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Abstract

Abstract

Chemistry beyond the molecule, supramolecular chemistry, has advanced tremendously in the last
half-century. Through the chemistry of the covalent bond, molecular chemistry, showed us that
basically any molecule could be approached synthetically through a number of procedures. However,
approaching complex molecules, macromolecules and materials through molecular chemistry is often
impractical. In this regards, supramolecular chemistry, presents a leap in the evolution towards
complex systems that suddenly become easily accessible. In order to do so, appropriate information
has to be stored at the molecular level in the form of non-covalent functional groups, that will be
retrieved, transferred and processed at the supramolecular level. In this respect, implementing
functional molecules (i.e. molecules that integrate active components capable of operating with
photons, electrons, ions and so on) with non-covalent information, holds great promise for

applications and new technologies in molecular and supramolecular electronics and photonics.

In this first part of Chapter 1, the reader is given a short account on supramolecular chemistry as well
as non-covalent interactions (for instance, hydrogen bonding or metal coordination among others)
that are the most useful in storing supramolecular information. In the second part, a description of the
light harvesting complex, a biological blueprint for a large number of studies devoted to create
artificial, highly ordered arrays of chromophores, is presented. In this respect, synthetic equivalents of
harvesting chromophores, porphyrins, are introduced. The section is concluded by a description of

the most important chemical reactions used to prepare and functionalize porphyrins.

The first part of the present dissertation is described in Chapter 2, where the synthesis of

supramolecular electron donor-acceptor pairs based on porphyrins and Cs, a carbon sphere that

reversibly accommodates up to six [60JFullerene-Porphyrin
S [n]Pseudorotaxanes
electrons, are reported.  This ,.f.
2
o2
supramolecular donor-acceptor  gopuierene

system was self-assembled through

i i ; Porphyri
non-covalent interactions and this orphyrin

process was monitored by means of different techniques, including NMR, UV-Vis-NIR, absorption
and emission spectroscopies. Furthermore, the Non-Linear Optical (NLO) responses of this
supramolecular systems are presented. Notably, thanks to the reversibility of supramolecular
interactions, it was shown that the NLO response could be modulated in a ‘turn-on’ and ‘turn-off

fashion.
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As apart of our efforts to precisely order chromophores for materials applications, Chapter 3 describes
the synthesis and the solvent-dependent nanostructuration of two supramolecular systems. In the first
part, a porphyrin derivative was prepared in order

L4 <
to exploit stacking between these flat molecules, %%

ﬁ Solid state

20 In solution

coordination interactions with metals and  Coordination
Ph

hydrogen-bonding between hydroxyl groups. "y (), Selr-assembly
h

. H-bondin, P!
The self-assembly of this chromophore was e
-1t stacking

followed by solid-state, solution and surface

On surface

studies. This studies showed that simple and
synthetically accessible building blocks are able to, in part, mimic the organization of complex light
harvesting systems. In the second part of this chapter, a heterocomplementary system based on triple
hydrogen-bonding between uracil and diamidopyridine was employed to study the transfer of chirality
from a molecular to a supramolecular level. In order to do so, an optically active component (1,1'-bi-
2-naphthol) was implemented in order to follow the formation of chiral supramolecular polymers by

Circular Dichroism and Atomic

GEOMETRIC CORE

e

A Force Microscopy. The system

S
Z

0”7

P was thoroughly studied and it was

st CCC T sor found that the transfer of chirality
assembly OO ); [organiﬁ % . .
S over several length scale is highly

W\/*‘g“g\:
. v ['m dependent on the solvent.

Depending on the solvophobic

FLUORESCENT CORE

properties of the liquid media,
spherical, rod-like, fibrous, and helical morphologies were obtained, with the latter being the only
nanostructures expressing chirality at the microscopic level. This behavior was interpreted as a
consequence of an interplay among the degree of association of the H-bonded recognition, the vapor
pressure of the solvent, and the solvophobic/solvophilic character of the supramolecular adducts in
the different solutions under static and dynamic conditions, namely solvent evaporation conditions at

room temperature.

In Chapter 4we introduce the concept of aided organization of chromophores by using templates. In
this regard, Carbon Nanostructures have attracted much attention because of their electronic and
mechanical properties, to name a few. In the first part, we reported the preparati'on and

characterization of a hybrid material, with the porphyrin chromophores organized on Carbon
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Nanotubes. Then, the magnetic susceptibility, i.e. the ability w w -
of carbon nanotubes to align parallel to magnetic field, was M%

used in order to probe if it’s possible to affect the g N g

organization of chromophores through an external

§
Q
S
o
[~
o
pu]
g

stimulus. The arrangement was also ‘blocked” with in situ

gelation in order to preserve the alignment of the hybrid

I
IS
1

system even after the magnetic field was turned off. The

Absorbance /a.u.

o
w
1

AN L

alignment of the gel was checked by polarized optical

024+———F—1—7—
300 400 500 600 700

A /nm

microscopy and polarized UV-Vis absorption that showed
notable optical anisotropy, suggesting that the templating effect of the carbon nanotubes was
successful. In the second part of this Chapter, we report our efforts toward the formation of novel
nano-carbon hybrid photoactive materials. In this regards the preparation of the first porphyrin-
carbon nanodots (CNDs) hybrid is presented. However, since CNDs are the latest member of the
carbon nanomaterials class, we developed first a novel, reliable and scalable synthesis by microwave
irradiation. The prepared material was thoroughly characterized, most notably by mono- and bi-
dimensional NMR techniques that were useful tools for the structural characterization of this material.
Then, a porphyrin chromophore was linked in order to study its electronic properties. First results
suggest the formation of a charge transfer complex between the porphyrin and the CNDs, with more

detailed studies currently underway.

Chapter 5 presents the ‘bottom-up’ fabrication of patterned metal surfaces based on assemblies
composed of pyrene chromophores. Different supramolecular approaches were employed by
functionalizing the pyrene core with relevant groups. In the first part of the chapter, pyridyl groups
were used in order to guide the assembly of pyrene derivatives through intermolecular N-.-H bonds,

TR into different supramolecular architectures,

o) ¥e . xyx 7. givingrise to thombic arrays, porous Kagome

4 %—&2% used. Namely, dicarboxy-pyrene was found to

coordinate lanthanides (such as dysprosium) in an eight-fold coordination motif that gave a porous
network. In another study, by employing a dibromopyrene derivative, the reactive C-Br bond was used
to guide the patterning of the metal surface. Specifically, by thermal treatment of the surface, the

molecules underwent first partial and then almost full debromination reaction that resulted, by

VIII
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incorporation of Ag surface adatoms, in organometallic chains. The last section of Chapter $ presents
an overview of our current work towards functional surfaces that include the formation of charge

transfer complexes, pyridyl and bypyridyl driven coordination networks and on-surface reactions.
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La chimica oltre la molecola, chimica supramolecolare, ha subito un considerevole sviluppo negli
ultimi cinquanta anni. La chimica del legame covalente, chimica molecolare, ha dimostrato che ha
dimostrato che dall'impiego di una varieta di procedure e approcci, € possibile ottenere oraticamente
qualsiasi molecola. T'uttavia, I'approccio a molecole complesse, macromolecole e materiali mediante
l'impiego della chimica molecolare risulta spesso di difficile attuazione. A tal riguardo, la chimica
supramolecolare rappresenta un importante progresso verso sistemi complessi, rendendoli facilmente
accessibili. Opportune informazioni vengono memorizzate a livello molecolare sotto forma di gruppi
funzionali non covalenti, per poi essere riprese, trasferite e sviluppate a livello supramolecolare. Sulla
scorta di tali premesse, l'associazione di molecole funzionali (i.e. molecole che integrano componenti
attivi in grado di operare tramite fotoni, elettroni, ioni, etc.) con informazioni non-covalenti, viene
considerata una strategia molto promettente a fini applicativi e per lo sviluppo di nuove tecnologie in

elettronica e fotonica sia molecolare che supramolecolare.

Nella prima parte del Capitolo 1 viene presentata una breve panoramica sia sulla chimica
supramolecolare che sulle interazioni non-covalenti (incluse, tra le altre, il legame a idrogeno o la
coordinazione con metalli) maggiormente impiegate per la memorizzazione delle informazioni
supramolecolari. Nella seconda parte viene descritto il complesso antenna, un modello biologico per
un ampio numero di studi incentrati sullo sviluppo di una serie di cromofori artificiali e altamente
organizzati. A tale proposito, vengono introdotte le porfirine come equivalenti sintetici dei cromofori
antenna. La sezione si conclude con la descrizione delle principali reazioni chimiche impiegate per la

preparazione e la funzionalizzazione di porfirine.

La prima parte dell’'elaborato, [60]Fullerene-Porphyrin
[n]Pseudorotaxanes

sviluppata nel Capitolo 2, ¢ incentrata
sulla ~ sintesi di una coppia

supramolecolare elettron donatore-

N . .
accettore  basata  sull'impiego  di Porphyrin

porfirina e Ce, una sfera carboniosa in grado di ospitare fino a 6 elettroni. Questo sistema
supramolecolare donatore-accettore si auto-assembla mediante interazioni non covalenti. Per lo
studio di tale processo sono state impiegate varie tecniche, come spettroscopie NMR, UV-Vis-NIR di
assorbimento ed emissione. In riferimento al predetto sistema vengono, inoltre, discusse le risposte di

ottica non lineare (NLO, Non-Linear Optics) mostrando, in particolare, che tali risposte NLO
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possono essere modulate come attivate/disattivate in virtt della reversibilita delle interazioni

supramolecolari.

11 Capitolo 3 mostra gli sforzi volti ad una accurata disposizione di cromofori per il loro impiego nella
realizzazione di materiali, mediante la sintesi di due sistemi supramolecolari e la loro

nanostrutturazione dipendente dal solvente. Nella prima parte viene descritta la preparazione di un

derivato porfirinico, in grado di impilarsi tra queste g
molecole piatte e andare incontro a interazioni di (B a0

NT Solid state
coordinazione con metalli o a legami a idrogeno Coordination In solution

Ph 18
mediante i gruppi idrossilici. L'auto-assemblaggio di My m () Self-assembly g "
/ OH
h 00

tale cromoforo ¢ stato seguito mediante studi allo ~ FPerdng

m-it stacking

stato solido, in soluzione e su superficie. Questi studi

On surface

hanno mostrato che “building blocks” semplici e
sinteticamente accessibili possono, in parte, imitare |'organizzazione di complessi sistemi antenna. Nel
corso della seconda parte di tale capitolo, viene presentato un sistema eterocomplementare basato su
tripli legami a idrogeno e ne viene discusso lo studio del trasferimento di chiralita da un livello
molecolare a uno supramolecolare. A tale scopo, ¢ stato implementato un composto otticamente
attivo (1,1'-bi-2-naftolo) per seguire la formazione di polimeri supramolecolari mediante il Dicroismo
Circolare e la Microscopia a Forza Atomica. Dai risultati emersi dall’ampio studio di questo sistema, &
stato osservato che il trasferimento di chiralita & affetto da una notevole dipendenza dal solvente. In
relazione alle proprieta solvofobiche della soluzione, si ottengono morfologie sferiche, astiformi,
fibrose o elicoidali, con quest'ultime che rappresentano le sole nanostrutture che mostrano chiralita a
livello microscopico. Questo comportamento & stato interpretato come una conseguenza delle
possibili interazioni tra il grado di

GEOMETRIC CORE

4 associazione del riconoscimento

— dei legami ad idrogeno, Ila

BN % pressione di vapore del solvente, il
organization

carattere solvofobico/solvofilico
oy
< 2 "m degli addotti supramolecolari in

diverse soluzioni sotto condizioni

Self

assembly

FLUORESCENT CORE

statiche e dinamiche, ovvero condizioni di evaporazione del solvente a temperatura ambiente.
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Riassunto

Nel Capitolo 4viene introdotto il concetto di organizzazione guidata di cromofori mediante 'impiego
di templati. In tale ambito, le Nanostrutture di Carbonio hanno richiamato una grande attenzione in
virti delle loro proprieta elettroniche e meccaniche, per

citarne solo alcune. Nella prima parte, viene riportata la w
preparazione e la caratterizzazione di un materiale ibrido  a

costituito da porfirine organizzate su nanotubi di carbonio. g

Inoltre la suscettivita magnetica dei nanotubi, ie. la loro | wagrnetc reia D

abilita di allinearsi parallelamente al campo magnetico, & N o . —

o
o

stata sfruttata per mostrare come si possa intervenire

I
IS
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sull'organizzazione del cromoforo mediante I'impiego di un
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la gelificazione in situ al fine di preservare l'allineamento del i

sistema ibrido anche dopo lo spegnimento del campo magnetico. L'allineamento del gel & stato
verificato mediante microscopia ottica polarizzata e assorbimento UV-Vis polarizzato, che ha
mostrato una notevole anisotropia ottica, suggerendo che la funzione di templato viene brillantemente
espletata dai nanotubi di carbonio. La seconda parte di questo capitolo mette in luce I'impegno
dedicato alla formazione di un nuovo materiale ibrido fotoattivo nano-carbonioso. A tal fine viene
discussa la preparazione del primo ibrido costituito da una porfirina e da Carbon Nanodots, membri
di recente addizione alla classe di nanomateriali di carbonio. E stato inizialmente necessario lo
sviluppo di una loro sintesi innovativa, affidabile e scalabile, mediante I'impiego di irradiazione di
microonde. Il materiale preparato ¢ stato ampiamente caratterizzato e tecniche NMR mono e
bidimensionali hanno contribuito significativamente alla sua caratterizzazione strutturale. In seguito,
la porfirina & stata legata al fine di studiarne le proprieta elettroniche. I risultati preliminari
suggeriscono la formazione di un complesso a trasferimento di carica tra la porfirina e i CNDs, e

ulteriori studi sono attualmente in svolgimento.

Nel Capitolo 5 viene presentata la fabbricazione "dal basso verso 'alto” di superfici metalliche con
motivi basati su assemblaggi con un nucleo pirenico. Diversi approcci supramolecolari sono stati
B2 = impiegati per la funzionalizzazione del core
pirenico con gruppi di interesse. Nella prima
parte del capitolo, gruppi piridinici sono stati

usati per guidare I'assemblaggio di derivati del

pirene, mediante legami N--H
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Riassunto

intermolecolari, verso diverse architetture supramolecolari, dando luogo a disposizioni rombiche,
network porosi di Kagome e assemblaggi a catena. Nella seconda parte, ¢ stato impiegato un approccio
organometallico. In particolare, ¢ stato osservato che il dicarbossi-pirene coordina dei lantanidi
mediante un motivo di coordinazione ottaedrico dando luogo a un network poroso. In un altro studio,
mediante 'impiego di un dibromopirene, il legame reattivo C-Br ¢ stato utilizzato al fine di guidare
l'organizzazione sulla superficie metallica. In particolare, attraverso il trattamento termico della
superficie, le molecole subiscono prima una parziale e poi una quasi totale reazione di debrominazione
che da luogo a catene organometalliche, mediante l'incorporazione di adatomi di Ag dalla superficie.
Nell'ultima sezione del capitolo, viene presentata una panoramica del lavoro che ¢ attualmente in
svolgimento volto alla realizzaione di superfici funzionali che includono la formazione di complessi a

trasferimento di carica, network di coordinazione guidata da piridili e bipiridili e reazioni su superfici.

