatography on silica gel using DCM as eluent and gradually
changing the composition of the eluent to DCM/ethyl acetate (9:1). Yield: 75%. IR
(KBr, v, cm™): 3080 (=C-H), 2916 (C-H), 1739 (C=0), 1616, 1507, 1471 (Ar), 1230,
1122 (C-0). *H NMR (CD,Cl,, 298K, 400 MHz, §, ppm): 7.69-7.60 (m, 3H), 7.42-7.33
(m, 3H), 7.23 (s, 2H), 6.88-6.73 (m, 6H), 6.22-6.13 (m, 3H), 4.07-3.95 (m, 12H), 3.85
(s, 3H), 1.88-1.65 (m, 12H), 1.56-1.20 (m, 42H). 13C NMR (CD,Cl, 298K, 100 MHz, §,
ppm): 167.22, 162.99, 161.44, 156.33, 153.41, 143.94, 142.67, 129.33, 125.36,
113.37, 133.27, 112.96, 108.17, 101.73, 73.94, 69.65, 69.30, 52.49, 30.89, 30.25,
30.17, 30.15, 30.12, 30.10, 29.96, 29.94, 29.92, 29.89, 29.58, 29.58, 29.56, 26.64,
26.52, 26.49. MS (MALDI*, dithranol, m/z): calcd. for CesHssO14, 1126.6; found,
1149.5 [M + Na]*. Anal. calcd. for CegHssO14: C, 72.44%; H, 7.69%. Found: C, 72.05%;
H, 7.94%.
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3,4,5-Tris((11-((2-oxo-2H-chromen-7-yl)oxy)undecyl)oxy)benzoic acid (d1Cou). An
aqueous solution of potassium hydroxide (1.00 g, 10 mL) was added to a solution
of compound 2 (2.00 g, 1.77 mmol) in THF-methanol 1:1 (50 mL). The mixture was
stirred and heated under reflux and the evolution of the reaction was followed by
thin layer chromatography. When all of the starting material had been consumed,
the reaction mixture was neutralized with concentrated hydrochloric acid until pH
2. The organic solvents were evaporated under reduced pressure and the resulting
aqueous phase was extracted with DCM. The combined organic phases were
washed with brine and dried over anhydrous magnesium sulfate. The solution was
filtered and the solvent was removed under reduced pressure. The product was
purified by flash chromatography on silica gel using DCM as eluent and gradually
changing the composition of the eluent to DCM/ethyl acetate (7:3). Yield: 78%. IR
(KBr, v, cm™): 3240 (O-H), 3080 (=C-H), 2921 (C-H), 1740 (C=0 ester), 1680 (C=0
acid), 1617, 1511, 1468 (Ar), 1233, 1128 (C-0O). *H NMR (CD,Cl,, 298K, 400 MHz, §,
ppm): 7.69-7.59 (m, 3H), 7.41-7.34 (m, 3H), 7.32 (s, 2H), 6.87-6.74 (m, 6H), 6.21-
6.15 (m, 3H), 4.12-3.91 (m, 12H), 1.90-1.66 (m, 12H), 1.57-1.20 (m, 42H). 13C NMR
(CDCly, 298K, 100 MHz, 6, ppm): 170.74, 162.45, 160.94, 160.91, 155.95, 152.91,
143.39, 142.99, 128.76, 123.68, 112.78, 112.72, 112.39, 108.30, 101.20, 73.44,
69.17, 68.75, 30.33, 29.67, 29.60, 29.56, 29.52, 29.38, 29.35, 29.32, 29.02, 28.99,
26.06, 26.04, 25.95, 25.92. MS (MALDI*, dithranol, m/z): calcd. for Ce7HgsO14,
1112.6; found, 1135.5 [M + Na]*, 1157.5 [M — H + 2Na]*. Anal. calcd. for Cs7Hs401a4:
C, 72.28%; H, 7.60%. Found: C, 71.95%; H, 7.49%.

P-diCou. Meso-tetra(p-hydroxyphenyl)porphine (P-OH) (25 mg, 0.04 mmol),
compound d1Cou (0.50 g, 0.45 mmol), and 4-(dimethylamino)pyridine (0.17 g, 1.35
mmol) were dissolved in anhydrous THF (10 mL). The reaction flask was cooled in
an ice bath and flushed with argon and N,N'-dicyclohexylcarbodiimide (1.08 g, 5.23
mmol) was added dropwise. The mixture was stirred at 60 °C for 48 h under an
argon atmosphere. The organic solvent was evaporated under reduced pressure,
the resulting product was dissolved in DCM and washed with water, sodium
hydroxide 5% (aq.) and brine. The solution was dried over anhydrous magnesium
sulfate and filtered. The product was purified by flash chromatography on silica gel
using DCM as eluent and gradually changing the composition of the eluent to
DCM/ethyl acetate (7:3). Yield: 55%. IR (KBr, v, cm™): 3335 (N-H), 2925 (C-H), 1734
(C=0), 1613, 1508, 1469 (Ar), 1192, 1122 (C-0). *H NMR (CD,Cl,, 298K, 400 MHz, 6,
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ppm): 9.01-8.89 (m, 8H). 8.39-8.25 (m, 8H), 7.72-7.57 (m, 20H), 7.56-7.46 (m, 8H),
7.43-7.32 (m, 4H), 7.32-7.21 (m, 8H), 6.88-6.71 (m, 24H), 6.21-6.14 (m, 4H), 6.12-
6.06 (m, 8H), 4.20-4.08 (m, 24H), 4.05-3.94 (m, 24H), 1.99-1.74 (m, 48H), 1.63-1.18
(m, 168H), -2.88 (s, 2H). 13C NMR (CD,Cl,, 298K, 100 MHz, §, ppm): 165.61, 162.99,
162.93, 161.42, 161.35, 156.53, 156.44, 153.70, 151.79, 143.92, 143.82, 143.62,
140.09, 136.01, 129.33, 129.23, 128.34 (detected by *H-'3C HSQC, H7-C7), 124.63,
120.78, 119.94, 113.37, 113.28, 113.19, 112.95, 112.85, 109.06, 101.73, 101.67,
74.13, 69.90, 69.32, 69.29, 30.98, 30.31, 30.20, 30.16, 30.00, 29.96, 29.61, 29.58,
26.71, 26.68, 26.56, 26.53. MS (MALDI*, dithranol, m/z): calcd. for C312H358N4Osg,
5056.5; found, 5079.6 [M + Na]*. Anal. calcd. for C312H35sN40s: C, 74.06%; H, 7.13%;
N, 1.11%. Found: C, 73.95%; H, 7.19%; N, 1.43%.

ZnP-diCou. The free-base porphyrin-core dendrimer (P-diCou) (75 mg, 0.015
mmol) and zinc acetate dihydrate (32 mg, 0.15 mmol) were dissolved in
chloroform-methanol 1:1 (10 mL). The solution was stirred and heated under reflux
for 12 h under an argon atmosphere. Then, the solution was diluted with
chloroform and washed with water and brine. The solvent was evaporated under
reduced pressure, and the residual solid was purified by flash chromatography on
silica gel using DCM as eluent and gradually changing the composition of the eluent
to DCM/ethyl acetate (7:3). Yield: 59%. IR (KBr, v, cm™): 2924 (C-H), 1733 (C=0),
1614, 1508, 1468 (Ar), 1190, 1121 (C-0O). *H NMR (CDCl, 298K, 400 MHz, &, ppm):
9.08-8.86 (m, 8H). 8.35-8.24 (m, 8H), 7.71-7.56 (m, 20H), 7.51-7.42 (m, 8H), 7.39-
7.31 (m, 4H), 7.27-7.15 (m, 8H), 6.88-6.62 (m, 24H), 6.19-6.09 (m, 4H), 6.03-5.93
(m, 8H), 4.21-4.08 (m, 24H), 4.05-3.93 (m, 24H), 1.97-1.72 (m, 48H), 1.64-1.19 (m,
168H). 13C NMR (CD,Cl,, 298K, 100 MHz, §, ppm): 165.65, 163.00, 162.91, 161.42,
161.32, 156.51, 156.33, 153.69, 151.54, 150.77, 143.93, 143.78, 143.61, 141.04,
135.93, 132.53, 129.33, 129.17, 124.69, 120.65, 120.50, 113.34, 113.29, 113.23,
113.15, 112.94, 112.77, 109.09, 101.73, 101.60, 74.11, 69.90, 69.31, 30.95, 30.23,
30.15, 29.97, 29.59, 26.67, 26.54. MS (MALDI*, dithranol, m/z): calcd. for
C312H356N40s6Zn, 5118.5; found, 5141.4 [M+Na]*. Anal. calcd. for C312H356N40s6Zn:
C, 73.14%; H, 7.00%; N, 1.09%. Found: C, 73.35%; H, 6.89%; N, 1.23%.

CuP-d;1Cou. The free-base porphyrin-core dendrimer (P-diCou) (100 mg, 0.02
mmol) and copper (Il) acetate monohydrate (24 mg, 0.2 mmol) were dissolved in
chloroform-methanol 1:1 (10 mL). The solution was stirred and heated under reflux

for 12 h under an argon atmosphere. Then, the solution was diluted with
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chloroform and washed with water and brine. The solvent was evaporated under
reduced pressure, and the residual solid was purified by flash chromatography on
silica gel using DCM as eluent and gradually changing the composition of the eluent
to DCM/ethyl acetate (7:3). Yield: 65%. IR (KBr, v, cm™): 2924 (C-H), 1734 (C=0),
1614, 1505, 1467 (Ar), 1192, 1121 (C-0). MS (MALDI*, dithranol, m/z): calcd. for
C312H356N40s6Cu, 5117.4; found, 5140.5 [M + Na]*. Anal. calcd. for C312H356N40s6Cu:
C, 73.17%; H, 7.01%; N, 1.09%. Found: C, 73.15%; H, 7.33%; N, 0.93%.
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5.2.2 Porphyrin-Core Dendrimers Prepared by ‘Click’ Chemistry

5.2.2.1 Synthesis of the Alkyne-Functionalized Porphyrin Core

HO < > io Propargyl bromide =\ O Pyrrole =
H K2CQOj3, KI, DMF o <:> tH Propionic acid
3

Zn(0AGc), . 2H,0
CHCl;-MeOH

Scheme 5.2 Synthetic route of the alkyne-functionalized porphyrin core.

4-(Propargyloxy)benzaldehyde (3). 4-Hydroxybenzaldehyde (10 g, 81.9 mmol),
potassium carbonate (22.6 g, 163.8 mmol) and a teaspoon of potassium iodide
were stirred in DMF (150 mL). The mixture was heated to 110 °C and then propargyl
bromide (8.8 mL, 98.3 mmol) was slowly added. The reaction was stirred at 110 °C
for 8 h. The mixture was allowed to cool down to RT and poured into water and
extracted with hexane/ethyl acetate (1:1). The combined organic phases were
washed with brine and dried over anhydrous magnesium sulfate. The solution was
filtered and the solvent was removed under reduced pressure. The crude product
was recrystallized in ethanol. Yield: 93%. IR (KBr, v, cm™):, 3277 (=C-H), 2144 (C=C),
1701 (C=0), 1600, 1507, 1475 (Ar). *H NMR (CDCls, 298K, 400 MHz, §, ppm): 9.90
(s, 1H), 7.93-7.80 (m, 2H), 7.15-7.04 (m, 2H), 5.77 (d, J= 2.4 Hz, 2H), 2.57 (t, J= 2.4
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Hz, 1H). 3C NMR (CDCls, 298K, 100 MHz, §, ppm): 190.91, 162.51, 132.03, 130.75,
115.32, 77.68, 76.50, 56.09.

5,10,15,20-Tetrakis(4-propargyloxyphenyl)-2H-porphyrin (4). A solution of 4-
(propargyloxy)benzaldehyde (3) (3.60 g, 22.5 mmol) and pyrrole (1.60 mL, 22.5
mmol) in propionic acid (100 mL) was flushed with argon and stirred 1 h at 120 °C.
Then the propionic acid solvent was evaporated under reduced pressure. The
crude residue was precipitated into cold methanol twice. Yield: 23%. IR (KBr, v,
cm™): 3326 (N-H), 3280 (=C-H), 2150 (C=C), 1604, 1501, 1471 (Ar). *H NMR (CD,Cl,,
298K, 400 MHz, &, ppm): 8.87 (s, 8H), 8.20-8.10 (m, 8H), 7.39-7.29 (m, 8H), 4.99 (d,
J=2.4 Hz, 8H), 2.70 (t, J= 2.4 Hz, 4H), -2.76 (s, 2H). 13C NMR (CD,Cl,, 298K, 100 MHz,
6, ppm): 158.14, 136.14, 135.92, 131.81, 120.23, 113.73, 79.31, 76.13, 56.76. MS
(MALDI*, dithranol, m/z): calcd. for CsgH3sN4Os, 830.3; found, 830.2 [M]*, 853.2
[M+Na]* Anal. calcd. for CseH3sN4OsZn: C, 80.95%; H, 4.61%; N, 6.74%. Found: C,
81.13%; H, 4.65%; N, 3.02%.

5,10,15,20-tetrakis(4-propargyloxyphenyl)-Zn-porphyrin (ZnP-YNE). The free-
base porphyrin (4) (0.20 g, 0.24 mmol) and zinc acetate dihydrate (0.53 g, 2.41
mmol) were dissolved in chloroform-methanol 1:1 (5 mL). The reaction mixture
was stirred and heated under reflux for 12 h under an argon atmosphere. The
solution was diluted with chloroform and washed with water and brine. The
solvent was evaporated under reduced pressure to give pure ZnP-YNE. Yield: 91%.
IR (KBr, v, cm™): 3283 (=C-H), 2120 (C=C), 1601, 1487 (Ar). 'H NMR (CD,Cl,, 298K,
400 MHz, &, ppm): 8.95 (s, 8H), 8.19-8.10 (m, 8H), 7.41-7.30 (m, 8H), 4.98 (d, J=2.4
Hz, 8H), 2.74 (t, J= 2.4 Hz, 4H). 3C NMR (CDCl,, 298K, 100 MHz, §, ppm): 157.98,
151.04, 136.65, 135.99, 132.43, 121.15, 113.58, 79.38, 76.09, 56.78. MS (MALDI*,
dithranol, m/z): calcd. for CsgH3sN4O4Zn, 892.2; found, 892.2 [M]*, 915.2 [M+Na]*.
Anal. calcd. for CsgH3sN4OaZn: C, 75.21%; H, 4.06%; N, 6.26%. Found: C, 75.03%; H,
4.19%; N, 6.01%.
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5.2.2.2 Synthesis of the Alkyne-Functionalized Wang Resin

(0]

O@—\ NCl O@—\ {_//
O_Q—/ OH DMAP, Pyridine O_Q—/ © o)

5

Scheme 5.3 Synthetic route of the alkyne-functionalized Wang resin.

Wang resin (2.0 g, 2.0 mmol) and a teaspoon of 4-(dimethylamino)pyridine were
stirred in anhydrous pyridine (20 mL) for 1 h. Then 4-pentynoyl chloride (0.70 g, 6.0
mmol) was added and the reaction mixture was stirred at 60 °C for 24 h. The resin
was filtered and washed with acetone-water (1:1), water, acetone and DCM. Yield:
98%. IR (KBr, v, cm™): 3295 (=C-H), 3023 (=C-H), 2120 (C=C), 1731 (C=0), 1605,
1511, 1492 (Ar), 1137 (C-0).
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5.2.2.3 Synthesis of the Azide Precursors

HO

-Di ic aci O
5 __OH NaN;, TBAB N _~_OH TsCl, NEt3 N _~_OTs 3,5-Dihydroxybenzoic acid
r DMF 3 DCM 3 K,CO3 DMF ox
6 7 HO Ny

8

Scheme 5.4 Synthetic route of the azide precursor.

2-Azidoethanol (6). A mixture of 2-bromoethanol (1 mL, 14.11 mmol), sodium
azide (1.83 g, 28.22 mmol) and tetrabutylammonium bromide (0.23 g, 0.71 mmol)
in DMF (5 mL) was stirred overnight at 100 °C. Then the reaction mixture was
poured into water and extracted with diethyl ether. The combined organic phases
were washed with brine and dried over anhydrous magnesium sulfate. The solution
was filtered and the solvent was removed under reduced pressure. Yield: 83%. IR
(KBr, v, cm™): 3368 (0-H), 2922 (C-H), 2105 (N3). *H NMR (CDCls, 298K, 400 MHz, §,
ppm): 3.75 (t, J= 5.0 Hz, 2H), 3.42 (t, J= 5.0 Hz, 2H). 13C NMR (CDCls, 298K, 100 MHz,
6, ppm): 58.42, 49.32.

2-Azidoethyl 4-metylbenzenesulfonate (7). 2-Azidoethanol (6) (0.50 g, 5.74 mmol)
and triethylamine (1.60 mL, 11.48 mmol) were dissolved in anhydrous DCM (10 mL)
and cooled in an ice bath. 4-Toluenesulfonyl chloride (1.64 g, 8.61 mmol) was
added dropwise and the reaction mixture was stirred 2 h. After 2 h, the reaction
mixture was poured into water and extracted with diethyl ether. The combined
organic phases were washed with hydrochloric acid 2M (aq.), sodium bicarbonate
5% (aq.), brine and dried over anhydrous magnesium sulfate. The solution was
filtered and the solvent was removed under reduced pressure. The residue was
purified by flash column chromatography using DCM as eluent. Yield: 87%. IR (KBr,
v, cm™): 2111 (N3), 2920 (C-H), 1142 (S=0). *H NMR (CDCl,, 298K, 400 MHz, 6§,
ppm): 7.82-7.77 (m, 2H), 7.42-7.37 (m, 2H), 4.17-4.09 (m, 2H), 3.52-3.43 (m, 2H),
2.46 (s, 3H). 13C NMR (CDCl,, 298K, 100 MHz, &, ppm): 145.91, 141.87, 130.41,
128.28, 68.75, 50.07, 21.81.

2-Azidoethyl 3,5-hydroxybenzoate (8). 2-Azidoethyl 4-metylbenzenesulfonate (7)
(0.5 g, 2.07 mmol) was added dropwise to a solution of 3,5-dihydroxybenzoic acid
(0.29 g, 1.88 mmol) and potassium carbonate (0.39 g, 2.82 mmol) in DMF (10 mL).
The mixture was stirred overnight at room temperature. Then the reaction mixture
was poured into water and extracted with diethyl ether. The combined organic

phases were washed with brine and dried over anhydrous magnesium sulfate. The
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solution was filtered and the solvent was removed under reduced pressure. The
crude product was purified by flash column chromatography using DCM as eluent
and gradually changing the composition of the eluent to DCM/ethyl acetate (8:2).
Yield: 74%. IR (KBr, v, cm™): 3400 (O-H), 2922 (C-H), 2100 (Ns), 1701 (C=0), 1610,
1502, 1447 (Ar), 1230, 1011 (C-O). *H NMR (CD,Cl,, 298K, 400 MHz, 6, ppm): 8.26
(Sbroad, 2H), 7.27 (t, J= 2.3 Hz, 1H), 7.00 (d, J= 2.3 Hz, 2H), 4.46-4.35 (m, 2H), 3.63-
3.50 (m, 2H). 3C NMR (CD.Cl;, 298K, 100 MHz, &, ppm): 166.67, 158.60, 131.83,
108.78, 108.66, 63.80, 50.42.
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5.2.2.4 Synthesis of Porphyrin-Core Dendrimers with Coumarin Units

3 o’\/\/\/\/\/\o’@o\lo
HO)LC%OM@@

N
O
d1Cou ©

&o
]
2-azidoethyl 3,5-hydroxybenzoate (8) d
DCC, DPTS, THF th
o °
o

¢ /\/\/\/\/J m
OyQOMO o
e} o]
~ O@
ko

2-Azidoethanol (6)
DCC, DPTS, THF

]
oo O
N,-d,Cou N,-d,Cou QO 2
]
ZnP-YNE
CuSQy4.5H,0, sodium ascorbate,
THF/H,0

ZnP-YNE

CuS04.5H,0, sodium ascorbate,
THF/HO

ZnP-t-d4Cou

4
ZnP-t-d,Cou
Scheme 5.5 Synthetic route of the porphyrin-core dendrimers with coumarin units.
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2-Azidoethyl 3,4,5-tris((11-((2-oxo-2H-chromen-7-yl)oxy)undecyl)oxy)benzoate
(N3-d1Cou). Compound diCou (0.75 g, 0.67 mmol), 2-azidoethanol (6) (88 mg, 1.01
mmol) and 4-(dimethylamino)pyridinium p-toluenesulfonate (0.11 g, 0.34 mmol)
were dissolved in anhydrous DCM (12 mL). The reaction flask was cooled in an ice
bath and flushed with argon, then N,N’-dicyclohexylcarbodiimide (0.21 g, 1.01
mmol) was added dropwise. The mixture was stirred at RT for 24 h under argon
atmosphere. The white precipitate was filtered off and washed with DCM. The
solvent was evaporated and the crude product was purified by flash column
chromatography on silica gel using DCM as eluent and gradually changing the
composition of the eluent to DCM/ethyl acetate (9:1). Yield: 68%. IR (KBr, v, cm™):
3070 (=C-H), 2921 (C-H), 2106 (N3), 1737 (C=0), 1613, 1471 (Ar), 1231, 1127 (C-O).
'H NMR (CD,Cl, 298K, 400 MHz, §, ppm): 7.67-7.58 (m, 3H), 7.42-7.33 (m, 3H), 7.27
(s, 2H), 6.86-6.76 (m, 6H), 6.21-6.15 (m, 3H), 4.49-4.41 (m, 2H), 4.08-3.92 (m, 12H),
3.60-3.53 (m, 2H), 1.89-1.64 (m, 12H), 1.53-1.23 (m, 42H). 13C NMR (CD,Cl, 298K,
100 MHz, &, ppm): 166.43, 163.02, 161.46, 156.54, 153.49, 143.96, 142.97, 129.34,
124.72, 113.38, 113.29, 112.96, 108.36, 101.75, 73.98, 69.69, 69.32, 64.52, 50.67,
30.89, 30.26, 30.18, 30.16, 30.11, 29.97, 29.94, 29.92, 29.89, 29.57, 26.64, 26.53,
26.50. MS (MALDI*, dithranol, m/z): calcd. for CegHs7N3014, 1181.6; found, 1182.1
[M]*,1205.1 [M+Na]*. Anal. calcd. for CegHg7N3014: C, 70.09%; H, 7.42%; N, 3.55%.
Found: C, 70.30%; H, 7.81%; N, 3.16.

2-Azidoethyl  3,5-bis(3,4,5-Tris((11-((2-oxo0-2H-chromen-7-yl)oxy)undecyl)oxy)
benzoyloxy)benzoate (Ns-d.Cou). Compound diCou (0.50 g, 0.45 mmol),
2-azidoethyl 3,5-hydroxybenzoate (8) (50 mg, 0.22 mmol) and 4-(dimethylamino)
pyridinium p-toluenesulfonate (70 mg, 0.22 mmol) were dissolved in anhydrous
DCM (10 mL). The reaction flask was cooled in an ice bath and flushed with argon,
then N,N’-dicyclohexylcarbodiimide (0.10 g, 0.49 mmol) was added dropwise. The
mixture was stirred at RT for 24 h under argon atmosphere. The white precipitate
was filtered off and washed with THF. The solvent was evaporated and the crude
product was purified by flash column chromatography on silica gel using DCM as
eluent and gradually changing the composition of the eluent to DCM/ethyl acetate
(8:2). Yield: 65%. IR (KBr, v, cm™): 3075 (=C-H), 2922 (C-H), 2112 (N3), 1731 (C=0),
1613, 1508 (Ar), 1190, 1122 (C-0). *H NMR (CD:Cl,, 298K, 400 MHz, §, ppm): 7.85-
7.79 (m, 2H), 7.67-7.59 (m, 6H), 7.45-7.31 (m, 11H), 6.86-6.73 (m, 12H), 6.23-6.13
(m, 6H), 4.56-4.44 (m, 2H), 4.13-3.91 (m, 24H), 3.68-3.55 (m, 2H), 1.92-1.64 (m,
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24H), 1.61-1.18 (m, 84H). *C NMR (CD2Cl,, 298K, 100 MHz, &, ppm): 165.14,
165.04, 163.01, 161.44, 156.54, 153.64, 152.17, 143.94, 143.76, 132.46, 129.34,
123.78, 121.54, 121.10, 113.38, 113.28, 112.97, 108.96, 101.76, 74.10, 69.84,
69.32, 64.63, 50.48, 30.93, 30.27, 30.19, 30.16, 30.12, 29.96, 29.92, 29.60, 29.57,
26.66, 26.63, 26.54, 26.51. MS (MALDI*, dithranol, m/z): calcd. for C1a3H173N3030,
2412.2; found, 2412.1 [M]*, 2435.1 [M+Na]*. Anal. calcd. for CiasH173N3030: C,
71.15%; H, 7.22%; N, 1.74%. Found: C, 71.03%; H, 6.99%; N, 2.02%.

ZnP-t-d1iCou. A Schlenk flask was charged with ZnP-YNE (25.2 mg, 0.028 mmol),
N3-d1Cou (200 mg, 0.17 mmol), sodium ascorbate (5.6 mg, 0.028 mmol) and THF (4
mL). Copper (lI) sulfate pentahydrate (3.5 mg, 0.014 mmol) was dissolved in water
(1 mL) and was added to the reaction. The reaction flask was degassed by three
freeze-pump-thaw cycles and flushed with argon. The reaction mixture was stirred
at 40 °C for 48 h. Then, the alkyne-functionalized resin (5) was added under argon
flow to remove azide excess and the reaction mixture was stirred for further 24 h.
The resin was filtered off, the mixture was diluted with THF and then passed
through a short column of aluminum oxide, using THF as eluent, to remove copper
salts. The resulting product was carefully precipitated into cold acetone. Yield: 91%.
IR (KBr, v, cm™): 2923 (C-H), 1730 (C=0), 1612, 1507 (Ar), 1230, 1123 (C-O). *H NMR
(CD2Cly, 298K, 400 MHz, 6, ppm): 8.92 (s, 8H), 8.15-8.05 (m, 8H), 7.93 (s, 4H), 7.56-
7.42 (m, 12H), 7.40-7.31 (m, 8H), 7.31-7.11 (m, 20H), 6.75-6.55 (m, 24H), 6.12-5.96
(m, 12H), 5.36 (s, 8H), 4.87-4.79 (m, 8H), 4.79-4.69 (m, 8H), 4.09-3.78 (m, 48H),
1.86-1.56 (m, 48H), 1.52-1.17 (m, 168H). 33C NMR (CDCl,, 298K, 100 MHz, §, ppm):
166.23, 162.80, 161.38, 158.61, 156.27, 153.52, 150.85, 144.74, 143.81, 143.17,
136.57, 136.17, 132.28, 129.13, 124.47, 124.17, 120.91, 113.37, 113.14, 112.75,
108.37,101.56, 74.00, 69.72, 69.18, 63.42, 62.76, 49.96, 30.87, 30.14, 30.07, 29.90,
29.51, 29.45, 26.67, 26.41. MS (MALDI*, DCTB, m/z): calcd. for Cs3aH390N16060Zn,
5648.7; found, 5648.7 [M]*. Anal. calcd. for Cs34H390N16060Zn: C, 70.95%; H, 6.95%;
N, 3.96%. Found: C, 71.20%; H, 6.95%; N, 4.02%.

ZnP-t-d2Cou. A Schlenk flask was charged with ZnP-YNE (15.4 mg, 0.017 mmol),
N3-d2Cou (250 mg, 0.104 mmol), sodium ascorbate (3.4 mg, 0.017 mmol) and THF
(5 mL). Copper (ll) sulfate pentahydrate (2.2 mg, 0.009 mmol) was dissolved in
water (1 mL) and was added to the reaction. The reaction flask was degassed by
three freeze-pump-thaw cycles and flushed with argon. The reaction mixture was

stirred at 40 °C for 48 h. Then, the alkyne-functionalized resin (5) was added under
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argon flow to remove azide excess and the reaction mixture was stirred for further
24 h. The resin was filtered off, the mixture was diluted with THF and then passed
through a short column of aluminum oxide, using THF as eluent, to remove copper
salts. The resulting product was carefully precipitated into cold acetone. Yield: 71%.
IR (KBr, v, cm™): 2917 (C-H), 1732 (C=0), 1610, 1511 (Ar), 1230, 1125 (C-0). *H NMR
(CDCly, 298K, 500 MHz, 6, ppm): 9.00-8.77 (m, 8H), 8.22-7.89 (m, 12H), 7.88-7.72
(m, 8H), 7.71-7.05 (m, 76H), 6.92-6.55 (m, 48H), 6.28-5.95 (m, 24H), 5.48-5.36 (m,
8H), 4.98-4.42 (m, 16H), 4.15-3.73 (m, 96H), 1.98-0.95 (m, 432H). 13C NMR (CD,Cl,,
298K, 125 MHz, §, ppm): 165.02, 162.92, 161.45, 156.39, 153.57, 152.20, 150.83,
143.93, 143.73, 136.52, 136.16, 132.12, 129.24, 123.69, 121.70, 121.10, 120.81,
113.38, 113.22, 108.95, 101.64, 74.02, 69.79, 69.24, 63.64, 62.39 (detected by 'H-
13C HSQC, H5-C5), 49.51 (detected by 'H-13C HSQC, H2-C2), 30.87, 30.12, 30.06,
29.92, 29.87, 29.55, 29.50, 26.61, 26.50, 26.44. MS (MALDI*, DCTB, m/z): calcd. for
Cs30H73aN160124Zn, 10571.1; found, 10571.2 [M]*, 10594.3 [M+Na]*. Anal. calcd. for
Ce30H73aN160124Zn: C, 71.52%; H, 6.99%; N, 2.12%. Found: C, 71.13%; H, 6.75%; N,
2.05%.
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5.2.2.5 Synthesis of Porphyrin-Core Dendrimers with 4-(Trifluoromethyl)

Coumarin Units
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Scheme 5.6 Synthetic route of the porphyrin-core dendrimer with 4-(trifluoromethyl)coumarin

units.
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7-Hydroxy-4-(trifluoromethyl)-2H-chromen-2-one (9). Resorcinol (2.00 g, 18.2
mmol) was dissolved in concentrated sulfuric acid (7 mL) and cooled to 0 °C with
stirring. After 30 min, a solution of ethyl 4,4,4-trifluoroacetoacetate (4 mL, 27.4
mmol) in concentrated sulfuric acid (10 mL) was added dropwise. The reaction
mixture was allowed to warm up to RT and stirred overnight. After that, the
reaction mixture was poured into ice water and the precipitate was filtered and
washed with water. Yield: 79%. IR (KBr, v, cm™): 3398 (O-H), 3106 (=C-H), 1713
(C=0), 1611, 1518, 1442 (Ar), 1194, 1130 (C-0). *H NMR (DMSO-ds, 298K, 400 MHz,
6, ppm): 10.98 (Sbroad, 1H), 7.58-7.49 (m, 1H), 6.89 (dd, J= 8.9, 2.4 Hz, 1H), 6.81 (d,
J=2.4Hz, 1H), 6.70 (s, 1H). 13C{*H} NMR (DMSO-ds, 298K, 100 MHz, §, ppm): 162.26,
158.90, 155.97, 139.93 (q, 2Jc-r= 32.1 Hz), 126.15, 121.78 (q, Ycr=275.6 Hz), 114.12,
111.84 (q, 3Jc¢= 5.9 Hz), 105.26, 103.18. F{*H} NMR (DMSO-ds, 298K, 282 MHz, §,
ppm): -63.57.