XIII






1 Introduction

1. Introduction

1.1. Supramolecular Chemistry

Chemistry has the task of bridging physics (that unravels the laws of the universe) and biology (that
scrutinizes the rules of life). Indeed, it plays a central role in our lives with its interdisciplinarity and
ubiquity. Chemistry, the science of matter and of its transformations, aids us in understanding the
properties of the matter, and how to act, modify, control and invent new expressions of them.
Nonetheless, chemistry is also art of the matter, since it is able to express its creative power in shapes

and functions of molecules and materials.

Molecular chemistry, based on covalent bonds between atoms, has given us a myriad of procedures
that led to molecules and materials. Going beyond the molecule, in the supramolecular domain
(Scheme 1.1), by mastering non-covalent intermolecular forces, it has become possible to develop
complex chemical systems.' Thus supramolecular chemistry can be considered as a step in the
evolution of chemistry to an information science. By appropriate manipulation of non-covalent
interactions, the information stored at the molecular level can operate through retrieval, transfer and

processing at the supramolecular level.

Molecular chemistry Supramolecular chemistry

Vi

Molecular precursors Host Guest Complex

Scheme 1.1. Illustration of molecular versus supramolecular approach.

The work presented in this thesis aims at the design of programs or molecular recognition patterns
(hydrogen bonding, donor-acceptor, metal-ion coordination, etc.), that operate by spontaneous self-
assembly of the components into well-defined and sophisticated supramolecular architectures.

Appropriate encoding of single subunits and proper processing give access to a variety of systems.
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Specifically, by integrating active components, functional supramolecular devices are easily accessible.
Integration of components that operate with photons or electrons yields photoactive or electroactive
devices capable of electron or energy exchange/transfer processes that pave the way to supramolecular
photonics and electronics. Additionally, being intrinsically dynamic, supramolecular chemistry
provides potential properties such as self-healing, error correction and sensitivity to external stimulus.
Self-organization has offered a striking new chemical approach to the bottom-up nanofabrication and
top-down miniaturization approaches in nanoscience and technology, avoiding laborious

implementation of physical procedures.

1.2. Some Historical Remarks in Supramolecular Chemistry

Although many of the supramolecular concepts and roots can be dated back to the beginning of the
19" century, the birth of supramolecular chemistry as discipline dates back to the late 1960s and early
1970s. Much development has been done in the mid-to-late 1960s working on macrocyclic hosts for

metal cations (Figure 1.2.1).
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Figure 1.2.1. Tllustrative timeline of the development of supramolecular chemistry.
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Particularly, the work on crown ethers by Pedersen,® cryptands by Lehn” and spherands by Cram?®
earned them the Nobel Prize in 1987 in Chemistry for “the development and use of molecules with

structure-specific interactions of high selectivity’ (Figure 1.2.2).

Crown Ether Cryptand Spherand

5 N
<on o:© [o o] oj

o s

Figure 1.2.2. Chemical structures of representative crown ether, cryptand and operand that lead to the Nobel

Prize in Chemistry 1987 to Pedersen, Lehn and Cram.

1.3. Nature of Supramolecular Interactions: a Brief Overview

The term ‘non-covalent interaction” includes a range of attractive and repulsive forces. The most
common non-covalent interactions, along with appropriate energies, are found in Figure 1.3.1 and will

be briefly described in the next sections.

Examples

Van der Waals Inclusion compounds

m T1-T1 interactions Benzene (edge-to-face)
m Dipole-dipole -C=N

GE0R  Halogen bonds Sulfur-iodine complex
m Cation-1r and anion-r interaction *N(CHa),4:(toluene)

4-120 Hydrogen bonds Carboxylic acid dimer

lon-dipole Na* crown ether
Coordination bond M-pyridine
lon-ion NaCl

L
™

kJ / mol 1100

[«

Figure 1.3.1. Comparison chart of common non-covalent bonds strengths.
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1.3.1. Electrostatic Interactions

Electrostatic interactions are non-directional forces and include ion-ion, ion-dipole and dipole-dipole
interactions (Figure 1.3.2). The strongest interactions, ion-ion, are comparable in strength to covalent
bonding (100 - 350 kJ mol”, e.g. sodium chloride), followed by ion-dipole (50 — 200 k] mol”, e.g. Na*

in water) and dipole-dipole one (S - 50 k] mol”, e.g. carbonyl compounds).

a) b) c)
00 0> @»@»
Na*Cl Na(H,0)s* Y=o I o~

Figure 1.3.2. Ion-ion, ion-dipole and dipole-dipole electrostatic interactions along some examples.

Ion-ion interactions arise from Coulomb interaction of formal positively and negatively charged
molecular species. Ion-dipole and dipole-dipole interactions result from electrostatic attraction
between an ion and a molecule that is neutral but has a dipole or two molecules with dipoles,

respectively.

Coordinative bonds are mostly electrostatic in cases of nonpolarisable metal cations and hard bases
and therefore can be considered ion-dipole interactions. Dative bonds are also employed in
supramolecular chemistry, however when there is a significant covalent component, the distinction

between molecular and supramolecular species can be rather faint.

1.3.2. Hydrogen Bonds

Hydrogen bond has been described as “an attractive interaction between a hydrogen atom from a
molecule or a molecular fragment X — H in which X is more electronegative than H, and an atom or a
group of atoms in the same or a different molecule, in which there is evidence of bond formation®.’
Hydrogen bonding is essential in biochemistry (e.g, in protein folding and the formation of double-
stranded DNA) and was also greatly exploited in man-made supramolecules (Figure 1.3.3). One
reason is the directionality of the hydrogen bond, that gave chemists the ability to control complex
geometry and design complementarity host for a desired guest. Additionally, many host-guest systems

have been studied in non-competitive solvents where the hydrogen bond becomes rather strong.
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Hydrogen bonds can be classified by their binding energies in: strong hydrogen bonds (60 — 120 kJ
mol” with heteroatom — heteroatom distances of 2.2 — 2.5 A), moderate hydrogen bonds (15 — 60 kJ
mol?, 2.5 - 3.2 A), and weak hydrogen bonds (binding energies below 15 kJ mol?, long donor —
acceptor distances of up to 4 A). Strong hydrogen bonds tend to form straight line geometries between
a H-bond donor and an acceptor with a covalent contribution to the bond, while moderate and weak
bonds are mainly electrostatic in nature. Accordingly, the hydrogen bonding angles range from 175-
180° in strong H-bonds with great spatial control, to flexible bonds in moderate (130-180°) and weak
(130-180°) hydrogen bonding.

H
) ) s ) N, NHQ
2 b SRR 2 S
NeesH-=N
y © R =
- PORIBPR T,
H g . c Adenine Thymine
H e 6+ . (e . H
- o0 N 5)--"--H-Nl
Hydrox en//// * N R.N~Z/_<N-H......N A\
Ybong , ”n N:(N H 6)_NR
> @ N
Guanine Cytosine

Figure 1.3.3.a) Schematic representation of a hydrogen bond; b) hydrogen bond network in water and c) DNA
base pairing two-fold or three-fold hydrogen bonding.

1.3.3. Halogen Bonds

A halogen bond (XB) interaction is exemplified by an Y-X - D interaction between a halogen-bond
donor (X) and an acceptor (A), with the intramolecular distance being less than the sum of their van

der Waals (vdW) radii (Figure 1.3.4)."°

o+ 0-
O
X=1,Br,Cl,F
Y=C/NX, ... A=NO,S, SeX ...

Figure 1.3.4. Schematic representation of a halogen bond along with a molecular electrostatic potential map

showing the ‘sigma hole’.
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The XB is comparable in strength with the hydrogen bond (usually 10 — 50 k] mol”) and due to the
anisotropic electron density of organic halides the interaction is typically collinear (175 °), although
deviations occur due to secondary interactions or crystal packing effects. The bond strength usually
increases with the nature of the halogen (I > Br > Cl > F) and with increasing electron-withdrawing

nature of the atom/group bound to the halogen (Y) atom."

1.3.4. n-Interactions

Non-covalent interactions include also 7-systems that can bind, in supramolecular fashion cations,
anions or other n-systems (Figure 1.3.5). The cation- interaction is an electrostatic interaction with
a polarization component. Aromatic rings, such as benzene, possess a permanent quadrupole moment
that gives a relative negative charge above and below the aromatic system. A cation will therefore be
attracted to the negative region through an electrostatic interaction (e.g. Na* to simple aromatics or
tertiary ammonium ion and toluene as a sandwich complex). The anion-= interaction, on the other
hand, seems counterintuitive since it would be expected to be repelled by aromatic systems. However,
aromatics deficient in electron density (e.g. hexafluorobenzene), have reverse quadrupolar moment,
and thus are able to exhibit favorable interactions with anion and energies comparable to those of

hydrogen bonds.

a) C) Angle
o==mo | Y obo w
<« > < >

(D)Q i Repulsion

b)‘§‘ @ F«%%%F 2

—o—

Repulsion

@(#@

90
0)

—@—/ N\
@
®

-

(c) O]

(d)

Figure 1.3.5. ab) Quadrupoles and electrostatic potential surfaces for cation-n interaction and anion-m

interaction; c) - m interactions that include face-to-face, parallel displaced and edge-to-face.

n-systems are able to interact with other m-systems, in the so-called n-stacking. Systems such as

benzene tend non to interact in perfect face-to-face manner due to the two partially negative clouds
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repelling each other. In order to avoid this repulsion, benzene can position itself in a edge-to-face
orientation with an attractive interaction between the negative n-cloud and the o-scaffold. Larger

aromatic molecules can form face-to-face orientation, reducing repulsive forces by shifting sideways.

1.3.5. Van der Waals Forces

Van der Waals forces are the weakest and least directional among the supramolecular interactions.
These forces arise from the polarization of an electron cloud when an adjacent nucleus is near,
resulting in a weak electrostatic attraction. Van der Waals interactions can be divided into dispersion
(London) and exchange-repulsion terms. The first one is the attractive component that results from
interacting multipoles in adjacent molecules. This attraction decreases very rapidly with distance (r¢

dependence) and every bond in the molecule can be additive to the overall interaction energy.

1.4. Natural and Synthetic Tetrapyrrolic Macrocycles

Supramolecular interactions where widely exploited to mimic the organization of the light-harvesting
complex(LHC),"* the most important chromophoric array found in nature. This natural system has
been used as blueprint for a large number of studies devoted to the controlled organization of
functional dyes with the ultimate goal of efficiently capturing light and transfer the excitation energy

to designated acceptor units.

1.4.1. Light Harvesting Antennas

The light harvesting antennas are pigment proteins that transfer the absorbed light energy to the
photosynthetic reaction center. An antenna consists of small molecule(s) that absorb light
(chromophores) and the protein(s) to which the chromophores are bound. Although there is a variety
of pigment-protein antennas, they all share the same basic requirements: strongly absorb visible or
near-infrared light, the generated excited states are sufficiently long lived, they are relatively stable,
packed together in order to allow excitations to migrate to reaction centers and should be able to

deactivate potentially destructive side pathways.

Chlorophylls (Chls) or bacteriochlorophylls (BChls) meet the aforementioned requirements. Chl a
solution presents strong absorption in both the blue (430 nm) and the red (660 nm) regions of the
spectrum, Chl b has maxima peaks around 460 and 650 nm while BChl a bands are around 380 and
780 nm. The peak molar absorption coefficients go from around 10* M cm™ (650 nm, Chl b) to
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almost 10° M cm™ (780 nm band of BChl a). Although these molecules are strong absorbers, having
the excited states at relatively low energy, Chls and BChls act as acceptors when molecules that absorb
energy at shorter wavelength (e.g. carotenoids) transfer energy. In addition, carotenoids fill the green
and yellow gaps that are weakly absorbed by Chls and BChs. The structures of these chromophores
are typically asymmetric , which allow them to absorb well in the orange-red region, owing to the
different shapes of n-system arising from reduced pyrroles or additional keto or vinyl groups (Figure
1.4.1). Usually the metal found is magnesium, that allows to extend considerably the lifetime of the
excited state (as compared to iron found in heme-porphyrins) by 10 ns or longer before it relaxes to

the ground state.

a)

Chlorophylls Bacteriochlorophylls

ex10® (M'cm?)

400 500 600 700 800 900

Carotencids Wavelength (nm)

Figure 1.4.1. a) Chemical structure of photosynthetic pigments:, chlorophylls, bacteriochlorophylls and

carotenoids; b) example of absorption (solid line) and emission (dashed line) of bacteriochlorophyll a (in

pyridine), with the cross-hatching indicating the overlap of the two spectra.'>**

The energy transfer between molecules depends on the distance found in the photosynthetic antenna
system. For a non-radiative transfer mechanism, an excited donor can release energy to an acceptor if
itis not too far away. The rate of this resonance energy transfer depends on the intermolecular distance
and the orientation of both the donor and the acceptor. At a fixed distance between molecules, the
rate will depend on the molar absorption coefficient of the energy acceptor and also on the overlap
between the absorption (donor) and the fluorescence emission (acceptor) spectra. Thus,
bacterio(chlorophylls) are suited for rapid energy transfer, due to strong absorption at long
wavelengths, and conserving energy, given the overlap of the absorption and emission spectra (Figure

1.4.1b).
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The chromophores are bound to specific proteins, found in or associated with the photosynthetic
membrane. Reaction centers are hydrophobic that makes them always embedded in the lipid bilayer.
Thus, the spatial separation of charge and the evolution of biochemical processes across the
membrane is possible. Although there is are a variety of Prokaryotic light-harvesting antennas, the
most understood is the one of purple bacteria.

a) [3-polypeptides b)

Figure 1.4.2 Light harvesting proteins structure, organization and energy transfer. a) Crystal structure of LH2
proteins from Rhodopseudomonas acidophila showing the nonameric complex viewed from the cytoplasmic

side of the membrane, with 850-nm absorbing BChl molecules in magenta and the 800-nm absorbing BChls in

14,

cyan.'*"*b) Simplified side view of the nonamer with a single af3-heterodimer subunit indicated.'>'® c) Energy

transfer events (ps) from carotenoids to neighboring BChls and energy migration (double-headed arrow, in fs)

17,

within 850-nm and 875-nm pigment rings."”** d) Atomic Force Microscopy of complex arrays surrounded by

LH2 complexes (the inset is a representation of the region denoted by the dashed box in the center)."
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The core antenna, called light-harvesting complex LH1, transfers excitation energy to the reaction
centers. Many bacterial species also express a peripheral antenna complex, LH2. LH1 complex usually
absorbs in the 870-880 nm region, while LH2 exhibits transitions at 800 and 850 nm and thus BChls
are usually referred to as B followed by their absorption transition (Qy), i.e. B800, B850 or B870
(Figure 1.4.2). LH1 and LH2 are composed of oligomers comprised of a pair of hydrophobic
apoproteins, a and [3, consisting mainly of a transmembrane helix. In LH1 each polypeptide binds a
BChls and each pair has an associated carotenoid molecule, spanning into a ring of 16 a and § with
24-32 BChls that are oriented in a regular array with their planes perpendicular to the membrane. The
peripheral antennas, in contrast, have the a and § dimers that bind a third BChls, oriented parallel to
the membrane. The complex consists of a ring of 8-9 dimers with a total of 24-27 BChls, the absorption
maxima at higher energy compared to LH1, facilitating the funnel type of excitation transfer. Finally,
the excitation energy from the carotenoids and BChls is passed to the reaction center (RC), composed
of three polypeptides and 10 co-factors: four BChls, two bacteriopheophytins (BChls without the
Mg), two ubiquinones, a carotenoids and a non-heme iron. Once that the transfer of the excited state
reaches the BChls in the reaction center, the photochemical charge separation is triggered, generating
a proton gradient that will be used to power reactions such as synthesis of ATP, water splitting and
reduction of NADP to NADPH. In the end, the products of the light reaction, ATP and NADPH will

be used in the Calvin cycle of plants where carbohydrates are made from carbon dioxide.