7-((11-bromoundecyl)oxy)-4-(trifluoromethyl)-2H-chromen-2-one (10). A
solution of 7-hydroxy-4-(trifluoromethyl)-2H-chromen-2-one (9) (5.00 g, 21.73
mmol) in acetone (100 mL) was added dropwise over more than 1 h to a mixture
of 1,11-dibromoundecane (13.65 g, 43.45 mmol), potassium carbonate (6.00 g,
43.45 mmol) a teaspoon of 18-crown-6 in acetone (50 mL) at reflux. The reaction
was allowed to cool down to RT and the solids filtered off and washed with
acetone. The solvent was evaporated under reduced pressure and the residue was
purified by flash column chromatography using hexane/DCM (1:1) as eluent. Yield:
48%. IR (KBr, v, cm™): 3087 (=C-H), 2921 (C-H), 1735 (C=0), 1615, 1556 (Ar), 1207,
1133 (C-0). *H NMR (CDCl,, 298K, 500 MHz, &, ppm): 7.67-7.59 (m, 1H), 6.94 (dd,
J=9.0, 2.5 Hz, 1H), 6.90 (d, J= 2.5 Hz, 1H), 6.61 (s, 1H), 4.07 (t, J= 6.6 Hz, 2H), 3.44
(t, J= 6.6 Hz, 2H), 1.93-1.77 (m, 4H), 1.57-1.24 (m, 14H).23C{*H} NMR (CD,Cl, 298K,
125 MHz, §, ppm): 163.80, 159.82, 157.01, 141.84 (q, Ycr= 32.6 Hz), 126.74,122.36
(9, Ycr= 275.5 Hz), 114.15, 112.79 (q, 3Jce= 5.7 Hz), 107.34, 102.41, 69.56, 34.81,
33.47, 30.04, 30.01, 29.97, 29.85, 29.46, 29.31, 28.72, 26.43. *F{*H} NMR (CDCly,
298K, 282 MHz, 8, ppm): -65.05.

Methyl 3,4,5-tris((11-((2-oxo-4-(trifluoromethyl)-2H-chromen-7-yl)oxy)undecyl)
oxy)benzoate (11). A mixture of compound 10 (2.5 g, 5.42 mmol), methyl gallate
(0.30 g, 1.64 mmol), potassium carbonate (2.27 g, 16.42 mmol), a teaspoon of
potassium iodide and acetone (75 mL) was stirred and heated under reflux for 24

h. The reaction mixture was allowed to cool down to RT and the solids were filtered
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off and washed with acetone. The solvent was evaporated and the crude product
was purified by flash column chromatography on silica gel using DCM as eluent and
gradually changing the composition of the eluent to DCM/ethyl acetate (19:1).
Yield: 70%. IR (KBr, v, cm™): 3085 (=C-H), 2923 (C-H), 1731 (C=0), 1615, 1557, 1430
(Ar), 1281, 1134 (C-0). *H NMR (CDCl;, 298K, 400 MHz, §, ppm): 7.66-7.55 (m, 3H),
7.24 (s, 2H), 6.95-6.83 (m, 6H), 6.60-6.55 (m, 3H), 4.08-3.96 (m, 12H), 3.85 (s, 3H),
1.88-1.67 (m, 12H), 1.53-1.25 (m, 42H). 3C{*H} NMR (CDCl,, 298K, 100 MHz, §,
ppm): 8 167.22, 163.77, 159.80, 156.99, 153.42, 142.69, 141.82 (q, %Jc-r= 33.4 Hz),
126.72, 125.38,122.34 (q, Ycr= 275.3 Hz), 114.13, 112.79 (q, 3Jcr= 5.9 Hz), 108.20,
107.33, 102.38, 73.95, 69.67, 69.56, 52.50, 30.90, 30.26, 30.17, 30.12, 29.95, 29.91,
29.49, 26.65, 26.47. *F{*H} NMR (CD,Cl, 282 MHz, §, ppm): -65.05.

3,4,5-Tris((11-((2-oxo-4-(trifluoromethyl)-2H-chromen-7-yl)oxy)undecyl)oxy)
benzoic acid (12). An aqueous solution of potassium hydroxide (0.32 g, 2 mL) was
added to a solution of compound 11 (0.75 g, 0.56 mmol) in THF-methanol 1:1 (20
mL). The mixture was stirred and heated under reflux and the evolution of the
reaction was followed by thin layer chromatography. When all of the starting
material had been consumed, the reaction mixture was neutralized with
concentrated hydrochloric acid until pH 2. The organic solvents were evaporated
under reduced pressure and the resulting aqueous phase was extracted with DCM.
The combined organic phases were washed with brine and dried over anhydrous
magnesium sulfate. The solution was filtered and the solvent was removed under
reduced pressure. The product was purified by flash chromatography on silica gel
using DCM as eluent and gradually changing the composition of the eluent to ethyl
acetate. Yield: 70%. IR (KBr, v, cm™): 3240 (O-H), 3084 (=C-H), 2922 (C-H), 1735,
1680 (C=0), 1617, 1541, 1468 (Ar), 1235, 1129 (C-0). *H NMR (CD,Cl,, 298K, 400
MHz, 6, ppm): 7.65-7.53 (m, 3H), 7.30 (s, 2H), 6.96-6.83 (m, 6H), 6.60-6.55 (m, 3H),
4.12-3.93 (m, 12H), 1.90-1.66 (m, 12H), 1.57-1.21 (m, 42H). 3C{*H} NMR (CDCl,,
298K, 100 MHz, 6, ppm): 170.72, 163.79, 159.85, 156.99, 153.50, 143.55, 141.84
(q, Ycr=31.8 Hz), 126.73, 124.11, 122.35 (q, Ycr= 275.7 Hz), 114.14, 112.79 (q, 3Jc.
r= 5.8 Hz), 108.86, 107.34, 102.41, 74.03, 69.75, 69.57, 30.91, 30.25, 30.15, 30.11,
29.94, 29.90, 29.48, 26.64, 26.47. >F{*H} NMR (CD,Cl,, 298K, 282 MHz, §, ppm): -
65.05.

2-Azidoethyl 3,4,5-Tris((11-((2-oxo-4-(trifluoromethyl)-2H-chromen-7-yl)oxy)
undecyl)oxy)benzoate (Ns-diCou-CF3). Compound 12 (0.3 g, 0.23 mmol),
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2-azidoethanol (6) (29.7 mg, 0.34 mmol) and 4-(dimethylamino)pyridinium
p-toluenesulfonate (36 mg, 0.12 mmol) were dissolved in anhydrous DCM (10 mL).
The reaction flask was cooled in an ice bath and flushed with argon, then N,N’-
dicyclohexylcarbodiimide (70.5 mg, 0.34 mmol) was added dropwise. The mixture
was stirred at RT for 24 h under argon atmosphere. The white precipitate was
filtered off and washed with DCM. The solvent was evaporated and the crude
product was purified by flash column chromatography on silica gel using DCM as
eluent and gradually changing the composition of the eluent to DCM/ethyl acetate
(9:1). Yield: 72%. IR (KBr, v, cm™): 3080 (=C-H), 2918 (C-H), 2111 (Ns), 1733 (C=0),
1609, 1537, 1422 (Ar), 1291, 1135 (C-O). *H NMR (CDCl, 298K, 400 MHz, §, ppm):
7.65-7.56 (m, 3H), 7.27 (s, 2H), 6.96-6.84 (m, 6H), 6.61-6.55 (m, 3H), 4.52-4.36 (m,
2H), 4.15-3.91 (m, 12H), 3.61-3.41 (m, 2H), 1.86-1.62 (m, 12H), 1.54-1.06 (m, 42H).
13C{*H} NMR (CDCl,, 298K, 100 MHz, 6, ppm): 166.43, 163.78, 159.81, 156.98,
153.49, 142.97, 141.83 (q, %Jcr= 32.8 Hz), 126.73, 124.74, 122.34 (q, YJcr= 275.2
Hz), 114.13, 112.79 (q, 3Jcr= 5.8 Hz), 108.36, 107.33, 102.39, 73.98, 69.69, 69.56,
64.53, 50.67, 30.90, 30.26, 30.16, 30.11, 29.94, 29.90, 29.49, 26.64, 26.47. °F{*H}
NMR (CD,Cly, 298K, 282 MHz, 8, ppm): -65.05. MS (MALDI*, dithranol, m/z): calcd.
for C72HgaF9N3014, 1385.6; found, 1385.7 [M]*, 1408.7 [M+Na]*. Anal. calcd. for
C72HgaF9N3014: C, 62.37%; H, 6.11%; N, 3.03%. Found: C, 62.18%; H, 6.37%; N, 3.16.

ZnP-t-d1Cou-CFs. A Schlenk flask was charged with the ZnP-YNE (15.5 mg, 0.017
mmol), compound N3-d1Cou-CF3 (150 mg, 0.104 mmol), sodium ascorbate (3.4 mg,
0.017 mmol) and THF (3 mL). Copper (Il) sulfate pentahydrate (2.2 mg, 0.009 mmol)
was dissolved in water (1 mL) and was added to the reaction. The reaction flask
was degassed by three freeze-pump-thaw cycles and flused with argon. The
reaction mixture was stirred at 40 °C for 48 h. Then, the alkyne-functionalized resin
(5) was added under argon flow to remove azide excess and the reaction mixture
was stirred for further 24 h. The resin was filtered off, the mixture was diluted with
THF and then passed through a short column of aluminum oxide, using THF as
eluent, to remove copper salts. The resulting product was carefully precipitated
into cold methanol. Yield: 82%. IR (KBr, v, cm™): 2924 (C-H), 1731 (C=0), 1605,
1507, 1471 (Ar), 1234, 1118 (C-0O). *H NMR (C2D,Cls, 373K, 500 MHz, §, ppm): 9.07-
8.94 (m, 8H), 8.25-8.14 (m, 8H), 7.97-7.89 (m, 4H), 7.69-7.54 (m, 12H), 7.50-7.38
(m, 8H), 7.35-7.25 (m, 8H), 7.00-6.80 (m, 24H), 6.66-6.49 (m, 12H), 5.63-5.46 (m,
8H), 4.96-4.78 (m, 16H), 4.17-3.94 (m, 48H), 1.92-1.72 (m, 48H), 1.62-1.28 (m,
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168H). 13C {*H} NMR (C2D,Cls, 373K, 500 MHz, 6, ppm): 165.62, 163.08, 158.80,
158.13, 156.26, 152.93, 150.35, 144.52, 143.83, 141.28 (q, %Jcr= 32.5 Hz), 135.93,
135.35, 131.66, 125.98, 123.62, 122.94, 122.69 (q, Ycr=312.9 Hz), 120.45, 113.45,
113.18,111.99 (q, 3Jcr= 5.3 Hz), 109.18, 106.76, 102.16, 69.65, 68.95, 62.70, 62.44,
49.17, 30.16, 29.28, 29.21, 29.12, 28.99, 28.70, 25.90, 25.83, 25.65. *F{*H} NMR
(C2D2Cls, 298K, 282 MHz, 6, ppm): -65.05. MS (MALDI*, DCTB, m/z): calcd. for
Cs46H378F36N16060Zn, 6464.6; found, 6464.5 [M]*, 6487.5 [M+Na]*. Anal. calcd. for
C346H378F36N16060ZN: C, 64.23%; H, 5.89%; N, 3.46%. Found: C, 64.20%; H, 5.99%; N,
3.09%.

123



Chapter 1

5.2.2.6 Synthesis of Porphyrin-Core Dendrimers with Dodecyl Alkyl Chains
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Scheme 5.7 Synthetic route of the porphyrin-core dendrimer with dodecyl alkyl chains.
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Methyl 3,4,5-tris(dodecyloxy)benzoate (13). Methyl gallate (1.5 g, 8.15 mmol),
potassium carbonate (6.1 g, 43.6 mmol) and a teaspoon of potassium iodide were
stirred in DMF (75 mL). The mixture was heated to 110 °C and then 1-
bromododecane (6.0 mL, 25.0 mmol) was slowly added. The reaction was stirred
at 110 °C for 12 h. The mixture was allowed to cool down to RT and poured into
water and extracted with hexane/ethyl acetate (1:1). The combined organic phases
were washed with sodium hydroxide 10% (aqg.), brine and dried over anhydrous
magnesium sulfate. The solution was filtered and the solvent was removed under
reduced pressure. The crude product was recrystallized in ethanol. Yield: 88%. IR
(KBr, v, cm™): 2933 (C-H), 1717 (C=0), 1589, 1504 (Ar), 1234, 1132 (C-0). *H NMR
(CD,Cl, 298K, 400 MHz, 6, ppm): 7.24 (s, 2H), 4.09-3.92 (m, 6H), 3.85 (s, 3H), 1.89-
1.65 (m, 6H), 1.55-1.18 (m, 54H), 0.88 (t, J= 6.8 Hz, 9H). 13C NMR (CD-Cl,, 298K, 100
MHz, 6, ppm): 167.10, 153.30, 142.63, 125.22, 108.11, 73.83, 69.56, 32.36, 30.76,
30.13, 30.06, 29.83, 29.79, 26.52, 23.12, 14.29.

3,4,5-Tri(dodecyloxy)benzoic acid (14). An aqueous solution of potassium
hydroxide (0.81. g, 2 mL) was added to a solution of compound 13 (2.00 g, 2.90
mmol) in ethanol (10 mL). The mixture was stirred and heated under reflux and the
evolution of the reaction was followed by thin layer chromatography. When all of
the starting material had been consumed, the crude product was precipitated by
addition of concentrated hydrochloric acid until pH 2 and it was filtered. The
product was purified by recrystallization in ethanol. Yield: 96%. IR (KBr, v, cm™):
3240 (0-H), 2923 (C-H), 1736, 1685 (C=0), 1617, 1508, 1472 (Ar), 1234, 1128 (C-0).
'H NMR (CD:Cl;, 298K, 400 MHz, 8, ppm): 7.22 (s, 2H), 4.04-3.84 (m, 6H), 1.87-1.63
(m, 6H), 1.54-1.16 (m, 54H), 0.88 (t, J= 6.8 Hz, 9H). 3C NMR (CD,Cl, 298K, 100 MHz,
6, ppm): 172.80, 153.30, 143.79, 124.29, 108.11, 73.83, 69.56, 32.38, 30.76, 30.19,
30.13, 29.83, 29.78, 26.52, 23.12, 14.29.

2-Azidoethyl 3,4,5-tris(dodecyloxy)benzoate (Ns-d1C12). Compound 14 (0.75 g,
1.11 mmol), 2-azidoethanol (6) (0.15 g, 1.67 mmol) and 4-(dimethylamino)
pyridinium p-toluenesulfonate (0.17 g, 0.55 mmol) were dissolved in anhydrous
DCM (10 mL). The reaction flask was cooled in an ice bath and flushed with argon,
then N,N’-dicyclohexylcarbodiimide (0.34 g, 1.67 mmol) was added dropwise. The
mixture was stirred at RT for 24 h under argon atmosphere. The white precipitate
was filtered off and washed with DCM. The solvent was evaporated and the crude

product was purified by flash column chromatography on silica gel using
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hexane/ethyl acetate (9:1). Yield: 83%. IR (KBr, v, cm™): 2921 (C-H), 2115 (N3), 1735
(C=0), 1608, 1512, 1469 (Ar), 1228, 1126 (C-0).*H NMR (CD,Cl,, 298K, 500 MHz, §,
ppm): 7.27 (s, 2H), 4.49-4.42 (m, 2H), 4.06-3.95 (m, 6H), 3.63-3.53 (m, 2H), 1.85-
1.68 (m, 6H), 1.51-1.20 (m, 54H), 0.88 (t, J= 7.0 Hz, 9H). 13C NMR (CD,Cl,, 298K, 125
MHz, §, ppm): 166.30, 153.37, 142.93, 124.57, 108.28, 73.87, 69.59, 64.33, 50.54,
32.37, 30.76, 30.15, 30.13, 30.09, 30.07, 29.99, 29.82, 29.80, 29.77, 26.52, 26.49,
23.12, 14.29. MS (MALDI*, dithranol, m/z): calcd. for CasHg1N3Os, 743.6; found,
743.7 [M]*, 766.7 [M+Na]*. Anal. calcd. for CasHsiN3Os: C, 72.63%; H, 10.97%; N,
5.65%. Found: C, 72.33%; H, 10.83%; N, 5.72.

ZnP-t-d1C12. A Schlenk flask was charged with ZnP-YNE (70.7 mg, 0.079 mmol),
N3-d1C12 (0.25 g, 0.336 mmol), sodium ascorbate (15.7 mg, 0.079 mmol) and THF
(3 mL). Copper (ll) sulfate pentahydrate (9.9 mg, 0.040 mmol) was dissolved in
water (1 mL) and was added to the reaction. The reaction flask was degassed by
three freeze-pump-thaw cycles and flushed with argon. The reaction mixture was
stirred at 40 °C for 48 h. Then, the alkyne-functionalized resin (5) was added under
argon flow to remove azide excess and the reaction mixture was stirred for further
24 h. The resin was filtered off, the mixture was diluted with THF and then passed
through a short column of aluminum oxide, using THF as eluent, to remove copper
salts. The resulting product was carefully precipitated into cold methanol. Yield:
82%. IR (KBr, v, cm™): 2924 (C-H), 1732 (C=0), 1610, 1509, 1470 (Ar), 1232, 1125
(C-0). *H NMR (CD,Cl,, 298K, 500 MHz, §, ppm): 8.97-8.91 (m, 8H), 8.12-8.06 (m,
8H), 7.76-7.68 (m, 4H), 7.29-7.21 (m, 8H), 7.20 (s, 2H), 5.02-4.85 (m, 8H), 4.72-4.56
(m, 16H), 4.09-3.88 (m, 24H), 1.86-1.62 (m, 24H), 1.50-1.10 (m, 216H), 0.89-0.73
(m, 54H). 3C NMR (CD.Cl, 298K, 125 MHz, 6, ppm): 166.03, 158.34, 153.40,
150.86, 144.42, 143.18, 136.59, 136.05, 132.14, 124.25, 123.58, 120.83, 113.21,
108.30, 100.45, 73.88, 69.62, 63.11, 62.32,49.70, 32.31, 30.75, 30.11, 30.06, 29.96,
29.84, 29.78, 26.55, 26.47, 23.07, 14.27. MS (MALDI*, DCTB, m/z): calcd. for
C238H366N16024Zn, 3896.7; found, 3896.9 [M]*. Anal. calcd. for Ca3sH366N16024Zn: C,
73.28%; H, 9.46%; N, 5.74%. Found: C, 73.00%; H, 9.49%; N, 6.02%.
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5.2.2.7 Synthesis of Porphyrin-Core Dendrimers with Carbazole Units
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Scheme 5.8 Synthetic route of the porphyrin-core dendrimer with carbazole units.
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4-Benzyloxy-N-(9-ethyl-9H-carbazol-3-yl)benzamide (15). 4-Benzyloxybenzoic
acid (10 g, 43.81 mmol), 9-ethyl-9H-carbazol-3-amine (9.21 g, 43.81 mmol) and 4-
(dimethylamino)pyridinium p-toluenesulfonate (3.42 g, 10.95 mmol) were
dissolved in anhydrous THF (250 mL). The reaction flask was cooled in an ice bath
and flushed with argon, then N,N’-dicyclohexylcarbodiimide (9.94 g, 48.19 mmol)
was added dropwise. The mixture was stirred at RT for 24 h under argon
atmosphere. The precipitate was filtered off and the solvent was evaporated. The
crude product was recrystallized in ethanol. Yield: 78%. IR (KBr, v, cm™): 3327 (N-
H), 2922 (C-H), 1638 (C=0), 1607, 1509, 1472 (Ar). *H NMR (DMSO-ds, 298K, 400
MHz, §, ppm): 10.14 (s, 1H), 8.59-8.48 (m, 1H), 8.12-8.05 (m, 1H), 8.05-7.98 (m,
2H), 7.80-7.71 (m, 1H), 7.64-7.54 (m, 2H), 7.53-7.31 (m, 6H), 7.23-7.11 (m, 3H), 5.22
(s, 2H), 4.44 (q, J= 7.1 Hz, 2H), 1.32 (t, J= 7.1 Hz, 3H). 3C NMR (DMSO-ds, 298K, 100
MHz, 6, ppm): 164.57, 160.78, 139.98, 136.72, 136.40, 131.12, 129.44, 128.50,
127.97, 127.80, 127.44, 125.73, 122.13, 121.80, 120.34, 120.17, 118.58, 114.44,
112.75, 109.17, 108.82, 69.40, 36.99, 13.72.

N-(9-ethyl-9H-carbazol-3-yl)-4-hydroxybenzamide (16). Compound 15 (3.5 g, 8.32
mmol) and Pd(OH)2/C (20% wt.) (0.75 g) were dissolved in a mixture of THF (75 mL)
and cyclohexene (150 mL) under reflux. After 12 h, the catalyst was filtered off
using Celite® and carefully washed with DCM. The solvent was evaporated to give
pure compound 16. Yield: 98%. IR (KBr, v, cm™?): 3325 (N-H), 2925 (C-H), 1640 (C=0),
1607, 1506, 1471 (Ar). *H NMR (DMSO-ds, 298K, 400 MHz, 8, ppm): 10.06 (s, 1H),
10.04 (s, 1H), 8.54-8.49 (m, 1H), 8.11-8.03 (m, 1H), 7.95-7.88 (m, 2H), 7.77-7.69 (m,
1H), 7.62-7.52 (m, 2H), 7.48-7.41 (m, 1H), 7.24-7.14 (m, 1H), 6.95-6.83 (m, 2H), 4.43
(g, J = 7.1 Hz, 2H), 1.31 (t, J = 7.1 Hz, 3H). 23C NMR (DMSO-ds, 298K, 100 MHz, §,
ppm): 164.82, 160.34, 139.98, 136.34, 131.25, 129.56, 125.68, 122.15, 121.80,
120.37,120.16, 118.56, 114.89, 112.73, 109.16, 108.79, 36.99, 13.72.

4-((11-bromoundecyl)oxy]-N-(9-ethyl-9H-carbazol-3-yl)benzamide (17).
Compound 16 (2.75 g, 8.32 mmol), 11-bromo-1-undecanol (2.30 g, 9.16 mmol) and
triphenylphosphine (2.40 g, 9.16 mmol) were dissolved in anhydrous THF (120 mL).
The reaction flask was cooled in an ice bath and flushed with argon, then
diisopropylazadicarboxylate (1.85 g, 9.16 mmol) was added dropwise. The mixture
was stirred at RT for 12 h under argon atmosphere. The white precipitate was
filtered off. The solvent was evaporated and the crude product was recrystallized
in ethanol. Yield: 88%. IR (KBr, v, cm™): 3296 (N-H), 2931 (C-H), 1634 (C=0), 1609,

128



ORGANIC SEMICONDUCTORS BASED ON LIQUID CRYSTALLINE PORPHYRIN-CORE DENDRIMERS

1509, 1468 (Ar), 1258, 1238 (C-0). 'H NMR (CD2Cl,, 298K, 400 MHz, &, ppm): 8.44-
8.37 (m, 1H), 8.11-8.02 (m, 2H), 7.94-7.84 (m, 2H), 7.68-7.59 (m, 1H), 7.53-7.35 (m,
2H), 7.24-7.16 (m, 1H), 7.01-6.92 (m, 2H), 4.36 (q, J= 7.2 Hz, 2H), 4.01 (t, J= 6.6 Hz,
2H), 3.43 (t, J= 6.6 Hz, 2H), 1.92-1.74 (m, 4H), 1.56-1.21 (m, 17H). 13C NMR (CD,Cl,,
298K, 400 MHz, 6, ppm): 165.50, 162.08, 140.61, 137.45, 130.05, 128.98, 127.29,
125.99, 123.25, 122.96, 120.84, 119.94, 118.89, 114.56, 113.30, 108.67, 68.37,
37.76, 34.20, 32.97, 29.64, 29.59, 29.55, 29.49, 29.29, 28.90, 28.31, 26.14, 13.96.

Methyl 3,4,5-tris((11-(4-((9-ethyl-9H-carbazol-3-yl)carbamoyl)phenoxy)undecyl)
oxy)benzoate (18). A mixture of compound 17 (2.5 g, 4.44 mmol), methyl gallate
(0.25 g, 1.34 mmol), potassium carbonate (1.86 g, 13.44 mmol), a teaspoon of
potassium iodide and acetone (125 mL) was stirred at reflux temperature for 24 h.
Then, the reaction was allowed to cool down to RT and the solids were filtered off
and washed with acetone. The solvent was evaporated and the crude product was
purified by flash column chromatography on silica gel using DCM as eluent and
gradually changing the composition of the eluent to DCM/ethyl acetate (19:1).
Yield: 73%. IR (KBr, v, cm™): 3294 (N-H), 2920 (C-H), 1717, 1639 (C=0), 1608, 1509,
1472 (Ar), 1252, 1011 (C-0O). *H NMR (DMSO-ds, 298K, 400 MHz, &, ppm): 10.15-
10.04 (m, 3H), 8.54-8.50 (m, 3H), 8.11-7.94 (m, 9H), 7.78-7.68 (m, 3H), 7.62-7.51
(m, 6H), 7.46-7.39 (m, 3H), 7.22-7.11 (m, 5H), 7.06-6.96 (m, 6H), 4.47-4.36 (m, 6H),
4.09-3.88 (m, 12H), 3.81 (s, 3H), 1.79-1.56 (m, 12H), 1.50-1.17 (m, 51H). 3C NMR
(DMSO-ds, 298K, 100 MHz, 6, ppm): 165.89, 164.55, 161.16, 152.40, 141.44,
139.97, 136.37, 131.14, 129.42, 127.01, 125.69, 124.40, 122.14, 121.80, 120.34,
120.14,118.55,113.93,112.73, 109.15, 108.76, 107.25, 72.52, 68.44, 67.68, 52.13,
36.97, 29.03, 28.92, 28.81, 28.75, 28.63, 25.55, 13.70.

3,4,5-Tris((11-(4-((9-ethyl-9H-carbazol-3-yl)carbamoyl)phenoxy)undecyl)oxy)

benzoic acid (19). An aqueous solution of potassium hydroxide (0.34 g, 10 mL) was
added to a solution of compound 18 (1.00 g, 0.61 mmol) in dioxane (50 mL). The
mixture was stirred and heated under reflux and the evolution of the reaction was
followed by thin layer chromatography. When all the starting material had been
consumed, the reaction mixture was neutralized with concentrated hydrochloric
acid until pH 2. The organic solvents were evaporated under reduced pressure and
the resulting aqueous phase was extracted with DCM. The combined organic
phases were washed with brine and dried over anhydrous magnesium sulfate. The

solution was filtered and the solvent was removed under reduced pressure. The
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product was purified by flash chromatography on silica gel using DCM as eluent
and gradually changing the composition of the eluent to DCM/ethyl acetate (9:1).
Yield: 79%. IR (KBr, v, cm™): 3291 (N-H), 2922 (C-H), 1702, 1639 (C=0), 1607, 1509,
1472 (Ar), 1252, 1122 (C-0). *H NMR (DMSO-ds, 298K, 500 MHz, &, ppm): 12.76
(Sbroad, 1H), 10.14-10.05 (m, 3H), 8.58-8.48 (m, 3H), 8.10-7.95 (m, 9H), 7.78-7.71 (m,
3H), 7.61-7.50 (m, 6H), 7.46-7.40 (m, 3H), 7.22-7.13 (m, 5H), 7.05-6.97 (m, 6H),
4.48-4.36 (m, 6H), 4.08-3.86 (m, 12H), 1.79-1.56 (m, 12H), 1.50-1.15 (m, 51H). 13C
NMR (DMSO-de, 298K, 125 MHz, 6, ppm): 166.97, 164.52, 161.13, 152.24, 141.12,
139.95, 136.35, 131.13, 129.37, 127.00, 125.64, 122.12, 121.78, 120.31, 120.08,
118.50, 113.90, 112.69, 109.09, 108.70, 107.45, 72.45, 68.37, 67.66, 36.94, 29.76,
29.10, 29.05, 28.99, 28.88, 28.81, 28.77, 28.71, 28.59, 25.52, 25.46, 13.63.

2-Azidoethyl 3,4,5-tris((11-(4-((9-ethyl-9H-carbazol-3-yl)carbamoyl)phenoxy)
undecyl)oxy)benzoate (N3-d1Cz). Compund 19 (0.75 g, 0.46 mmol), 2-azidoethanol
(61 mg, 0.70 mmol) and 4-(dimethylamino)pyridinium p-toluenesulfonate (72 mg,
0.23 mmol) were dissolved in anhydrous THF (10 mL). The reaction flask was cooled
in an ice bath and flushed with argon, then N,N’-dicyclohexylcarbodiimide (0.14 g,
0.70 mmol) was added dropwise. The mixture was stirred at RT for 24 h under
argon atmosphere. The white precipitate was filtered off and washed with THF.
The crude product was recrystallized in acetone. Yield: 74%. IR (KBr, v, cm™): 3294
(N-H), 2922 (C-H), 2104 (Ns), 1715, 1640 (C=0), 1607, 1534, 1471 (Ar), 1251, 1111
(C-0). *H NMR (DMSO-ds, 298K, 500 MHz, §, ppm): 10.16-10.04 (m, 3H), 8.59-8.47
(m, 3H), 8.12-7.94 (m, 9H), 7.82-7.68 (m, 3H), 7.64-7.50 (m, 6H), 7.49-7.39 (m, 3H),
7.22 (s, 2H), 7.21-7.12 (m, 3H), 7.08-6.93 (m, 6H), 4.51-4.32 (m, 8H), 4.08-3.86 (m,
12H), 3.66-3.59 (m, 2H), 1.80-1.55 (m, 12H), 1.52-1.14 (m, 51H). 3C NMR (DMSO-
de, 298K, 125 MHz, 6, ppm): 165.09, 164.54, 161.15, 152.41, 141.68, 139.96,
136.37, 131.14, 129.40, 127.01, 125.68, 124.00, 122.13, 121.79, 120.33, 120.12,
118.53, 113.92, 112.72, 109.13, 108.73, 107.45, 72.55, 68.45, 67.67, 64.18, 49.43,
36.96, 29.78, 29.12, 29.08, 29.00, 28.90, 28.84, 28.79, 28.71, 28.61, 25.52, 25.48,
13.67. MS (MALDI*, dithranol, m/z): calcd. for CiosH123N9011, 1685.9; found, 1686.2
[M]*, 1709.2 [M+Na]*. Anal. calcd. for Ci0sH123N9O11: C, 74.75%; H, 7.35%; N, 7.47%.
Found: C, 74.75%; H, 7.00%; N, 7.65%.