1.4.2. Porphyrins

Porphyrins are tetrapyrrolic macrocycles, a class of uniquely functional biomolecules involved in a
variety of events that comprise electron transfer, oxygen transfer and light harvesting.”*** This class of
biomolecules include chlorins, bacteriochlorins, porphynogens and protoporphyins. They are
generally present as metal complexes, owing to the coordination ability of the four nitrogens, e.g.
iron(III) in a heme, involved in oxidation or transport of oxygen, or magnesium(II) in chlorophylls,

crucial in natural photosynthesis (Figure 1.4.3).

The metal-free cores of chlorophylls and their bacterial equivalents, chlorins and bacteriochlorins are
depicted in Figure 1.4.4. The commonality is the 16-member ring, even though the electron
delocalization is not extended over all the carbon atoms because of saturated either one or two double

bonds. Especially due to the presence of these saturated double bonds, the synthesis is often low-

10
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yielding and tiresome, thus hampering their applications. Nonetheless, great efforts have been

achieved and semisynthetic and synthetic derivatives have been studied.?-3*

telectmnrt catalysis ~ cytochrome P450
cytochromes «——t2 —+ coenzyme F430
vitamin By,
y
HOOC COOH

Figure 1.4.3. Tetrapyrrolic macrocycles in biological processes. Image adapted from reference.”

Figure 1.4.4. Cores of porphyrin-related structures found in photosynthetic processes: a) chlorins (precursor

of chlorophylls); bc) bacteriochlorins (precursor of bacteriochlorophylls a and b, respectively).

Porphyrins, their fully conjugated tetrapyrrole macrocyclic analogues, possess similar electron transfer
properties, excitation energies and quantum yields as chlorophylls. Therefore, they frequently replace
chlorins as a fully synthetic alternative. Porphyrins usually appear purple in color, so there is no
surprise that their name came from the Greek ‘porphura’; meaning purple. They are macrocycles
consisting of 18 m-electrons spread over four pyrroles and four methyne bridges. The ITUPAC
nomenclature (atoms numbered 1-24) and the trivial one can be found in Figure 1.4.5. Substitutions

in the meso positions are most common, but can occur also in the so-called B-positions. The optical

11
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properties arise from their 7-electron rich core, its substituents and the presence of a central metal

atom.

O = meso positions
= B-pyrrole positions
© = metal coordination

Figure 1.4.5. Porphyrin structure along with IUPAC numbering (grey) and trivial nomenclature (colored
e
ay b)
LUMO
€q €q
A aqy
HOMO
- 'E,
Q band Soret band
Ay

Figure 1.4.6. a) Semi-quantitative MO-based “four-orbital model” of Gouterman and b) simplified

circles).

€gx

a)

|
m
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representation of one electron transitions from HOMO to LUMO. The four-orbital model considers the two
HOMOs (labelled a;, and a;,) and LUMOs (labelled e,) of the porphyrin derived from Hiickel theory and
mixes the four possible excitations between them using configuration interaction theory to account for

electronic interaction.?*®

Typically, an UV-Vis absorption spectrum shows the following three characteristic bands: /) Q band

of the So— S, transition (occurring between S00 and 600 nm); i) Bband or Soretband of the So—S,
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transition (around 380 and 420 nm) and iii) N, L, M bands that are blue-shifted compared to the Soret
band and correspond to high energy electronic transitions. The Q and B bands are therefore both 7-
7* transitions that are explained by considering four frontier orbitals: two n orbitals (a1, and a;.) and a
degenerate pair of n* orbitals (e, and ey,) (Figure 1.4.6). Nonetheless, the two n-n* transitions result

in two bands with different wavelengths and intensities. The fluorescence detected is only for S;—S,

transition due to the rapid internal energy conversion of the S,—*S, transition and, although it is
associated with the w and #* states, the lifetime is dependent on the chemical substitution on the
periphery.

The chemistry of meso-substituted porphyrins started with the work of Rothemund.** Firstly, the
synthesis of meso-tetramethylporphyrin by reaction of acetaldehyde and pyrrole in methanol was
investigated. Later on, the preparative synthesis of meso-tetraphenylporphyrin (H,TPP) was
reported, with the Rothemund method consisting of high concentration and high temperature
reaction in a sealed vessel and in absence of oxidant. In the mid-1960s, another method for preparing

meso-substituted porphyrins was reported by Adler, Longo and coworkers (Scheme 1.4.1 top).*

A
ﬂ R Propionic acid R &
+ =
N° HTA 141 °C
H O,
A porphyrin
A
0O 1) acid, rt. 2) DDQ, rt.
Y+ g 0t aman g ;
” H A condensation OX|dat|on
porphyrinogen A porphyrin

N /
H A N
Scheme 1.4.1. Adler-Longo method (top) and Lindsey method (bottom) for the synthesis of porphyrins.

The key point was refluxing equimolar pyrrole and benzaldehyde in acidic solvent in glassware open

to atmosphere. Even if the yields were found to be higher in acetic acid (35-40%), the reaction is

usually performed in refluxing propionic acid because of faster reaction times, easier porphyrin

13
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crystallization and less propensity to form the acid salt. Further mechanistic studies revealed a linear
Hammett plot, with the rate of reaction increasing with electron-withdrawing nature of the p-
substituent on the aryl aldehyde. The harsh conditions however limited the scope of these methods.
A milder alternative was proposed by Lindsey (Scheme 1.4.1 bottom) in the mid 1980s as a one-flask,
two-step route: i) acid-catalyzed (BF; or TFA) condensation of pyrrole and aryl aldehyde under
equilibrium and ii) irreversible 6e"/6H* oxidative dehydrogenation with a soluble oxidant (e.g. DDQ,

2,3-dichloro-5,6-dicyano-1,4-benzoquinone).

Although these methods can reach about 40-50 % yield of the tetra-substituted porphyrin, usually it is
more useful to have different types of substituents on the porphyrin core. In principle, there are 7 types
of meso-substituted porphyrins (Figure 1.4.7) and typically three approaches are possible: i) mixed

condensation, ii) total synthesis and iii) functionalization of the core.
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Figure 1.4.7. a) Types of meso-substituted porphyrins; b) mixed condensation leading up to A;B type
porphyrins; c) dipyrromethane approach for A;B,-type porphyrins and d) dipyrromethane approach for A;BC-
type porphyrins.

Mixed condensations (Figure 1.4.7b) usually refer to acid-catalyzed reaction between pyrrole and two

different aldehydes and it can be applied in order to obtain AsB type porphyrin with a pyrrole:
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aldehyde A: aldehyde B in a 4:3:1 ratio. This yields a statistical mixture of porphyrin regioisomers that
have to be purified by column chromatography, with the difference of polarity strongly influenced by

the substituents on the starting aldehydes.

In order to reduce the number of regioisomers in the acid catalyzed condensation porphyrin synthesis,
the 2+2” or MacDonald approach through dipyrromethane step can be employed (Figure 1.4.7cd).
Unfortunately, dipyrromethanes are not stable under acidic condition and therefore fragmentation
followed by recombination leads to a mixture of porphyrins (Scheme 1.4.2.). However, scrambling

can be avoided by using sterically hindered dipyrromethanes or using meso-free dipyrromethane.

H+

‘)A

Scheme 1.4.2. Concise scrambling mechanism of unhindered dipyrromethane that lead to a mixture of

porphyrins.

*O

A / o A
HH 0 B —Li
Q+HH4>\\N N//+HKA4>H*H—>H B
H HH
A \ A
A

Scheme 1.4.3. Reaction pathways towards more complex transformation of the porphyrin core. The A2B2

meso-free porphyrin can be easily functionalized for further reactions.
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Additionally, the meso-free route allows A,B, unsubstituted porphyrin that can be used as a pre-
formed system on which carry out reactions (Scheme 1.4.3) such as halogenation (bromination,
iodination), nitration or formylation among others. In alternative, the meso-free system can undergo
nucleophilic attack with Grignard or organolithium reagents, followed by oxidation. Subsequently, the
halogenated porphyrins can be subjected to cross-coupling reactions, such as Pd-catalyzed

Sonogashira-Hagihara or Suzuki-Miyaura reactions.

1.5. Overview of the Dissertation

In this doctoral work, the research activities were directed towards designing and preparing building
blocks through molecular chemistry that carry specific recognition patterns as information and are
able to operate through their recognition. By thoughtful control of the conditions, the building blocks
were able to evolve into complex materials. Accordingly, the work has been divided into four main

chapters, as presented here below.

Chapter II presents the self-assembly of a donor-acceptor system though ammonium-crown ether
recognition into pseudorotaxanes. The donor module is a porphyrin derivative, an 18 m-electron
macrocycle that is arguably one of the most exploited chromophores to date. On the other hand, the
acceptor module is a [60 ]fullerene, a sphere made of sp” carbon, frequently used as electron-acceptor
in solar cells. The interaction between the donor and the acceptor moiety was studied in terms of their
self-assembly, their photophysical and non-linear optical properties. Even though, the photophysical
properties were in line with previous supramolecular reports for similar systems, the non-linear optics
showed significant enhancement when compared to their references or their covalent counterparts,
making this a novel and reversible non-linear optics system. Different techniques showed the presence
of two conformations equilibrium between them in the self-assembled pseudorotaxane, a ‘tight’ and a
‘loose’ where acceptor and donor are close or distant between them, respectively. Finally, experiments
performed in different solvents hinted that the porphyrin-fullerene interaction is possibly due to the

solvophobic nature of the fullerene sphere in common organic solvents.

Chapter III showcases the progress we performed in controlling the shape of soft matter. In this
respect, two different systems were prepared. In the first case, a porphyrin that encodes specific

recognition patterns, has been studied in the solid state, in solution and on-surface in order to
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elucidate its operating programs. It was found that the porphyrin is able to form slipped stacked
arrangements both in solution and on surface and finally was able to form extended two-dimensional
structures through lateral hydrogen-bonding. In the second part, an intrinsically chiral molecule
(BINOL) was self-assembled together with a fluorescent oligo(p-phenylene) module through
complementary three-fold hydrogen bonding. This system was used in order to probe the transfer of
chirality from the molecular to the nanostructured soft material. Notably, solvent was found to play a

pivotal role not just for the self-assembly in solution, but also on the surface.

Chapter 1V focuses on arranging porphyrin molecules by using a templated approach. More
specifically, two different templates were employed. In the first part, a carbon nanotube has been
found to enable formation of porphyrin arrays through n-x stacking between the nanotube sidewalls
and the pyrene ‘anchor’ that carries the porphyrin. The formation of the hybrid porphyrin-carbon
nanotubes materials was characterized with a variety of techniques. However, the most noteworthy
result is the used of the carbon nano-template magnetic susceptibility in order to align the hybrid in a
preffered direction. The alignment was ‘blocked’ by using an organogel and the alignment was
confirmed by polarized microscopy and absorption profiles at different polarized light angles. In the
second part, the synthesis and characterization of a novel carbon material, carbon nanodots, and its
use as template for the formation of novel nano-hybrid systems was investigated. Since the studies of
this material are still in their infancy, for the first time the formation of both covalent and non-covalent
ensembles is currently underway. However, promising results indicate the potential of this donor-

acceptor hybrid material.

Chapter V is dedicated to the engineering of m-conjugated materials along with their STM
investigations. In this first section, the formation of specific patterns on metal surfaces was found to
depend on the functionalization of a polycyclic aromatic hydrocarbon, pyrene. Through molecular
design it was possible to form porous surfaces, by means of weak hydrogen bonds mediated by
pyridine, which were found able to accommodate small guest molecules, such as iodine. In the second
part, the pyrene core was used in order to probe the formation of organometallic patterns on the metal
substrates. More specifically, a novel lanthanide coordination network was formed by carboxy-pyrene
derivative and dysprosium. On the other hand, the formation of an organometallic network was
possible with the deposition of a dibromo-pyrene derivative, with subsequent on-surface
dehalogenation reactions and formation of organometallic chains by incorporation of metals from the
surface. Finally, a brief overview on the current bottom-up efforts is given. These include novel charge-

transfer complexes on the surface, which also show the dependency on the substrate. Although the
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acceptor molecule, tetracyanoquinone is known to form donor-acceptor complexes on the surface,
the donor moiety we used an O-doped equivalent of anthanthrene, peri-xanthenoxanthene, a
promising organic semiconductor, already used in OLED technology. Other approaches include

pyridine and bipyridine mediated patterning as well as on-surface reactions.

Supramolecular N
v
Hydrogen-bond Electron-transfer
I 0 I ( NLO 0]

[ Light-harvest (O

[ Halogen-bond

[ lon-dipole O ]

Solvophobic O Surface patterning ()

Figure 1.5.1. Schematic representation of the work presented in this thesis: from design of supramolecular

interactions in luminescent modules into functional supramolecular species
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2 Donor-Acceptor Supramolecular Assemblies for Non-Linear Optics

2. Donor-Acceptor Supramolecular Assemblies for Non-

Linear Optics

In this chapter the preparation of porphyrin-fullerene [ n]pseudorotaxane is discussed. The chapter is
divided into four main sections. Firstly, a general overview of donor-acceptor systems is presented.
Then, the self-assembly of novel supramolecular porphyrin-fullerene systems is showed, followed by
their photophysical characterization. Finally, the impact of the self-assembly on the non-linear optics

is presented.

The work presented in this chapter has been accomplished thanks to collaboration with Dr. Tomas
Marangoni that helped in initiating the project, Dr. Federica De Leo (University of Namur, Namur,
Belgium) carried out the geometry optimization, Dr. Eleonora Pavoniand Dr. Filippo Montifrom the
group of Dr. Nicola Armaroli (Istituto per la Sintesi Organica e la Fotoreattivita, Consiglio Nazionale
delle Ricerche, Bologna, Italy) carried out the photophysics experiments,and Dr. Irene Papagiannouli
and Dr. Panagiotis Aloukos from the group of Prof Stelios Couris (University of Patras, Patras,
Greece) performed the NLO experiments. Part of the work discussed in this chapter has been
published as “[60]Fullerene—porphyrin [n]pseudorotaxanes: self-assembly, photophysics and third-
order NLO response” Phys. Chem. Chem. Phys., 2016, Advance Article, doi: 10.1039/C5CP06055A.

2.1. Basic Concepts about Donor-Acceptor Systems

Charge-transfer (CT) interactions generally arise from donor-acceptor (D-A) systems and drive their
alternative stacking (Scheme 2.1.1).* It is comparable to hydrogen-bonding in terms of inherent
complementarity, ie. alternating placement of the D and A units. However, although similar to
hydrogen-bonding, CT driven self-organized systems are not as common, probably due to very low —
moderate association constants found for intermolecular D-A complexes. In this respect, the CT
complexes are usually reinforced by additional non-covalent interaction, such as solvophobic forces,*

46,47

hydrogen bonding,** metal-ion complexation,***” and so on.
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Scheme 2.1.1. Schematic representation of a donor-acceptor (D-A) charge transfer (CT) complex, along with

some n-donor and acceptor structures reported in this section.

One of the most studied D-A pair is bisalkoxynaphthalene (D) and naphthalene bisimide (A). As
shown in Figure 2.1.1a, both compounds show significant polarization of the m-systems with the
bisalkoxynaphthalene being relatively electron rich (electron-donating alkoxys) and naphthalene

bisimide being relatively electron poor (electron-withdrawing carbonyl substituents).

o TR uvsdhdit woiax-s Wi 4
¢ n=1,2,3
- N H Folding .

at
Water solubilizing 7 7
groups

D-A Foldamer Crystal structure

Figure 2.1.1. a) Chemical structures and electrostatic surface potentials calculated for bisalkoxynaphthalene
(left) and naphthalene bisimide (right) using Guassian 09, DFT at B3LYP 6-311G level of theory in vacuum,
from 60 to +60 kJ/mol; b) solid state structure of the co-crystal showing the 7-stacking of the two molecules;

c) folding of D-A oligomer in aqueous medium along with its crystal structure.

21
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The intramolecular and intermolecular interactions between these two complementary electrostatic
surfaces were observed.*** Foldamers, synthetic oligomers capable of adopting defined
conformations, made of this D-A pair and spaced by flexible amino acid linkers, showed the existence
of a folded structure due to interchain stacking (Figure 2.1.1B).* This was confirmed by their crystal
structure, as well as UV-Vis studies that showed reduction in band intensities and appearance of a red-
shifted CT band. Similar folding was achieved by CT interaction between chains that contain either
bisalkoxynaphthalenes  or  naphthalene  bisimides.’*The intermolecular  binding of
bisalkoxynaphthalene and naphthalene bisimides was studied by '"H-NMR spectroscopy in a range of
solvents from CDCl; to D,O.* Association constants were calculated and ranged from 2 M in CDCl;
to 2 x 10> M' in D,O. Moreover, linear free energy relationship was observed between the
complexation free energy and the empirical solvent polarity parameter, Er(30), with the association

being driven mostly by hydrophobic interaction in polar solvents.

However, bisalkoxynaphthalene and naphthalene bisimide pair does not show complete overlap of
the two surfaces and the pursue for stronger D-A pairs continued. As suggested by figure Figure 2.1.2,
pyrene and naphthalene bisimide could form a strong D-A pair because of the highly congruent pyrene
HOMO and naphthalene bisimide LUMO, resulting in an effective HOMO-LUMO overlap in

alternate stacking interactions.

e

Figure 2.1.2.a) Pyrene HOMO (left) and naphthalene bisimide LUMO (right) along with their parallel cofacial
alignment suggesting an efficient overlap as a n-stacking pair; b) co-crystal of a pyrene and naphthalene bisimide
derivative.”** Molecular orbitals obtained using Gaussian 09, DFT at BBLYP 6-311G level of theory in vacuum,

isovalue is set at 0.02.

This HOMO-LUMO overlap of the two molecules was found indeed to be important for forming a

strong D-A pairs.*** Homopolymers and copolymers prepared by ring-opening metathesis
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polymerization (ROMP), incorporating D or/and A molecules onto the poly(norbornene) backbone
and the formation of CT band were reported. Among different D-A pairs, dilution UV-Vis
experiments showed the highest K, (9.6 x 10* M in CH,CL) for the pyrene-naphthalene bisimide
pair. This interaction was confirmed by X-ray studies with a bis-pyrene tweezer and naphthalene

bisimide derivative (Figure 2.1.2).

Another class of extensively studied acceptors are the cyclobis(paraquat-p-phenylene) (CBPQT*)

derivatives and ‘extended’ bypiridinium bridges.>***’

At first, the CT complex with a series of
tetrathiafulvalene (T'TF) derivatives, acting as donors, was investigated (Figure 2.1.3a). A remarkable
dependency of the first redox potential (E'12) of the TTF derivatives in the association constants was
found: a decrease in E'1; value (from + 0.51 to + 0.34 V) provided an increase by almost two orders

of magnitude for K (1 x 10* M to 1 x 10* M! in CH;CN). Therefore, stronger donors led to higher

association constants.
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Figure 2.1.3.2) CT complex between CBPQT* and some TTF derivatives; b) inclusion complexes and crystal
data for ExBox*" C guest with the colors arising from charge-transfer interactions between the host and the
guests (except for azulene 1); ¢) Ex’Box*" along with the chemical structures of the guests, and the association

constants calculated from NMR spectroscopy in CD;CN along with the solid-state superstructures.
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An ‘extended’ semi-rigid cyclophane with 1,4-phenylene-bridged bipyridinium units showed to act as
a high affinity scavenger for an array of polycyclic aromatic hydrocarbons (PAHs), from anthracene
to coronene (Figure 2.1.3b), with association constants ranging from 9 x 10? to 7 x 10° M,
respectively.® Further extension to a biphenylene-bridged bipyridinium cyclophane (Figure 2.1.3c),
showed to form binary and ternary complexes with guest molecules ranging from long 7-electron rich
PAHs to polyether macrocycle such as 1,5-dinaphtho[38]-crown-10.% Specifically, this box can
realize donor-acceptor interaction with m-electro-rich guest at the pyridinium ‘ends’, while the

‘middle’ can interact with n-electron poor guests.

Another type of cyclophane, made of two perylene bisimide units, was found to bind polycyclic
aromatic hydrocarbons, with binding constants up to 5 x 10* M for perylene (Figure 2.1.4).% This
cyclophane did not only bind PAHs, but also serve as a fluorescence ‘turn-on’ and ‘turn-off’ probe.
More specifically, charge-transfer complexes were formed with electron-rich guests, resulting in
quenched fluorescence. On the other hand, the complexation of electron-poor guest molecules was

followed by significantly increased fluorescence.
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Figure 2.1.4. a) Chemical structure of p-xylylene bridged PBI cyclophane; b) photograph of ‘turn-on’ (PBI
cyclophane C phenylnaphthalene) and ‘turn-off (PBI cyclophane C carbazole); c) plot of fluorescence
quantum yield with the corresponding guest; electron-poor guests are in red and electron-rich guest are blue,
with the free cyclophane black; the inset is a schematic representation of the oxidative fluorescence quenching

mechanism.*®

Charge-transfer was used not only to form inclusion complexes and D-A stacks, but also to prepare

supramolecular oligomers and polymers. For example, a charge-transfer interaction between electron-
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deficient trinitrofluorenone (TNF) and a bisporphyrin heteroditopic monomer showed to form
supramolecular polymers (Figure 2.1.5).% The monomer was found to self-assemble into polymers,
with diffusion NMR spectroscopy showing a diffusion coefficient strongly dependent on the
monomer concentration. Upon increasing concentration from 2 to 66 mmol L' the diffusion
coefficient significantly dropped from 3 X 10"’ m*s™ to 0.3 X 10" m*s™, that corresponds to aggregates
of approximately 660 units (Figure 2.1.5b). Viscosity experiments showed, at dilute concentration
regime, oligomers too short to be entangled and, above critical polymerization concentration,

formation of sizable supramolecular polymers.
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Figure 2.1.5. a) Chemical structure of the porphyrin-TNF heteroditopic dimer and b) concentration-
dependent DOSY.

Recently, tetra-TTF calix[4]pyrrole derivatives were used in order to obtain self-assembled
supramolecular  oligomers  either =~ with Cs  butyric acid (PBCA) or bis-
trinitrodicyanomethelenefluorene (Figure 2.1.6).> A TTF-C[4]P monomer was able to assemble
in the presence of ditopic trinitrodicyanomethylene carboxylate into short oligomers stabilized by
hydrogen bonding and D-A CT interactions with a binding constant of 1 x 10° M™* that fitted to a 1:1
binding isotherm (Figure 2.1.6b). Additionally, this supramolecular oligomer was found to de-
aggregate in presence of 2,4,6-trinitrotoluene or chloride or bromide anions, making it a promising
dual-analyte-responsive material. The TTF-C[4]P monomer, in the presence of another
heteroditopic monomer, a phenyl Cg; butyric acid (PBCA) into a supramolecular ensemble that is
responsive both the chemical and electrochemical stimuli (Figure 2.1.6b). The first step in the

formation of the supramolecular polymer is the deprotonation of the phenyl Cq; butyric acid by an
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organic base (Figure 2.1.6bB) that induces a change in conformation of TTF-C[4]P to an active cone
(Figure 2.1.6bA). This change in conformation allows now the binding of the Ce cage, resulting in
the formation of supramolecular orthogonal self-assembly. Moreover, the resulting material could be
disaggregated by addition of an organic acid (protonation of the butyric acid derivative) or electrolysis

(oxidation of TTF to TTF**, hence losing its ability to bind the electron-poor fullerene moiety).

* Electrolysis

Figure 2.1.6. a) and b) chemical structures of two hetero-complementary subunits based on TTF-
functionalized calix[4]pyrrole and trinitrodicyanomethylenefluorene (TNDCF) along with graphical

representation of the supramolecular assembly.

Much attention has been paid to the assembly of porphyrin-fullerene acceptor-donor pair in the
context of artificial photosynthesis,”® molecular wires®* and solar cells.”* Porphyrins have been
discussed in Chapter 1 as synthetic analogues in mimicking light harvesting chromophores.

Consequently, [60]fullerene is introduced in the next section.
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2.1.1. [60]Fullerene

Although the geometrical form of the truncated icosahedron inspired artist throughout centuries, e.g.
the drawing shown in Figure 2.1.7. by Leonardo da Vinci, its existence as a molecule has been reported
in 1985% and has earned the Nobel Prize to Kroto, Smalley and Curl in 1996. The most famous
member of the fullerene family is a 60 atom cluster called “Buckminsterfullerene”, “Buckyball” or
simply “Fullerene”, with the name inspired by a geodesic dome construction by architect Buckminster
Fuller. The Cg isomer, [60]fullerene, is shaped like a soccer-ball (Figure 2.1.7). Cq is also the most
stable, abundant representative of the fullerene family and today can be produced at ton-scale by arc

discharge of graphite electrodes.”

Figure 2.1.7. a) Hollow polyhedron drawing by Leonardo da Vinci;*® b) computer mode ‘stick’ representation

of a Cgo-molecule along with c) a soccer ball showing the same geometrical features.

This soccer-ball structure has two features: (i) all twelve pentagons are isolated by hexagons; (ii) two
types of bonds - those joining two hexagons (6,6 junctions, 1.38 A) are shorter than those at the

junction of a pentagon and a hexagon (5,6 junctions, 1.45 A).

The pentagons within the fullerenes are necessary to introduce the curvature, since a network
consisting of only benzenes is planar, with the Cs isomer being the smallest fullerene to follow the
“isolated pentagon rule” (IPR).” The IPR predicts that all the S-member rings are isolated by 6-
member rings, a case that results in higher stability than having two adjacent S-member rings. This is
due to (i) electronic effects (resonance destabilization by pentalene-type 8n-electron systems) and
(ii) steric effects (enforced bond angles resulting in an increase of strain energy). The formation of
IPR structures is associated with an enhancement of the ‘sphericity’ of the molecules. A spherical

shape distributes the strain as evenly as possible and minimizes the anisotropic contribution to the
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strain energy.” The double bonds are located at the junctions of the hexagons [6,6] and only single
bonds are in the pentagonal rings.”” In [60]fullerene each hexagon exhibits cyclohexatriene character

and each pentagon has radialene character (Figure 2.1.8a).

Both in the Cq and in the graphene carbons atoms are sp? hybridized. In fullerene’s case, for a closed
cage, the three bonds of each atom cannot be planar. Carbon atoms that are sp* hybridized (simple
alkene like ethylene, C,H,) have trigonal planar shape (bond angles = 120°) with the p-orbital forming
a90° angle with the sp® plane. Carbon atoms with sp? hybridization (methane, CH,) have a tetrahedral
shape (bond angles = 109.5°). In fullerenes, the sp? hybridized carbon atom is pyramidalized and the
angle between its p-orbital and the o-bonds is 101.6° (Figure 2.1.8b).

b egiie
b) :glgm ,,/,3)1090 "*§1101.6°
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Figure 2.1.8. a) Radialene and cyclohexatriene; b) pyrimidalization angle for a planar sp” hybridized carbon

atom (C,H,), a tetrahedral sp® carbon atom (CH4) and a non-planar sp® hybridized carbon atom in Ce.

The pyramidalization angle (8;) for non-planar sp? hybridized carbon atoms can be defined as the
angle between its p-orbital and the o-bonds minus 90°. This means that an sp® hybridized carbon atom
(tetrahedral) has a 0, of 19.5°, while a planar sp* carbon (e.g. in benzene) has a 8, of 0°. All the carbon
atoms in the [60]fullerene have 6, of 11.6°. The curvature of the fullerene surface results in a decrease
of the m-conjugation and the pyramidalization angle 8, is a good way to measure this weakening, which,
in turn, results in the chemical reactivity of fullerenes: larger the pyramidalization angle, higher is the

reactivity towards addition reactions.”