ZnP-t-d1Cz. A Schlenk flask was charged with ZnP-YNE (17.7 mg, 0.020 mmol),
compound N3-d1Cz (200 mg, 0.12 mmol), sodium ascorbate (3.9 mg, 0.020 mmol)
and THF (9 mL). Copper (ll) sulfate pentahydrate (2.5 mg, 0.010 mmol) was
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dissolved in water (1 mL) and was added to the reaction. The reaction flask was
degassed by three freeze-pump-thaw cycles and flused with argon. The reaction
mixture was stirred at 40 °C for 48 h. Then, the alkyne-functionalized resin (5) was
added under argon flow to remove azide excess and the reaction mixture was
stirred for further 24 h. The resin was filtered off, the mixture was diluted with THF
and then passed through a short column of aluminum oxide, using THF as eluent,
to remove copper salts. The solvent was partially evaporated, and the resulting
polymer solution was carefully precipitated into cold acetone. Yield: 83%. IR (KBr,
v, cm™?): 3299 (N-H), 2932 (C-H), 1718, 1641 (C=0), 1607, 1492 (Ar), 1250, 1174 (C-
0). 'H NMR (DMSO-dg, 353K, 500 MHz, §, ppm): 9.81 (s, 12H), 8.78 (s, 8H), 8.52-
8.43 (m, 12H), 8.37 (s, 4H), 8.09-7.90 (m, 44H), 7.80-7.68 (m, 12H), 7.59-7.30 (m,
44H), 7.24-7.07 (m, 20H), 6.99-6.85 (m, 24H), 5.46-5.35 (m, 8H), 4.86 (t, J/= 5.1 Hz,
8H), 4.70 (t, J= 5.1 Hz, 8H), 4.45-4.31 (m, 24H), 4.05-3.81 (m, 48H), 1.81-1.51 (m,
48H), 1.51-1.09 (m, 204H). 3C NMR (DMSO-ds, 353K, 125 MHz, §, ppm): 164.57,
164.26, 160.81, 152.07, 149.27, 142.80, 142.12, 139.78, 136.20, 134.67, 134.10,
133.85, 130.89, 128.90, 126.95, 125.19, 124.36, 123.67, 121.96, 121.63, 120.02,
119.59, 118.09, 113.63, 112.56, 112.40, 108.63, 108.19, 107.92, 72.28, 68.56,
67.44, 62.57, 61.61, 48.36, 36.65, 29.33, 28.44, 28.27, 28.17, 25.09, 24.97, 13.08.
MS (MALDI*, DCTB, m/z): calcd. for Ca7sHs34N4004sZn, 7666.0; found, 7666.0 [M]*.
Anal. calcd. for Ca7sHs3aN400asZn: C, 74.82%; H, 7.02%; N, 7.30%. Found: C, 74.62%;
H, 6.99%; N, 7.02%.
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5.2.2.8 Synthesis of Porphyrin-Core Dendrimers with N-Phenylcarbazole Units
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Scheme 5.9 Synthetic route of the porphyrin-core dendrimer with 9-phenyl-carbazole.
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9-(4-Methoxyphenyl)-9H-carbazole (20). A Schlenk flask was charged with
carbazole (6.50 g, 38.84 mmol), 4-iodoanisole (10.00 g, 42.72 mmol), L-proline
(1.23 g, 10.68 mmol), copper () iodide (0.74 g, 3.88 mmol), potassium carbonate
(10.74 g, 77.68 mmol) and DMSO (30 mL). The reaction flask was degassed by three
freeze-pump-thaw cycles and flushed with argon. The reaction mixture was stirred
at 90 °C for 48 h. The reaction crude was poured into water and extracted with
DCM. The combined organic phases were washed with brine and dried over
anhydrous magnesium sulfate. The solution was filtered and the solvent was
removed under reduced pressure. The product was purified by recrystallization in
acetonitrile. Yield: 77%. IR (KBr, v, cm™): 3015 (=C-H), 1513, 1451 (Ar), 1248, 1181
(C-0).'H NMR (CDCls, 298K, 400 MHz, 8, ppm): 8.19-8.11 (m, 2H), 7.50-7.37 (m, 4H),
7.37-7.30 (m, 2H), 7.30-7.24 (m, 2H), 7.17-7.09 (m, 2H), 3.91 (s, 3H). 3C NMR
(CDCls, 298K, 100 MHz, 6, ppm): 158.98, 141.50, 130.42, 128.69, 125.97, 123.23,
120.37,119.76, 115.18, 109.82, 55.71.

4-(9H-Carbazol-9-yl)phenol (21). A mixture of compound 20 (6.00 g, 21.96 mmol),
tetrabutylphosphonium bromide (7.52 g, 22.17 mmol) and hydrobromic acid (45
wt. % solution, 225 mL) was stirred at 100 °C for 48 h. The reaction mixture was
extracted with DCM. The combined organic phases were washed with sodium
bicarbonate solution, brine and dried over anhydrous magnesium sulfate. The
solution was filtered and the solvent was removed under reduced pressure. The
product was purified by flash chromatography on silica gel using hexane/DCM (1:1)
as eluent and gradually changing the composition of the eluent to DCM. Yield: 91%.
IR (KBr, v, cm™): 3368 (O-H), 3015 (=C-H), 1515, 1452 (Ar). 'H NMR (CDCls, 298K,
400 MHz, 6, ppm): 8.19-8.10 (m, 2H), 7.44-7.35 (m, 4H), 7.35-7.22 (m, 4H), 7.08-
6.99 (m, 2H), 5.09 (Sbroad, 1H). 3C NMR (CDCls, 298K, 100 MHz, 8, ppm): 155.05,
141.48, 130.62, 128.96, 125.99, 123.24, 120.40, 119.80, 116.71, 109.81.

9-(4-((11-bromoundecyl)oxy)phenyl)-9H-carbazole (22). Compound 21 (5.00 g,
19.28 mmol), 11-bromo-1-undecanol (4.84 g, 19.28 mmol) and triphenylphosphine
(4.29 g, 21.21 mmol) were dissolved in anhydrous DCM (125 mL). The reaction flask
was cooled in an ice bath and flushed with argon, then diisopropylazadicarboxylate
(5.56 g, 21.21 mmol) was added dropwise. The mixture was stirred at RT for 12 h
under argon atmosphere. The white precipitate was filtered off. The solvent was
evaporated and the crude product was purified by flash chromatography on silica
gel using hexane/DCM (1:1) as eluent. Yield: 83%. IR (KBr, v, cm™): 2922 (C-H), 1513,
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1452 (Ar), 1230, 1179 (C-0). *H NMR (CD,Cl,, 298K, 500 MHz, &, ppm): 8.17-8.12
(m, 2H), 7.47-7.37 (m, 4H), 7.35-7.31 (m, 2H), 7.30-7.24 (m, 2H), 7.14-7.09 (m, 2H),
4.07 (t, J= 6.9 Hz, 2H), 3.43 (t, J= 6.9 Hz, 2H), 1.92-1.80 (m, 4H), 1.59-1.25 (m, 14H).
13C NMR (CD:Cl,, 298K, 125 MHz, §, ppm): 159.15, 141.95, 130.48, 128.99, 126.39,
123.56, 120.68, 120.14, 116.11, 110.23, 69.02, 34.85, 33.48, 30.12, 30.06, 30.01,
29.96, 29.86, 29.34, 28.74, 26.62.

Methyl 3,4,5-tris((11-(4-(9H-carbazol-9-yl)phenoxy)undecyl)oxy)benzoate (23).
Compound 22 (4.00 g, 8.12 mmol), methyl gallate (0.45 g, 2.46 mmol), potassium
carbonate (3.40 g, 24.60 mmol), a teaspoon of potassium iodide and acetone (125
mL) was stirred at reflux temperature for 24 h. Then, the reaction was allowed to
cool down to RT and the solids were filtered off and washed with acetone. The
solvent was evaporated and the crude product was purified by flash column
chromatography on silica gel using hexane/DCM (1:1) as eluent and gradually
changing the composition of the eluent to DCM. Yield: 80%. IR (KBr, v, cm™): 3047
(=C-H), 2924 (C-H), 1719 (C=0), 1596, 1513, 1453 (Ar), 1231 (C-0). *H NMR (CD,Cly,
298K, 500 MHz, 6, ppm): 8.18-8.10 (m, 6H), 7.47-7.35 (m, 12H), 7.35-7.29 (m, 6H),
7.29-7.22 (m, 8H), 7.14-7.06 (m, 6H), 4.09-3.98 (m, 12H), 3.85 (s, 3H), 1.96-1.66 (m,
12H), 1.60-1.22 (m, 42H). 3C NMR (CD,Cl,, 298K, 125 MHz, &, ppm): 167.06,
159.13, 152.96, 142.53, 141.93, 130.48, 128.97, 126.39, 124.85, 123.55, 120.68,
120.14, 116.10, 110.22, 108.19, 74.05, 69.73, 69.01, 52.25, 30.94, 30.65, 30.26,
30.20, 30.02, 29.97, 29.90, 26.66.

3,4,5-Tris((11-(4-(9H-carbazol-9-yl)phenoxy)undecyl)oxy)benzoic acid (24). An
aqueous solution of potassium hydroxide (0.40 g, 1 mL) was added to a solution of
compound 23 (1.00 g, 0.72 mmol) in THF-methanol 1:1 (10 mL). The mixture was
stirred and heated under reflux and the evolution of the reaction was followed by
thin layer chromatography. When all of the starting material had been consumed,
the reaction mixture was neutralized with concentrated hydrochloric acid until pH
2. The organic solvents were evaporated under reduced pressure and the resulting
aqueous phase was extracted with DCM. The combined organic phases were
washed with brine and dried over anhydrous magnesium sulfate. The solution was
filtered and the solvent was removed under reduced pressure. The product was
purified by flash chromatography on silica gel using DCM as eluent and gradually
changing the composition of the eluent to DCM/ethyl acetate (9:1). Yield: 72%. IR
(KBr, v, cm™): 3243 (0O-H), 3055 (=C-H), 2923 (C-H), 1682 (C=0), 1603, 1513, 1453
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(Ar), 1235, 1129 (C-O). 'H NMR (CD,Cl,, 298K, 500 MHz, 8, ppm): 8.17-8.10 (m, 6H),
7.47-7.34 (m, 12H), 7.34-7.29 (m, 8H), 7.29-7.22 (m, 6H), 7.13-7.05 (m, 6H), 4.13-
3.96 (m, 12H), 1.91-1.68 (m, 12H), 1.59-1.21 (m, 42H). 13C NMR (CDCl,, 298K, 125
MHz, 8, ppm): 170.76, 159.13, 153.51, 143.53, 141.93, 130.48, 128.97, 126.39,
124.12, 123.55, 120.68, 120.14, 116.10, 110.22, 108.83, 74.05, 69.73, 69.01, 30.94,
30.65, 30.26, 30.20, 30.02, 29.97, 29.90, 26.66.

2-Azidoethyl 3,4,5-tris((11-(4-(9H-carbazol-9-yl)phenoxy)undecyl)oxy)benzoate
(N3-d1PhCz). Compound 24 (0.50 g, 0.36 mmol), 2-azidoethanol (47.6 mg, 0.55
mmol) and 4-(dimethylamino)pyridinium p-toluenesulfonate (57 mg, 0.18 mmol)
were dissolved in anhydrous DCM (5 mL). The reaction flask was cooled in an ice
bath and flushed with argon, then N,N’-dicyclohexylcarbodiimide (0.112 g, 0.55
mmol) was added dropwise. The mixture was stirred at RT for 24 h under argon
atmosphere. The white precipitate was filtered off and washed with THF. The crude
product was purified by flash column chromatography on silica gel using
hexane/DCM (1:2) as eluent and gradually changing the composition of the eluent
to DCM. Yield: 76%. IR (KBr, v, cm™): 3042 (=C-H), 2921 (C-H), 2111 (Ns), 1735 (C=0),
1608, 1515, 1465 (Ar), 1228, 1129 (C-0). *H NMR (CDCl, 298K, 500 MHz, &, ppm):
8.17-8.11 (m, 6H), 7.48-7.35 (m, 12H), 7.35-7.22 (m, 14H), 7.13-7.07 (m, 6H), 4.47-
4.42 (m, 2H), 4.10-3.97 (m, 12H), 3.61-3.48 (m, 2H), 1.90-1.71 (m, 12H), 1.58-1.29
(m, 42H). 3C NMR (CD,Cly, 298K, 125 MHz, §, ppm): 166.44, 159.14, 153.52,
143.03, 141.94, 130.49, 128.98, 126.39, 124.74, 123.57,74.02, 69.73, 69.02, 64.52,
50.68, 30.94, 30.26, 30.21, 30.17, 30.03, 29.98, 29.92, 26.67. MS (MALDI",
dithranol, m/z): calcd. for CosH10sN6Os, 1472.8; found, 1473.1 [M]*, 1496.1
[M+Na]*. Anal. calcd. for CosHi10sNeOs: C, 78.23%; H, 7.39%; N, 5.70%. Found: C,
78.48%; H, 7.21%; N, 6.00%.

ZnP-t-d1PhCz. A Schlenk flask was charged with ZnP-YNE (15.5 mg, 0.017 mmol),
compound Ns-diPhCz (150 mg, 0.104 mmol), sodium ascorbate (3.4 mg, 0.017
mmol) and THF (3 mL). Copper (lI) sulfate pentahydrate (2.2 mg, 0.009 mmol) was
dissolved in water (1 mL) and was added to the reaction. The reaction flask was
degassed by three freeze-pump-thaw cycles and flused with argon. The reaction
mixture was stirred at 40 °C for 48 h. Then, the alkyne-functionalized resin (5) was
added under argon flow to remove azide excess and the reaction mixture was
stirred for further 24 h. The resin was filtered off, the mixture was diluted with THF

and then passed through a short column of aluminum oxide, using THF as eluent,
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to remove copper salts. The solvent was partially evaporated, and the resulting
polymer solution was carefully precipitated into cold methanol. Yield: 90%. IR (KBr,
v, cm™): 3048 (=C-H), 2932 (C-H), 1732 (C=0), 1610, 1509, 1469 (Ar), 1228, 1129 (C-
0). *H NMR (C;D,Cls, 353K, 500 MHz, &, ppm): 9.00 (s, 8H), 8.22-8.06 (m, 32H), 7.85
(s, 4H), 7.49-7.21 (m, 112H), 7.13-7.02 (m, 24H), 5.51 (s, 8H), 4.85-4.78 (m, 16H),
4.23-3.94 (m, 48H), 1.97-1.73 (m, 48H), 1.66-1.29 (m, 168H). 3C NMR (C2D:Cls,
373K, 125 MHz, §, ppm): 167.17, 159.98, 159.67, 154.51, 151.90, 146.07, 145.44,
142.99, 137.51, 136.90, 133.24, 131.73, 129.73, 127.23, 125.17, 124.59, 124.43,
121.97,121.50,121.08,117.41,114.73,111.18,110.77,71.24,70.15, 64.24, 63.96,
50.67, 31.75, 30.89, 30.85, 30.72, 27.49, 27.43. MS (MALDI*, DCTB, m/z): calcd. for
Ca42H147aN2s036Zn, 6813.5; found, 6813.3 [M]*. Anal. calcd. for Cs42Ha7aN2s036Zn: C,
77.84%; H, 7.01%; N, 5.75%. Found: C, 78.11%; H, 7.15%; N, 5.64%.
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6. APPENDIX

6.1 NMR Spectra

Figure 6.1 'H NMR spectrum (400 MHz, CD,Cl,) of d1Cou

Figure 6.2 3C NMR spectrum (100 MHz, CD,Cl;) of d1Cou
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Figure 6.3 3C NMR spectrum (100 MHz, CD,Cl,) of P-d;Cou

Figure 6.4 3C NMR spectrum (100 MHz, CD,Cl) of ZnP-d;Cou
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Figure 6.5 3C NMR spectrum (100 MHz, 298K, CD,Cl,) of Ns-d1Cou

Figure 6.6 3C NMR spectrum (100 MHz, 298K, CD,Cl,) of ZnP-t-d;Cou
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Figure 6.7 *H NMR spectrum (400 MHz, 298K, CD,Cl,) of N3-d,Cou

Figure 6.8 3C NMR spectrum (100 MHz, 298K, CD,Cl,) of Ns-d,Cou
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Figure 6.9 'H NMR spectrum (500 MHz, 298K, CD,Cl,) of ZnP-t-d,Cou

Figure 6.10 *C NMR spectrum (125 MHz, 298K, CDCl,) of ZnP-t-d,Cou

141



Chapter 1

Figure 6.11 'H NMR spectrum (400 MHz, 298K, CD,Cl,) of N3-d1Cou-CF3

Figure 6.12 3C NMR spectrum (100 MHz, 298K, CD,Cl,) of N3-d;Cou-CFs
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Figure 6.13 *H NMR spectrum (500 MHz, 373K, C,D,Cls) of ZnP-t-d;Cou-CF;3

Figure 6.14 *C NMR spectrum (125 MHz, 373K, C,D,Cls) of ZnP-t-d1Cou-CF;

143



Chapter 1

Figure 6.15 'H NMR spectrum (500 MHz, 298K, CD,Cl,) of N3-d;C12

Figure 6.16 *C NMR spectrum (125 MHz, 298K, CD,Cl,) of N3-d1C12
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Figure 6.17 *H NMR spectrum (500 MHz, 298K, CD,Cl,) of ZnP-t-d;C12

Figure 6.18 *C NMR spectrum (125 MHz, 298K, CD,Cl,) of ZnP-t-d;C12
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Figure 6.19 *H NMR spectrum (500 MHz, 353K, DMSO-d¢) of N3-d1Cz

Figure 6.20 3C NMR spectrum (125 MHz, 353K, DMSO-ds) of N3-d1Cz
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Figure 6.21 *C NMR spectrum (125 MHz, 353K, DMSO-ds) of ZnP-t-d;Cz
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Figure 6.22 'H NMR spectrum (500 MHz, 298K, CD,Cl,) of N3-d;PhCz

Figure 6.23 3C NMR spectrum (125 MHz, 298K, CD,Cl,) of N3-d;PhCz

148



ORGANIC SEMICONDUCTORS BASED ON LIQUID CRYSTALLINE PORPHYRIN-CORE DENDRIMERS

Figure 6.24 *C NMR spectrum (125 MHz, 353K, C,D,Cls) of ZnP-t-d;PhCz
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6.2 MALDI-TOF MS Spectra

Figure 6.25 MALDI-TOF mass spectrum (MALDI", dithranol) of: (a) P-d1Cou, (b) ZnP-d;Cou, and (c)
CuP-d;Cou.
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Figure 6.26 MALDI-TOF mass spectrum (MALDI*, DCTB) of ZnP-t-d;Cou.
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Figure 6.27 MALDI-TOF mass spectrum (MALDI*, DCTB) of ZnP-t-d,Cou.
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[M]

Intensity

L
4000 5000 6000 7000 8000 9000 10000
m/z

Figure 6.28 MALDI-TOF mass spectrum (MALDI*, DCTB) of ZnP-t-d;Cou-CFs.

M1’

Intensity

1500 2000 2500 3000 3500 4000 4500
m/z

Figure 6.29 MALDI-TOF mass spectrum (MALDI*, DCTB) of ZnP-t-d;C12.
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Figure 6.30 MALDI-TOF mass spectrum (MALDI*, DCTB) of ZnP-t-d;Cz.
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Figure 6.31 MALDI-TOF mass spectrum (MALDI*, DCTB) of ZnP-t-d;PhCz.
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Chapter 2

lonic Liquid Crystal Dendrimers as
Proton Conductors

Abstract. We have successfully developed a new strategy for the preparation of proton conductive
materials using ionic LC dendrimers combined with a crosslinking reaction based on coumarin
photodimerization. All the materials showed good proton conductive properties as the LC

arrangement leads to the presence of ionic nanosegregated areas (formed by the ion pairs) that
favor proton conduction.

175



“Inspiration exists, but it has to find you working.”
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IONIC LIQUID CRYSTAL DENDRIMERS AS PROTON CONDUCTORS

1. INTRODUCTION

1.1 lon Transport in Liquid Crystals

lon transport is an important phenomenon in both biological process and advanced
device technologies. A great variety of organic electrolytes have been developed
for ion batteries, fuel cells and dye-sensitized solar cells, where the efficient
transport of ions is essential. High ionic conductivities have been obtained with
organic liquids based on polar low molecular weight molecules.? As an alternative
to liquid electrolytes, solid-state electrolytes have been used to improve
mechanical stability.? However, the performance of solid-state electrolytes is

limited due to their low ion conduction.

To overcome this problem, the use of liquid crystals (LCs) has been found to be a
versatile approach for the development of ion transporting materials.®> 4 The
nanosegregated LC phases provide efficient transport of ions through the well-
organized channels formed in columnar, smectic or bicontinuous cubic phases
(Figure 1.1).>8 Columnar and smectic arrangements may lead to the formation of
1D and 2D channels (respectively) capable of transporting ions. For 3D ion
transport, bicontinuous cubic phases with gyroid nanochannels have been
reported. Therefore, LC materials may have potential as new functional
electrolytes for electrochemical devices; for example, in lithium-ion batteries
(transport of Li* ions), dye-sensitized solar cells (transport of I//1* redox couple) or

fuel cells (proton transport).

Figure 1.1 lon transport in nanostructured LC phases
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One of the limiting factors of using LCs is the orientation of the nanostructured LCs
phases because ion conductivity depends on the macroscopic degree of order of
the LC phase. Due to the dynamic nature of LCs, it is possible to align columnar and
smectic phases in order to orient the 1D and 2D ion channels. However,
bicontinuous cubic LC phases are very attractive as their 3D interconnected
channels offer effective ion conduction even in non-alighed samples. Several
strategies for LC alignment have been developed. For instance, highly aligned ion
conductors have been prepared with the help of surface treatments,> 1° electric
fields,** and magnetic fields.'> 13 In addition, azobenzene-containing LC molecules

can be oriented by photoirradiation with linearly polarized light.*

There are two types of LC materials that exhibit ion conductivity. The first type is
LC molecules with ionic moieties (ionic liquid crystals). The second type is ionic

complexes that consist of non-ionic LC molecules complexed with ionic salts.

1.1.1 lonic Liquid Crystals

lonic LCs are mesogenic molecules that contain cationic, anionic or zwitterionic

moieties.'®

Imidazolium, ammonium, phosphonium, ammonium sulfobetain,
phosphonic acid and sulfonic acid units have been used in the design of LCs for ion
transport.’®1° Moreover, lithium salts, acid molecules or iodide ions have been
incorporated into the ionic nanochannels to enhance the ion conductive

properties.

Kato and coworkers made pioneering research on ionic columnar LCs forming 1D
channels prepared by self-organization of imidazolium-containing molecules
(Figure 1.2).2° In these structures, the imidazolium part forms a 1D ionic pathway
inside the column. The ionic conductivities were studied in macroscopic aligned
samples obtained by shearing the material on glass substrates. lonic conductivities
parallel to the columnar axis were higher than those perpendicular to the axis.
Moreover, ionic conductivities were enhanced by introducing a variety of lithium

salts.?!
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(a)
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Figure 1.2 Chemical structure of ionic columnar LCs. POM images and schematic representations
of the LC arrangement: (a) before sheraring and (b) after shearing the material along the direction

perpendicular to the gold electrodes. (Adapted from reference 20)

The same research group prepared imidazolium-based LC molecules bearing three
azobenzene groups that exhibited anisotropic ion conduction in the smectic
phase.’ In addition, this molecular design allowed the photoinduced orientation
of the 2D ionic pathways to be perpendicular to the substrate, which is the most

efficient organization for a practical application of these electrolyte materials.

Bicontinous cubic LC phases were also employed for the preparation of 3D ion-
conductive materials by self-organization of ammonium and phosphonium salts
(Figure 1.3).22 The ionic conductivities in the cubic phases were higher than those
obtained in the randomly oriented columnar phases due to the formation of 3D

interconnected ionic channels.??

H2n+1cno
H2n+1cno (
NS
H3n1CL0 ) X
H2n+1cno
H2n+1cno <
N
Hone1CnO > X
n=10,12,14

X~ =BF;, PFg, CF350;

Figure 1.3 Chemical structure of ionic bicontinous cubic LCs. (Adapted from reference 23)
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Moreover, nanostructured LC phases can be stabilized by photopolymerization to
maintain the anisotropic ion transport over a longer period of time. Crosslinking of
polymerizable LC monomers in their mesophase can vyield nanostructured,
thermally and mechanically stable membrane materials with permanent pathways
for ion transport. Rod- and disk-shaped ionic LCs containing polymerizable groups
such as methacrylate, acrylate, and 1,3-diene groups have been prepared to obtain
ionic LC materials forming permanent 1D, 2D and 3D ion nanochannels.'® 242> For
instance, Osuji and coworkers developed ion-conductive polymer films with 1D
channels that were aligned perpendicular or parallel to the film surface.!? 13
Polymer films were prepared by photopolymerization of the acrylate groups in the
oriented hexagonal columnar mesophase (Figure 1.4). The oriented films showed
a remarkable increase (two orders of magnitude) in their ionic conductivity
compared with the unaligned films.

Q

(a) M (C) 10-3
/\/\/\/\/\/\O E ol Aligned
%)
o] o g
+ - o O S
Na  © S Non-aligned
i)
< 1061
S
i ‘ol
— 107
(b)
Magnetic field Photopolymerization
— —
Hexagonal mesophase Aligned mesophase Polymer film

Figure 1.4 (a) Chemical structure of ionic columnar LC, (b) schematic representation of the
preparation of a LC polymer film with vertically oriented 1D channels, (c) ionic conductivity of the

non-aligned and aligned polymer films. (Adapted from reference 12)

1.1.2 lonic Complexes of Non-lonic Liquid Crystals and Salts

This second type of ion conductive material consists of non-ionic LC molecules with

crown ethers, oligo(ethylene oxide), cyclic carbonates or diol moieties that are
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complexed with alkaline-metal salts or organic onium salts. These ionic complexes
consist of two molecular components which interact through ionic interactions and
are able to self-assemble into nanostructured channels. One of the first examples
was reported by Kimura et al. They described lithium ion conduction in a crown
ether-based LC and photoresponsive ion conduction on photoisomerization of

azobenzene unit (Figure 1.5).2528

C8H17ON\N O
O_{Q/\\
>
n=1,2 %/ O
%

Figure 1.5 Chemical structure of crowned azobenzene LC

Percec et al. reported supramolecular columnar assemblies with 1D ion conductive
pathways in the center of the columns by using a taper-shaped dendron containing
either crown ether or oligo(ethylene oxide) moieties (Figure 1.6). These molecules,
that were complexed with sodium and potassium triflates, showed ionic
conductivities of 107-101° S-cm™. However, ionic conductivities were lower than

expected because no macroscopic alignhment had been achieved.?® 30

ClZHZSO

R= ~_OFH n=1234
n

C12H250
Figure 1.6 Chemical structure of a taper-shaped dendron containing crown ether and

oligo(ethylene oxide) moieties.

Kato and coworkers designed 2D ion conductors based on smectic LCs containing
poly(ethylene glycol) complexed with lithium salts (Figure 1.7). lonic conductivities
of the order of 10 S-cm™ were achieved in the smectic mesophase at 150 °C for
the macroscopically aligned sample. However, the non-aligned sample showed

lower conductivities (107 S-cm™?).% 3133
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(b) mec 8

Figure 1.7 Chemical structure of smectic LCs containing poly(ethylene glycol), (b) schematic
representation of ion conduction for the complex of the mesogenic dimer and the lithium salt.

(Adapted from reference 32)

Cho et al. reported a LC dendron mixed with lithium triflate that showed ion
conductive properties (Figure 1.8a). The mixture displayed both hexagonal
columnar and bicontinuous cubic mesophases on heating. Due to the increase in
dimensionality of conduction pathways in the cubic mesophase, the conductivities
were one order of magnitude higher than those obtained in the columnar phase.
34 35 The same authors also reported the self-assembly of Janus dendrimers with
lithium triflate in a bicontinuous cubic phase with ion conductivities of about
107 S-cm™* (Figure 1.8b).3¢

In addition, carbonate derivatives have been widely used as LC-based electrolytes
for lithium-ion batteries due to their strong dipole moment and the possibility to
coordinate to lithium ion.3” 38 For instance, Kato et al. designed a fan-shaped
molecule with a propylene carbonate moiety that formed nanosegregated
hexagonal columnar LC phase upon complexation with lithium triflate.!! The
columnar assemblies were aligned by applying AC electric field. After applying the
electric field, the ionic conductivity became 4.3 times higher than that measured

for the polydomain sample. This result suggests that the monodomain orientation
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of the columns parallel to the electric field facilitates ion conduction through 1D

self-organized conductive paths along the columnar axes.
OC22H45
(a) H/\/OCZZHZLS
C22H45
Lo 2
0 /_<: /_<:OC22H45
ﬂ\o’é\/ OWO 0 d 0C,,Hys
! e
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Figure 1.8 Chemical structure of the: (a) LC dendron and (b) LC Janus dendrimer.

A new family of LC ion conductors was developed by mixing organic onium salts
and LC molecules containing functional groups that can interact with them. One of
the first examples was reported by Kato’s research group and it consisted of
smectic mixtures of imidazolium-based salts and calamitic LC molecules containing
hydroxyl groups. The intermolecular interactions between the hydroxyl groups and
the ionic salt enhanced the miscibility and led to the formation of nanosegregated
layered structures.3® 4% The same research group prepared 1D proton conductive
pathways by using columnar LC mixtures of fan-shaped mesogenic molecules
containing hydroxyl groups and imidazolium salts (Figure 1.9).*! The organic salt
was incorporated into the inner part of the column. The oriented structures were
also preserved into polymer films by in situ photopolymerization.*? Anisotropic 1D

ion conduction was achieved for the aligned columnar polymer films.
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\/\/\/\/\O Mesogenic moiety
o Diol
NN T '
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/\/\/\/\/ ? o

Noncovalent bond

Br
AN
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—> —>

Hexagonal columnar LC Polymer film

Figure 1.9 Schematic representation of the strategy for the preparation of 1D ion-conductive
polymer films with planar alignment of the columns composed of mesogenic molecules having
diol moieties and imidazolium salts. (Adapted from reference 42)

Two-component smectic LCs containing carbonate derivatives and imidazolium
salts have been applied as electrolytes in dye-sensitized solar cells. In these
materials, the I'/Is redox couple is generated by mixing a imidazolium iodide salt
with iodide (Figure 1.10).*** The prepared dye-sensitized solar cells converted
light to electricity at temperatures of up to 120 °C, making them attractive for the
development of solar cells. lon conductivities for these devices are typically

between 102 and 103 S-cm™.
/13

0
~ A
=0 NN\
0
)=o0
C5H114<:>_®70/\/0\/\0/\/0\/E0

(b)

(a)

Figure 1.10 (a) Chemical structure of the two-component LC electrolytes. (b) Schematic illustration
of the LC dye-sensitized solar cells and the proposed organization of the two-component
nanostructured electrolyte. (Adapted from reference 43)
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1.2 lonic Liquid Crystal Dendrimers

LC dendrimers represent an attractive tool for the preparation of functional
materials as they combine, in a single molecule, the inherent properties of the
dendrimer scaffold with the anisotropic properties provided by the LC state.*® 4’ LC
dendrimers are generally prepared by the introduction of promesogenic units at
the periphery of a preformed dendrimer.*®4° However, it is also possible to design
LC dendrimers without any promesogenic unit. lonic LC dendrimers are the most
interesting examples; the nanosegregation between polar and apolar regions was

the driving force for the formation of the observed mesophases.

Poly(propyleneimine) (PPl) and poly(amidoamine) (PAMAM) dendrimers are
excellent candidates for ionic functionalization because they contain amine groups
at the periphery that can be ionically attached with carboxylic acids by a proton-
transfer reaction.®® The first example was reported by Tomalia and coworkers
showing lyotropic LC behavior with a material resulting from ionic interactions
between PPl dendrimer and octanoic acid.>! Later, Tsiourvas et al. described the LC
properties of a new family of ionic dendrimers derived from the protonation of PPI
with a cholesterol-based carboxylic acid (Figure 1.11a).°? In a similar way, Ujiie et
al. prepared ionic LC dendrimers derived from PAMAM dendrimer and stearic,

palmitic and myristic acids (Figure 1.11b).>3

@ PAMAM

K /_/—NHg@@ooc:—Rl o>/" N\H,\ 5
N
—\_\ NHPOo0c—R, :
NH @0 . NH

®0 _
H¥~00c—R, H3N®@ooc Ry

(a) R1=@00CV\H/O .@
0]

T,

(b) R, = @OOC—(CHz)n—CH3 n=12,14, 16

Figure 1.11 Chemical structure of ionic LC dendrimers.
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Our research group has described several examples of ionic LC dendrimers that
were prepared by mixing aliphatic carboxylic acids containing perhydrogenated or
semifluorinated alkyl chains with PAMAM and PPl dendrimers of different
generations.>*>’ |In these materials, microsegregation plays a key role and the
molecule is divided into three parts: the central dendritic part, an ionic continuum
formed by the ion pairs, and the terminal alkyl chains of the carboxylic acids (Figure
1.12). This well-defined segregation in layers is responsible for the smectic LC
behavior in most of the dendrimers. Columnar phases also appeared for the higher

generation derivatives.

(b)

=== Dendrimer matrix continuum

= Aliphatic continuum

Figure 1.12 Schematic representation of: (a) ionic dendrimers constituted by proton transfer
between amine and carboxylic acid groups, and (b) molecular organization in the smectic A and

hexagonal columnar mesophase.

lonic interactions have also been employed to attach several functional units at the
dendrimer periphery, such as azobenzene or oxadiazole derivatives.>®®! The LC
properties of these compounds are very similar to those obtained for the covalent
analogues. Consequently, ionic functionalization appears to be an effective and
easy approach to obtain LC dendrimers which avoids the time-consuming synthetic
procedures associated with the preparation of the covalent derivatives. In addition,

the simplicity of the ionic synthetic procedure (compared to the covalent one) has
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enabled the preparation of a big family of PPl dendrimers functionalized with bent-

core molecules.?> 93

Very recently, a new family of ionic hybrid LC dendrimers has been reported by
complexation between PPl dendrimer and carboxylic acid dendrons
bifunctionalized with promesogenic units and carbazole as luminescent and hole-
transporting moiety (Figure 1.13).%* All the ionic dendrimers displayed LC behavior

with good luminescent and electrochemical properties.

Figure 1.13 Schematic representation of the ionic hybrid LC dendrimers with carbazole functional

units. (Adapted from reference 64)
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2. PROTON CONDUCTIVE MATERIALS FORMED BY
COUMARIN PHOTOCROSSLINKED IONIC LIQUID CRYSTAL
DENDRIMERS!

2.1 Objectives

As mentioned in the Introduction, ion conductive materials have been reported
with low-molecular-weight mesogenic compounds that were stabilized by
photocrosslinking to maintain the ionic conductivity over a longer period of time.
The formation of ionic nanosegregated areas in ionic LC dendrimers (formed by

ionic salts) allowed us to envision the possibility of obtaining ionic conductivity.

Figure 2.1 Schematic representation of the ionic self-assembly process to prepare the ionic LC

dendrimers and the nomenclature of the ionic dendrimers.

To develop 1D and 2D proton conductive materials, we have examined the
supramolecular LC organization of ionic dendrimers. A new family of ionic hybrid
dendrimers were synthesized from PAMAM dendrimer generations 0 to 4 (bearing
4, 8, 16, 32 or 64 NH; terminal groups) (Figure 2.1). PAMAM was surrounded by

carboxylic acid dendrons bifunctionalized with a promesogenic unit (cholesteryl

IPublished in: A. Concellon, T. Liang, A. P. H. J. Schenning, J. L. Serrano, P. Romero & M. Marcos.
Proton-conductive materials formed by coumarin photocrosslinked ionic liquid crystal
dendrimers. J. Mater. Chem. C 2018, 6, 1000-1007.

This work was carried out in collaboration with Prof. Albert Schenning (Eindhoven University of
Technology, The Netherlands) during a 4 months stay financed by MINECO (EEBB-I-17-12040).
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hemisuccinate) and coumarin moieties. Coumarin moieties were chosen as
reactive groups for the crosslinking reaction. Upon UV irradiation, coumarins
undergo [2+2] cycloaddition to yield cyclobutane dimers. It does not require an
initiator or catalyst and side reactions are avoidable. It was expected, the ionic
pathways were not disrupted after coumarin photodimerization, thus
nanostructured, thermally and mechanically stable membrane materials with

permanent pathways for proton transport were obtained (Figure 2.2).

Figure 2.2 Schematic representation of the strategy followed for the preparation of 1D and 2D

proton conductive materials based on ionic LC dendrimers.
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2.2 Results and discussion

2.2.1 Synthesis and Characterization of lonic Dendrimers

The carboxylic acid dendron (Ac-ChCou) was prepared by DCC esterification
between monomer bisMPA protected by a benzyl ester group and cholesteryl
hemisuccinate (Scheme 2.1). The hydroxyl group was subsequently reacted with a
carboxylic acid containing the coumarin unit. Finally, the benzyl ester group was

removed efficiently by catalytic hydrogenolysis.

o
o
O}{OH Cholesteryl hemisuccionate 0%0
o
BnG OH BnO OCH

DCC, DPTS, DCM
L
HOOC-(CHz}o-O o "o
Benzyl bromide (CHa)10

KOH, DMF DCC, DPTS, DCM

0 OH o
)K/YO
HO OH o o
— o
BnC (07
M/\/\/ AN
o o
e

Pd(OH),
Cyclohexene/THF

YT

Ac-ChCou

Scheme 2.1 Synthetic route for the preparation of Ac-ChCou.

lonic dendrimers were prepared by mixing a THF solution of Ac-ChCou with a
solution of the corresponding generation of the PAMAM dendrimer in the
stoichiometry necessary to functionalize all terminal amine groups. The mixture
was ultrasonicated for 5 min, then the THF was slowly evaporated at room

temperature and the sample was dried under vacuum at 40 °C until the weight
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remained constant. The formation of ionic interactions between the PAMAM
dendrimer and the dendron acids was studied by FTIR and NMR.

carboxylate

.,
., LN}
.
H o
K o
o
2

ester

acid (free)

acid (dimer)

Absorbance (a.u.)

1900 1800 1700 1600 1500 1400 1300
Wavenumber (cm'1)

Figure 2.3 FTIR spectra (C=0 st. region) of PAMAM16 (black line), Ac-ChCou (blue line), and
PAMAM16-ChCou (red line).

As a representative example that demonstrates the formation of the ionic salts, the
FTIR spectra of Ac-ChCou, PAMAM16 and the corresponding ionic dendrimer are
shown in Figure 2.3. In the spectrum of Ac-ChCou, three C=0 stretching bands
appeared at 1683, 1730 and 1741 cm™. The band at 1730 cm™is assigned to the
ester groups, whereas the bands at 1686 and 1741 cm™ correspond to the dimeric
and free form of the carboxylic acid group, respectively. In the spectrum of
PAMAM16-ChCou the signals at 1686 and 1741 cm™ were replaced by two new
bands at around 1550 and 1400 cm™ due to the asymmetric and symmetric

stretching modes of the carboxylate group.

The 'H NMR spectra recorded in CDCls clearly show the formation of the ionic
assemblies. As a representative example, the 'H NMR spectra of the dendron
Ac-ChCou, the third generation PAMAM dendrimer (PAMAM32) and the ionic
dendrimer PAMAM32-ChCou complex are shown in Figure 2.4. In the initial
dendron, the acid proton signal was very broad and barely visible in the H
spectrum, thus this signal could not be used to determine the formation of the salt.
The protons close to the ionic pairs experienced the highest chemical shifts. For
instance, the proton signals of diastereotopic methylene (Hr and Hp) moved to a

higher field after the formation of the salts. Protonation of terminal amine groups
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of the PAMAM dendrimer was also confirmed the appearance of the NH3* broad
signal at 5.20-4.00 ppm. The absence of the CH,CH>-NH; (Hq, 6= 2.77 ppm) and
CH>CH2-NH; (Hg, 6= 3.22 ppm) signals and the appearance of the CH,CH>-NH3* (Hq,
6= 3.13 ppm) and CH,CH»-NHs3" (Hg, 6= 3.52 ppm) signals also confirm the
quantitative protonation of terminal amine groups.

Figure 2.4 'H NMR spectra (CDCl3, 400 MHz) of: (a) Ac-ChCou, (b) PAMAM32-ChCou, and (c)
PAMAM32.

'H-1H NOESY experiments were also employed to study the formation of these ionic
dendrimers in solution. The main feature of NOESY is its ability to provide in a single
experiment all the correlations between nuclei which are physically close in space,
thus making it a very valuable tool for determining whether supramolecular
interactions were established between Ac-ChCou dendron and the PAMAM
dendrimer. The *H-'H NOESY spectrum of PAMAM32-ChCou is shown in Figure 2.5.
Significant cross-peaks were observed between the diastereotopic protons of
Ac-ChCou (Hp and Hp’) and Hq and Hg protons of the terminal branches of PAMAM,
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indicating that these groups were close in space because of the ionic pair
formation. Besides this, Hp and Hp docked closely with the terminal NHs* groups of
PAMAM.

Figure 2.5 *H-'H NOESY spectrum of PAMAM32-ChCou (CDCls, 298 K, tmix = 200 ms).

In the 3C NMR spectra (Figure 2.6) the carboxyl group signal (Cs) of the acid shifts
from 176.98 to 178.18, indicating the formation of carboxylate (COO7). Likewise,
the deprotonation of carboxylic acid was also corroborated by the displacement of
the methylic carbon (Cq), the methyl carbon (Cg) and the methylene carbons (Ce
and Cr) to lower field. In addition, when terminal amine groups of PAMAM are
protonated, the methylene carbons (C, and Cg) move from 41.6/42.4 to 39.7/37.7,
respectively (data confirmed by *H-13C HSQC experiments).

The 3C cross-polarization magic-angle spinning (3C CPMAS) NMR spectra were
recorded at room temperature for the ionic hybrid dendrimers (Figure 2.7). The
downfield shift of the carboxylic carbon (Cs) signal of PAMAM16-ChCou provides

strong evidence for the formation of the carboxylate anion.
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Figure 2.6 3C NMR spectra (CDCls, 100 MHz) of: (a) Ac-ChCou, (b) PAMAM32-ChCou, and (c)
PAMAM32.

Figure 2.7 3C CPMAS NMR spectra of: (a) Ac-ChCou, (b) ionic dendrimer PAMAM16-ChCou, and
(c) ionic dendrimer PAMAM16-ChCou after photodimerization.

195



Chapter 2

2.2.2 Thermal Properties and Mesogenic Behavior

The thermal stability of the ionic dendrimers was studied by thermogravimetric
analysis (TGA). All the samples showed good thermal stability and in all cases the
5% weight loss temperature (Tsy%) was detected at temperatures more than 100 °C

above the isotropization point (Table 2.1).

Table 2.1 Thermal properties and structural parameters

Ts%2 (°C)  Phase transitions®  dopsC(A)  hk /@ Structural
parameters
Ac-ChCou 190 g9N70%I - - -
PAMAM4-ChCou 188 g6 SmA 65¢ | 42.7 100 d=42.7A
4.5 (br) d=145A
PAMAMS-ChCou 203  g27SmA74(0.9)I 43.2 100 d=433A
21.7 200 @=209A
4.5 (br)
PAMAM16-ChCou 209 g21SmA 63| 46.2 100 d=46.2A
23.1 200 @=288A
4.5 (br)
PAMAM32-ChCou 200 g 18 SmA 75¢ | 41.1 100 d=41.1A
4.5 (br) @d=435A
PAMAMG64-ChCou 198 g 29 Coln 81° | 49.3 100 a=56.7A
28.2 110 hg=44.0A
4.5 (br)

@ Temperature at which 5% mass lost is detected in the thermogravimetric curve.

b DSC data of the second heating process at a rate of 10 °C/min. Temperatures are read at the
maximum of the peak, and enthalpies (kJ/mol) are in brackets. g: glass, SmA: smectic A
mesophase, Coln: hexagonal columnar mesophase, |: isotropic liquid.

¢ d value calculated according to Bragg’s equation.

4 Miller indices.

¢ POM data.

Thermal transitions and mesomorphic properties were studied by polarized optical
microscopy (POM), differential scanning calorimetry (DSC) and X-ray diffraction
(XRD) (Figure 2.8). Three cycles were carried out in DSC experiments and data were
taken from the second cycle. In some cases, temperatures were taken from POM

observations because transition peaks were not detected in DSC curves.
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Figure 2.8 (a) DSC traces corresponding to the second scan for PAMAMS-ChCou (10 °C/min, Exo
down). (b) POM microphotograph observed in the cooling process at room temperature for
PAMAMS8-ChCou. (c) Room temperature XRD pattern of PAMAMS8-ChCou.

Dendron Ac-ChCou displayed a enantiotropic nematic mesophase, which was
observed at room temperature by POM on applying mechanical stress to the
sample. The XRD pattern of the nematic phase contained diffuse scattering at low
angles and a diffuse halo at high angles corresponding to the intermolecular short-

range interactions between molecules.

All the ionic dendrimers displayed liquid crystalline behavior. The DSC curves
showed only a glass transition freezing the mesomorphic order at room
temperature. Dendrimers for generations G= 0-3 exhibited a smectic A mesophase
that was identified by POM on applying mechanical stress to the sample showing
birefringent textures. However, the G= 4 ionic dendrimer PAMAM®64-ChCou,
surrounded by 64 dendrons Ac-ChCou, exhibited a hexagonal columnar
mesophase. The smectic A and hexagonal columnar nature of the mesophases was
confirmed by XRD.

In G= 0-3 ionic dendrimers, the XRD patterns were constituted by a diffuse halo in
the wide angle region, corresponding to the short-range correlations between the
conformationally disordered alkyl chains, and by one or two sharp maxima in the
small angle region. These sharp maxima evidence a long-range lamellar packing of

molecules, and when there were two low-angle maxima in the reciprocal spacing
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ratio 1:2, they can be assigned to the first and second order reflections. The layer
spacings (d) of the SmA mesophase were obtained by applying Bragg’s law and they
are gathered in Table 2.1.

Figure 2.9 (a) Variation of the elementary ionic dendrimer cylinder as a function of generation
number. Proposed arrangement of the ionic dendrimers (b) in the smectic A mesophase, and (c)

in the hexagonal columnar mesophase.

The XRD pattern obtained for the G= 4 ionic dendrimer was consistent with a
hexagonal columnar mesophase. It exhibited a diffuse maximum corresponding to
a distance of about 4.5 A between the conformationally disordered aliphatic chains.
In the low-angle region the XRD pattern showed a set of two sharp reflections in
the reciprocal ratio of 1 : 1/V3. These two reflections can be assigned to the
reflections (100) and (110) of a hexagonal columnar arrangement with a lattice

parameter (a) of 56.7A.

On the basis of our previous works on LC dendrimers,*® 4% we propose a cylinder-
shaped conformation of the G= 0-3 dendrimers, in which the dendrimer matrix
occupies the central section whereas the ionic pairs extend up and down with the
dendrons statistically distributed (Figure 2.9). To gain insight into the molecular

arrangement and the packing in the mesophase, it is possible to make some
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theoretical calculations using the experimentally measured spacings (d) and the
molecular weight values (M). The density p of a smectic mesophase can be

calculated by the formula:>*

_ 4-10**-M
p_n-d-NA-(Z)Z

where @ is the diameter of the cylinder and Na is the Avogadro’s number. Assuming
that the density of organic compounds is around 1 g/cm3, it is possible to estimate
the diameter @ in A of the cylindrical dendritic molecules. The results of these
calculations show that the diameter of the cylinder increases with the increase in
the generation of the dendrimer due to the predominant spreading of the dendritic
branches of PAMAM in the plane perpendicular to the cylinder axis to
accommodate all the dendrons. Indeed, the height of the molecular cylinder (d)
remains practically constant for all the G=0-3 dendrimers, whereas the cylinder
diameter (&) increases from one generation to the next one. This can be explained
if the dendritic matrix strongly deforms in the directions parallel to the smectic
layers upon increasing the generation number. However, the growth of the
diameter has a limit where the supermolecule undergoes conformational changes
because the cylinder does not have enough space to accommodate the increasing
number of fuctional units. The flexibility of the dendrimer matrix allows a molecular
conformation in which the dendrons extend radially from the central dendrimer
nucleus (Figure 2.9). The supramolecular organization of these disk-like molecules
in columns gives rise to the observed hexagonal columnar mesomorphism. As for
the smectic mesophases, simple calculations can be carried out for the columnar
mesophases to gain an insight into the packing in the LC phase. These calculations

enable estimated values for the mean disk thickness (h4) with the formula:**

. 20-M
"~ V/3-6.023 - 2

hq

A comparison of hg with a indicates that the shape of the dendrimer in the
mesophase is more appropriately described as a flattened cylinder than a disk. The
arrangement of these disks within supramolecular organizations gives rise to
cylindrical columns and therefore to the hexagonal columnar mesophase (Figure
2.9).
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2.2.3 Absorption and Emission Properties

The UV-Vis absorption and fluorescence spectra of the ionic dendrimers were
recorded on dilute solutions (10> to 107 M) in THF and in thin films at room

temperature. Relevant data are collected in Table 2.2.

Table 2.2 Photophysical data

Aabs™F (log €)? AgpsTim 2 Ao THF B L
Ac-ChCou 324 (4.13) 323 384 0.48
PAMAMA4-ChCou 323 (4.72) 323 384 0.45
PAMAMS8-ChCou 323 (5.03) 323 384 0.46
PAMAM16-ChCou 324 (5.32) 323 383 0.51
PAMAMS32-ChCou 323 (5.61) 323 384 0.58
PAMAM64-ChCou 323 (5.94) 323 384 0.56

2 Maximum of the absorption band in nm (&: extinction coefficient in Mt-cm™)
® Maximum of the emission band in nm.
¢ Quantum yields in THF relative to anthracene (¢e= 0.27 in ethanol)

The ionic dendrimers present identical absorption spectra in THF solution with a
band at 323 nm related to the n—mt* transition of the coumarin units (Figure 2.10).
The UV-Vis absorption spectra in solid thin film showed that the absorption band
was broader respect to the corresponding THF solutions, due to aggregation of the
coumarin units. The fluorescence emission spectra in THF solution exhibited one
band at 384 nm. The fluorescence quantum yields (¢f) of the ionic dendrimers were
measured with anthracene (¢e= 0.27 in ethanol) as standard, obtaining moderate
quantum yield values in the range of 0.45-0.58. In general, the quantum vyields
increase upon increasing the generation. The fluorescence emission in solid thin
film was also recorded and compared to the data from THF solutions, the emission

peak appeared broader and red-shifted by ca. 50 nm.

200



IONIC LIQUID CRYSTAL DENDRIMERS AS PROTON CONDUCTORS
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Figure 2.10 Absorption (red) and emission (blue) spectra of PAMAMG64-ChCou in THF solution

(solid lines) and in thin film (dot lines).

2.2.4 Polymer Network Formation by Coumarin Photodimerization

Photodimerization of coumarin units was employed for the crosslinking process by
locking the LC arrangement. Exposure of the films to 365 nm UV irradiation caused
a decrease of the m—m* band due to photoinduced [2+2] cycloaddition (so-called
photodimerization) of the coumarin units. After 30 min of light irradiation only
slight changes were further detected in the UV-Vis spectra (Figure 2.11a). To
examine the structural details of the photo-crosslinking process, irradiated films
were studied by FTIR and '3C CPMAS. Irradiation at 365 nm results in coumarin
photodimerization as indicated by the decrease in the intensity of the C=C
stretching band at 1620 cm™ and the shift of the C=0 stretching band from 1730 to
1750 cm (Figure 2.11b).5> After photodimerization, the band at 1730 cm™ did not
completely disappear because it comprises contributions from the cholesteryl
hemisuccinate ester groups. This reaction can also be followed by 3C CPMAS which
showed the disappearance of the peak at 113 ppm (Cg), which corresponds to the
C=C moieties (Figure 2.7). Additionally, after coumarin photodimerization the
signal at 163 ppm (Ca) is shifted upfield due to the formation of the cyclobutane

ring.%¢
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Figure 2.11 Coumarin photodimerization reaction: (a) UV-Vis absorption spectra of a UV-irradiated
PAMAMG64-ChCou film at different times, (b) FTIR spectra of PAMAM16-ChCou before (blue) and
after (red) coumarin photodimerization.

The crosslinking of the smectic or columnar ionic dendrimers gave rise to a LC
polymer network, whose lattice spacings are significantly smaller (ca. 5 A) that
those of the starting “single” dendrimer (Figure 2.12). These results suggest that
the ionic pathways have not been disrupted after coumarin photodimerization,

thus this reaction can be used to lock in the arrangement of the LC phase.

—— PAMAM16-ChCou intial
------- PAMAM16-ChCou after UV
—— PAMAM®64-ChCou initial
------- PAMAMG64-ChCou after UV

Intensity (a. u)

1 10
q (nm™)

Figure 2.12 1D XRD profiles of PAMAM16-ChCou and PAMAMG64-ChCou before and after
photodimerization.
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2.2.5 Proton Conduction Properties

The proton conductivity was measured using electrochemical impedance
spectroscopy in samples consisting of films sandwiched between ITO-coated
electrodes. The typical impedance response (Nyquist plots) consisted of a
suppressed semicircle in the high-frequency region and an incline straight line in

the low-frequency range (Figure 2.13).
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Figure 2.13 Nyquist plots of PAMAMG64-ChCou at 50 °C and 100 °C.

Because protons have to travel between two electrodes, in anisotropic materials
the measured conductivity depends on the macroscopic degree of order and the
orientation of the phase with respect to the electrodes. Initially, a random
orientation of the samples (polydomain) was observed between electrodes in just
prepared cells. Thus, several alignment procedures (shearing or thermal
treatments) were performed in an effort to obtain long-range, uniform planar or
homeotropic alignment over large areas of the SmA or Col, samples, respectively.
As a representative example, the proton conductivities of PAMAMG64-ChCou before
and after thermal annealing are shown in Figure 2.14a. The ionic conductivities
after annealing are approximately one order of magnitude higher than those of the
films without annealing. This result suggests that thermal treatments favor
columnar arrangement perpendicular to the electrodes, having a decisive influence

on the proton conductivity.
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Figure 2.14 Proton conductivities as a function of the temperature of: (a) PAMAM®64-ChCou, and

(b) all ionic dendrimers.

In Figure 2.14b, the proton conductivities (after alignment) were compared among
the different generations of the ionic dendrimers. Interestingly, the G= 4 ionic
dendrimer exhibits the highest conductivity. This result can be understood by
keeping in mind that the G= 4 dendrimer displayed a hexagonal columnar phase
whereas G= 0-3 presented smectic A mesomorphism. Most likely, the
supramolecular organization of PAMAMG64-ChCou may facilitate the protonic
charge transport due to the presence of 1D nanochannels. On the other hand, there
are no big differences in the ionic conductivities for the G= 0-3 ionic dendrimers.
Therefore, these results suggest that the hexagonal columnar organization in the

LC state clearly favors proton conduction.

The proton conductivities after coumarin photodimerization were estimated by
taking compounds PAMAMG64-ChCou, which exhibits a hexagonal columnar
mesophase, and PAMAM16-ChCou, with a smectic A mesophase, as representative
examples (Figure 2.15). It is remarkable that after crosslinking both dendrimers
showed a decrease in conductivities similar to the previously reported
polymerizable LCs whose conductivities reduced about one order of magnitude

after polymerization due to the decrease in the mobility of ionic moieties.'% ¢’
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Figure 2.15 Proton conductivities as a function of the temperature of PAMAM16-ChCou and
PAMAMG64-ChCou before and after photodimerization.
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2.3 Conclusions

A new strategy for the preparation of proton conductive materials has been
developed using ionic LC dendrimers combined with a crosslinking reaction based
on coumarin photodimerization. 1D and 2D ionic nanosegregated assemblies can
be obtained in a modular approach using different generation dendrimers. The use
of coumarin photodimerization imparts a new tool to fabricate mechanical stable

ionic materials.

All ionic materials showed good proton conductivity and it is expected that
macroscopic alignment will enhance this. The proton conduction in these ionic LC
dendrimers may open a new path in the search for electrolyte materials for the

preparation of electrochemical devices.
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3. EXPERIMENTAL PART

3.1 Characterization Techniques

3.1.1 Materials

Poly(amidoamine) dendrimers (PAMAM) were purchased from Dendritech, Inc.
Cholesteryl hemisuccinate and the rest of reagents were purchased from Sigma-
Aldrich and used as received without further purification. Anhydrous THF and DCM
were purchased from Scharlab and dried using a solvent purification system.

3.1.2 Structural Characterization

Infrared spectroscopy experiments were obtained on a Bruker Vertex 70 FT-IR
spectrophotometer using KBr pellets.

Solution nuclear magnetic resonance experiments were carried out on Bruker
Avance spectrometers operating at 500/400 MHz for *H and 125/100 for 13C, using
standard pulse sequences. Chemical shifts are given in ppm relative to TMS and the

residual solvent peak was used as internal reference.

Solid-state nuclear magnetic resonance experiments were performed in a Bruker
Avance |l WB400 spectrometer using a double resonance (*H-X) probe with a rotor
of 4 mm or 2.5 mm diameter, and the spinning frequency was set to 12 kHz or 20
kHz, respectively. For the former, the *H and *3C 1i/2 pulse length were 3 and 4.3
us, respectively, the CP contact time was 3 ms and the recycle delay was 7 s. For
the latter, the 'H and 3C pulse length were 8 and 5.7 us, respectively, the CP
contact time was 1.5 ms and the recycle delay was 5 s. The pulse sequence
employed consisted of ramped cross-polarization with spinal-64 decoupling. Data
were acquired at 298 K and chemical shifts are referenced to TMS using

adamantane (*3C: 6= 29.45 ppm) as secondary standard.
Elemental analysis was performed using a Perkin-EImer 2400 microanalyzer.

MALDI-TOF mass spectrometry was performed on an Autoflex mass spectrometer

(Bruker Daltonics) using dithranol as matrix.
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3.1.3 Liquid Crystal Characterization

Mesogenic behavior was investigated by polarized-light optical microscopy using

an Olympus BH-2 polarizing microscope fitted with a Linkam THMS600 hot stage.

Thermogravimetric analysis was performed using a Q5000IR from TA Instruments

at heating rate of 10 °C/min under nitrogen atmosphere.

Thermal transitions were determined by differential scanning calorimetry using a
DSC Q20 or Q2000 from TA Instruments with powdered samples (2-5 mg) sealed
in aluminum pans under nitrogen atmosphere. Glass transition temperatures (Tg)
were determined at the half-height of the baseline jump, and first-order transition

temperatures were read at the maximum of the corresponding peak.

X-ray diffraction was also performed with a Ganesha Lab Instrument equipped
with a GeniX-Cu ultralow divergence source producing X-ray photons with a
wavelength of 1.54 A and a flux of 1x108 ph/s. Scattering patterns were collected
using a Pilatus 300 K silicon pixel detector. The beam center and the g range were
calibrated using the diffraction peaks of silver behenate. Powdered samples were

placed in Lindemann glass capillaries (1 mm diameter).

3.1.4 Optical Properties

Ultraviolet-visible spectra were recorded on an ATI-Unicam UV4-200

spectrophotometer.

Fluorescence measurements were recorded on a Perkin-Elmer LS 50B fluorescence

spectrophotometer.

All the measurements were performed in dilute THF solutions (10 to 10”7 M) using
quartz cuvettes. Thin films for UV-Vis absorption experiments were prepared by
casting from THF solutions (1 mg/mL) onto quartz substrates. Films for
fluorescence measurements were prepared between two quartz plates by heating

the compounds above their isotropization temperature and cooling down to RT.
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3.1.5 Proton Conductive Properties

Electrochemical impedance spectroscopy was recorded on an Autolab potentiostat
equipped with a temperature controller in the frequency range from 1 Hz to 1 MHz
(applied voltage: 10 mV). The conductivities were studied as a function of
temperature between 30 and 150 °C with 5 °C intervals. For the preparation of the
cells for ionic conductivities, the appropriate amount of the ionic dendrimer was
placed on a ITO electrode that was sandwiched with another ITO electrode
controlling the thickness by using glass spacers (20 um). The cell was heated up to
a few degrees above the melting point of the liquid crystal and the cell was pressed
to obtain the thin film.

After the preparation of the cell, a random orientation of the layers (SmA) or
columns (Coln) was observed between electrodes. Smectic samples were
mechanically sheared within the cell in order to obtain a planar alignment of the
layers (smectic layers aligned perpendicular to the electrodes). On the other hand,
homeotropic alignment of the columnar mesophase was attainable after slow

cooling down to room temperature (0.05 °C/min) from the isotropic liquid.