The Cg UV-Vis spectrum in CHX (Figure 2.1.9) shows absorption bands in the 230-400 nm range
(257 nm, 328 nm, a 377 nm shoulder, 406 nm) and two sets of broad bands whose principal maxima

are c.a. 530 and 600 nm. The UV-Vis spectrum of monoadduct presents bands at 255 nm, 306 nm,
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321 nm, a shoulder at 401 nm, a sharp feature at 430 nm (which has no corresponding feature in Ceo)

and four weak absorption bands in the 700 nm region (638, 669, 691 and 703 nm).”"
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Figure 2.1.9. Absorption spectra of C¢ and of N-mTEG[60 ]fulleropyrrolidine mono-adduct in cyclohexane:

upper curves are 10 x in absorbance scale.”

Ceo is essentially insoluble in polar solvents (such as acetone, methanol, etc.) (Table 2.1.1). It is barely
soluble in alkanes, with the solubility increasing with the number of atoms of the alkyl chains. In
carbon disulfide and in aromatic solvents substantial solubility is detected. A significant increase of the
solubility takes place going from benzenes to naphthalenes. Although there are trends for the solubility
behavior of Cq, there is no direct dependence of the solubility on a certain solvent parameter like the
refractive index.”’* Encapsulation of Ce in cyclodextrins or calixarenes or water suspension
preparations are useful methodologies for overcoming this insolubility, but the most versatile

67,75

technique is modifying the solubility by covalent attachment of solubilizing appendages.

As mentioned above, the alkene double bonds do not behave as aromatic hydrocarbon and thus the
chemical reactivity is similar to that of strained and electron-poor alkenes. Chemical transformations
usually involve reactions on the 6-6 bond and the main driving force in addition reaction is the relief
of the strain from sp” to sp* hybridization. Addition reactions to Ce are usually exothermic and
exergonic and therefore it is difficult to stop the reaction at the monoadduct stage, unless using an
excess of pristine Ceo. Although Ceo chemistry is vast and has been explored, the work described in this
chapter has been performed by using a modified Bingel reaction in which a malonate derivate, in
presence of non-nucleophilic base and L, is able to form an a-halomalonate in situ, leading to the

methanofullerene product.”
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Table 2.1.1. Frequently used solvents in laboratory to solubilize Ce and the corresponding solubilities.”

Solvent [Ceo] mg/ml
CHCI, 0.16
CH,Cl, 0.26
CCly 0.32
CH,Cl, 0.89
Ph-H 1.7
Ph-CH; 2.8
Ph-CI 7.0
1,2-CH.CL 27
CH;C(O)CH; 0.001
CH;OH 0.000
CH:CN 0.000

2.1.2. Supramolecular Porphyrin-Fullerene Assemblies

Porphyrins and fullerenes seem to be attracted to each other and this has been exploited in order to
prepare both discrete host-guest complexes and ordered arrays, even though this association between
a curved and a flat surface seemed to challenge the traditional -7 interactions principles.”” A distance
of 2.75 A was observed in the molecular packing of a fullerene-porphyrin covalent dyad, which was

notably shorter than the usual n-7 interactions that range between 3.0-3.5 A.”®

Frequently, the more electron-rich 6-6 fullerene double bond is found centered over the
electropositive center of the porphyrin or metalloporphyrin (Figure 2.1.10).”” Moreover, the electron-
rich nitrogen atoms of porphyrin are positioned over positive electrostatic potential region near the
centers of the fullerene rings. Therefore, the main belief is that the 7-n interaction is augmented by
dispersion forces. However, this interaction still remains controversial since it seems that the fullerene
is acting as donor and the porphyrin as acceptor, even though fullerenes are best known for their

electron-acceptor properties. Nonetheless, even if fullerenes are electron acceptors in charge-transfer
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complexes, it has been suggested that the locally electron-rich double bond may donate to the

electropositive center of a porphyrin.”
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Figure 2.1.10. Representative porphyrin and Ce crystal structures: a) packing of a covalent dyad; b) zig-zag
stacking of HyTPP (3,5-di-t-butyl substituents) and Ceo; c) zig-zag stacking of cobalt octaethylporphyrin; d)
cyclic rthodium bisporphyrin host bound to Ceo; €) highlighting the 6-6 ring bond of Ce over the porphyrin

plane. Solid state images adapted from reference.”

When moving from solid state to solution, it is more difficult to observe the fullerene-porphyrin
interaction unless some sort of cavity enables the complexation of fullerene (Figure 2.1.11a). To this

279,80

end, differently linked porphyrin ‘jaws and cyclic metalloporphyrin dimers,*® trimers,*

tetramers,** and metallo-supramolecular cages,?>*?-414351-3658-62,77-87

were prepared and showed to host
Ces molecules with association constants reaching up to 10° M' (in o-DCB) for cyclic iridium
porphyrin dimers. Notably, for some host-guest interactions of cyclic porphyrin dimer-fullerene,
particular attention has been placed on the solvent used in the experiments.** The solvent does place
an important role in the energetics of the binding event, which can be divided into three parts: de-
solvation of the individual components, the intrinsic affinities and the re-solvation of the complex. If
we consider the limited solubility of the fullerene cage in common organic solvents, it becomes clear
that the solvent influences the energetic of the binding event. To this end, calix[4]arene bisporphyrin-

fullerene complexed were investigated in different solvents.*® The binding constants were found to

increase from Ph-CHj; (2.5 x 10* M!), Ph-CN (§ x 10* M*), CH,Cl, (9 x 10* M) to CHX (4 x 10°
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M). With the relative solubility of Ce decreasing in the order of PhCH; > PhCN > CH,Cl, > CHX,
the desolvatation of the fullerene seemed to be the main factor in the host-guest formation.
Additionally, the association constants were found to be the same order of magnitude (1 x 10° M)
for the host-guest complex when a mixture of PhCH;/CH;CN (1:1 v/v) was used to match the
solubility of fullerene in CHX (0.031 mg/mL and 0.036 mg/mL, respectively).

a)  Teminteractions b)  metal-ligand interaction
(sandwiches, jaws, ...)

¢ Ph

d) E|ECtFOStatIC interactions

COO Bu
COO

c)  hydrogen-bonding ﬂ?\
| g3

e) mechanical bond

‘0* Qo m#

o5 P ﬁQ =
;6\ Q tﬁ:&‘
O,

Figure 2.1.11. Examples of porphyrin-fullerene supramolecular assemblies: a) n-7 interactions, b) metal-ligand

interactions, c) hydrogen bonding, d) electrostatic interactions and e) mechanical bonds.

Apart from using pre-organized dimers and cages to bind fullerene by w-interactions, other
supramolecular interactions were exploited in creating supramolecular porphyrin-fullerene
assemblies, and include metal-ligand interactions, hydrogen bonds, electrostatic interactions and
mechanical bonds (Figure 2.1.11). In order to employ interactions other than the n-stacking,

complementary recognition motif have to be placed both on the porphyrin and the fullerene.

First examples of such an approach was used with functionalized fullerenes carrying pyridine or
imidazole moieties and metalloporphyrins, for example carrying a Zn metal (Figure 2.1.11b). These

two are able to form a complex through a Lewis acid-base reaction between the N-containing ligand
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89-91

and the metal, in order to form supramolecular dyads,* for example based on pyridine--Zn,**" as well

as imidazole---Zn interactions.”?

Hydrogen-bond complementary units were also employed for the formation of supramolecular dyads
(Figure 2.1.11c). For example, a two-point amidinium-carboxylate interaction was found to favor a
linear system with an efficient and long-lived (~ 1 ps) radical-ion pair state when compared to covalent
analogues.” Pairing through a Hamilton-type® receptor fullerene derivative and cyanuric acid bearing

porphyrin through this six-point binding motif are other examples of H-bonded dyads.*®

Multiple electrostatic interactions were used in order to form a 1:1 complexes between a
oligocarboxylate dendritic fullerene and octapyridinium porphyrin salt (Figure 2.1.11d) in a
phosphate buffer with a high association constant (10* M").Additionally, mechanically interlocked
systems, such as rotaxanes and catenanes, with porphyrins and fullerenes were also prepared (Figure

2.1.11e) .2

Figure 2.1.12. Multiple-type interactions lead to more stable complexes either by increase pre-organization

through hydrogen bonds or additional interactions to the 7-n stacking.

Another approach in order to increase the stability and versatility of the complexes is going from single

type of non-covalent interactions, such as those presented above, to multiple-type interactions. Some
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examples are presented in Figure 2.1.12 and include additional hydrogen bonds that have an effect on
pre-organization of the host system,” additional n-m stacking to metal-ligand coordination,'®

101,102

additional 7-7 stacking to crown ether-ammonium recognition and additional n-7 stacking to

two-point hydrogen bonding.'®

2.1.3. (Pseudo)rotaxanes

“Rotaxane”, from the Latin words for ‘wheel’ and ‘axle’, is a compound made of a linear species and a
cyclic species, the two being bound together in a threaded structure by non-covalent forces.'* The
prefix “pseudo”, from Greek that stands for ‘false’, implies a supramolecular complex instead of a
compound, having no bulky stoppers at the end of the linear species that allow ‘dethreading’ of the

cycling species (Figure 2.1.13).

a)
pseudorotaxane rotaxane
b)
host —_ capplng
guest
c)
oA
0] 0.
C[O O:© * ©/\
Ko o/

Figure 2.1.13.a) Schematic diagram of a [ 2]pseudorotaxane and a [ 2]rotaxane; b) one of (many) possible ways
of synthesizing rotaxane can be achieved via ‘capping’; ¢) chemical structures of the very popular crown ether
macrocycle and dibenzylammonium along with the related complex; d) two solid state superstructures of the

1:1 complexed formed.'”
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Pseudorotaxanes are usually employed because of their reversibility, that has been used in the
formation of molecular switches and machines.''"! The reversibility can be achieved in several ways:
thermally, with the deprotonation of the ammonium or addition of alkali metals, and others. %'
Among crown ethers, dibenzo[24]crown-8 (DB24C8) is able to form pseudorotaxanes with
secondary ammonium cations (such as dibenzyl ammonium, DBA) (Figure 2.1.13c), mainly by
hydrogen bonding between N*—H-..O of NH," and C—H.---O of NCH," and polyethers oxygen atoms
of the host.!%!2!53 The association constants of the [2]pseudorotaxane [DB24C8-DBA] were

measured and found to range from ~0 M (DMSO-ds) to 27 000 M (CDCl;).'

Diederich, Echegoyen, Stoddartet al. Torres et al. Guldi, Torres, Prato et al
J. Chem. Soc. Perkin Trans. 2 1999 J. Mater. Chem. 2002 Chem. Commun. 2002

Martin et al. Martin, Guldi, et al. Stoddart et al.
Tetrahedron 2006 Eur. J. Org. Chem. 2007 Chem. Commun. 2011

Figure 2.1.14. Examples of fullerene-containing pseudorotaxanes.

Several examples of fullerene-containing pseudorotaxanes are shown in Figure 2.1.14. The first
fullerene-containing pseudorotaxane was reported as a supramolecular C¢o dimer, in addition to Ceo-
DB24C8 complex with DBA and Cg-DBA complex with DB24C8.'"* It was found that, when
complexing the Cg-DBA derivative with DB24CS8, the luminescence properties of the catechol could
be used to monitor the pH-dependent, reversible formation of the pseudorotaxane-like complex.
Pseudorotaxane dyads comprised of fullerene and phthalocyanine (ZnPc) or fullerene and n-extended
tetrathiafulvalenes (exTTF) were reported.>''* [ 2]Pseudorotaxane Cgo-phthalocyanine dyads were

found to bind with an association constant of around 10* M* (CH,Cl,, fluorescence) and an efficient
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ZnPc*—C60" was observed. EXT'TF were combined in [2] and [ 3] pseudorotaxanes with fullerenes
(10°-10* M, CDCl3/CH;CN) and although UV-Vis investigations did not show interaction between
the electroactive species, fluorescence experiments showed the presence of an electronic interaction

in the excited state.

2.1.4. Non-Linear Optical Responses

Organic materials in the field of non-linear optics (NLO) have emerged as potential candidates for
optical data storage technologies.'’*"'** In general terms, a externally applied field generates a charge
displacement that is responsible for the NLO. At low field strength, the induced polarization will be
proportional to the applied field, being responsible for the linear response. However, at high field
strengths the polarization will no longer be linear. The polarization of a molecule or macroscopic
materials in an electrical field, derived for comparative purposes, will be represented by the following

power series

P = aF + BEE + yEEE + -+

with a the linear polarizability, 8 the quadratic or second-order hyperpolarizability and y the third-
order or cubic hyperpolarizability. For small fields E, the second- and the third-order terms can be
neglected and therefore the induced polarization will be proportional to the electrical field, resulting
in the linear optical behavior. However, when applying a high electric field, such as the one from alaser
pulse, the quadratic and cubic terms became important, resulting in quadratic or cubic dependence of

the induced polarization of the applied field.

On a macroscopic scale, the polarization can be expressed as the following series:
P=Py+yWE + yY?DEE + y®EEE + -

with y the macroscopic susceptibilities, YV the linear susceptibility, y'* the quadratic (second-order)
susceptibility, y® the cubic (third-order) susceptibility and so on. On a macroscopic level, in order to
exhibit a second-order NLO response, the material has to be noncentrosymmetric, and for a large
response donor and/or acceptor groups on the molecules are required. For a x® response, the
requirements are different, with the most important one being an extended delocalized nt-system.

Among the different families of n-conjugated scaffolds showing fast non-linear optical (NLO)

129-131

output,''*7121123124 fyllerenes'**™'** and porphyrins — along with their hybrid conjugates — are

excellent candidates due to their large excited-state absorption cross sections. Furthermore, both
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fullerene and porphyrin derivatives can be easily functionalized with other electron-donating and -
withdrawing groups, offering the ability to finely tune the NLO response of the final donor-acceptor
system.”"?* Although a vast number of elegant studies on the photophysical properties of fullerene-
porphyrin systems has been reported,®'*!2%132713% physical studies about third-order optical

nonlinearity to elucidate NLO characteristics have been made only to a limited extent.

140,141

Figure 2.1.15. [60]Fullerene derivative and its covalently linked dyads that showed NLO response.

In that respect, we have reported the preparation and investigation of the NLO properties of a library
of donor-acceptor systems featuring a [60]fullerene core covalently linked, through a flexible
triethylene glycol chain, to a porphyrin or a ferrocenyl donor moiety (Figure 2.1.15).14%14! All dyads
were found to display an increased third-order NLO response when compared to individual reference
methano[60]fullerene or porphyrin derivatives. In particular, the porphyrin-[60]fullerene dyad
showed a 20-fold enhancement of its hyperpolarizability as compared to pristine Ceo.'**'*" Similar
results have been also reported with other covalent fullerene-containing dyads,"**"'* however, to the

best of our knowledge, the effect of non-covalent linkages on the third-order NLO responses is yet

unknown for such fullerene-based systems.