The impedance spectrum can be modeled as an equivalent circuit and divided into
imaginary (Z”) and real (Z’) components. The resistance (Ry) was estimated from
the intersection of the real axis (Z’) and the semicircle of the impedance spectrum.

The proton conductivities o (S/cm) were calculated with the formula:
o =d/(Ry- A)

where d (cm) is the thickness of the film, A (cm?) is the area of the film and Ry, (Q)

is the resistance of the sample.

Photocrosslinking of coumarin units (photodimerization) was carried out by
exposing the aligned LC system to 365 nm LED light (ThorsLab) for 30 min.
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3.2 Synthetic Procedures

3.2.1 Synthesis of the Coumarin Functional Unit

= Methyl 11-Bromodecanoate =
AN COMe
[ed@iNe] OH K>COs3, KI, acetone [oZNe; O

1

KOH
MeOH/THF
J@ QN
oo o 0 e S COH
2

Methyl 11-((2-oxo-2H-chromen-7-yl)oxy)undecanoate (1). A mixture of
7-hydroxy-2H-chromen-2-one (3 g, 18.5 mmol), methyl 11-bromoundecanoate
(5.68 g, 20.35 mmol), potassium carbonate (5.11 g, 37.00 mmol) and a teaspoon of
potassium iodide in acetone (175 mL) was stirred and heated to reflux for 12 h. The
reaction was allowed to cool down to room temperature and the solvent was
evaporated under reduced pressure. The residue was dissolved in DCM and
washed with water and brine. The organic layer was dried over anhydrous
magnesium sulfate and the solvent was evaporated. The crude product was
recrystallized in ethanol. Yield: 93%. IR (KBr, v, cm™): 2923 (C-H), 1744 (C=0), 1612,
1463 (Ar), 1232, 1126 (C-0). *H NMR (CDCls, 400 MHz, 6, ppm): 7.63 (d, J= 9.4 Hz,
1H), 7.6 (d, J= 8.5 Hz, 1H), 6.88-6.76 (m, 2H), 6.24 (d, J= 9.5 Hz, 1H), 4.00 (t, J=6.5
Hz, 2H), 3.66 (s, 3H), 2.30 (t, J= 7.5 Hz, 2H), 1.85-1.74 (m, 2H), 1.67-1.55 (m, 2H),
1.51-1.21 (m, 12H). 3C NMR (CDCls;, 100 MHz, &, ppm): 176.53, 162.58, 161.47,
156.07,143.61, 128.83, 113.16, 113.05, 112.50, 101.46, 68.79, 51.60, 34.24, 29.58,
29.47,29.43, 29.35, 29.26, 29.10, 26.07, 25.07.

11-((2-Oxo0-2H-chromen-7-yl)oxy)undecanoic acid (2). An aqueous solution of
potassium hydroxide (5.45 g, 10 mL) was added to a solution of compound 1 (4.5
g, 12.48 mmol) in methanol and THF (50 mL and 5 mL, respectively). The mixture
was stirred and heated under reflux for 2 h. Then, the crude product was
precipitated by addition of concentrated hydrochloric acid until pH 2 and it was
filtered. The product was recrystallized in ethanol. Yield: 91%. IR (KBr, v, cm™): 3133
(O-H), 1719, 1699 (C=0), 1619 1508, 1466 (Ar), 1205, 1139 (C-0). *H NMR (CDCls,
400 MHz, &, ppm): 7.63 (d, J= 9.5 Hz, 1H), 7.35 (d, J= 8.4 Hz, 1H), 6.87-6.77 (m, 2H),
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6.24 (d, J= 9.4 Hz, 1H), 4.00 (t, J= 7.0 Hz, 2H), 2.34 (t, J= 7.5 Hz, 2H), 1.87-1.75 (m,
2H), 1.68-1.58 (m, 2H), 1.51-1.22 (m, 12H). 3C NMR (CDCls, 100 MHz, 8, ppm):
179.23, 162.59, 161.55, 156.06, 143.65, 128.83, 113.19, 113.03, 112.51, 101.47,
68.80, 34.05, 29.55, 29.43, 29.39, 29.32, 29.16, 29.08, 26.05, 24.81.

3.2.2 Synthesis of the Bifunctional Dendron
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Benzyl 2,2’-bis(hydroxymethyl)propanoate (3). 2,2’-Bis(hydroxymethyl) propionic
acid (10 g, 74.55 mmol) and potassium hydroxide (5.02 g, 89.46 mmol) were
dissolved in DMF (75 mL). The mixture was heated at 100 °C for 1 h and then benzyl
bromide (15.3 g, 89.46 mmol) was added. After stirring for 12 h at 100 °C, DMF was
distilled off. The residue was dissolved in DCM and washed with brine. The crude
product was recrystallized in toluene. Yield: 59%. IR (KBr, v, cm™): 3362 (OH), 3037
(=C-H), 2940 (C-H), 1706 (C=0), 1223, 1041 (C-0). *H NMR (CDCls;, 400 MHz, §,
ppm): 7.42-7.28 (m, 5H), 5.21 (s, 2H), 3.93 (dd, J= 10.5 Hz, J= 6.9 Hz, 2H), 3.73 (dd,
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J=11.3 Hz, J= 6.3 Hz, 2H), 2.91 (t, J= 6.6 Hz, 2H), 1.08 (s, 3H). 3C NMR (CDCls, 100
MHz, 8, ppm): 175.86, 135.84, 128.77, 128.44, 127.98, 68.42, 66.82, 49.37, 17.23.

Benzyl-protected monofunctionalized dendron (4). Compound 3 (1.00 g, 4.46
mmol), cholesteryl hemisuccinate (2.17 g, 4.46 mmol) and 4-(dimethylamino)
p-toluenesulfonate (0.70 g, 2.23 mmol) were dissolved in anhydrous DCM (100
mL). The reaction flask was cooled in an ice bath and flushed with argon, then
N,N’-dicyclohexylcarbodiimide (1.01 g, 4.91 mmol) was added dropwise. The
mixture was stirred at RT for 24 h under argon atmosphere. The white precipitate
was filtered off and washed with DCM. The solvent was evaporated and the crude
product was purified by flash column chromatography on silica gel using DCM as
eluent and gradually changing the composition of the eluent to DCM/ethyl acetate
(19:1). Yield: 66%. IR (KBr, v, cm™): 3516 (OH), 2954 (C-H), 1722 (C=0), 1254, 1055
(C-0).1H NMR (CDCls, 400 MHz, 6, ppm): 7.41-7.28 (m, 5H), 5.36 (d, J= 3.6 Hz, 1H),
5.20 (d, J=12.4 Hz, 1H), 5.16 (d, J= 12.4 Hz, 1H), 4.68-4.54 (m, 1H), 4.39 (d, J=11.2
Hz, 1H), 4.25 (d, J= 11.2 Hz, 1H), 3.77-3.65 (m, 2H), 2.60-2.51 (m, 4H), 2.31 (d, J=
7.7 Hz, 2H), 2.06-0.81 (m, 41H), 0.68 (s, 3H). 13C NMR (CDCls, 100 MHz, &, ppm):
174.31, 172.63, 171.72, 139.64, 135.78, 128.75, 128.47, 128.15, 122.91, 74.64,
66.83, 66.05, 65.00, 56.82, 56.26, 50.14, 48.43, 42.44, 39.86, 39.65, 38.18, 37.08,
36.71, 36.32, 35.93, 32.03, 31.98, 29.49, 29.18, 28.37, 28.15, 27.85, 24.42, 23.96,
22.96, 22.71, 21.16, 19.44, 18.85, 17.71, 11.99.

Benzyl-protected bifunctionalized dendron (5). Compound 2 (0.96 g, 2.77 mmol),
the monofunctional dendron (4) (1.75 g, 2.53 mmol) and 4-(dimethylamino)
p-toluenesulfonate (0.39 g, 1.26 mmol) were dissolved in anhydrous DCM (75 mL).
The reaction flask was cooled in an ice bath and flushed with argon, then
N,N’-dicyclohexylcarbodiimide (0.63 g, 3.03 mmol) was added dropwise. The
mixture was stirred at RT for 24 h under argon atmosphere. The white precipitate
was filtered off and washed with DCM. The solvent was evaporated and the crude
product was purified by flash column chromatography on silica gel using DCM as
eluent and gradually changing the composition of the eluent to DCM/ethyl acetate
(19:1). Yield: 90%. IR (KBr, v, cm™): 2934 (C-H), 1741 (C=0), 1613, 1467 (Ar), 1231,
1156 (C-0). *H NMR (CDCls, 400 MHz, 8, ppm): 7.63 (d, J= 9.4 Hz, 1H), 7.40-7.27 (m,
6H), 6.86-6.77 (m, 2H), 6.24 (d, J= 9.5 Hz, 1H), 5.40-5.30 (m, 1H), 5.16 (s, 2H), 4.66-
4.54 (m, 1H), 4.31-4.16 (m, 4H), 4.00 (t, J= 6.5 Hz, 2H), 2.60-2.48 (m, 4H), 2.30 (d,
J= 7.7 Hz, 2H), 2.22 (t, J= 7.6 Hz, 2H), 2.04-0.80 (m, 54H), 0.67 (s, 3H). 3C NMR
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(CDCl3, 100 MHz, 6, ppm): 173.35, 172.69, 171.94, 171.56, 162.59, 161.41, 156.10,
143.57, 139.71, 135.76, 128.82, 128.72, 128.47, 128.27, 122.86, 113.15, 113.08,
112.51,101.49, 74.55, 68.81, 66.94, 65.77, 65.43, 56.84, 56.29, 50.17, 46.55, 42.46,
39.88, 39.66, 38.20, 37.10, 36.72, 36.33, 35.93, 34.18, 32.04, 32.00, 29.62, 29.51,
29.46, 29.36, 29.24, 29.13, 28.37, 28.16, 27.88, 26.10, 24.94, 24.42, 23.98, 22.96,
22.70,21.17,19.45, 18.86, 17.91, 12.00.

Bifunctionalized dendron Ac-ChCou. Compound 5 and Pd(OH)./C (20% wt.) were
dissolved in a mixture of THF-cyclohexene (1:3) under reflux. After 12 h, the
catalyst was filtered off using Celite® and carefully washed with DCM. The solvent
was evaporated and the crude product was purified by flash column
chromatography on silica gel using DCM as eluent and gradually changing the
composition of the eluent to ethyl acetate. Yield: quantitative. IR (KBr, v, cm™):
3228 (OH), 3044 (=C-H), 2932 (C-H), 1741, 1730, 1683 (C=0), 1604, 1507, 1466 (Ar),
1252, 1165 (C-0). *H NMR (CDCls, 400 MHz, &, ppm): 7.63 (d, J= 9.5 Hz, 1H), 7.36
(d, J=8.5Hz, 1H), 6.89-6.75 (m, 2H), 6.24 (d, J= 9.5 Hz, 1H), 5.40-5.30 (m, 1H), 4.68-
4.54 (m, 1H), 4.32-4.18 (m, 4H), 4.01 (t, J= 6.5 Hz, 2H), 2.69-2.54 (m, 4H), 2.36-2.25
(m, 4H), 2.04-0.80 (m, 54H), 0.67 (s, 3H). 13C NMR (CDCls, 100 MHz, &, ppm): 176.98,
173.40, 171.97, 171.65, 162.61, 161.57, 156.07, 143.65, 139.70, 128.84, 122.87,
113.20, 113.05, 112.53, 101.50, 74.62, 68.82, 65.50, 65.12, 56.83, 56.30, 50.16,
46.21, 42.46, 39.87, 39.66, 38.19, 37.10, 36.72, 36.33, 35.94, 34.22, 32.04, 32.00,
29.58, 29.48, 29.40, 29.33, 29.23, 29.19, 29.09, 28.37, 28.16, 27.87, 26.07, 24.96,
24.43, 23.99, 22.96, 22.70, 21.17, 19.45, 18.86, 17.89, 12.00. MS (MALDI,
dithranol, m/z): calcd. for Cs¢Hs2011, 930.6; found, 953.6 [M+Na]*, 975.6 [M-
H+2Na]*. Anal. calcd. for CsgHg011: C, 72.23%; H, 8.88%. Found: C, 72.00%; H,
8.94%.

3.2.3 Synthesis of the lonic Dendrimers

lonic dendrimers were prepared following the previously described
methodology.”® >* A solution of Ac-ChCou in anhydrous THF was added to a
solution of the corresponding generation of the PAMAM dendrimer, in
approximately 1:1 (primary amine groups:carboxylic acid groups) stoichiometry.

The mixture was ultrasonicated for 5 min, and then it was slowly evaporated at
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room temperature and dried in vacuum at 40 °C until the weight remained

constant.

PAMAMA4-ChCou. IR (KBr, v, cm™): 3258 (N-H), 3069 (=C-H), 2930 (C-H), 1729, 1645
(C=0), 1611 (Ar), 1555 (COO asym), 1406 (COO 5ym), 1158 (C-0). *H NMR (CDCls, 400
MHz, 5, ppm): 8.71-8.50 (m, 4H), 7.63 (d, J= 9.5 Hz, 4H), 7.35 (d, J= 8.6 Hz, 4H), 6.85-
6.76 (m, 8H), 6.23 (d, J= 9.5 Hz, 4H), 5.39-5.29 (m, 4H), 4.68-4.47 (m, 4H), 4.36-4.08
(m, 16H), 4.00 (t, J= 6.5 Hz, 8H), 3.65-3.43 (m, 4H), 3.22-3.02 (m, 4H), 3.00-2.23 (m,
52H), 2.05-0.74 (m, 216H), 0.66 (s, 12H). 3C NMR (CDCls, 100 MHz, §, ppm): 178.40,
173.80, 172.31, 172.02, 162.60, 161.49, 156.08, 143.65, 139.71, 128.86, 122.87,
113.16, 113.04, 112.52, 101.49, 74.62, 68.81, 68.12, 66.80, 66.15, 56.83, 56.32,
50.58 (detected by *H-3C HSQC, H:-C7), 50.15, 49.98 (detected by *H-3C HSQC, He-
Ce), 46.59, 42.46, 39.87, 39.66, 39.28 (detected by 'H-'3C HSQC, H.-C,), 39.10
(detected by H-13C HSQC, Hq-Cy), 38.20, 37.40 (detected by *H-13C HSQC, Hg-Cp),
37.10, 36.73, 36.34, 35.95, 34.38, 32.85 (detected by H-'3C HSQC, Hs-Cs), 32.05,
31.99, 29.65, 29.56, 29.47, 29.44, 29.34, 29.22, 29.13, 28.38, 28.16, 27.87, 26.10,
25.76, 25.06, 24.43, 24.02, 22.97, 22.71, 21.18, 19.45, 18.86, 18.64, 12.00.

PAMAMS-ChCou. IR (KBr, v, cm™): 3260 (N-H), 3070 (=C-H), 2928 (C-H), 1728, 1644
(C=0), 1610 (Ar), 1555 (COO asym), 1406 (COO 5ym), 1158 (C-0). *H NMR (CDCls, 400
MHz, 5, ppm): 8.74-8.47 (m, 8H), 8.21- 8.06 (m, 4H), 7.63 (d, J=9.5 Hz, 8H), 7.36 (d,
J=8.6 Hz, 8H), 6.89-6.74 (m, 16H), 6.24 (d, J= 9.5 Hz, 8H), 5.43-5.27 (m, 8H), 4.69-
4.49 (m, 8H), 4.39-4.09 (m, 32H), 4.00 (t, J= 6.5 Hz, 16H), 3.62-3.45 (m, 16H), 3.37-
3.04 (m, 24H), 2.90-2.19 (m, 120H), 2.07-0.76 (m, 432H), 0.66 (s, 24H). 13C NMR
(CDCls, 100 MHz, 6, ppm):178.02, 173.74, 172.25, 171.90, 162.59, 161.51, 156.06,
143.66, 139.70, 128.85, 122.86, 113.16, 113.03, 112.51, 101.48, 74.59, 68.80,
56.82, 56.30, 52.28 (detected by *H-13C HSQC, H:-C), 50.18 (detected by *H-13C
HSQC, He-Ce), 50.14, 42.45, 39.86, 39.65, 39.34 (detected by *H-3C HSQC, Ha-Ca),
38.18, 37.75 (detected by 'H-13C HSQC, Hy-Cn), 37.40 (detected by 'H-13C HSQC, Hg-
Cp), 37.09, 36.72, 36.33, 35.94, 34.35, 34.10 (detected by H-13C HSQC, Hs-Cs),
32.04, 31.98, 29.63, 29.55, 29.51, 29.45, 29.42, 29.32, 29.11, 28.37, 28.15, 27.86,
26.09, 25.03, 24.42, 24.01, 22.96, 22.71, 21.17, 19.45, 18.86, 18.54, 11.99.

PAMAMZ16-ChCou. IR (KBr, v, cm™): 3261 (N-H), 3069 (=C-H), 2929 (C-H), 1729,
1645 (C=0), 1610 (Ar), 1555 (COO asym), 1406 (COO sym), 1158 (C-0). *H NMR (CDCls,
400 MHz, 8, ppm): 8.82-8.45 (m, 16H), 8.27-7.96 (m, 12H), 7.63 (d, J= 9.5 Hz, 17H),
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7.35 (d, J= 8.6 Hz, 16H), 6.87-6.74 (m, 32H), 6.23 (d, J= 9.5 Hz, 16H), 5.40-5.28 (m,
16H), 4.70-4.46 (m, 16H), 4.38-4.08 (m, 64H), 3.99 (t, J= 6.5 Hz, 32H), 3.65-3.41 (m,
32H), 3.37-3.03 (m, 56H), 2.88-2.16 (m, 264H), 2.08-0.75 (m, 864H), 0.66 (s, 48H).
13C NMR (CDCls, 100 MHz, 8, ppm): 173.73, 172.26, 171.86, 162.59, 161.48, 156.05,
143.66, 139.70, 128.86, 122.84, 113.14, 113.02, 112.51, 101.48, 74.55, 68.80,
68.10, 66.64, 66.05, 56.82, 56.31, 52.30 (detected by H-3C HSQC, H,-Cy), 50.36
(detected by tH-13C HSQC, He-Ce), 50.14, 46.51, 42.44, 39.86, 39.64, 39.56 (detected
by 'H-13C HSQC, Ho-Ca), 38.19, 37.78 (detected by H-13C HSQC, Hq-C,), 37.52
(detected by 'H-13C HSQC, Hg-Cs), 37.09, 36.71, 36.33, 35.93, 34.35, 34.17
(detected by *H-13C HSQC, Hs-Cs), 31.98, 29.65, 29.56, 29.47, 29.33, 29.12, 28.36,
28.15, 27.86, 26.10, 25.74, 25.04, 24.42, 24.01, 22.96, 22.70, 21.16, 19.45, 18.86,
18.65, 11.99.

PAMAMS32-ChCou. IR (KBr, v, cm™): 3260 (N-H), 3069 (=C-H), 2929 (C-H), 1729,
1645 (C=0), 1610 (Ar), 1554 (COO asym), 1405 (COO sym), 1160 (C-O). *H NMR (CDCls,
400 MHz, 8, ppm): 8.72-8.38 (m, 32H), 8.29-7.96 (m, 28H), 7.63 (d, J= 9.5 Hz, 32H),
7.35(d, J/=8.6 Hz, 32H), 6.85-6.74 (m, 64H), 6.22 (d, /=9.5, 32H), 5.39-5.28 (m, 32H),
4.64-4.50 (m, 32H), 4.36-4.05 (m, 128H), 3.99 (t, /= 6.5 Hz, 64H), 3.65-3.37 (m, 64H),
3.37-3.00 (m, 120H), 2.93-2.19 (m, 552H), 2.09-0.75 (m, 1728H), 0.66 (s, 96H). 13C
NMR (CDCls, 100 MHz, 6, ppm): 178.59, 173.82, 172.35, 171.93, 162.61, 161.48,
156.08, 143.66, 139.73, 128.88, 122.85, 113.15, 113.04, 112.54, 101.52, 74.58,
68.82, 66.49, 66.26, 56.85, 56.37, 52.58 (detected by H-13C HSQC, H:-C;), 50.33
(detected by *H-13C HSQC, H¢-Ce), 50.18, 46.60, 42.47, 39.89, 39.69 (detected by H-
13C HSQC, Hq-Cqa), 39.67, 38.21, 37.80 (detected by H-13C HSQC, H.-C,), 37.75
(detected by H-13C HSQC, Hg-Cg), 37.12, 36.74, 36.36, 35.96, 34.38, 34.25
(detected by *H-13C HSQC, Hs-Cs), 32.05, 29.85, 29.67, 29.59, 29.49, 29.36, 29.27,
29.15, 28.38, 28.16, 27.88, 26.12, 25.06, 24.44, 24.05, 22.96, 22.71, 21.19, 19.46,
18.88, 18.63, 12.01.

PAMAMG64-ChCou. IR (KBr, v, cm™): 3260 (N-H), 3069 (=C-H), 2929 (C-H), 1729,
1645 (C=0), 1610 (Ar), 1555 (COO asym), 1406 (COO~gym), 1158 (C-0). *H NMR (CDCls,
400 MHz, 5, ppm): 8.84-8.48 (m, 64H), 8.23-7.94 (m, 60H), 7.63 (d, J= 9.5 Hz, 64H),
7.35 (d, J= 8.6 Hz, 64H), 6.90-6.69 (m, 128H), 6.23 (d, J= 9.5 Hz, 64H), 5.42-5.26 (m,
64H), 4.69-4.49 (m, 64H), 4.39-4.04 (m, 256H), 3.97 (t, J= 6.5 Hz, 128H), 3.67-2.99
(m, 376H), 2.96-2.13 (m, 1128H), 2.10-0.75 (m, 3456H), 0.70 (s, 192H). 13C NMR
(CDCls, 100 MHz, &, ppm): 178.08, 173.70, 172.23, 171.82, 162.59, 161.49, 156.05,
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143.68, 139.69, 128.87, 122.84, 113.14, 113.01, 112.51, 101.48, 74.54, 68.80,
68.10, 66.53, 56.81, 56.32, 52.14 (detected by *H-13C HSQC, H:-C¢), 50.20 (detected
by 'H-13C HSQC, H.-Ce), 50.14, 46.49, 42.44, 39.86, 39.64, 39.41 (detected by *H-13C
HSQC, Ha-Ca), 38.19, 37.57 (detected by H-13C HSQC, Hy-Cy), 37.52 (detected by
'H-13C HSQC, Hp-Cg), 37.09, 36.71, 36.33, 35.94, 34.34, 31.98, 29.65, 29.57, 29.47,
29.33, 29.13, 28.37, 28.15, 27.86, 26.10, 25.74, 25.04, 24.42, 24.02, 22.96, 22.70,
21.17,19.45, 18.86, 18.59, 11.99.
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Nanoporous Materials Based on
Supramolecular Liquid Crystal Dendrimers

Abstract. We report an easy and versatile method to obtain nanostructured porous materials by
using hydrogen-bonded columnar LC dendrimers, whose order is fixed by coumarin
photodimerization. The obtained nanoporous materials show remarkable size selectivity in
adsorption experiments because our strategy allows us to control the size of the pores and,
consequently, the adsorption selectivity of the obtained polymers. Moreover, the obtained
nanoporous polymers are highly versatile because their adsorption selectivity can be tuned on
demand by in situ chemical treatment of the polymer films.
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“Above all, don’t fear difficult moments.

The best comes from them.”

Rita Levi-Montalcini
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NANOPOROUS MATERIALS BASED ON SUPRAMOLECULAR LIQUID CRYSTAL DENDRIMERS

1. INTRODUCTION

1.1 Nanoporous Materials

Nanoporous materials, with a pore size of 100 nm or smaller, have attracted
considerable attention due to their commercial use in areas such as filtration,
separation, catalysis and drug delivery. The nanosized pores permit the
discrimination between molecules and ions based on size and shape. Mimicking
biological cell membranes, material scientists have prepared different nanoporous
materials mostly based on inorganic systems such as silica, zeolites and metals.™
However, the use of organic polymeric materials, which are much easier to modify
and tune for specific applications, has been less often considered.>” Among
polymeric materials, those derived from the microphase separation of block
copolymers have been broadly exploited. It is well known that diblock copolymers
are able to undergo microphase separation in the solid state leading to different
morphologies such as spheres, cylinders, and lamellaes.® ° Nanopores can be
created by removing one of these blocks.'” ! However, this strategy results in a

variety of pore shapes and sizes ranging from 5 to 50 nm.*?

Figure 1.1 Nanoporous materials with different geometries prepared by different LC phases.

In an attempt to create smaller pore dimensions, many groups have started to
investigate the use of polymerizable supramolecular liquid crystals (LCs) to prepare
porous materials with pore sizes of around 1 nm.'*% LC mesophases can be fixed
into a polymer network by using reactive LCs that can be (photo)polymerized. Both
lyotropic and thermotropic LCs have been used for the preparation of nanoporous
materials. The morphology of the nanopores can be controlled by the careful
choice of the mesophase (Figure 1.1). Two-dimensional (2D) morphologies with

pores in the directions within the layer plane can be obtained by using smectic LCs.
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Columnar mesophases can be used to create one-dimensional (1D) pores in the
direction of the columnar axes. Lyotropic LCs in the bicontinuous cubic mesophase
have been used for the preparation of polymer networks with three-dimensional

(3D) interwoven nanopores.

This introduction will be focus on the most significant developments in the field of

nanoporous polymers based on thermotropic LCs.

1.1.1 Columnar Mesophases (1D Pores)

The first nanoporous material containing 1D pores was described by Kim and
coworkers.'® It consisted of a benzotri(imidazole) template connected by hydrogen
bonding with three polymerizable trialkoxybenzoic acid acrylates (Figure 1.2). This
hydrogen-bonded complex displayed a hexagonal columnar phase which was
locked by photopolymerization to obtain a polymer network. In order to remove
the template, this polymer network was extracted with acidified methanol to break
the hydrogen bonds. Preliminary gas-permeability measurements demonstrated

the porous nature of the prepared material.
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Figure 1.2 Schematic representation of the procedure for the fabrication of nanoporous materials.

(Adapted from reference 16)
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Ishida et al. prepared nanoporous polymers by using the same benzoic acid
derivative and chiral amino alcohols as templates (Figure 1.3).17 ¥ Polymer
networks with helical pores were obtained after photopolymerization of the chiral
columnar structure and subsequent template removal. Different dyes and salts

were adsorbed by the obtained nanoporous material.*®

O 0
Q =
HO
H,N H

Template o]

l LC assembly

lPhotoponmerization Jeuest adsorption

S,

Template
removal

Figure 1.3 Preparation of nanoporous polymers with helical pores. (Adapted from reference 19)

Sijbesma’s research group followed a similar template approach to prepare the 1D
nanoporous materials based on a hydrogen-bonded complex of
tris(benzimidazolyl)benzene and three gallic acid derivatives. The system was
crosslinked using an acyclic diene metathesis reaction. Subsequent template
removal resulted in a porous material which was able to selectively bind sodium

and potassium cations from aqueous solution.?®

By also using tris(benzimidazolyl)benzene as template and natural unsaturated
fatty acids, Osuji and coworkers reported on the preparation of nanoporous
polymers with a pore diameter of 12-15 A (Figure 1.4). After template removal
with base treatment, anionic pores, used to adsorb a variety of dyes, were
obtained. Only cationic dyes smaller than 18 A were adsorbed, demonstrating size

and charge selectivity of the prepared nanoporous materials.?!
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Figure 1.4 (a) Schematic representation of the fabrication of nanoporous polymers from
renewable natural fatty acids. (b) TEM micrograph of a sectioned nanoporous polymer showing
the hexagonal morphology (Inset: Fourier transform image). (c) UV-Vis absorbance of methylene
blue solutions as a function of time during adsorption into aligned and nonaligned nanoporous

polymers. (Adapted from reference 21)

In the previous examples, the hydrogen bonds were formed between a core
molecule and polymerizable carboxylic acids obtaining polymers with all the pores
functionalized with carboxylic acids or carboxylate groups. Alternatively, Lee et al.
described the preparation of nanoporous materials with pyridine groups at the
pore surface.?? In a similar way, our research group published hexagonal columnar
hydrogen-bonded complexes which were used for the preparation of nanoporous
materials. They consisted of a tricarboxylic acid acting as the template and three
peripherial promesogenic units containing acetamidopyridine moieties (Figure
1.5).23 Nanoporous polymers with basic functionalities at the pore surface were
prepared after crosslinking by thiol-ene UV-initiated ‘click’ reaction and
subsequent elimination of the template. These nanopores were able to adsorb
certain acid dyes and also acted as molds for the synthesis of silver nanoparticles

with controlled sizes.
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Figure 1.5 Preparation of nanoporous polymers using thiol-ene ‘click’ chemistry. (Adapted from

reference 23)

Nonetheless, other approaches have been developed for the preparation of
nanoporous materials without removing the template. Percec’s research group
reported a cone-shaped dendron containing a dipeptide that self-assembles in
nanometer-sized hollow columns that were used as ion channels.?* Similarly, Kato
and coworkers reported a rosette-like structure formed by hydrogen-bonded
folates that exhibits cation transporting properties based on tunneling through the

supramolecular macrocycles.?

Despite the promising properties of columnar nanoporous polymers, columnar
mesophases still suffer from the disadvantage that orientationally uniform
domains are often hard to obtain. The columns must be aligned homeotropically
(perpendicular to the surface) in the initial mesophase as any deviation would
result in deactivation of the pores. Thus, the highly aligned polymer films were

prepared with the help of surface treatments?® or using a magnetic field (Figure
1.6).19' 21, 27,28
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Figure 1.6 (a) Schematic representation of the alignment of a hexagonal columnar mesophase in
a magnetic field. (b) TEM images of the aligned films microtomed perpendicular (top) or parallel

(bottom) parallel to the rotation axis. (Adapted from reference 27)

1.1.2 Smectic Mesophases (2D Pores)

Smectic LCs have often been used for the preparation of 2D nanoporous polymers.
However, it is not possible to use the same approach as the one applied in
columnar LCs because the polymerized regions, that are not covalently connected
to each other, are squashed after removal of the template. To solve this problem,
Kishikawa et al. developed a new methodology to prepare lamellar nanoporous
polymers (Figure 1.7).2° This approach involved introducing “nanopillars” between
the layers to avoid squashing after removal of the template. A small fraction of this
“nanopillar” was added and this LC mixture was photopolymerized to lock the
smectic arrangement into a polymer network. After template removal, nanoporous
multilayer structures were obtained. They did not collapse when held, a result of

being reinforced by the “nanopillar” units.
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Figure 1.7 Chemical structures of the supramolecular monomer and the nanopillar molecule (left).
Schematic representation of the formation of the polymer network with and without nanopillars

to obtain 2D nanopores. (Adapted from reference 29)

The same year, Broer and coworkers described a similar approach based on a
mixture of two LCs, a hydrogen-bonded dimer and a covalent crosslinker (Figure
1.8).3° A polymer network was created by photopolymerization to lock in the
smectic structure. After alkaline treatment of the hydrogen-bonded polymer
network, a nanoporous polymer with 2D nanopores was obtained. With this
strategy, the nanopores, of approximately 1 nm and with anionic charge, are able
to selectively adsorb cationic dyes over anionic and larger cations.>! Moreover,
modification of the crosslinker by introducing a photoresponsive azobenzene unit
resulted in a decrease of the smectic layer spacing of the nanoporous network
upon UV light exposure. This decrease of the layer spacing led to an alteration of
the pore size which permitted control over the adsorption of cations and cationic
dyes with light.3?
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Figure 1.8 Schematic representation of the formation of the nanoporous polymeric material based

on smectic LCs. (Adapted from reference 30)

Apart from the selective adsorption of cationic dyes, these smectic nanoporous
materials were also used for the synthesis of silver nanoparticles by Schenning’s
research group.3®* 3% This silver nanoparticles were prepared by filling the
nanopores with silver ions which were subsequently reduced with sodium
borohydride (Figure 1.9). The obtained nanoparticles were almost monodisperse
and they concluded that it was possible to control the size of the particles by

varying the length of the crosslinker.