2.1.5. Aim of the Project

The main aim of the project is to construct a fullerene-porphyrin [n]pseudorotaxanes that show
enhanced NLO responses. In order to do so we use a crown ether/ammonium recognition motifs that
should enable us to modulate the NLO response in a ‘turn-on’ ‘turn-off’ manner, by operating simply
on acid/base equilibria. All of the NLO studies performed so far employed porphyrin-fullerene

covalent conjugates, even if recently considerable attention has been placed on non-covalent
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interactions, owing to their versatility."*”'*"'* Additionally, the crown/ether recognition is a slow
equilibrium (for NMR timescale) and, by implementing this recognition motif we should be able to
investigate the equilibria between the ‘tight’ and the loose’ conformations that correspond to the

stacking or spaced units, respectively.

2.2. Self-Assembly of [60]Fullerene-Porphyrin [ n]Pseudorotaxanes
The porphyrin and fullerene components used to prepare the corresponding [2] and

[3]pseudorotaxanes are show in Figure 2.2.1.

BUILDING
BLOCKS

M

.3H,]- [2-(3H,),]- 2PFg
M inlz PFg n=3
[(1)2-4H4]- 2PF¢ [2-4H,]-2PFg
n=3 n=2

2-4H,4-2PFs

Figure 2.2.1. Library of the porphyrin- (2-1 and 2-2) and fullerene-based (2-3H»-PFs and 2-4H,2PFs)
components for preparing [2]pseudorotaxanes [1.-3H,]-PFs and [2-4H,]-2PF¢ and [3]pseudorotaxanes
[(1),-4H,]-2PFs and [2-(3H,),]-2PFs. The [n]pseudorotaxanes are sketched as cartoons; reference
compounds 3-BOC and 4-BOC are highlighted in grey.

2.2.1. Syntheses

The retrosynthetic approach to the host porphyrin 2-1 is depicted in the retrosynthetic analysis
Scheme 2.2.1. A flexible linker was regarded as necessary in order to allow the conformational
equilibria between the ‘tight” and ‘loose’ states. The key reaction is the final condensation between
porphyrin benzylic alcohol and DB24C8 succinic acid derivative, due to easier scale-up of the crown
ether intermediate. The crown ether could be prepared by using metal templated (dilute) macro-

cyclization procedure, subsequent reduction to hydroxymethyl and final nucleophilic opening of
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succinic anhydride. The porphyrin, on the other hand, can be prepared by a mixed condensation
under Lindsey’s conditions that yields not only the A;B, but also A;B, porphyrin (Chapter 1). The
crown ether, being asymmetric (i.e. the two pyrocatechol moieties are different), a lengthier route had

to be taken and is described in detail in the synthetic section.
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Scheme 2.2.1. Retrosynthetic analysis of porphyrin crown ether host.

protect

J‘Uﬂ Ho B
o ASNive

Scheme 2.2.2. Retrosynthetic analysis for fullerene dibenzylammonium cation.

For the fullerene guest bearing ammonium ion, the key step is a modified Bingel reaction with the
malonate derivative and pristine Cso (Scheme 2.2.2). The malonate derivative can be obtained from
commercially available ethyl malonyl chloride and the (easily accessible) BOC-protected

dibenzylammino alcohol.

The complete synthesis of porphyrin hosts is depicted in Scheme 2.2.3. The DBC248 macrocycle was

prepared starting from commercially available triethylenglycol. Only one alcohol group was
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transformed in a leaving group, tosylate 2-5, that was reacted with pyrocatechol in order to obtain bis-

alcohol intermediate 2-6.
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Scheme 2.2.3. Synthetic scheme for preparation of crown ethers 2-1 and 2-2. Reagents and conditions: a) tosyl
chloride, NaOH, H,O/THF, r.t; b) pyrocatechol, K,CO;, CH;CN, reflux; c) tosyl chloride, NaOH,
H,O/THEF, r.t.; d) 3,4-dihydroxybenzaldehyde, K,COs, LiBr cat., CH;CN, reflux; e) NaBH,, CH,Cl,/MeOH,
0 °C to r.t; f) succinic anhydride, 4-DMAP, PhCHj, reflux; g) BF;-Et,O, then DDQ, Et;N, CH,CL, r.t.; h)
LiAlH,, THF, 0 °C to rt; i) 2-10, EDC-HCI, 4-DMAP, CH,Cl, r.t.
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The bis-alcohol was once again transformed in tosylate leaving groups 2-7 that were displaced by a
nucleophilic substitution reaction with 3,4-dihydroxybenzaldehyde, in order to obtain the asymmetric
DB24C8 intermediate 2-8. The aldehyde was reduced with NaBH, to benzylic alcohol 2-9, that was
reacted with succinic anhydride in a nucleophilic opening reaction to obtain intermediate 2-10.
Porphyrin A;B and A,B, methyl esters were prepared under Lindsey’s conditions that yielded
tetraphenylporphyrin and the mixture of esters. The mixture of porphyrins was then divided in
multiple fractions that were purified on multiple gravity-fed silica gel column chromatographies. The
isolated porphyrin 2-11 and 2-12 esters now could be reduced to benzylic alcohols 2-13 and 2-14 and

reacted with the succinic acid DB24C8 2-10 derivative, with a carbodiimide condensation reaction.
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g E) 2'3H2'PF6 R = H2+ PFG. 77 °/° g I:) 2'4H2'PF6 R = H2+ PFG_ 72 °/0

Scheme 2.2.4. Synthetic scheme for preparation of dibenzyl ammonium fullerenes 2-3 and 2-4. Reagents and
conditions: a) molecular sieves, MeOH, reflux; b) LiAlH,, THF, 0 °C to r.t.; ¢) BOC,0, 4-DMAP, r.t.; d) ethyl
malonyl chloride, pyridine, CH,Cl,, 0 °C; e) malonyl chloride, pyridine, CH,Cl, 0 °C; f) Ceo, L, DBU, toluene,
r.t; g) TFA, PhCHj3; then 6 M aq. NaOH; then 4 M aq. HC], then sat. aq. NH,PFe, acetone.

The fullerene guests were prepared according to Scheme 2.2.4. The dibenzylamino core was prepared

by a condensation reaction (in presence of molecular sieves) between benzylamine and methyl 4-
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formylbenzoate into an imine 2-15 that, in presence of lithium aluminum hydride, reduced both the
imine to amine and ester to benzyl alcohol 2-16. At this point the amino was BOC-protected to 2-17
before reacting with ethyl malonyl chloride (for asymmetric malonate) and malonyl chloride (for
symmetric malonate) to obtain the corresponding malonate precursors 2-18 and 2-19, that would
yield ultimately the mono- and di-topic guest molecules. The malonate derivatives were used to
functionalize fullerene Cqo in a modified Bingel cyclopropanation and a final trifluoroacetic mediated

BOC deprotection, followed by counterion exchange yielded the final fullerene guests.

All the new products were fully characterized. As examples, below are reported some '"H-NMR spectra

with full assignment of protons (Figure 2.2.2 and Figure 2.2.3).
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Figure 2.2.2. '"H-NMR (500 MHz, CDCl;, 298 K) of porphyrin hosts 2-1 (top) and 2-2 (bottom).
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Figure 2.2.3. "H-NMR (500 MHz, 298 K) of porphyrin guests 2-1 (top, CDCl;/CD;CN 9:1 v/v) and 2-2
(bottom, CD;CN).

2.2.2. [n]Pseudorotaxane Self-Assembly

First of all, a 1:1 mixture of BOC-protected fullerene derivative 2-3-BOC wand host 2-1 was prepared
and "H-NMR spectra was recorded in order to verify that no interaction is taking place. (Figure 2.2.4),

with the spectrum of the 1:1 mixture corresponding to the sum of the spectra of individual

L J«M:f‘

Ll &F

9 8 7 6 5 4 3 -2 -3
o/ ppm

compounds.

Figure 2.2.4. '"H-NMR (500 MHz, CDCl;) of 2-1 (top), 2-3-BOC (bottom) and their 1:1 mixture (middle) did

not show complex formation.
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Since the fullerene guests showed very low solubility in CDCl;, mixtures of CDCl; and CD3CN had
to be used when working with ammonium hexafluorophosphate salts. At first, a 1:1 mixture of
porphyrin host 2-1 and fullerene guest 2-3H,-PFs was prepared in CDCl;/CD;CN (9:1v/v) and 'H-
NMR was recorded and compared to the spectra of the free components. The spectrum showed the
appearance of a new pattern of proton resonances compared to those of the free molecular synthons,
confirming the formation of the threaded complex (Figure 2.2.5). The system was found to be in a
slow equilibrium regime, implying that the resonances of free and complex species should be present

at the same time.

In particular, the presence of the diagnostic multiple resonances around 4.5 ppm, typical of the -
CH,N- protons, were indicative of the threaded DBA moiety. Moreover, the singlet belonging to the
benzylic position of the porphyrin is now a multiplet (resembling a double doublet), suggesting the
protons have become diastereotopic. Other significant changes include appearance of a new set of
upfield resonances of f and inner NH porphyrin protons. This suggest that not only the threading of
the DBA through the DB24C8 is taking place, but also the presence of a second equilibrium, from a
‘loose’ to a ‘tight’ or ‘face-to-face’ conformer, as has been reported for other porphyrin-fullerene

constructs,!0L140149
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Figure 2.2.5. a) [ 2]Pseudorotaxane complex; b) "H-NMR (500 MHz, CDCl;/CD;CN, 9:1 v/v) of host (top),
guest (bottom) and 1:1 complex (middle); c) ROESY spectra of 1:1 complex (the relevant resonance are
highlighted in red).
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In order to appreciate the effect of the secondary interaction on the overall binding, a series of
additional and reference experiments were carried out. The Figure 2.2.6 compares all free components
with corresponding [ 2]pseudorotaxane complexes. In the cases of [ 2]pseudorotaxanes [1.DBA]-PF
and [DB24C8-COOEt-3H,]-PF; although the diagnostic signals of complexation are present, the
porphyrin aromatic signals (as well as inner NH) are unchanged when compared to free host 2-1. This
observation gives a clear evidence that, in the porphyrin-fullerene pseudorotaxane, a second
interaction takes place, namely the fullerene cage over the porphyrin central core. Moreover, if we
consider solid state structures and covalent porphyrins-fullerene structures present in literature,””'*°
the nesting of an electron-rich double bond over the porphyrin would give an upfield shift in NMR
spectroscopy. This was indeed the case here. Remarkably, we were able to observe a slow equilibrium

not only for the pseudorotaxane threading event (as was expected) but also for the secondary

interaction.

90 85 80 7.5 7.0 6.5 6.0 55 50 45 40 35 3.0 2525 -3.0
o/ ppm

Figure 2.2.6. Stacked 'H-NMR spectra (500 MHz, CDCl;/CD;CN, 9:1 v/v) of, from top to bottom, DBA-PF,
[1.DBA]-PFq, host 2-1, [ 1.3H,]-PFs, 2-3H,-PFe, [DB24C8-COOEt-3H,]-PFg, and DB24C8-COOEt.
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Titration experiments showed progressive increase in concentration of the complex, until complete
(Figure 2.2.7a) disappearance of the free host signals. This is even more evident by observing the inner

N H resonances, moving from ‘loose’ to ‘tight’ conformation (Figure 2.2.7a).

b)

S, e—
-2.85 -2.90 -2.95 -3.0(
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10 9 8 7 6 5 4 3 -3
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Figure 2.2.7. '"H-NMR titration experiment (500 MHz, CDCl;/CD;sCN, 9:1 v/v) with addition of guest

3H,-PFs to host 2-1; b) shows enlargement of the N H porphyrin region.
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Figure 2.2.8. a) '"H-NMR dilution- and b) temperature-dependent experiments (500 MHz, CDCl;/CD;CN,

9:1 v/v) for [ 2]pseudorotaxane [1.3H,]-PFe.
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This trend was confirmed by both dilution- and temperature-dependent experiments (Figure 2.2.8).
By diluting a [1.3H,]-PFs CDCl;/CD;CN (9:1 v/¥) solution (from 6.0 mM to 0.5 mM), a progressive
disappearance of the complex resonances was observed (complex is however still present at the lowest
concentration). Similarly, temperature-dependent experiments (performed at 1.5 mM) when cooling
from 298 to 258 K showed, as expected, a higher concentration of complex compared to the free

components.

; ,,L ,{ .L N uL.l AN

[1-3H,]-PFq
\ D =3.87 x 106 cm2 s

Q

9 876 543 2 0 05 1 15 2 25 3
6/ ppm b values / s cm2(x 105)

Figure 2.2.9. DOSY experiment (500 MHz, CDCl;/CD;CN, 9:1 v/v) of [1.3H,]-PFs (6.0 mM).

Additional NMR experiments were used to elucidate the diffusion behavior of the species (Figure
2.2.9). DOSY-NMR of a relatively concentrated 1:1 mixture [1.3H,]-PFs was performed and
(apparently) only one species was observed. By calculating the hydrodynamic radius (through the
Stokes-Einstein equation) and using the diffusion coefficient of the species, it was estimated a Ry of
1.1 nm. This value is very close to that measured for free host and guest species, but since the
resonances that originate from the complex are present (and show the same diffusion coefficient as

other signals) this suggests the presence of mostly complexed and ‘tight” species.

Apparently, we were able to observe the two conformations and this was exploited in further
experiments that were performed in order to study the influence of the secondary donor-acceptor
interaction in the formation of the complex. To this end, a series of NMR experiments were performed

in various solvents, ranging both in polarity and in fullerene solubility (being also commercially
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available as deuterated solvents). As can be observed from Figure 2.2.10, the solvent does play a
dramatic effect on the formation of the complex, especially if we observe the inner porphyrin NH
resonances (around -3 ppm). In 1,1,2,2-tetrachloroethane-d; and o-dichlorobenzene-d, there is
apparently only one signal, or due to overlapping of the free and the host signals or the ‘tight’ = loose’
equilibrium is in a fast regime. Remarkably, when changing solvents from CDCl;/CD;CN to Tol-
ds/CDsCN, although the formation of the threaded pseudorotaxane is favored due to the more apolar
solvent (solvent polarity € decreases from 4.81 to 2.44 from CHCI; to Ph-CHj, respectively),™ there
is apparently more ‘loose’ conformer present. This is, most probably, due to an almost 20-fold higher

solubility of the fullerene cage in toluene with respect to chloroform and would suggest that the

porphyrin-fullerene stacking is mainly driven by desolvatation of the fullerene cage.

| CDCI/CD,CN J\k
| CDCLICD,CN JL
+¢¢JU_MJLMLA____A_lLZZQDﬁwcmCN AJAk
L o W Tokdg/CD;CN M 1
b AA A 4 CeDsClCDCN J\k

W A dAs | CePeClICDLCN JL

T

9 8 7 6 5 4 3 -2 -3 -20 -23 -26 -29 -3z
&/ ppm o/ ppm

Figure 2.2.10. "H-NMR (500 MHz, 298 K) of [2]pseudorotaxane [1-3H,]-PF¢ (1.5 mM) in different solvents

(allin a 9:1 v/vratio with CD;CN).

Finally, in order to evaluate the interaction between the two aromatic system, a reference titration
experiment between host meso-tetraphenylporphyrin (isolated form the reaction mixture of the

mixed condensation under Lindsey conditions) and BOC-protected fullerene 2-3 was carried out in
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the same solvent conditions (CDCl;/CD;CN, 9:1v/v). Although the change in chemical shift is small,
it allowed us to estimate a binding constant of around 70 M"! by non-linear curve fitting. This is almost
four-fold higher for the porphyrin-fullerene interaction reported in CDCl; (K, ~20 M™),'®* and
suggests that by adding a solvent in which Ce has no solubility’* the association constant increases,

pointing again to a solvophobic effect.
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Figure 2.2.11. Reference '"H-NMR titration experiment (500 MHz, 298 K, CDCl;/CD;CN, 9:1 v/v) of TPP
with BOC-protected 2-3.

The above performed experiments therefore point to equilibria of pseudorotaxane association and -

7 stacking (Figure 2.2.12).

, 8
e -
Ka\t v‘K

Figure 2.2.12. Proposed equilibria for the formation of [2]pseudorotaxane [1-3H,]-PFq.
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In such a system it should be possible to evaluate the individual contributions and ultimately quantify
the effective molarity of such complexation. These experiments (by UV-Vis and fluorescence

titrations) are currently underway.
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Figure 2.2.13.a) 'H-NMR of [2-(3H,),]-2PFg; b) 'H-NMR of [(1),-4H,]-2PFs; c) 'H-NMR of [2.4H,].2PF;
d-f) 2D-DOSY contour mode plots for the [ 2]pseudorotaxane and [ 3]pseudorotaxane-like complexes (500
MHz, 298 K, ¢ = 6.0 x 10 M) with the corresponding diffusion values.

Next, the formation of [3]pseudorotaxanes [(1),4H,]-2PFs and [2-(3H,),]-2PFs and
[2]pseudorotaxane [2-4H,]-2PFswas investigated. The '"H-NMR spectra (CDCl;/CD;CN 9:1 v/, ¢
=3.0x 107 M, at 298 K)) showed similar results to those observed for the [1.3H,]-PFs complex (Figure
2.2.13). In all cases, upon addition of [60]fullerene ammonium salts 4H42PFs or 3H,-PFs, the
tetrapyrrolic-centered resonances for porphyrins 1 and 2 undergo dramatic spectral changes, yielding
multiplets which suggest the formation of the [2]- and [3]pseudorotaxane complexes, respectively.
Notably, DOSY confirmed the formation of a [2]pseudorotaxane over a supramolecular polymer
assembly for [2-4H,]-2PFs. The diffusion study showed that the complex-centered proton resonances
have, within the experimental error, similar diffusion coefficients to porphyrin 2-2 alone, a value

consistent with a folded conformation (3.11 x 10 cm?s™).

50



2 Donor-Acceptor Supramolecular Assemblies for Non-Linear Optics

a) 100 b) 100
[1H]*
1205.4
[1-4H,)*
| Qv@‘ . 2448.8
2 =
Y
< 2264.64 y= “'.“*‘
c =
S| @« S ,
2 . X | [4H]
S~ [ [3H,) [1H]* | 12423
1060.0  1205.4 [1-3H,]-PF, [(1),-4H,-PFg]*
\ e / 24116 / 3798.3
‘ L 0 | "
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
m/z m/z
c) 100 d) 100
"’0‘ sV EIve e OMVEGhveCe
+ 2H]'
(3H,)" [2H] [
106(2),0/179547 1795.7\
[2-4H,)" [2-4H,-PFg)*
/ W 30380 31839
Y [2:3H,) > u /
2 2857.0 2 ‘,
2 @ [
2 < [
k= M = ', /
2 2+ (3H,),+ 2PF* ® "'6‘4 | |/
20996 ‘. /"
[2-(3H,),* PFg]* [4H,]* " /
- / 4063.2 1242.3 i1/
0 Ll dal A 0 L lL |
1000 2000 3000 4000 5000 6000 1000 1500 2000 2500 3000 3500
m/z m/z

Figure 2.2.14. High-resolution (HR) MALDI-TOF mass spectra of a) [1.3H,]-PFs, b) [2-(3H,).]-2PFq, ¢)
[(1),4H,]-2PFsand d) [2-4H,]-2PFe.

Unambiguous proofs for the formation of the different complexes were also obtained by HR-MALDI-
TOF mass spectrometric analysis of the threaded complexes. In particular, the main peaks
corresponding to the supramolecular ions of the pseudorotaxane complexes were observed for all the
non-covalent ensembles (Figure 2.2.14). Peaks corresponding to the molecular ions of the
constituting fullerene ammonium salts and the porphyrin crown ether conjugates were also present in
the spectra (with and without PFs"). Notably, for the sample containing a 1:1 mixture of crown ether
2-2 and [60]fullerene bisammonium salt 4H,* 2PF¢, the MALDI-TOF spectrum displayed only the
dimeric species, thus supporting the hypothesis for which a cyclic structure for the [ 3]pseudorotaxane

[2-4H,]-2PFsis likely formed through an intramolecular threading process.'*!
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2.2.3. Molecular Modeling
The characterization of the supramolecular species in solution, which evidenced strong fullerene-
porphyrin interaction, was further complemented by the molecular models built for the

[ n]pseudorotaxane complexes (Figure 2.2.15).

a) b)

Exp. r,/ nm: 1.3 nm
Theor. r,/ nm: 1.2 nm

Exp. r,/ nm: 1.1 nm
Theor. r,/ nm: 1.1 nm w

Exp. r,/ nm: 1.5 nm Exp. ry/ nm: 1.3 nm
Theor. r,/ nm: 1.3 nm Theor. r,/ nm: 1.2 nm

Figure 2.2.15. Optimized geometries obtained for the pseudorotaxanes a) [1.3H,]-PF¢, b) [2-(3H>).]-2PF, ¢)
[(1),-4H,]-2PFsand d) [2-4H,]-2PFs in the vacuum at the PM6 level of theory.

By performing geometry optimization on each derivative alone and in complex (PM6 semi-empirical
level of theory, vacuum)'** it was possible to compute their molecular volumes, together with the
hydrodynamic radius of an ideal sphere that included the molecules. Subsequently, the calculated
(fac) hydrodynamic radius was compared with the experimental one (rwyp) as calculated from the
DOSY-NMR experiments (values reported in Figure 2.2.15, under the molecular models). The
geometry optimizations, in all cases, showed the presence of ‘face-to-face’ conformations. The
porphyrin and the fullerene are in close contact with a distance of about 3.2 A, as a result of the -
intramolecular interaction (Figure 2.2.15a). The optimized geometry of the [2-(3H,),]-2PFscomplex

showed a “sandwiched” complex, in which the two fullerene moieties are both ‘stacking’ in a ‘face-to-
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face” fashion at a distance of 3.4 A from the two opposite n-faces of the porphyrin macrocycle (Figure
2.2.15b). On the contrary, in the case of [(1),-4H,]-2PFs, whose ratio among the chromophores is
inverted, the situation is substantially different, with only one of the porphyrin units being in close
contact with the fullerene sphere (Figure 2.2.15¢c). Moreover, the hydrodynamic radius as calculated
from the optimized geometry of [2-4H,]-2PFs (1.2 nm) proved to be in good agreement with the
experimental hydrodynamic value of 1.3 nm (calculated from the diffusion coefficientin DOSY-NMR
experiment through the Stokes-Einstein equation) (Figure 2.2.15d). This finding further corroborates
the formation of the complex. Finally, the HOMO and LUMO were plotted for the molecular models
and are reported in Table 2.2.1. The calculations were performed in order to get clues about the
possible donor-acceptor assembly and charge-transfer interactions. As expected, the HOMO is
present on the porphyrin moiety, while the LUMO is laying on the fullerene cage. Therefore, charge-
transfer is possible and we could proceed with the photophysical investigations of the

[ n]pseudorotaxanes.
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Table 2.2.1. HOMO and LUMO molecular orbitals for [ n]pseudorotaxanes.

[n]pseudorotaxane

HOMO

LUMO

[1.3H,]-PFs

[(1).-4H,]-2PF¢

[2-(3H.),]-2PFs

[2-4H,]-2PFs
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2.3. Time Resolved and Steady State Photophysics Investigations of

[n]Pseudorotaxanes

The absorption and emission spectra, along with luminescence data and excited-state lifetimes of the
individual compounds 2-1, 2-2, 2-3H,-PFs and 2-4H, - 2PF in CH;CN at 298 K have been measured

and are reported in Figure 2.3.1 and Table 2.3.1.

Table 2.3.1. Luminescence data and excited state lifetimes in acetonitrile at 298 K. (a) Highest energy feature
of the luminescence bands, at\__ = 414 for 2-1 and 2-2 nm and A_, = 330 nm for 2-3H,-PF; and 2-4H,-2PFg;

(b) calculated using [Ru(bpy)s]** as standard; (c) from time correlated single photon counting (TCSPC)
g Py gle p g

apparatus using A, = 331 nm.
Amac® / nm o® /% 79/ ns
2-1 650 7.1 9.3
2-2 650 7.4 9.5
2-3H,.-PFq 700 0.08 1.3
2-4H,-2PFs 704 0.09 1.5

The UV-Vis absorption spectra of 2-1 and 2-2 show the narrow and intense Soret band centred at 414
nm and the weaker Q-bands from about 500 nm up to 675 nm. As expected for porphyrin derivatives,*
2-1 and 2-2 are relatively good fluorophores with emission quantum yields around 7%.
Methanofullerenes 2-3H,-PFs and 2-4H,-2PFs absorb throughout the UV-Vis spectral region and
exhibit weak fluorescence with emission quantum vyields below 0.1%. Overall, no remarkable
differences are found between reference compounds 2-1 and 2-2 and between 2-3H,-PFs and 2-

4H,2PF¢ both in absorption and luminescence properties.

The self-assembly of porphyrin crown ethers 2-1 and 2-2 with the [60]fullerene ammonium
compounds 2-3H,-PFs and 2-4H,.2PFs leading to pseudorotaxane-like complexes were investigated
with UV-Vis-NIR absorption and luminescence spectroscopy in a Et,0/CH;CN solution (98:2 v/v).

The choice of the solvent is crucial in order to obtain strong porphyrin-fullerene interactions,
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particularly when working at low concentrations (10°-10° M), as necessary for photophysical
investigations. In particular, a series of titration experiments were made to explore all the
combinations between the individual moieties. The porphyrin crown ether 1 was mixed with both
[60]fullerene ammonium salts 2-3H,-PFs and 2-4H,2PFs to form a [2]pseudorotaxane-like
[1.3H,].PFs and a [3]pseudorotaxane [(1),-4H,]-2PFscomplexes. Similarly, [60]fullerene
ammonium salts were added to compound 2 to form [3]pseudorotaxane [2.(3H,).]-2PFs and

[2]pseudorotaxane [2-4H,]-2PFe.
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Figure 2.3.1.a) Absorption and b) luminescence spectrain CH;CN at 298 K of 2-1 (red), 2-2 (blue), 2-3H,-PFs
(green) and 2-4H,-2PF; (black). Aexe = 414 nm for 2-1 and 2-2 and Aexe = 330 nm for 2-3H,-PF¢ and 2-4H,-2PFs.

The absorption spectra of porphyrin crown ethers 2-1 and 2-2 (Et,O/CH;CN, 98:2 v/, 5.5, x 10°
M) were monitored upon addition of increasing amounts of [60]fullerene ammonium compounds

(Figure 2.3.2). The number of fullerene equivalents added to the porphyrin solutions depends on the
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nature of the individual moieties. The formation of pseudorotaxanes [1.3H,]-PFsand [ (1),-4H,]-2PF
is virtually complete after the addition of about four equivalents of 3H,-PFs and 4H,-2PF, respectively,
to a solution of 2-1. Similarly, for the porphyrin 2-2, the titration experiments are completed upon
addition of three equivalents of fullerenes 2-3H,-PFs or 2-4H,-2PFs. The absorption profiles of all
pseudorotaxanes exhibit a decreased Soret band and the appearance of a weaker, broader and
bathochromically-shifted band. Notably, a neat isosbestic point is found at 420 nm, as the
concentration of fullerene increases. In agreement with previous findings, these observations suggest
the occurrence of strong porphyrin-fullerene interactions, most likely related to face-to-face

arrangements.'*
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Figure 2.3.2. Absorption spectra of 2-1 and 2-2 in Et,O/CH;CN (98:2 v/v, 298 K, ¢ = 5.5 x 10° M) upon
addition of increasing amounts of fullerene derivatives; 1 (top, red line) + up to 4 eq. of fullerenes a) 2-3H,-PFs

and b) 2-4H,-2PFg; 2 (bottom, red line) + up to 3 eq. of fullerenes c) 2-3H,-PFs and d) 2-4H,-2PFs.

The self-assembly of porphyrin crown ethers 2-1 or 2-2 and [60]fullerene ammonium molecules 2-
3H,-PFs and 2-4H.-2PF; has been also traced by luminescence spectroscopy in Et,O/CH;CN (98:2
v/v, ¢ = 5.5 x 10° M). Emission spectra were recorded by adding increasing aliquots of fullerene

derivatives and exciting at the isosbestic point (420 nm), operating at the same concentrations
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employed in the absorption studies; both UV-Vis (Figure 2.3.3) and IR (Figure 2.3.4) detectors were
used. A progressive quenching of the porphyrin-centred fluorescence, together with the formation of
a broad band around 950 nm, is found. The latter band can be attributed to a porphyrin — fullerene
charge-transfer state (CT) between the units in a ‘tight’ non-covalent ensemble, in line with earlier
studies on tightly-folded fullerene-porphyrin conjugates.®***'3%153-155 The lifetime associated to this
state is found to be about 3.5 ns (Table 2.3.2).