1) NaCH NaBH,
2) AgNO,
LC polymer network Nanoporous membrane Nanoporous membrane
filled with Ag* filled with AgNPs

Figure 1.9 Schematic representation for the fabrication of silver nanoparticles (AgNPs) by using

nanoporous smectic liquid crystalline polymer networks. (Adapted from reference 33).

Recently, the same research group reported anisotropic anhydrous proton
conduction in similar polymer networks.3> Addition of more crosslinker improved
the integrity of the polymer network, resulting in more ordered 2D nanostructures
with higher conductivity. Despite exhibiting low proton conductivity values (107

S-cm), the polymer films showed anisotropic proton conduction with 54 times

232



NANOPOROUS MATERIALS BASED ON SUPRAMOLECULAR LIQUID CRYSTAL DENDRIMERS

higher conductivity in the direction perpendicular to the molecular director (Figure
1.10).

(a) (b)

Figure 1.10 (a) Anhydrous proton conductivities as a function of the temperature of the smectic
planar, nematic planar, isotropic, and smectic homeotropic polymer films. (d) Schematic

illustration of the proton transfer pathway in a smectic polymer film. (Adapted from reference 35)

Very recently, Mulder et al. developed a new methodology to fabricate and
postmodify lamellar nanoporous materials based on dynamic covalent imine
chemistry (Figure 1.11).3¢ The reversibility of the imine bonds made the system
appealing as the size and chemical nature of the pore interior could be tuned on

demand by in situ chemical modification.
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HCl R-NH,

LC polymer network Aldehyde pore Imine pore
Figure 1.11 Schematic representation of the nanoporous polymer and the chemical modification

of its pore interior. (Adapted from reference 36)
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1.2 Supramolecular Liquid Crystal Dendrimers

The functionalization of the dendrimer periphery is the most widely used approach
for the synthesis of LC dendrimers.?” However, new LC dendritic structures can also
be prepared using a rigid central platform surrounded by several functional
dendrons. With this synthetic strategy, two different approaches to new materials
have been described. The first one is based on non-covalent interactions, while the
second one consists of the preparation of covalently bonded supermolecular

structures.

Figure 1.12 First example of hydrogen-bonded dendrimer reported by Lehn and coworkers.

Some examples of the covalent approach have been reported, using central cores
complex structures such as polyaromatic scaffolds, macrocycles, and functional
fullerene derivatives, among others.?®*2 The adequate functionalization of these
platforms results in dendrimers resembling disk-shaped mesogenic molecules
which display columnar mesomorphism. However, the larger and more complex
structures still require major synthetic efforts and this is often plagued by low
yields and high polydispersity. The second strategy is based on supramolecular
chemistry, which allows the preparation of dendrimers by a self-assembly process
based on non-covalent interactions, such as hydrogen bonding interactions or

electrostatic interactions (Figure 1.12).43 44
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Figure 1.13 LC arrangements formed via self-assembly and self-organization of Percec-type
dendrons. (Adapted from reference 46)

Percec and coworkers have investigated the self-assembly of structurally perfect
dendrons with pre-programmed shapes into supramolecular cylindrical and
spherical dendrimers, which then self-organize into various LC mesophases (Figure
1.13).%> %6 The novelty of this approach relies on the simplicity of the molecular

geometry and the versatility of the structural modification.
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Figure 1.14 Structural changes of supramolecular LC dendrimers based on folic acid derivatives.
(Adapted from reference 47)
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Kato’s research group reported dendrons containing folic acid derivatives in their
apexes capable of self-organizing into a smectic LC phases.*” *8 Addition of alkali
metals as templates produced rosette tetrameric structures which exhibited

hexagonal columnar phases (Figure 1.14).

Kishikawa et al. reported urea-containing dendrons which self-organized in
columnar LC phases via hydrogen bonding between the urea moieties.*® Aida and
coworkers developed fan-shaped dendrons having amide groups in proximity to
the polar phthalonitrile core (Figure 1.15).°%°2 These dendrons self-assembled into
columnar LC phases, with the phtalonitrile moieties pointing undirectionally along
the columnar axis, and stabilized by hydrogen bonding of the amides. Lehmann et
al. also reported supramolecular hexagonal columnar LC dendrimers based on
oligo(phenylenevinylene) as their central core.>® The pyridyl groups in the three
cavities served as binding sites for polycatenar dendrons through hydrogen

bonding.

OClZHZS
O@OCqus

NH CyoHys
poul
NC S—\\

NH ochHZS

d ( i

OClZHZS

OClZHZS

Figure 1.15 Chemical structure of phtalonitrile-based columnar LC dendrimers and their
arrangement in the hexagonal columnar phase. (Adapted from reference 51)

Our research group developed supramolecular dendritic structures by using a

melamine derivative capable of forming hydrogen-bonded complexes with Percec-
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type and V-shaped dendrons. All the complexes displayed hexagonal columnar
phases.>* > However, different columnar arrangements were obtained depending
on the ratio between the central core and the peripheral dendrons.>® >’ So far,
columnar LC dendrimers based on hydrogen bonding interactions between a
tris(triazolyl)triazine derivative and three Percec-type dendrons were also

prepared.>®

Following this general approach, we have described new types of LC dendrimers
functionalized with carbazole, coumarin and pyrene groups as fluorescent
moieties.>®®? The supramolecular complexes were prepared through hydrogen
bonding between a melamine or a porphyrin central cores and peripheral
bifunctional dendrons derived from bisMPA.
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2. SIZE-SELECTIVE ADSORPTION IN NANOPOROUS
POLYMERS FROM COUMARIN PHOTOCROSSLINKED
COLUMNAR LIQUID CRYSTALS®

2.1 Objectives

Herein, we report on the preparation of nanoporous polymers by using two
hydrogen-bonded complexes that displayed hexagonal columnar mesomorphism.
The materials used in this work consist of a melamine (M) or tris(triazolyl)triazine
(T) core hydrogen-bonded to three dendrons derived from a 3,4,5-
trialkoxycarboxylic acid bearing coumarin moieties (d1Cou) (Figure 2.1). Coumarin
was chosen as reactive group for the crosslinking reaction. Upon irradiation at 350
nm, coumarins undergo [2+2] cycloaddition to yield cyclobutane dimers. It does

not require an initiator or catalyst and side reactions are avoided.
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Figure 2.1 Chemical structure of the hydrogen-bonded complexes.

The nanoporous materials were obtained by using the hexagonal columnar
complexes, crosslinking via coumarin photodimerization, followed by quantitative

template removal (Figure 2.2). To our knowledge, this is the first report of

$ Published in: A. Concellén, A. P. H. J. Schenning, P. Romero, M. Marcos & J. L. Serrano. Size-
selective adsorption in nanoporous polymers from coumarin photocrosslinked columnar liquid
crystals. Macromolecules 2018, 51, 2349-2358.

This work was carried out in collaboration with Prof. Albert Schenning (Eindhoven University of
Technology, The Netherlands) during a 4 months stay financed by MINECO (EEBB-I-17-12040).
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mesophase fixation by coumarin photodimerization for preparing nanoporous
polymers instead of the more common photopolymerization of (meth)acrylates or
1,3-dienyl groups. Furthermore, the use of both templates allowed us to control
the pore size and, accordingly, to tune the adsorption selectivity of the nanoporous

polymers.

Figure 2.2 Schematic representation of the process for the preparation of the nanoporous
materials.
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2.2 Results and Discussion

2.2.1 Preparation and Characterization of Supramolecular Complexes

The melamine core (M) and the tris(triazolyl)triazine core (T) were synthesized
following previously reported procedures.>> >® The synthesis of the carboxylic acid

bearing coumarin moieties (diCou) was described in Chapter 1.

The hydrogen-bonded complexes were prepared by dissolving diCou and the
corresponding core (M or T) in a 1:3 ratio in DCM followed by slow evaporation of
the solvent under continuous stirring at room temperature. The resulting mixtures
were heated to the isotropic state and cooled down slowly to room temperature.
The formation of intermolecular hydrogen bonds in the complexes was study by
FTIR and NMR.

FTIR spectra of the complexes displayed several changes with respect to diCou and
the cores due to the formation of specific interactions between the carboxylic acid
and M or T (Figure 2.3). In the d1Cou spectrum, a C=0 stretching band appeared at
1670 cm™, which corresponds to the dimeric form of the carboxylic acid. In the FTIR
spectra of M-d1Cou and T-d1Cou, this C=0 stretching band was shifted respectively
to 1687 and 1695 cm? due to hydrogen bonding interactions between

complementary diCou and M or T.

1695 cm™?

1670cm™?

Absorbance

1688 cm™

1800 1750 1700 1650 1600 1550 1500
Wavenumber (cm'1)

Figure 2.3 FTIR spectra (C=0 st. region) of diCou (black line), M-d1Cou (blue line), and T-d;Cou

(red line).
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The *H NMR spectra of the complexes also proved the hydrogen bonds formation
in the complexes, assuming that there is a rapid equilibrium between the complex
and its components. In general, proton signals involved in hydrogen bonds, as well
as those that are close to the complexing groups, experienced correlated changes
in their chemical shifts (Figure 2.4). The formation of hydrogen bonds in the
M-d1Cou complex was assessed by the downfield shift of the N-H proton (Hq and
He) signals of the M core as these protons are involved in the hydrogen bonds with
diCou. In the case of T-diCou, the triazole protons (Hs) experienced a downfield
displacement, indicating that these protons interact through hydrogen bonding
with the carbonyl group of diCou. Besides, it is particularly noteworthy that in both
complexes the protons close to the hydrogen bonds experience slight
displacements. These shift variations of the signals of the main protons involved in

complex formation are listed in Table 2.1.
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Table 2.1 Main shifts in the 'H NMR spectra (500MHz, CD,Cl,) of the 1:3 complexes
(changes in chemical shift are shown in brackets, *: not detected)

Hr Hp He He Hy Hs Hs He

M 4.89 4.98 3.30
T 886  7.64-7.58  6.98-6.92
d:Cou * 7.32

7.30 6.04 6.30 336
M-diCou  4.66 5 (4115) (+132) (+0.06)

7.30 9.04  7.80-7.76  7.11-7.07
- *
T-d1Cou (-0.02) (+0.18)  (+0.17) (+0.14)
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Figure 2.4 'H NMR spectra in CD,Cl; solution at 25 °C of (a) M, (b) 1:3 complex M-d;Cou, (c) d:Cou,
(d) 1:3 complex T-d1Cou, and (e) T.

On the other hand, variations in the chemical shifts of the *3C signals of the carbon
atoms involved in the formation of hydrogen bonds were also observed. In
particular, the 13C signals of the carboxylic acid group of diCou are shifted by -0.62
ppm (for M-diCou) or -1.40 ppm (for T-diCou) after complexation. The shift
variations of the signals of the main carbons involved in complex formation are
listed in Table 2.2.
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The formation of the 1:3 hydrogen-bonded complexes was also confirmed by solid
state 13C cross-polarization magic-angle spinning (3C CPMAS) NMR spectroscopy;
see Figure 2.5 as a representative example. It is noteworthy that the peak
corresponding to the carbonyl group of the noncomplexed acid (Cs) (172.5 ppm) is
broadened and shifted in the spectrum of the complexes. Moreover, the signals for
some carbon atoms, of both the diCou and the cores, are significantly shifted upon

complexation, but it is difficult to assign these shifts due to signal overlap.

Figure 2.5 *C CPMAS NMR spectra of (a) M, (b) complex M-d;1Cou, and (c) d:Cou. All the spectra

were recorded at room temperature.

2.2.2 Thermal Properties and Mesogenic Behavior

The thermal stability of all the two hydrogen-bonded complexes was studied by
thermogravimetric analysis (TGA). All the samples showed good thermal stability,
and in all cases the 2% weight loss temperature (T2%) was detected more than
150 °C above the isotropization point. The thermal transitions and mesomorphic
properties were studied by polarizing optical microscopy (POM) and differential

scanning calorimetry (DSC). The results are summarized in Table 2.3.

All the complexes were obtained as homogeneous materials with mesomorphic
behavior, as observed by POM (Figure 2.6a). For the two compounds the DSC
curves were reproducible after the first heating and show only one peak

corresponding to the clearing point and a glass transition, which freezes the
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mesomorphic order at room temperature (Figure 2.6b). Besides, the complex
T-d1Cou showed some tendency to crystallize because the mesophase undergoes

a cold crystallization during the heating process.

Table 2.3 Thermal properties and structural parameters

T2%2 (°C)  Phase transitions® d(A) h kI Structural parameters®

md 218 Cr 112 (SmA 36) | -
Te 241 g59 | -
d:Couf 242 g28Cr89| -
M-d:Cou 248 g 16 Coln 87 | 312 100 a=36.1A
181 110 c=5.3A8
157 200
4.5 (br)

T-d:Cou 292 g9 Col, 58 Cr 861 334 100 a=38.4A
19.1 110 c=52A¢s
4.6 (br)

# Temperature at which 2% mass lost is detected in the thermogravimetric curve.
b DSC data of the second heating process at a rate of 10 °C/min. g: glass, Cr: crystal, SmA: smectic

A mesophase, Colh: hexagonal columnar mesophase, |: isotropic liquid.

“a = (2/V3) ((dso) +V3(di1) + VA(dz0) + V7(da1) + ) Myefiections

4 Monotropic LC described in reference 55. Reported thermal properties: Cr 103 (SmA 39) I.
¢ Compound described in reference 58. Reported thermal properties: g 60 I.

f Data from Chapter 1.
& Calculated c value.

Figure 2.6 (a) POM microphographs for 1:3 M-d;Cou (top) and T-d1Cou (bottom) 1:3 complexes,
(b) DSC traces corresponding to the second heating scan (10 °C/min, exo down).
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The assignment of the type of mesophase and the determination of the lattice
parameters was achieved by X-ray diffraction (XRD). The XRD patterns of M-d:Cou
and T-diCou contain three reflections in the low-angle region in aratio1: 1/vV3:
1/V4 (Figure 2.7). These three reflections can be assigned to the reflections (100),
(110), and (200) of a hexagonal columnar arrangement; the lattice parameters (a)
are gathered in Table 2.3. Also, a broad diffuse halo is observed in the high-angle
region, which is characteristic of the liquid-like order of the hydrocarbon chains at
around 4.5 A. The relationship between the density (o) of the complexes in the

mesophase and the measured lattice parameters is given by the equation:

M-z
P=N,v

where M is the molar mass, Z is the number of molecules in the unit cell, N4 is
Avogadro’s number, and V is the unit cell volume (V = a? -v/3/2 - c-1072*). On
considering the XRD parameters and assuming p = 1 g cm=, which is reasonable for
liquid crystals, and Z=1 (each column slice contains one molecule of the
supramolecular complex), we estimated mean stacking distances (c) of around 5.25
A, which are reasonable values for columnar mesophases with an irregular stacking
of the disks. Therefore, these calculations are in good agreement with the

formation of discotic 1:3 complexes with one complex per stacking unit.

~(100) —T-d1COU
100) —— M-d,Cou
(110) (200)

N

Intensity (a. u)

1 I I I II”1O
q (nm™)

Figure 2.7 1D XRD profiles of 1:3 M-d;Cou and T-d;Cou complexes.
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2.2.3 Network Formation by Coumarin Photodimerization

Once the supramolecular complexes were characterized, the next step consisted
of the preparation of crosslinked films. Coumarin units were employed for the
crosslinking  process by photoinduced [2+2] cycloaddition (so-called
photodimerization) in order to lock in the LC arrangement of the complexes. The
coumarin photodimerization was monitored by several techniques such as UV-Vis
spectroscopy, FTIR, and 3C CPMAS.

The UV-Vis spectra of M-diCou and T-diCou in thin film show an intense band at
320 nm related to the m—nt* band of the coumarin units (see Figure 2.8a as a
representative example). Exposure of the supramolecular complexes films to 365
nm UV irradiation caused [2+2] cycloaddition of the coumarin units, and this was
consistent with the remarkable decrease of the m—n* band. After 30 min of light
irradiation only slight changes were further detected in the UV-Vis spectra (Figure
2.8b).
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Figure 2.8 Coumarin photodimerization reaction: (a) UV-Vis absorption spectra of a UV-irradiated
M-d:Cou film for different times, (b) change of absorbance over time for a UV-irradiated M-d;Cou
film and (c) IR spectra of a UV-irradiated M-d;Cou film for different times.
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To examine the structural details of the photocrosslinking process, irradiated films
were studied by FTIR and '3C CPMAS. Irradiation at 365 nm results in coumarin
photodimerization as indicated by the decrease the intensity of the C=C stretching
band at 1620 cm™ and the shift of the C=0 stretching band from 1730 to 1750
cm™ (Figure 2.8c). This reaction can also be followed by 3C CPMAS which shows
the increase of the intensity of the peak at 44 ppm, which corresponds to the
cyclobutane ring. Additionally, coumarin photodimerization decreases the
intensity of the signals at 149 ppm (Cc) and 113 ppm (Cs), which corresponds to the
C=C of the coumarin (Figure 2.9). Insolubility of the obtained polymer films in
common organic solvents, such as dichloromethane, chloroform, tetrahydrofuran,
acetone, ethanol, or methanol, confirmed a high degree of coumarin

photocrosslinking to fixate the liquid crystal order.

Figure 2.9 3C CPMAS NMR spectra of (a) complex M-d;Cou, (b) M-based polymer, and (c) M-
based nanoporous polymer. All the spectra were recorded at room temperature.

The XRD diffraction patterns of the complexes after coumarin photodimerization
showed retention of the hexagonal columnar arrangement, but the lattice spacings
were slightly decreased (ca. 4 A) and broadened (Figure 2.10). In both cases, the
(110) and (200) reflections could no longer be observed in film due to broadening.
These results indicate that coumarin photodimerization can be used to form a

crosslinked polymer network and lock in the morphology of the LC phase.

249



Chapter 3

—— M-d,Cou complex — T-d,Cou complex
—— M-based polymer —— T-based polymer
—— M-based nanoporous —— T-based nanoporous
polymer polymer
5 5
& &
> >
= =
7] 7}
c c
[0} [0}
-— -—
£ £
T T
1 10 1 10
-1 -1
q(hm’) g (nm™)

Figure 2.10. 1D XRD profiles of hydrogen bonded complexes, polymers (with template), and
nanoporous polymer (after template removal).

2.2.4 Nanoporous Polymer Formation by Template Removal

Self-standing nanoporous polymers were prepared by chemical treatment of the
polymer films with 3 M hydrochloric acid solution in ethanol (Figure 2.11). The
removal of the template was confirmed by FTIR, gravimetry, 3C CPMAS, and XPS

measurements.

Figure 2.11 (a) M-based and (b) T-based self-standing nanoporous polymers.

The efficacy of M or T removal was verified by FTIR spectroscopy (Figure 2.12).
After template elimination, -COOH functionalities were expected to be at the pore
surface. The IR spectra of the nanoporous polymers showed a new band at around

1675 cm™ related to free carboxylic acid groups, indicating elimination of the
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templates. Quantitative templates removal was also confirmed by 3C CPMAS
analysis (Figure 2.9) which showed the disappearance of the signal corresponding
to the methyl carbon of the melamine core (C«). Additionally, a new peak at 173
ppm related to the non-complexed carboxylic acid group (Cs) indicated template

elimination.

—— M-based polymer —— T-based polymer
—— M-based nanoporous polymer — T-based nanoporous polymer

Absorbance (a.u.)
Absorbance (a.u.)

1800 1700 1600 1500 1800 1700 1600 1500
Wavenumer (cm™) Wavenumer (cm™)

Figure 2.12 FTIR spectra of the initial polymers (with template) and nanoporous polymers (after
template removal).

Another method to quantify template removal is gravimetry. Polymer films were
weighted before and after the chemical treatment with HCI. The films showed a
decrease in mass equal to a template removal of 97+2% for M-based nanoporous
polymer and 96+2% for T-based nanoporous polymer. XPS depth scans were
performed by subsequent sputter cycles (etching) in order to quantify the nitrogen-
to-carbon ratio throughout the thickness of the chemical treated films. The N/C
ratio versus sputter time (depth) is presented in Figure 2.13. Before template
removal, all the films showed a constant N/C composition. However, nitrogen was
no longer detected in the nanoporous polymers, indicating quantitative

elimination of the templates.
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Figure 2.13 Nitrogen-to-carbon ratio of the initial polymers (with template) and nanoporous
polymers (after template removal) as a function of the sputter time (depth).
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After removal of the template, the structural properties were investigated by XRD.
The diffraction patterns of the films showed that lattice parameters of the porous
polymers were the same as the native polymer film (Figure 2.10). The bulk material
retained its hexagonal columnar arrangement even after template removal due to
the crosslinking of coumarin units. These results indicate structural integrity and
the formation of nanopores with an estimated pore diameter of around 5 and 10

A for M- or T-based nanoporous polymers, respectively (Figure 2.14).

Figure 2.14 MM2 energy-minimized structure and diameter of M and T central cores. Schematic
illustration of the obtained nanoporous polymers with different pore sizes.
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2.2.5 Selective Adsorption of Molecules or lons

2.2.5.1 Selective Adsorption of Neutral Molecules

The use of M- and T-based nanoporous polymers with —COOH functionalities at the
pore surface for selective uptake of organic molecules was studied. For this
purpose, a variety of molecules with —NH; functional groups and different sizes
were selected: p-nitroaniline (pNA, size= 6x4 A), 1-aminopyrene (APy, size= 9x8 A)
and meso-tetra(p-aminophenyl)porphine (TAPP, size= 18x18 A). The adsorption
capacity and kinetics of M- and T-based porous polymer was investigated by UV-
Vis spectroscopy (Figure 2.15). Control experiments were carried out by immersing
polymer films (without template removal) in pNA, APy, and TAPP solutions. The
solutions with the polymer films had nearly the same absorbance as the initial
solutions, revealing its inability to adsorb molecules without template removal.

Adsorption occurs inside the pore and not on the exterior surface of the film.

In the case of the M-based adsorbent with a pore size of around 5 A, only pNA was
adsorbed by the —COOH functionalized pores. This evidences that size-selective
adsorption is possible with this polymer. The adsorption kinetics was studied
following the absorbance of pNA at 372 nm over time and shows that adsorption
reached a plateau within 8-10 h. The capacity of pNA adsorption was also
investigated; 24% of the carboxylic acid groups were occupied by pNA, which

corresponds to 0.72 per disk (each disk consists of three carboxylic acids).

In the case of the T-based adsorbent, with a pore size of around 10 A, both pNA
and APy molecules were adsorbed. TAPP uptake in the -COOH functionalized pores
is precluded by size exclusion of the larger TAPP relative to pNA or APy. The
adsorption kinetics was also studied revealing that a plateau is reached in 8-10 h.
The occupation degree of the carboxylic acid groups with pNA and APy was 42%
(1.26 per disk) and 27% (0.81 per disk), respectively. It is noteworthy that the
adsorption capacity of the T-based adsorbent is higher than the M-based
adsorbent due to its larger pore size.
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Figure 2.15 UV-Vis spectra before and after adsorption of pNA, APy, and TAPP with M- and T-
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based adsorbents (left). Adsorption kinetics of pNA, APy, and TAPP (right).

Desorption is important to reuse the adsorbent and to recover valuable
adsorbates. It was investigated by UV-Vis spectroscopy with fresh, completely pNA
filled adsorbents. M- and T-based adsorbents are able to hold the major fraction of
pNA in deionized water. However, after immersing the adsorbents in potassium
hydroxide 0.1 M (aq.), the carboxylate moieties are deprotonated and pNA is
removed from the adsorbents. Additionally, the adsorption-desorption was

investigated several times, revealing that it is reversible in three repeating cycles

(Figure 2.16), and thus it is possible to reuse these adsorbents many times.
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Figure 2.16. Occupation degree of adsorption sites (COOH) with pNA during three adsorption (A)-
desorption (D) cycles.

2.2.5.2 Preparation of Anionic Nanoporous Polymers with Different Counter

Cations in the Pore

Nanoporous polymers with carboxylic acid functionalized pores were treated with
0.1 M aqueous solutions of the hydroxide salts of Li*, Na*, K*, Cs* and NH4" ions for
5 h. The formation of porous polymers with —COOLi, -COONa, —COOK, —COOQCs,
and —COONHa groups at the pore surface was confirmed by FTIR. The COOH st.
band was shifted from 1685 to 1560 and 1404 cm™ (Figure 2.17).
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C=0 st (COOH) | =0 st sym(COO )
|

C
I I
: 1
I
I
T
I

|
W

Li* 1 !
| |

Absorbance (a.u.)

2000 1800 1600 1400 1200
Wavenumer (cm™)

Figure 2.17 FTIR spectra of the M-based nanoporous polymer after exposure to different
hydroxide salts.
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2.2.5.3 Selective Adsorption of Cationic Dyes

The adsorbents with —COOK functionalities at the pore surface were then used to
selective adsorption of ionic dyes. Selective adsorption of molecular species in
water with different sizes and charges was carried out with methylene blue (MB),
methyl orange (MO), and rhodamine B (RhB). MB and RhB are positively charged
dyes, while MO is negatively charged. Their estimated sizes are 6x13 A (MB), 12x16
A (RhB), and 5x12 A (MO).

First, the ability of adsorbing ionic dyes was studied when —COOK functionalized
nanoporous polymers where immersed in MB aqueous solution. Dye adsorption
was monitored by UV-Vis spectroscopy (Figure 2.18). MB was adsorbed by the
porous polymer as determined by the decrease of the absorption intensity at 665
nm. The solutions turned from deep blue to less blue, while the film became blue,
indicating that the cationic dye is adsorbed from solution. The adsorption capacity
was calculated; 9% for M-based adsorbent (0.27 per disk) and 19% for T-based
adsorbent (0.47 per disk) of the —COOK groups were associated with MB.

Figure 2.18 also shows the result of the simultaneous adsorption of MB and MO in
water. The initial UV-Vis spectrum showed two bands: one at 465 nm belonging to
MO and the second at 665 nm belonging to MB. After equilibration with the
nanoporous polymers, the UV-Vis spectra showed a stable band for MO but a loss
of the MB band. The color of the solution changed from green to yellow after
equilibration. The observed selectivity can be ascribed to the difference in the

charge of the species.

The size selectivity of the nanopores was demonstrated by simultaneous
adsorption of MB and RhB from aqueous solutions (Figure 2.18). After
equilibration, the color of the solutions changed from violet to pink, and the UV-
Vis absorption band of MB decreased and the RhB absorption band remained
constant. RhB uptake in the pores is significantly precluded by size exclusion of the

larger dye RhB relative to MB.
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Figure 2.18 UV-Vis spectra before and after adsorption of MB, MB&MO, and MB&RhB with M-
and T-based adsorbents (left). Vials of MB, MB&MO, and MB&RhB before and after adsorption
with M- or T-based adsorbents (right).

Desorption was investigated with fresh, completely MB filled M- and T-based
adsorbents in deionized water. The solution became only slightly blue, indicating
minor desorption of MB. Nevertheless, after immersing the adsorbents in
hydrochloric acid 3 M (aq.), the solution suddenly became blue indicating
desorption of MB. At low pH, the carboxylate moieties are protonated and MB is
removed from the adsorbents. Moreover, the adsorption-desorption was

investigated several times by UV-Vis spectroscopy, which revealed that it is
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reversible in three repeating cycles (Figure 2.19), indicating that these adsorbents

can be use many times.
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Figure 2.19. Occupation degree of adsorption sites (COO~) with MB during three adsorption (A)-
desorption (D) cycles.
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2.3 Conclusions

We have successfully developed a new strategy to obtain self-standing nanoporous
polymers based on the fixation of columnar mesophases by coumarin
photodimerization. The size of the pores can be controlled by careful choice of the
utilized template. The nanoporous materials with carboxylic acids at the pore
surface demonstrate remarkable size selectivity in adsorption experiments. In
addition, the chemical nature of the pore can be tuned by in situ treatment with
potassium hydroxide. After this base treatment the polymers are able to adsorb
cationic dyes and to selectively adsorb cationic dyes over anionic and larger
cations. The adsorbed molecules can be desorbed by acid or base treatment thus

it is possible to reuse these nanoporous polymers.

Our results clearly suggest that these polymers with hexagonal columnar
nanopores may be useful in a wide range of applications including molecular
recognition, filtration, separation, or catalysis. Future work will be focused on
obtaining homeotropically aligned polymer films and on developing helical

nanoporous polymers for chiral separation.
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3. EXPERIMENTAL PART

3.1 Characterization Techniques

3.1.1 Materials

All commercially available reagents were purchased from Sigma-Aldrich and used
as received. Anhydrous THF and DCM were purchased from Scharlab and dried

using a solvent purification system.

3.1.2 Structural Characterization

Infrared spectroscopy (IR) spectra were obtained on a FTS 6000
spectrophotometer from Bio-Rad equipped with Specac Golden gate diamond ATR;

50 scans at a resolution of 4 cm™ were carried out.

Solution nuclear magnetic resonance (NMR) experiments were carried out on
Bruker Avance spectrometers operating at 500 MHz for *H and 125 for 3C, using
standard pulse sequences. Chemical shifts are given in ppm relative to TMS, and

this was used as internal reference.

Solid-state nuclear magnetic resonance (NMR) experiments were performed in a
Bruker Avance Il WB400 spectrometer using a double resonance (*H-X) probe with
a rotor of 4 or 2.5 mm diameter, and the spinning frequency was set to 12 or 20
kHz, respectively. For the former, the *H and 3C /2 pulse lengths were 3 and 4.3
us, respectively, the CP contact time was 3 ms and the recycle delay was 7 s. For
the latter, the *H and 3C pulse lengths were 8 and 5.7 ps, respectively, the CP
contact time was 1.5 ms, and the recycle delay was 5 s. The pulse sequence
employed consisted of ramped cross-polarization with spinal-64 decoupling. Data
were acquired at 298 K, and chemical shifts are referenced to TMS using

adamantane (*3C: 6= 29.45 ppm) as secondary standard.
Elemental analysis was performed using a Perkin-EImer 2400 microanalyzer.

The X-ray photoelectron spectroscopy (XPS) measurements were carried out with

a Thermo Scientific K-Alpha, equipped with a monochromatic small-spot X-ray
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source and a 180° double focusing hemispherical analyzer with a 128-channel
detector. Spectra were obtained using an aluminum anode (Al Ky = 1486.6 eV)
operating at 72 W and a sport size of 400 um. Survey scans were measured at a
constant pass energy of 200 eV and region scans at 50 eV. The background pressure
was 2x107° mbar and during measurement 3x10~7 mbar argon because of the

charge compensation for the dual beam source.

3.1.3 Liquid Crystal Characterization

Mesogenic behavior was investigated by polarized-light optical microscopy (POM)
using an Olympus BH-2 polarizing microscope fitted with a Linkam THMS600 hot

stage.

Thermogravimetric analysis (TGA) was performed using a Q5000IR from TA

Instruments at heating rate of 10°C/min under nitrogen atmosphere.

Thermal transitions were determined by differential scanning calorimetry (DSC)
using a DSC Q20 or Q2000 from TA Instruments with powdered samples (2-5 mg)
sealed in aluminum pans. Glass transition temperatures (T;) were determined at
the half-height of the baseline jump, and first-order transition temperatures were

read at the maximum of the corresponding peak.

X-ray diffraction (XRD) was performed with a Ganesha Lab Instrument equipped
with a GeniX-Cu ultralow divergence source producing X-ray photons with a
wavelength of 1.54 A and a flux of 1x108 ph/s. Scattering patterns were collected
using a Pilatus 300 K silicon pixel detector. The beam center and the g range were
calibrated using the diffraction peaks of silver behenate. Powdered samples were

placed in Lindemann glass capillaries (1 mm diameter).

3.1.4 Optical properties

Ultraviolet-visible spectra were recorded on an Shimadzu UV-3102

spectrophotometer.
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3.2 Synthetic procedures

3.2.1 Synthesis of the Tris(triazolyl)triazine Central Core

cl
A

N"SN

NN

N™ °Cl

Pd(PPhj)4 1) BuLi

2) ZnCl,
TMS—C=C-2ZnCl 1 <———— TMS—C=C—H

1) NaNO, HCI, AcOH NH,

2) NaNj
C4HQOON3 3 =

CuS0,4.5H,0 OC4Hg
Sodium Ascorbate,
TBAF 1M in THF
THF/H,0

((Trimethylsilyl)ethynyl)zinc chloride (1). A mixture of (trimethylsilyl)acetylene
(12.5 mL, 86.5 mmol) in anhydrous THF (50 mL) was cooled at -78 °C in a Schlenk
flask. Then, a 2.5 M solution of n-butyllithium in THF (34.6 mL, 86.5 mmol) was
added dropwise to the mixture and it was kept stirring at -78 °C. After 30 min, a
solution of anhydrous zinc chloride (12 g, 86.5 mmol) in THF (60 mL) was added
carefully. The resulting mixture was slowly warmed to room temperature and used

in the next reaction without further purification.
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2,4,6-Tris((trimethylsilyl)ethynyl)-1,3,5-triazine (2). The obtained solution of
((trimethylsilyl)ethynyl)zinc chloride (1) (86.5 mmol) was added dropwise to a
mixture of cyanuric chloride (3.22 g, 17.3 mmol) and Pd(PPhs)4 (1.01 g, 0.87 mmol)
in anhydrous THF (40 mL) and the mixture was kept stirring at RT for 3 h. Then the
crude was poured into hydrochloric acid a 1 M (ag.) (175 mL) and extracted three
times with ether. The combined organic phases were dried over anhydrous
magnesium sulfate. The solution was filtered and the solvent was removed under
reduced pressure. The crude product was recrystallized in methanol. Yield: 53%. IR
(KBr, v, cm™): 2169 (C=C), 1480 (C=N). 'H NMR (CDCls, 298K, 400 MHz, &, ppm):
0.27 (s, 27H). 3C NMR (CDCls, 298K, 100 MHz, 8§, ppm): 159.72, 102.21, 100.5,
-0.83.

1-Azido-4-butoxybenzene (3): A mixture of 4-butoxyaniline (2.6 mL, 15.1 mmol),
water (40 mL), glacial acetic acid (90 mL), and concentrated hydrochloric acid (8
mL) was cooled in an ice bath. A 2 M aqueous solution of sodium nitrite (9 mL) was
added dropwise to the mixture and it was kept stirring in the ice bath. Then, a
solution of sodium azide (1.10 g, 16.9 mmol) in water (10 mL) was slowly added.
The reaction was stirred at 0 °C for 90 min and the mixture was then extracted
twice with DCM. The combined organic phases were washed twice with sodium
hydroxide 10% (aq.). Then, the organic phase was washed with brine and dried over
anhydrous magnesium sulfate. The product was purified by flash chromatography
on silica gel using hexane as eluent. Yield: 89%. (KBr, v, cm™): 2111 (N3), 1504 (Ar),
1230, 1011 (C-0). *H NMR (CDCls, 298K, 400 MHz, §, ppm): 7.01-6.93 (m, 2H), 6.91-
6.86 (m, 2H), 3.95 (t, J=7.0 Hz, 2H), 1.83-1.72 (m, 2H), 1.53-1.40 (m, 2H), 0.97 (t, J=
7.0 Hz, 3H). 13C NMR (CD,Cl;, 298K, 100 MHz, §, ppm): 156.72, 132.18, 120.10,
116.2, 68.23, 31.44, 19.41, 14.0.

2,4,6-Tris(1-(4-butoxyphenyl)-1,2,3-triazol-4-yl)-1,3,5-triazine (T). A Schlenk flask
was charged with compound 2 (1.0 g, 2.71 mmol), 1-azido-4-butoxybenzene (3)
(1.61 g, 8.41 mmol), sodium ascorbate (0.16 g, 0.82 mmol), copper (ll) sulfate
pentahydrate (0.10 g, 0.39 mmol) and THF/H,0 (1:1, 35 mL). The reaction flask was
degassed by three freeze-pump-thaw cycles and flushed with argon. The reaction
mixture was stirred at RT for 5 min and then tetrabutylammonium fluoride (1 M in
THF, 8.4 mL) was added. The reaction was stirred at RT in the dark overnight. Then,
the mixture was poured into water and extracted with DCM. The combined organic

phases were dried over anhydrous magnesium sulfate. The solution was filtered
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and the solvent was removed under reduced pressure. The product was purified
by flash chromatography on silica gel using DCM as eluent. Finally, the crude
product was recrystallized in ethanol. Yield: 42%. IR (KBr, v, cm™): 1611, 1566, 1513
(Ar), 1247, 1169 (C-0O). *H NMR (CDCl,, 298K, 400 MHz, &, ppm): 8.86 (s, 3H), 7.64-
7.58 (m, 6H), 6.98-6.92 (m, 6H), 3.97 (t, J= 7.0 Hz, 6H), 1.83-1.74 (m, 6H), 1.56-1.47
(m, 6H), 1.00 (t, J= 7.0Hz, 9H). 3C NMR (CD.Cl, 298K, 100 MHz, §, ppm): 167.26,
160.40, 146.22, 130.14, 126.04, 122.60, 115.81, 68.70, 31.62, 19.62, 14.01. MS
(MALDI*, dithranol, m/z): calcd. for CssHa2N1203, 726.4; found, 749.5 [M+Na]®,
1475.9 [2M+Na]*.

3.2.2 Synthesis of the Melamine Central Core

NH, NH;
N&N Dodecylamine [\{)%N
| -
HZNJ\N/)\CI NaHCO; 1,4-dioxan HZNJ\N/)\N/\/\/\/\/\/\

2,4-diamino-6-dodecylamino-1,3,5-triazine (M). A mixture of 2-chloro-4,6-
diamino-1,3,5-triazine (2.77 g, 19 mmol), dodecylamine (3.52 g, 19 mmol) and
sodium hydrogencarbonate (1.60 g, 19 mmol) in 1,4-dioxan (75 mL) was refluxed
under argon atmosphere for 6 h. The reaction mixture was poured into water and
the precipitate was filtered off and washed with water. The crude product was
purified by flash column chromatography on silica gel using DCM/methanol (10:1)
as eluent. Then, the product was recrystallized in ethanol. Yield: 53%. IR (KBr, v,
cm?): 3495, 3440, 3330, 1665. *H NMR (CD,Cl,, 298K, 400 MHz, 8, ppm): 5.09-4.68
(m, 5H), 3.36-3.23 (m, 2H), 1.58-1.44 (m, 2H), 1.44-1.17 (m, 18H), 0.8 (t, J= 6.7 Hz,
3H). 13C NMR (CD,Cl,, 298K, 100 MHz, §, ppm): 167.39, 41.06, 32.52, 30.39, 30.21,
29.96, 27.51, 23.28, 14.45. Anal. calcd. for CisH3oNg: C, 61.22%; H, 10.20%; N,
28.57%. Found: C, 61.00%; H, 10.55%; N, 28,37%.
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3.2.3 Preparation of the Hydrogen-Bonded Complexes

For the preparation of the hydrogen-bonded complexes, the required amounts of
the carboxylic acid diCou and the corresponding core M or T were weighted (3:1
molar ratio) and dissolved in anhydrous DCM. The solvent was slowly evaporated
at RT, and the mixtures were dried under vacuum at 30 °C for at least 2 days.
Finally, the mixtures were heated to their isotropic states and then cooled down

slowly to room temperature before used for further experiments.

M-d1Cou. IR (KBr, v, cm™): 3347 (N-H), 3086 (=C-H), 2921 (C-H), 1728, 1688 (C=0),
1610, 1589, 1553, 1510 (Ar), 1223, 1116 (C-O). *H NMR (CD,Cl,, 298K, 500 MHz, &,
ppm): 7.69-7.59 (m, 9H), 7.40-7.33 (m, 9H), 7.30 (s, 6H), 6.86-6.75 (m, 18H), 6.30
(t, J= 5.6 Hz, 1H), 6.22-6.14 (m, 9H), 6.11-5.96 (m, 4H), 4.66 (Sproas, 1H), 4.11-3.91
(m, 36H), 3.45-3.25 (m, 2H), 1.88-1.68 (m, 36H), 1.62-1.18 (m, 146H), 0.87 (t, J= 7.0
Hz, 3H). 3C NMR (CD.Cl,, 298K, 125 MHz, 8, ppm): 170.57, 164.73, 162.90, 161.36,
156.41, 153.29, 143.82, 142.95, 129.20, 125.32, 113.24, 113.17, 112.85, 108.60,
101.66, 73.85, 69.59, 69.20, 41.26, 32.35, 30.77, 30.11, 30.03, 30.00, 29.96, 29.80,
29.78,29.77, 29.46, 29.43, 27.27, 26.51, 26.40, 26.36, 23.11, 14.30.

T-d1Cou. IR (KBr, v, cm™): 3079 (=C-H), 2920 (C-H), 1729, 1695 (C=0), 1611, 1582,
1555, 1505 (Ar), 1226, 1117 (C-0). *H NMR (CD:Cl,, 298K, 500 MHz, &, ppm): 9.04
(s, 3H), 7.84-7.75 (m, 6H), 7.69-7.59 (m, 9H), 7.41-7.33 (m, 9H), 7.30 (s, 6H), 7.13-
7.07 (m, 6H), 6.87-6.75 (m, 18H), 6.22-6.15 (m, 9H), 4.11-3.96 (m, 42H), 1.89-1.68
(m, 42H), 1.60-1.22 (m, 152H), 1.01 (t, J= 7.4 Hz, 6H). 3C NMR (CDCl,, 298K, 125
MHz, &, ppm): 169.79, 167.29, 162.91, 161.39, 160.46, 156.42, 153.35, 146.26,
143.84, 143.29, 130.19, 129.21, 126.12, 124.19, 122.66, 115.87, 113.24, 113.18,
112.85, 108.71, 101.66, 73.88, 69.62, 69.21, 68.75, 31.65, 30.77, 29.96, 29.77,
29.43, 26.49, 26.36, 19.64, 14.02.
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3.3 Experimental Procedures

3.3.1 Preparation of the Liquid Crystalline Polymer Networks

Poly(vinyl alcohol) (PVA) sacrificial layers were prepared onto glass substrates in
order to facilitate network extraction after coumarin photodimerization. LC films
were prepared by sandwiching a small amount of the supramolecular complex
between two PVA-coated glass substrates using silicon spacers of 10 um. The
system was heated to the isotropic state and slowly cooled down to RT (0.1
°C/min). Then, the system was irradiated with a 365 nm LED light (ThorsLab) for 30
min (15 min each side). Finally, the system was immersed in water to dissolve the
PVA layer in order to obtain the polymer films floating at the water surface. Then

the films were dried under vacuum at RT for 5 h.

3.3.2 Preparation of the Nanoporous Polymers by Template

Elimination

For the elimination of M or T templates, polymer films were immersed in 5 ml of
hydrochloric acid 3 M (ethanol solution) under orbital oscillation for 24 h. Then the
films were washed with water, ethanol and dried under vacuum at RT 5 h to

produce the nanoporous polymers.

3.3.3 Selective Adsorption of Neutral Molecules

p-Nitroaniline, 1-aminopyrene, and meso-tetra(p-aminophenyl)porphine were
dried prior to use and dissolved at a known concentration in methanol to get
relatives absorbances of approximately 1. The nanoporous polymers were cut into
small pieces of approximately 1.0 mg, and were immersed in the p-nitroaniline,
1-aminopyrene, or meso-tetra(p-aminophenyl)porphine solutions. The films were
allowed to adsorb the molecules at RT overnight. The adsorption behavior was
monitored by UV-Vis spectroscopy, and the dye concentration was calculated using

the peak maximum.
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The sizes of p-nitroaniline, 1-aminopyrene, and meso-tetra(p-aminophenyl)
porphine were calculated by the MM2 force field method using the Chem3D

software package.

3.3.4 Preparation of Anionic Nanoporous Polymers with Different

Counter Cations in the Pore

The nanoporous polymers were cut into small pieces of approximately 1.0 mg, and
were immersed in 0.1 M aqueous solutions of the hydroxide salts of Li*, Na*, K, Cs*
and NHs" ions for 5 h. They were quickly washed with a few milliliters of distilled
water to remove the residual base and them they were dried under vacuum at RT
for 5 h.

3.3.5 Selective Adsorption of Cationic Dyes

The dyes (methylene blue, methyl orange and rhodamine B) were dried prior to
use and dissolved at a known concentration in distilled water to get relatives
absorbances of approximately 1. The nanoporous polymers were cut into small
pieces of approximately 1.0 mg, and were immersed in potassium hydroxide 0.1 M
(ag.) to deprotonate the carboxylic acid moieties. They were quickly washed with
a few milliliters of distilled water to remove the residual base, and subsequently,
they were added to the dye solution. The films were allowed to adsorb the
molecules at RT overnight. The adsorption behavior was monitored by UV-Vis

spectroscopy, and the dye concentration was calculated using the peak maximum.

The sizes of methylene blue, methyl orange, and rhodamine B were calculated by

the MM2 force field method using the Chem3D software package.
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Chapter 4

Novel Dendritic Architectures for
Biomedical Applications

Abstract. We report the synthesis and characterization of a novel class of amphiphilic dendrimers
from a hydrophilic PAMAM dendrimer functionalized with hydrophobic bisMPA first generation
dendrons bearing cholesterol and coumarin moieties. As demonstrated by TEM and DLS, these
dendrimers are capable of forming stable spherical micelles in water with diameters of 18-40 nm,
depending on the generation of the dendrimer. In addition, these spherical micelles permitted the
encapsulation of hydrophobic drugs and at the same time provided intracellular fluorescent
traceability due to the presence of coumarin units in their chemical structure. Therefore, these
dendrimers are interesting nanocarriers for applications in nanotechnology and biomedicine.

275



“If you always do what you always did,

you will always get what you always got”

Albert Einstein
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1. INTRODUCTION

1.1 Self-Assembly of Amphiphilic Block Copolymers

The design of efficient drug delivery vehicles is a true challenge in polymer and
materials science. Since the concept of physical drug encapsulation within
polymeric aggregates was introduced, a significant number of polymer assemblies
have been identified. In particular, the construction of amphiphilic block
copolymer-based drug carriers is a subject of great interest and is a stimulating

topic of interdisciplinary research in chemistry, biology and materials science.®

In aqueous media, self-assembly of amphiphilic block copolymers to minimize
energetically unfavorable hydrophobic-water interactions can lead to a variety of
polymeric nanostructures, such as micelles or vesicles (Figure 1.1).”! Formation of
these various morphologies, as well as their size, has been demonstrated to be
highly dependent on the composition, molecular geometry and relative block

lengths of the block copolymers.

Figure 1.1 Different morphologies formed by amphiphilic block copolymers depending on the

packing parameter (p).

The packing parameter (p), introduced by Israelachvili et al. in their theory of self-

assembly of small molecule amphiphiles,*? can be used to predict the assembled
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morphologies. The packing parameter describes the geometry of an amphiphile

and it is calculated by the equation:

where v is the volume of the hydrophobic chain, a, is the area occupied by the
hydrophilic headgroup, and [ is the length of the molecule. As a general rule,
amphiphiles with p values below 0.5 result in highly curved aggregates such as
spherical and cylindrical micelles, while bilayer formation is favored with increasing

p values up to p=1.

Spherical micelles typically exhibit core-shell architectures in which the hydrophilic
shell affords water solubility, while the hydrophobic core provides an ideal location
for encapsulation of hydrophobic molecules. As far as intravenous delivery of
chemotherapeutic agents is concerned, polymeric micelles are perfect instruments
to solubilize hydrophobic drugs, infiltrate the body with a minimal immunogenic
response and target diseased tissues, thus releasing the drug payload at its

destination while minimizing damage to healthy tissues.!31°

Polymeric vesicles, so-called polymersomes, originate from closing bilayers
forming a central aqueous compartment which is enclosed by an amphiphilic
copolymer bilayer membrane. The hydrophobic chains create a wall membrane
stabilized by the hydrophilic chains forming internal and external shells. Polymer
vesicles are also excellent candidates for drug delivery as they offer the benefit of
simultaneous encapsulation of hydrophilic compounds in their aqueous cavities

and the insertion of hydrophobic molecules within their membrane.® 1’
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1.2 Amphiphilic Dendrimers as Drug Delivery Systems

In the field of amphiphilic polymers, dendrimers are ideal candidates for
biomedical applications due to their flawless macromolecular structure and exact
number of functional groups. For this reason, dendritic amphiphiles capable of
forming well-defined nanostructures in water have been thoroughly
investigated.'®22 One of the first examples was reported by Tomalia’s research
group and it consisted of a hydrophobic dendritic core surrounded by an
hydrophilic shell.? These compounds self-assembled in water, generating micelles
composed of only one molecule (unimolecular micelles). Such systems can
encapsulate hydrophobic drugs or dyes in their dendritic structure, and they can

be easily internalized by cells due to their small diameters of 5-20 nm.?*2°

Figure 1.2 Chemical structure of PAMAM derivatives functionalized with chromophores and a

schematic illustration of vesicle formation.

Wang et al. synthesized amphiphilic PAMAM dendrimers by periphery
functionalization with phenyl, naphthyl, pyrenyl, and dansyl chromophores (Figure
1.2).%° Low generation dendrimers (G= 0-3) self-organized in water into vesicles,
while higher generations (G= 4-5) did not form ordered aggregates. This self-

organization was induced by the m-m interactions of the peripheral aromatic

279



Chapter 4

chromophores and hydrogen bonding interactions of the PAMAM core. Moreover,
a large number of “twins” and “quins” vesicular aggregates consisting of two and

five vesicles, respectively, were observed.

Our research group synthesized new amphiphilic dendritic architectures from
commercial hyperbranched bisMPA polyesters (Boltorn®) and amino-terminated
bisMPA dendrons.?” These compounds were totally biocompatible, and their high
number of terminal amino groups made them efficient systems in terms of complex
formation with DNA and internalization inside mesenchymal stem cells. Efficient

transfection on mesenchymal stem cells was found to be generation dependent.

Lee et al. synthesized an amphiphilic dendritic structure consisting of a rigid
aromatic core functionalized with carbohydrate-branched dendrons and a
hydrophobic alkyl chain (Figure 1.3).28 Such compounds self-assembled in aqueous
solution into well-defined nanofibers with uniform diameters. Interestingly, these
cylindrical objects reversibly transformed into spherical objects after the addition

of guest molecules such as Nile Red.

Figure 1.3 Chemical structure of the amphiphilic dendron and TEM images of the reversible

transformation of cylindrical micelles into spherical micelles.

Percec and coworkers reported an extensive library of amphiphilic Janus

dendrimers which demonstrated facile self-assembly in water to form stable
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vesicles.?? These systems were prepared by coupling of two antagonistic parts, one
is hydrophilic and the second one is hydrophobic. Similarly, our research group
described a series of Janus dendrimers which self-assembled in water forming
different morphologies depending on the hydrophilic/hydrophobic balance. These
dendrimers could encapsulate several hydrophobic drugs, increasing their water

solubility without altering their therapeutic activity.30-3

Meijer’s research group reported the synthesis of new amphiphilic structures by
combining a well-defined polystyrene block with PPI dendrons (G= 1-5).3 In the
aqueous phase, these linear-dendritic block copolymers formed different
assemblies (from spherical micelles to vesicles) depending on the generation of the

dendron (Figure 1.4).

Figure 1.4 Chemical structure of the linear dendritic block copolymers and TEM images of the

different self-assembilies.

Our research group reported aqueous assemblies (cylindrical micelles, sheet-like
micelles, tubular micelles or vesicles) based on amphiphilic linear-dendritic block
copolymers composed of poly(ethylene glycol) and dendrons based on bisMPA
functionalized at the periphery with 4-cyanoazobenzene moieties (Figure 1.5).3

Theoretical simulations of these systems predicted the disruption of the
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macromolecular assemblies by photoisomerization thus facilitating the release of

encapsulated molecules.?®

Figure 1.5 Cryo-TEM images showing the morphological evolution of the linear dendritic block

copolymers self-assemblies in water.

Additionally, these vesicles were loaded with both hydrophobic and hydrophilic
fluorescent probes to demonstrate that the distortion of the bilayer membrane
under low intensity UV irradiation increases its permeability to the encapsulated

molecules (Figure 1.6).36-38

Figure 1.6 Confocal fluorescence microscopy images showing the light stimulated release of

Rhodamine B upon UV irradiation of loaded vesicles.
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Very recently, Malkoch et al. reported the synthesis a new family of amphiphilic
linear-dendritic block copolymers (Figure 1.7). They consisted of a hydrophilic
poly(ethylene glycol) block and a fourth generation bisMPA dendron functionalized
with hydrophobic cholesterol groups.3® Spherical assemblies with therapeutically
relevant properties were successfully created in water. These nanocarriers allowed
the encapsulation of one or two anticancer drugs and also provided intracellular
fluorescent traceability. Moreover, these nanocarriers were proven to penetrate
the cancerous cell membranes and deliver the cargo of drugs into the nuclei as well

as the cytoplasm and mitochondria.

Figure 1.7 Chemical structure and TEM images of the fluorescent linear dendritic block copolymer

self-assemblies reported by Malkoch et al.

All the aqueous assemblies were obtained from covalent dendritic systems, but
ultimately the frequently time-consuming synthetic procedures required to
synthesize the dendrimers might reduce their practical feasibility in controlled drug
release. Therefore, an effective approach to obtain self-assembled systems in
water would consist of using supramolecular (ionic) interactions to functionalize a
dendritic core. For instance, our research group reported ionicamphiphilic PAMAM
dendrimers bearing aliphatic chains that self-assembled in water generating
different nanostructures (Figure 1.8). Micelles, lamellae, and nanospheres were

found depending on the generation of the dendrimer, the length of the acid, and
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the number of fatty acids introduced in the PAMAM core. Furthermore, these
nanostructures were sensitive to pH and were capable of trapping both
hydrophobic and hydrophilic molecules.*®*? Our research group has also prepared
ionic PAMAM dendrimers decorated with hydrophilic chains that were able to form
complexes with DNA.*3

Figure 1.8 Schematic synthetic route, chemical structure, and TEM images of the self-assemblies
in water prepared with ionic dendrimers.
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2. LUMINESCENT DENDRIMERS AS DRUG DELIVERY
SYSTEMS

2.1 Objectives

Polymeric nanocarriers have attracted much attention during the past decade
because they are able to carry large quantities of therapeutic drugs to their final
destination, effectively protect their cargo from the body and more importantly,
the body from the cargo. Among the vast variety of molecules investigated in this
context, dendrimers have shown great potential for the design of efficient vehicles
for drug delivery. Our research group reported the self-assembly behaviour in water
of a series of amphiphilic dendrimers consisting of PAMAM which was ionically
functionalized with different amounts of fatty acids. All these dendrimers formed
well-defined nanobjects in water and were able to encapsulate a hydrophobic drug
(plitidepsin).*® However, as drug delivery systems, these ampbhiphilic dendrimers

lacked an important feature, as it is in vitro and in vivo traceability.

In contrast to earlier strategies, we have prepared polymeric nanocarriers that were
designed to express traceable fluorescent groups with the potential capacity to
carry a large cargo of hydrophobic drugs. This was accomplished by preparing two
families of amphiphilic hybrid dendrimers from a hydrophilic PAMAM dendrimer
(Figure 2.1). PAMAM was surrounded by a hydrophobic bisMPA first generation
dendron bearing cholesterol and coumarin moieties. The cholesterol was selected
due to its hydrophobic character as well as its excellent self-assembly properties,
while the coumarin was selected as a fluorescent label. PAMAMN-ChCou
derivatives consist of ionic dendrimers coming from the ionic functionalization of
PAMAM generations 0 to 4 (bearing 4, 8, 16, 32 or 64 terminal groups).
PAMAMN-cov-ChCou dendrimers come from the covalent fuctionalization of the

second and fourth generation PAMAM dendrimer (bearing 16 or 64 terminal

groups).

This chapter describes the synthesis, characterization and liquid crystalline
properties of these amphiphilic dendrimers. Since these materials were targeted as
controlled release systems, we also present a detail characterization of the

corresponding self-assemblies in water by transmission electron microscopy (TEM)
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and dynamic light scattering (DLS). Additionally, the cytotoxicity in vitro of these

polymeric nanocarriers has been tested.
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Figure 2.1 Schematic representation of the ionic and covalent functionalization of PAMAM

dendrimer.
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2.2 Results and discussion

2.2.1 Synthesis and Characterization of Dendrimers

The syntesis of the carboxylic acid dendron (Ac-ChCou) and the ionic dendrimers
PAMAMN-ChCou (n= 0-4) was described in Chapter 2. The covalent derivatives
(PAMAMN-cov-ChCou) were synthesized by the coupling of carbonyldiimidazol
(CDI)-activated carboxylic acid group of Ac-ChCou with the terminal amine groups
of the corresponding generation of PAMAM (Scheme 2.1). The chemical structures
of PAMAMN-cov-ChCou was determined by FTIR, NMR spectroscopy, MALDI-TOF

mass spectroscopy, size exclusion chromatography (SEC), and elemental analysis.

[eat hata®
MO@O

‘ CDI, THF

0
}{ o}
PAMA NH “—0

PAMAMnN-cov-ChCou
(n =16 or 64)

Scheme 2.1 Synthesis of PAMAMN-cov-ChCou covalent dendrimers.

The FTIR spectra clearly confirmed the formation of the covalent dendrimers. As a
repesentative example, the FTIR spectra of Ac-ChCou, PAMAM16 and the

corresponding covalent dendrimer are shown in Figure 2.2. In the spectrum of
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PAMAM16-cov-ChCou, the bands at 1730 and 1683 cm™ corresponding to the
dimeric form and free form of the carboxylic acid group of Ac-ChCou were replaced
by a band at 1646 cm™ due to the stretching of the amide carbonyl groups.

amide

acid (free)

Absorbance (a.u.)

1900 1800 1700 1600 1500 1400 1300
Wavenumber (cm'1)

Figure 2.2 FTIR spectra (C=0 st. region) of PAMAM16 (black line), Ac-ChCou (blue line) and
PAMAM16-cov-ChCou (red line).

Further evidence for the formation of the covalent dendrimers was visible in *H
NMR spectra, as can be seen in Figure 2.3, where the absence of the CH,CH>-NH;
(Ho, 6= 2.77 ppm) and CH,CH>-NH; (Hg, 6= 3.22 ppm) signals and the appearance
of the CH,CH>-NHCO (Hq, 6=3.32 ppm) and CH,CH»- NHCO (Hg, 6= 3.32 ppm) signals

confirm a quantitative functionalization of terminal amine groups of PAMAM.

In the 3C NMR spectra, formation of the amide groups was confirmed by the
absence of the carboxyl group signal of the acid (GCs, 6= 176.98 ppm) and the
appearance of a carbon signal from the amide carbonyl groups (Cs, 6= 172.16 ppm)

(Figure 2.3).
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The complete functionalization of PAMAMN-cov-ChCou was also confirmed by SEC
and MALDI-TOF MS. The effective functionalization of the PAMAM dendrimers
with Ac-ChCou was assessed by SEC traces based on monomodal and narrow molar
mass distributions as well as the shift of the molecular weight distribution peak
towards lower retention times which indicated PAMAMnN-cov-ChCou formation
(Figure 2.4a). The MALDI-TOF mass spectrum of PAMAM16-cov-ChCou revealed
the presence of an intense peak at 18167.1 corresponding to the fully
functionalized dendrimer (Figure 2.4b). The rest of the peaks are associated with
statistical defects present in the original PAMAM16 dendrimer.** 4> On the other
hand, the high molecular weight of PAMAMG64-cov-ChCou (Exact Mass: 73815.6)
precluded its measurement by MALDI-TOF MS. This behaviour has previously been

observed in other covalent dendrimers with high molecular weight.*® 4’
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Figure 2.4 (a) MALDI-TOF mass spectrum of PAMAM16-cov-ChCou. (b) SEC traces of:
PAMAM16-cov-ChCou (blue), and PAMAM®64-cov-ChCou (red).

2.2.2 Thermal Properties and Mesogenic Behavior

The thermal stability and liquid crystalline properties of Ac-ChCou and ionic
dendrimers (PAMAMN-ChCou) were described in Chapter 2. However, the most

relevant data has been included in Table 2.1 for comparative purposes.

The thermal stability of the covalent dendrimers (PAMAMnN-cov-ChCou) was
studied by thermogravimetric analysis (TGA). All the samples showed good thermal
stability and in all cases the 5% weight loss temperature (Ts%) was detected at

temperatures more than 100 °C above the isotropization point (Table 2.1).
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Table 2.1 Thermal properties and structural parameters

PO e et h S
PAMAM16-cov-ChCou 244 g25SmA 71¢ 1 46.5 100 d=46.8A
23.5 200
4.5 (br)
PAMAM16-ChCouf 209 g21SmA 63¢ 1 46.2 100 d=46.2A
23.1 200
4.5 (br)
PAMAMG64-cov-ChCou 217 g 35 Coly 87¢1 53.3 100 a=615A
30,8 110
4.5 (br)
PAMAMG64-ChCouf 198 g 29 Coln 81°¢ 1 49.3 100 a=56.7A
282 110
4.5 (br)

2 Temperature at which 5% mass lost is detected in the thermogravimetric curve.
b DSC data of the second heating process at a rate of 10 °C/min. g: glass, SmA: smectic A
mesophase, Coly: hexagonal columnar mesophase, I: isotropic liquid.

d Miller indices.
¢ POM data
fData from Chapter 2

The thermal transitions and mesomorphic properties were studied by polarized

optical microscopy (POM), differential scanning calorimetry (DSC) and X-ray
diffraction (XRD). Both PAMAM16-cov-ChCou and PAMAMG64-cov-ChCou displayed
liquid crystalline behavior showing birrefringent textures by POM (Figure 2.5). The

DSC curves showed only a glass transition freezing the mesomorphic order at room

temperature.

Figure 2.5 POM microphotographs observed in the cooling process at room temperature for: (a)
PAMAM16-cov-ChCou, and (b) PAMAMG64-cov-ChCou.
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The nature of the mesophases was identified by XRD. The XRD patterns of
PAMAM16-cov-ChCou contained in the low-angle region one sharp maximum that
could be assigned to the first order reflection from a lamellar structure. In the high-
angle region, a broad diffuse halo was detected at 4.5 A which corresponds to the
short-range correlations between the conformationally disordered alkyl chains
(Figure 2.6a). This kind of XRD pattern is characteristic of a smectic A mesophase
due to orthogonal character of the mesophase deduced from the presence of
homeotropic domains in the textures observed by POM. It has been previously
shown that these kinds of ionic and covalent dendrimers assemble into a smectic A
layer, adopting a cylindrical shape, in which the substitutents are statistically

located upward and downward with respect to the dendrimeric matrix.*® 48

Figure 2.6 Room temperature XRD pattern of: (a) PAMAM16-cov-ChCou in the SmA mesophase,
and (b) PAMAMG64-cov-ChCou in the Coly, mesophase.

The XRD patterns obtained for PAMAMG64-cov-ChCou showed two reflections in the
low-angle region with a ratio of 1 : 1/v3, which could be assigned to the reflections
(100) and (110) of a hexagonal columnar mesophase (Figure 2.6b). In the high-
angle region, a typical diffuse halo at 4.5 A, related to the conformationally
disordered aliphatic chains, was detected. In this case, the flexibility of the
dendrimer matrix allowed a molecular conformation in which substituents extend
radially from the central dendrimer core. The supramolecular organization of these

disk-like molecules in columns gives rise to the observed Col, mesomorphism.4° >0

The structural parameters of the covalent dendrimers (PAMAMnN-cov-ChCou) and
that of their analogous ionic dendrimers (PAMAMNRN-ChCou) do not vary to a great
extent (Table 2.1). The slightly higher d and a values obtained for the covalent
dendrimers gives evidence of a higher mobility present in the case of ionic
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dendrimers where the moieties can fluctuate in position and slightly penetrate into
the dendrimer matrix. By contrast, covalent compounds moieties occupy fixed

positions. The same tendency has been previously described in other similar

dendrimers.>?

2.2.3 Self-Assembly of the Dendrimers in Water

Self-assembled structures of the dendrimers were prepared by the co-solvent
method using THF/water and following the micellization process by turbidimetry.
Dendrimers were first dissolved in THF and then water was slowly added, and at
some point, the water addition caused a sudden jump in turbidity which indicated
that the dendrimer self-assembly had started (Figure 2.7). Once turbidity reached
an almost constant value, the resulting dispersion was dialyzed against water to
remove the organic solvent. PAMAMA4-ChCou, PAMAMS8-ChCou and PAMAM16-
ChCou precipitated during dialysis, which pointed to the collapse of the assemblies
in water. Nevertheless, stable dispersions were obtained for the rest of the
dendrimers after storing for a few weeks. Because of this, any further study was

limited to PAMAM32-ChCou, PAMAMG64-ChCou, PAMAM16-cov-ChCou and
PAMAMG64-cov-ChCou.
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Figure 2.7 Turbidity evolution of: (a) PAMAM16-cov-ChCou, and (b) PAMAM16-ChCou
(Turbidity of the THF solutions versus amount of water added).

The critical aggregation concentration (CAC) in water, measured by the
concentration of the amphiphilic macromolecule above which the macromolecule
chains start to associate, was determined by fluorescence using Nile Red as a

polarity sensitive probe (Figure 2.8).3¢ Samples of amphiphilic dendrimers were
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stirred overnight together with Nile Red at room temperature and the emission
spectra of Nile Red were registered from 560 to 700 nm. The calculated CAC values

were typical for polimeric spherical micelles and are gathered in Table 2.2.

100 4 1
® PAMAM32-ChCou
80 A PAMAM64-ChCou 4
* PAMAM16-cov-ChCou °®
604 PAMAMG64-cov-ChCou
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Figure 2.8 Fluorescence intensity of Nile Red at 606 nm (Aexe = 550 nm) versus dendrimer
concentration.

The morphology of the PAMAM32-ChCou, PAMAM®64-ChCou,
PAMAM16-cov-ChCou, and PAMAM®G64-cov-ChCou self-assemblies was first
investigated by transmission electron microscopy (TEM) (Figure 2.9). TEM images
showed the presence of spherical micelles whose diameter (D™ in Table 2.2)

depended on the generation on the dendrimer.

Table 2.2 CAC values and average size diameters (D) of the spherical micelles.

CAC (pg/mL) Dn™M (nm)? DiPS (nm)°P
PAMAM32-ChCou 65 234 28+ 8
PAMAMG64-ChCou 46 305 38+ 10
PAMAM16-cov-ChCou 28 183 246
PAMAMG64-cov-ChCou 19 406 47 £ 13

@ Average size diameter obtained by TEM from 200 individual micelles.
b Average size diameter obtained by DLS from number size distributions.
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Figure 2.9 TEM images, histogram obtained by TEM from 200 individual micelles, and DLS
measurements (number and intensity distributions) from water suspensions of:
(a) PAMAM32-ChCou, (b) PAMAMG64-ChCou, (c) PAMAM16-cov-ChCou, and (d)
PAMAMG64-cov-ChCou.

The average size of the micelles was also determined by dynamic light scattering

PLSin Table 2.2) were in good agreement

(DLS) and the hydrodynamic diameters (Dn
with TEM observations. Two distributions were found in the intensity DLS
measurements, one corresponding to single micelles and a second distribution, less
intense, was attributed to aggregation of single micelles forming a more complex

aggregate (Figure 2.9). However, it should be mentioned that these aggregates
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were observed in a lesser number than single micelles (see the number size
distributions obtained by DLS in Figure 2.9). Number distributions emphasize the
species with the highest number of particles (which often tend to be the smaller
ones), while intensity distributions emphasize the species with the largest
scattering intensity contributing to the overall result (which often tend to be the

larger particles).

2.2.4 Absorption and Emission Properties of the Self-Assemblies

The optical properties of the self-assemblies were evaluated by UV-vis spectroscopy
(Figure 2.10). The spectra of the amphiphilic dendrimers in THF solution showed
the characteristic profile of the coumarin chromophore which includes an intense
band at 323 nm related to the m-it™* transition. The spectra of the micelles in water
(1 mg/mL) showed broad and bathochromic shifting of the m-ni* band in contrast

to the results of the dendrimers in THF.

The fluorecent traceability of the self-assemblies was evaluated by fluorescence
spectroscopy (Figure 2.10). The emission spectra of the amphiphilic dendrimers in
THF exhibited one band at 384 nm, while the spectra of the micelles in water
showed a bathochromic shift of around 15 nm, compared to the results of the
dendrimers in THF.

Absorbance (a.u.)
Intensity (a.u.)

250 300 350 400 450 500 550
Wavelength (nm)

Figure 2.10 Absorption (red) and emission (blue) spectra of PAMAM®64-cov-ChCou self-assemblies
(dot lines) and in THF solution (solid lines).
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2.2.5 Cytotoxicity of the Self-Assemblies

The cytotoxicity of the amphiphilic dendrimers was tested in cell cultures using the
Hela (Human cervix cancer) cell line. Among the great variety of cell viability essays,
we selected the Alamar Blue assay. With this assay, Alamar Blue (blue color) is
reduced to resorufin (red color) upon entering living cells. The amount of reduced
Alamar Blue is directly proportional to the number of metabolically active cells in
the culture, which can be quantified spectrophotometrically. The cell viabiliy curves

for all the amphiphilic dendrimers are shown in Figure 2.11.
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Figure 2.11 Cell viability in Hela cell line of: (a) PAMAM32-ChCou, (b) PAMAMG64-ChCou,
(c) PAMAM16-cov-ChCou, and (d) PAMAMG64-cov-ChCou self-assemblies at increasing the
concentration after 24 h (red bars), 48 h (green bars), and 72 h (blue bars) incubation times.

In general, there was not a decrease in cell viability after 72 h of cell culture in the
presence of increasing concentrations of the self-assemblies from 0.05 to 0.75
mg/mL. Although similar cell viability values were obtained, different behavior was
observed in the decay of the curves. The PAMAM32-ChCou and PAMAM64-ChCou
self-assemblies showed a viability decay of up to 80% after 72 h of cell culture. This
result indicates that the cytotoxic effect is less pronunced on the covalent-based
self-assemblies (PAMAM16-cov-ChCou and PAMAMG64-cov-ChCou) than on the
ionic-based self-assemblies (PAMAM32-ChCou and PAMAMG64-ChCou).
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2.3 Conclusions

We have reported a series of amphiphilic hybrid dendrimers that consisted of a
PAMAM dendrimer functionalized with a coumarin-containing bisMPA dendron.
All the compounds exhibited mesogenic behavior with smectic A or hexagonal
columnar mesophases depending on the generation of the dendrimer. Moreover,
these amphiphilic dendrimers can self-assemble in water producing spherical
micelles whose size can be modulated by the generation of the dendrimer.
Additionally, these nanocarriers presented the important feature of traceability
due to the presence of coumarin fluorescent moieties in the chemical structure of

the dendrimer.

We have also tested the cell viability in vitro of the micelles as a function of their
concentration in Hela cell line. All the micelles have proven to be non-toxic below
0.75 mg/mL. Therefore, we can conclude that these types of amphiphilic
dendrimers may be useful in the preparation of fluorescent polymeric nanocarriers
for biomedical applications. Future work will be focused on the study of these

amphiphilic dendrimers for effective loading and delivering of hydrophobic drugs.
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3. EXPERIMENTAL PART

3.1 Characterization Techniques

3.1.1 Materials

Poly(amidoamine) dendrimers (PAMAM) were purchased from Dendritech, Inc. All
the reagents were purchased from Sigma-Aldrich and used as received without
further purification. Anhydrous THF was purchased from Scharlab and dried using

a solvent purification system.

3.1.2 Structural Characterization

Infrared Spectroscopy spectra were obtained on a Bruker Vertex 70 FT-IR
spectrophotometer using KBr pellets.

Solution Nuclear Magnetic Resonance experiments were carried out on Bruker
Avance spectrometers operating at 400 MHz for *H and 100 for 13C, using standard
pulse sequences. Chemical shifts are given in ppm relative to TMS and the residual

solvent peak was used as internal reference.
Elemental Analysis was performed using a Perkin-Elmer 2400 microanalyzer.

MALDI-TOF Mass Spectrometry was performed on an Autoflex mass spectrometer

(Bruker Daltonics) using dithranol as matrix.

Size Exclusion Chromatography was carried out on a Waters €2695 Alliance liquid
chromatography system equipped with a Waters 2424 evaporative light scattering
detector using two Styragel® columns, HR4 and HR1 from Waters. Measurements
were performed in THF using a flow of 1 mL/min and poly(methyl methacrylate)

(PMMA) narrow molar mass standards.
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3.1.3 Liquid Crystal Characterization

Mesogenic behavior was investigated by Polarized-Light Optical Microscopy using

an Olympus BH-2 polarizing microscope fitted with a Linkam THMS600 hot stage.

Thermogravimetric Analysis was performed using a Q5000IR from TA instruments

at heating rate of 10 °C/min under nitrogen atmosphere.

Thermal transitions were determined by Differential Scanning Calorimetry using a
DSC Q2000 from TA instruments with powdered samples (2-5 mg) sealed in
aluminum pans. Glass transition temperatures (Tg) were determined at the half
height of the baseline jump, and first order transition temperatures were read at

the maximum of the corresponding peak.

X-Ray Diffraction was performed with an evacuated Pinhole camera (Anton-Paar)
operating a point-focused Ni-filtered Cu-K, beam. The patterns were collected on
flat photographic films perpendicular to the X-ray beam. Powdered samples of the
supramolecular complexes were placed in Lindemann glass capillaries (0.9 mm

diameter).

3.1.4 Optical Properties

Ultraviolet-visible spectra were recorded on an ATI-Unicam UV4-200

spectrophotometer.

Fluorescence measurements were recorded on a Perkin-Elmer LS 50B fluorescence

spectrophotometer.

All the measurements were performed in dilute THF solutions (10° to 10”7 M) using

quartz cuvettes.

3.1.5 Characterization of the Self-Assemblies

Transmission Electron Microscopy was performed using JEOL-2000 FXIII electron
microscope operating at 200 kV. For the preparation of TEM samples, 5 pL of a 0.5
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mg/mL water dispersions of the self-assemblies were deposited onto carbon-
coated copper grids, and the water was then removed by capillarity using filter
paper. The samples were stained with uranyl acetate and the grid was left to dry
overnight under vacuum. The 0.5 mg/mL suspension was prepared by diluting the

former suspension with Milli-Q water.

Dynamic Light Scattering measurements were carried out in a Malvern Instrument
Nano ZS using a He—Ne laser with a 633 nm wavelength, a detector angle of 173°
at 25 °C. The self-assemblies concentrations were 0.10 mg/mL and size
measurements were performed at least three times on each sample to ensure

reproducibility.
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3.2 Synthetic Procedures

The syntesis of the carboxylic acid dendron (Ac-ChCou) and the ionic dendrimers
PAMAMN-ChCou (n= 0-4) was described in Chapter 2.

3.2.1 Synthesis of the Covalent Dendrimers

The synthesis of the covalent dendrimers (PAMAMN-cov-ChCou, n= 16 and 64) was
performed following a previously described method.>? Carbonyldiimidazol (CDI)
(1.03 eq.) was slowly added to a solution of Ac-ChCou (1.00 eq.) in anhydrous THF.
The reaction mixture was stirred at RT for 1 h under a stream of argon. The mixture
was transferred to a Schlenk flask containing the corresponding PAMAM
dendrimer (1.00 eq. terminal amino groups), and it was heated at 40 °C for 72 h.
Then the reaction mixture was partially evaporated and carefully precipitated using

cold methanol. The dendrimer was dried in a vacuum at RT for 48 h.

PAMAM16-cov-ChCou. Yield: 55 %. IR (KBr, v, cm™): 3316 (N-H), 3085 (=C-H), 2931
(C-H), 1739, 1646 (C=0), 1613 (Ar), 1158 (C-0). *H NMR (CDCls, 400 MHz, &, ppm):
8.25-7.74 (m, 44H), 7.68-7.58 (m, 16H), 7.39-7.33 (m, 16H), 6.88-6.73 (m, 32H),
6.28-6.17 (m, 16H), 5.45-5.31 (m, 16H), 4.68-4.49 (m, 16H), 4.37-4.08 (m, 64H),
4.05-3.93 (m, 32H), 3.53-3.00 (m, 88H), 2.94-2.20 (m, 264H), 2.04-0.64 (m, 910H).
13C NMR (CDCl3, 100 MHz, &, ppm): 173.57,173.36,172.16, 171.94, 171.74, 162.66,
161.37, 156.14, 143.62, 143.58, 139.77, 128.90, 128.84, 122.87, 113.20, 113.14,
112.58,101.61, 74.63, 68.86, 56.90, 56.39, 50.25, 46.29, 46.20, 42.51, 39.94, 39.70,
38.25, 37.16, 36.77, 36.39, 35.96, 34.33, 34.26, 32.06, 29.56, 29.46, 29.37, 29.25,
29.17, 29.10, 28.38, 28.17, 27.92, 26.12, 26.07, 25.06, 24.99, 24.46, 24.08, 22.95,
22.71, 21.22, 19.47, 18.90, 17.95, 12.03. MS (MALDI*, dithranol, m/z): calcd. for
Ci03sH1600NsgO204, 18143.7; found, 18167.1 [M+Na]*. Anal. calcd. for
C1038H1600N580204: C, 68.67%; H, 8.88%; N, 4.47%. Found: C, 68.50%; H, 8.65%; N,
5.00%.

PAMAMBG64-cov-ChCou. Yield: 68 %. IR (KBr, v, cm™): 3307 (N-H), 3080 (=C-H), 2933
(C-H), 1741, 1641 (C=0), 1613, 1555 (Ar), 1158 (C-O). *H NMR (CDCls, 400 MHz, §,
ppm): 8.67-7.81 (m, 188H), 7.67-7.59 (m, 64H), 7.40-7.32 (m, 64H), 6.88-6.74 (m,
128H), 6.29-6.18 (m, 64H), 5.41-5.26 (m, 64H), 4.70-4.47 (m, 64H), 4.34-4.07 (m,
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256H), 4.07-3.90 (m, 128H), 3.52-3.03 (m, 376H), 2.90-2.17 (m, 1128H), 2.05-0.63
(m, 3648H). 3C NMR (CDCls, 100 MHz, 8, ppm): 173.45, 173.36, 172.14, 172.02,
171.95, 171.65, 171.57, 162.67, 161.46, 156.15, 143.60, 143.51, 139.78, 128.86,
128.83,122.87,113.19,113.15,113.11, 112.60, 101.62, 74.63, 68.87, 56.91, 56.40,
50.26, 46.46, 46.32, 42.53, 39.95, 39.71, 38.25, 37.17, 36.79, 36.39, 35.96, 34.30,
32.08, 29.59, 29.49, 29.35, 29.28, 29.16, 29.12, 28.38, 28.18, 27.93, 26.12, 26.09,
25.03, 24.46, 24.05, 22.95, 22.71, 21.23, 19.47, 18.90, 18.15, 17.93, 12.03. Anal.
calcd. for Ca206Hsa96N2500s28: C, 68.44%; H, 8.87%; N, 4.74%. Found: C, 68.82%; H,
9.00%; N, 4.62%.
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3.3 Experimental Procedures

3.3.1 Preparation of the Self-Assemblies in Water

Milli-Q water was gradually added to a solution of 5 mg/mL of the corresponding
dendrimer in THF, and the self-assembly process was followed by measuring the
loss of intensity of transmitted light at 650 nm due to scattering (turbidimetry) as
a function of the water content. At a critical water value, a sudden increase of
turbidity occurs coinciding with the onset of polymer self-assembly. When a
constant value of turbidity was reached, the mixture was dialyzed against water to
remove THF using a Spectra/Por® dialysis membrane (MWCO 1000) for 4 days.
Water suspensions of the self-assemblies were obtained with concentrations

around 1.5 mg/mL.

3.3.2 Determination of the Critical Aggregation Concentration (CAC)

Critical aggregation concentration (CAC) was determined by fluorescence
spectroscopy using Nile Red as the probe as follows.?® 119 pL of a solution of Nile
Red in dichloromethane (5x107° M) was added into a series of flasks and then the
solvent evaporated. Afterwards, water suspensions of the self-assemblies,
prepared by diluting the former suspension, were added to each flask with
concentrations ranging from 1.0x10™% to 1.0 mg/mL. In each flask a final
concentration of 1.0x10°® M of Nile Red was reached and the resulting suspensions
were stirred overnight at room temperature to reach equilibrium before
fluorescence was measured. The emission spectra of Nile Red were registered from
560 to 700 nm while exciting at 550 nm.

3.3.3 Cell Line and Cell Culture

Human cervix cancer cell line Hela (kindly obtained from Cancer Research UK Cell
services) was maintained in DMEM Low-Glucose (with 1 g/L D-Glucose,

L-Glutamine and pyruvate; Gibco) supplemented with 10% FBS and 1%
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penicillin-streptomycin—-amphotericin at 37 °C and 5% CO; in a humidified

atmosphere.

3.3.4 Citotoxicity Studies: Alamar Blue Assay

Cells were seeded at a density of 5x10° cells per well in 96 multiwell culture plates.
After 24 h of incubation, the culture medium was removed, and 100 pL of DMEMc
plus the corresponding self-assemblies dispersion in water was added (final
dendrimer concentration was 0.05-0.75 mg/mL). Incubation with the self-
assemblies was carried out at three different time periods (24, 48 and 72 h). After
each incubation time, the solutions were replaced by a 10% v/v Alamar Blue dye
solution (Thermo Fisher) in fresh DMEMc. Upon entering living cells, resazurin
(active ingredient of Alamar Blue, blue color) is reduced to resorufin (red
compound). After incubation for 1.5 h at 37 °C, changes in viability were detected
by absorbance measurement at 570 nm, using 600 nm as a reference wavelength,
on a Multiskan GO (ThermoScientific) plate reader. Cells incubated with 100 uL of
DMEMc plus the corresponding percentage of milli-Q water (without containing
self-assemblies) were used as control. Cytotoxicity is expressed as the relative
viability of the cells incubated with the self-assemblies compared to control cells
(considered as 100% viability). A total of three replicates per concentration were

assayed. The following equation was used to calculate the cell viability:

(0, x A1) — (01 X A4,)
(0, X P;) — (01 X Py)

% = 100 X

O1: molar extinction coefficient of Alamar Blue at 570 nm.

O2: molar extinction coefficient of oxidized Alamar Blue at 600 nm.
A1: Absorbance of test wells at 570 nm.

A»: Absorbance of test wells at 600 nm.

P1: Absorbance of positive growth control well at 570 nm.

P,: Absorbance of positive growth control well at 600 nm.
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Chapter 5

Resumen y Conclusiones

Abstract. Recapitulacion en castellano de los resultados y conclusiones mds relevantes obtenidos
en cada capitulo.
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When a student asked Linus Pauling if his proposed research could possibly work, Pauling
quoted an old physics text problem: "If you are walking through a forest and come upon
a cube of gold that is one foot on each side, should you try and pick it up? Answer: No,
you should not, because the cube would weigh about 1200 pounds.” Smiling, Pauling
said, "But of course you should try and pick it up. Any fool would!"

Acc. Chem. Res. 1995, 28, 91.
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RESUMEN Y CONCLUSIONES

MATERIALES FUNCIONALES AVANZADOS BASADOS EN
DENDRIMEROS CRISTALES LIQUIDOS:
Nuevas Arquitecturas Dendriticas con Aplicaciones en

Ciencia de Materiales y Biomedicina

Los dendrimeros constituyen en la actualidad un area de extraordinario interés en
la investigacion de materiales funcionales. El uso de los cristales liquidos como
agentes capaces de promover la ordenacidon de las unidades activas presentes
dentro de la estructura dendritica puede dar lugar a la creaciéon de un nuevo tipo
de materiales organicos con aplicaciones tanto en Ciencia de Materiales como en

Biomedicina.

El objetivo principal de esta tesis ha sido la obtencion de nuevos materiales
funcionales a partir de dendrimeros cristales liquidos para su aplicacion como
semiconductores orgdnicos, para la obtencién de materiales conductores de
protones, para la preparacién de membranas nanoporosas y para aplicaciones

biomédicas.

CAPITULO 1: Semiconductores organicos basados en dendrimeros

cristales liquidos con nucleo de porfirina

Los materiales organicos resultan muy atractivos en el campo de la electrdnica
molecular para la fabricaciéon de celdas fotovoltaicas (OPVs), diodos organicos
emisores de luz (OLEDs) o transistores orgdnicos de efecto campo (OFETs). Estos
dispositivos, cuya capa activa estd basada en moléculas organicas m-conjugadas,
requieren de una estructura interna bien organizada para poder desempenar
Optimamente su funcion. Los cristales liquidos pueden ser empleados como una
valiosa herramienta para el desarrollo y procesado de materiales funcionales en
los que el control de la organizacion molecular sea esencial para la mejora de

determinadas propiedades.

En este contexto, se sintetizaron y caracterizaron dendrimeros que poseen un

nucleo de porfirina y unidades funcionales de cumarina en la periferia mediante
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quimica covalente. Estos sistemas, que son mucho mas estables en comparacion
con los supramoleculares, presentaron un comportamiento cristal liquido
nematico discético. Ademas, presentaron efecto antena, con una eficiencia de
aprox. 20%, donde las cumarinas de la periferia actian como dadores al nucleo
central de porfirina. También estos compuestos presentaron altos valores de
movilidad de carga (los mds altos descritos hasta la fecha para este tipo de

mesofase).

Pese a los buenos resultados obtenidos, los sistemas covalentes presentan una
sintesis y purificacién laboriosa. Por ello, se buscé la mejora de su sintesis por
medio de quimica ‘click’, obteniendo una nueva familia de productos con
rendimientos superiores al 75%. Utilizando esta nueva aproximaciéon, se
sintetizaron dendrimeros con nucleo de porfirina y con unidades de carbazol en la
periferia. Asi mismo, la modificacién de la estructura quimica de la cumarina

permitié aumentar la eficiencia del efecto antena (>90%).

CAPITULO 2: Dendrimeros cristales liquidos idnicos como materiales

conductores de protones

El desarrollo de sistemas de almacenamiento electroquimico de energia
facilmente transportable es un area de intensa investigaciéon hoy en dia. Para la
construccidon de este tipo de dispositivos es necesario el desarrollo de nuevos
electrolitos que proporcionen un eficiente transporte de iones. La
nanosegregacion presente en las organizaciones cristal liquido es una prometedora
estrategia para la preparacion de nuevos electrolitos sélidos ya que las moléculas
con comportamiento mesogeno pueden tener partes idnicas, que puedan dar lugar

a canales idnicos, permitiendo un transporte de iones.

En este capitulo se evalud por primera vez el uso de dendrimeros cristales liquidos
idnicos para la preparacidon de materiales conductores mono- y di-mensionales de
protones. Para ello, se sintetizé una nueva familia de dendrimeros cristales liquidos
idnicos basados en la unién de nucleos de poli(amidoamina) (PAMAM) con un
dendron bifuncional que contiene unidades fotodimerizables de cumarina. La

preparacion se ha realizado siguiendo una aproximacion supramolecular (enlace
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idnico), que ha demostrado ser sencilla, cuantitativa y versatil si se compara con la

preparacion mediante quimica covalente.

Todos los dendrimeros presentaron comportamiento cristal liquido que puede ser
modulado modificando la generacién del nicleo de PAMAM utilizado, dando lugar
a mesofases esmécticas A para generaciones bajas y a mesofases columnares

hexagonales al aumentar la generacion.

La reaccion de fotodimerizacion de las unidades de cumarina se utiliz6 como
reaccion de entrecruzamiento para obtener redes poliméricas cristal liquido. Todos
los materiales preparados presentaron buenas propiedades de conduccién ya que
el orden cristal liquido lleva a la formacidn de areas nanosegregadas que favorecen

el transporte de protones.

CAPITULO 3: Materiales nanoporosos basados en dendrimeros

cristales liquidos supramoleculares

Los materiales nanoporosos despiertan un gran interés debido a sus aplicaciones
en campos diversos como son la filtracion y purificacion de aguas, procesos de
separacion, catalisis o almacenamiento de gases. Para preparacion de sistemas con
poros del orden de 1 nm o inferior, los cristales liquidos suponen una prometedora
herramienta ya que combinan una autoorganizacién en dimensiones nanoscopicas

junto con un facil procesado en dimensiones macroscopicas.

Con este objetivo, se sintetizaron y caracterizaron complejos supramoleculares (via
enlaces de hidrégeno) a partir de diferentes moléculas plantilla y un dendrén
funcional que contiene unidades fotodimerizables de cumarina. Estos complejos
supramoleculares presentaron mesomorfismo columnar hexagonal y con ellos fue
posible obtener redes poliméricas mediante un proceso de fotodimerizacion de las
unidades de cumarina. Las redes obtenidas conservaron el mesomorfismo

columnar exhibido por los complejos supramoleculares.

Posteriormente, tras la eliminacién de las moléculas plantilla por tratamiento
qguimico, se obtuvieron polimeros porosos con poros de tamafio controlado que
mantienen el orden inducido por el empaguetamiento cristal liquido presente en

las redes poliméricas precursoras. Los materiales porosos obtenidos demostraron
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ser capaces de discriminar entre distintas moléculas en funcién de su tamafo.
Ademas, debido a la presencia de acidos carboxilicos en la superficie del poro, fue
posible modificar la “quimica del poro”, pudiendo variar la selectividad de la

membrana hacia determinados analitos.

CAPITULO 4: Nuevas arquitecturas dendriticas para aplicaciones

biomédicas

El transporte y liberacion de farmacos permiten tratar diversas enfermedades de
forma mas especifica reduciendo de esta forma los efectos secundarios de los
tratamientos. Para ello se requiere el uso de nano-transportadores poliméricos. De
entre todas las variedades de polimeros capaces de autoensamblarse en agua, los
dendrimeros son unos prometedores candidatos ya han sido descritos como “cajas
moleculares” con varias aplicaciones farmacéuticas como potenciadores de la
solubilidad, agentes de contraste en imagen por resonancia magnética, transporte

de farmacos, terapia fotodinamica, etc.

En este contexto, se sintetizaron y caracterizaron dendrimeros hibridos covalentes
e idnicos a partir de dendrimeros comerciales de poli(amidoamina) (PAMAM) y un
dendrén bifuncional que contiene cumarina. La naturaleza hidrdéfila de estos
dendrimeros les confiere un caracter anfifilo que les permite autoensamblarse en
agua generando micelas esféricas. Ademas, la incorporacién en la estructura
quimica de los dendrimeros de un cromoféro fluorescente (cumarina) dota a estas

micelas de luminiscencia sin necesidad de un marcador externo.
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