Table 2.3.2. Luminescence data and excited state lifetimes of the CT band in Et,O/CH;CN (98:2 v/v) at 298

K.
[n]pseudorotaxane Amax / DM 1/ ns
[1.3H,]-PFs 924 3.5
[(1),-4H,]-2PFs 922 33
[2-(3H,).]-2PFs 921 3.5
[2.4H,]-2PFs 922 3.4

The photophysical characterization of all the pseudorotaxanes was also performed in the same
conditions used to study the third-order optical nonlinearity (vide infra). Namely, in a mixture of
CH,CL/CH;CN (9:1 v/v, ¢ = 2.5 x 10* M) and using different ratios between the components
(Figure 2.3.5). However, under these conditions, the CT emission bands in the NIR region were not
observed. This is attributed to the greater polarity of this solvent mixture (CH,Cl,/CH;CN, 9:1 v/v)
compared to that used in the first set of experiments (Et,O/CH;CN, 98:2 v/v). In fact, it has been
already demonstrated that, by increasing polarity, the CT emission band moves progressively to lower
energy, decreasing its intensity until disappearance.”” In particular, faint emission is detected in THF
and no emission in benzonitrile, with CH,Cl, (present case) showing intermediate dielectric
constant."® However, clue of non-covalent porphyrin-fullerene interactions can be inferred by the

dramatic quenching of the porphyrin fluorescence (Figure 2.3.5).
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Figure 2.3.3. Luminescence spectra recorded at Aexe = 420 nm in Et;O/CH;CN (98:2 v/v). Top: 2-1 (5.5 uM,
red line) + 4 equiv. of fullerene a) 2-3H,-PFs and b) 2-4H,-2PF¢. Bottom: 2-2 (5.5 pM, red line) + 3 eq. of
fullerene c) 2-3H,-PFs and d) 2-4H,-2PF.
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2.3.4. Luminescence spectra recorded with A«
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= 420 nm and using an IR-sensitive detector in

Et,0/CH;CN (98:2 v/v,298 K, ¢ = 5.5 X 10°° M) (Aexe = 420 nm): 2-1 (top, red line) + up to 4 eq. of fullerene
a) 2-3H,-PFsand b) 2-4H,-2PFg; 2 (bottom, red line) + up to 3 eq. of fullerene c) 2-3H,.PFs and d) 2-4H,-2PFs.
The insets show the charge transfer emission bands in the infrared region.
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Figure 2.3.5. a) Absorption and b) emission spectra in CH,Cl,/CH;CN (9:1 v/v) of 2-1 (c = 2.5 x 107*) upon
addition of 0.5 (blue), 1 (red), 2 (green) equivalents of 2-3H,-PF¢. Aex. 600 nm, IR detector.

2.4. Third-Order Non-Linear Optical (NLO) Responses

The third-order NLO properties of all the pseudorotaxanes and the molecular references (i.e., Ce,
fullerenes 2-3-BOC, 2-4-BOC, 2-3H,-PFs and 2-4H,-2PFs, porphyrins 2-1 and 2-2, 1:1 mixtures of
1/3.BOC, 2/3.BOC, 1/4-BOC and 2/4-BOC) have been investigated in CH,Cl,/CH3CN (9:1 v/¥, ¢
=2.5 x 10* M) solutions by means of the Z-scan technique'**'>” under 35 ps, 532 nm laser excitation.
By performing measurements on different concentrations under various incident laser excitation
energies, the nonlinear absorption coefficient, 3, and the nonlinear refractive index parameter, 3, have
been determined. Some characteristic “open” and “divided” Z-scans of pseudorotaxanes solutions are
present in Figure 2.4.1. Then, the third-order susceptibility y* and the second hyperpolarizability
have been deduced (the details are given in the Eperimental Section, NLO part). Among these NLO

parameters, the value of the second hyperpolarizability 7, being concentration independent, can be
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regarded as a molecular property, allowing the direct comparison of the NLO response of different
molecules. The determined values of the second hyperpolarizability ¥ of the studied molecules are

listed in Table 2.4.1 (which also contains the data obtained after the Et;N addition).
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Figure 2.4.1. a,c,e,g) “Divided” and b,d,fh) “open-aperture” Z-scans of solutions of the pseudorotaxanes
assemblies [1.3H,]-PFs, [(1),4H4]-2PFs, [2.(3H,),]-2PFs and [2-4H,]-2PFs (from top to bottom) in
CH,CL,/CH;CN (9:1 v/v) without (black lines, c = 7.0, 7.0, 8.3 and 9.8 x 10™* M, respectively) and with Et;N
(red lines, c = 6.0, 6.5, 7.2 and 9.0 x 10* M, respectively). The solid lines correspond to the best numerical fits

of the experimental data points and were used for the determination of the NLO parameters.

As shown, the values of the hyperpolarizability of the pseudorotaxanes were found to be larger than
the sum of the hyperpolarizabilities of the reference porphyrin and the respective [60]fullerene
derivative, suggesting a underlying operational mechanism leading to some synergistic action.
Specifically, the enhancement of the NLO response of the pseudorotaxanes compared to the sum of
the individual NLO responses of the constituents’ molecular entities becomes comprehensible

considering the presence of an efficiently formed CT state. In fact, such CT states are characteristic
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features of the [60]fullerene-porphyrin assemblies, whose contribution is known to be favored by the

o . . . 83-86
present excitation conditions (i.e., under 532 nm laser excitation).

Table 2.4.1. Second hyperpolarizability, 7, values of the pseudorotaxanes assemblies in
CH,CL/CH;CN (9:1 v/, c = 2.5 x 10* M) solutions, before and after the addition of base (Et;N).

The NLO responses of the individual molecules are also included.

Entry Sample e@S?y_lznn: R_;Y Iglly 1;1
(Lmol cm™) (x10™ esu) (x10™ esu) (x10™" esu)
1 2-1 3426 -(5.120.2) 3.0£0.2 5.9+0.3
2 22 3693 -(4.0£0.3) 3.9£0.2 5.6£0.4
3 2-3H,-PF, 1171 - 0.3240.05 0.32+0.05
4 2-4H,2PF, 1403 - 0.28+0.02 0.28+0.02
5 [1-3H,]-PF, 4740 -(3.3+0.3) 4.4+0.8 5.4+1.0
6 [1.3H,]-PF + base 4567 -(3.5£0.3) 2.8+0.9 4.5+0.7
7 [(1),-4H,]-2PF 6332 -(4.5%0.1) 4.9+0.2 6.7£0.2
8 [(1),-4H,]-2PF,+ base 4130 -(3.240.1) 3.840.4 5.0£0.4
9 [2-(3H,),]-2PF, 5971 -(8.4+0.9) 7.7+0.8 11.4+1.2
10 [2-(3H,),]-2PF,+ base 4830 -(5.9£0.1) 2.0£0.3 6.2+0.2
11 [2-4H,]-2PFs 4582 -(6.240.6) 4.4+0.7 7.5+0.9
b [2-4H,]-2PF¢ + base 3764 -(2.9£0.1) 2.7£0.6 3.90.5
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Similar enhancement of the NLO response of other fullerene-based systems has been observed and
reported in the literature previously.'"**'*"5%!5* Another interesting observation, resulting from the
present study, is the strong dependence of the magnitude of the hyperpolarizability on the number of
electron-accepting fullerene appends, as pseudorotaxanes [1.3H,]-PFs and [(1),-4H,]-2PFs were
found to exhibit a modest increase of 7, whereas stronger enhancements was observed for
pseudorotaxane [2-(3H.),]-2PFg with two [60]fullerene. Notably, larger y values were also found for
cyclic pseudorotaxane [2-4H,]-2PFe. Presumably the presence of different conformations is reflected
on the CT mechanism, namely when going from the “tight” conformation to the “loose” one, the
electron transfer process could change, with substantial changes of the hyperpolarizability values of
the molecular assembly. Therefore, molecular systems in which the fullerene and the porphyrin are
mostly in a folded conformation, as in the case of the pseudorotaxane assemblies [2-4H,]-2PFs and
[2-(3H.).]-2PFg, display more efficient charge transfer than for the assemblies [1.3H,]-PFs and
[(1),-4H,]-2PF, and thus higher NLO responses.

Additionally, 1.8 equivalents of a base (Et;N) were added and the sum of the second
hyperpolarizability y values of the non-threaded components was observed to recover, thus further
supporting our hypothesis according to which the ground-state fullerene-porphyrin
interchromophoric interaction is the key requirement for enhancing the hyperpolarizability. As
expected, this behavior is more pronounced for the tightly-bonded pseudorotaxane assemblies

[(1),-4H,]-2PF, [2-(3H,)]-2PF and [2-4H,]-2PF,, while it is weaker for complex [1.3H,]-PFq.

To conclude, there are numerous studies in the literature reporting on the photo-induced electron-
transfer capability of porphyrin or ferrocene-fullerene dyads and triads or similar fullerene
derivatives,®+127128132,134-138140141,146158-163 Apart from the photophysical studies, the investigation of the
NLO response of such systems provides another evidence for the formation of new charge-transfer
states through the detection of any modification of the NLO properties between the electron-donor

164,165

systems, pristine [60 ]fullerene and the remaining individual compounds. Similarly to the present
study, many others have supported the idea that electron transfer dominates the general NLO
behavior and others highlighted the significance of the number of donors/acceptors in the hybrid
compounds. Among those, in some previous works by our group, the influence of the functionalization
of fullerenes to the final NLO response of the Ceo derivatives has been clearly demonstrated.' #4414
For instance, when studying the NLO properties of two fullerene derivatives in various configurations

under 35 ps, 532 nm using Z-scan technique, one of which included ferrocene as molecular shuttle, it

turned out that the presence of the electron donor in the latter (e.g. ferrocene) resulted in an
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enhancement of its NLO response by almost a factor of two.'* In another work, some [60]fullerene-
ferrocene and [60]fullerene-porphyrin dyads were examined under 35 ps, 532 nm using the Optical
Kerr effect technique and were all found to have enhanced NLO properties in comparison with
Ceo.'**'¢ Furthermore, among the various derivatives studied, the [60]fullerene-pyrrolidine and
[60]fullerene-ferrocene derivatives exhibited a moderate enhancement of the NLO response while
the [60]fullerene-porphyrin derivative exhibited the largest enhancement suggesting the more

140 Il’l

effective electron donation from the porphyrin rather than from the ferrocene to the fullerene.
addition, some Ce-triphenylamine (TPhA) hybrids when irradiated with 35 ps, 532 nm revealed the
strong dependence of their NLO response upon the number of acceptors (i.e., Cso molecules) with
the TPhA-(Ce): hybrid exhibiting up to seven times higher NLO response in comparison with TPhA-
Ceo and the bisadduct TPhA-Cgones.'* The pseudorotaxanes reported in the present chapter exhibit
remarkably enhanced NLO response in comparison with other similar compounds. However, it
should be mentioned that in general, there are two types of charge-transfer interactions between an
electron donor (e.g. a porphyrin unit) and an electron acceptor (e.g. a fullerene unit). The first is
covalent or “through-bond” interactions where the electron charge transfer is realized through an
intermediate chain linking the donor with the acceptor. The second is non-covalent or “through-
space” interactions where the electron charge transfer is succeeded by the contiguity of the donor and
acceptor units in space.'*'”” Most of the aforementioned hybrids belong in the first category (i.e.,
covalent linkages), in contrast to the fullerene-porphyrin pseudorotaxanes (ie. non-covalent
linkages). This work therefore demonstrated the superiority of the charge transfer through space
systems, highlighting their capability of reversing the charge transfer effect (as has been shown by the

addition of Et;N) and subsequently their potential on-off NLO performance.

2.5. Conclusions

In view of devising new NLO materials, this chapter reports the synthesis, self-assembly, photophysics
and third-order NLO responses of novel porphyrin-fullerene [n]pseudorotaxanes. Porphyrins and
fullerenes carrying complementary crown-ether ammonium recognition motifs, were prepared and
characterized. In the first section, the self-assembly and the formation of the [2]pseudorotaxanes
complexes was characterized by '"H-NMR, NOESY and DOSY spectroscopies. Notably, the system
was investigated also in various solvent, ranging in polarity and Cso solubility, in order to probe the

formation of the porphyrin-fullerene stacking interaction. Indeed, the presence of a secondary
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equilibrium was noticed and was found to be dependent on the solvent, leading to formation of more
stable complexes in solvent were the fullerene is less soluble. Afterwards, both the [2] and [3]
pseudorotaxanes were characterized by NMR spectroscopies ('"H and DOSY), MALDI and molecular
modeling, with the latter one showing favorable molecular orbitals complementarity that prompted

further studies.

In the following section, the [ n]pseudorotaxanes were investigated by time resolved and steady state
spectroscopy. UV-Vis-NIR, absorption and emission spectroscopies confirmed the formation of the
[ n]pseudorotaxanes and the to a porphyrin — fullerene charge-transfer state (CT) between the units,

consistent with in “tight” non-covalent ensembles.

In the final section, the NLO responses of the [n]pseudorotaxanes were studied. Remarkably, they
showed that individual porphyrin and fullerene derivatives exhibit significantly lower second
hyperpolarizability values when compared to their pseudorotaxanes functionalized counterparts. This
proves that this class of supramolecular materials possesses relevant NLO response, which strongly

depends on the structural arrangement of the chromophores in solution.
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3. Solvent Effects in Organic Soft Matter Nanostructuration

This chapter is divided in three sections: the first section introduces the previous work done in
understanding the role of the solvent on self-assembly and nanostructuration, the second section
presents the work done on bio-inspired self-assembly of a porphyrin derivative and the final section
discusses a thorough study in transferring molecular chirality from solution to the surface. Section 3.2
was done in collaboration with Dr. Nicola Demitri (Elettra, Sincrotrone Trieste) that solved the
crystal structures. Section 3.3 has been done in a collaborative work with Dr. Tomas Marangoni that
started this research line, Dr. Tanja Mileti¢ that prepared some of the molecules, Dr. Jenifer Rubio-
Magnieto from the group of Dr. Mathieu Surin (University of Mons, Mons, Belgium) carried out the
CD measurements, Dr. John Mohanrajfrom the group of Dr. Nicola Armaroli (CNR-ISOF, Bologna,
Italy) performed the quantum yield/lifetimes and Dr. Heinz Amenitsch (Graz University, Graz,

Austria) performed the SAXS measurement.

The work presented in this chapter has been published as “Solvent Molding of Organic Morphologies
Made of Supramolecular Chiral Polymers” J. Am. Chem. Soc. 2015, 137, 8150-8160 and “Solvent-
dependent moulding of porphyrin-based nanostructures: solid state, solution and on surface self-

assembly” Supramol. Chem., 2016, doi: 10.1080/10610278.2016.1158407.

3.1. Introduction

The construction of complex functional nano-materials has fascinated and inspired the scientific
community during the past half-century. In order to master the engineering from the bottom, chemists
have continuously drawn knowledge and inspiration from biological nanoscale devices. With the
precision and specificity of biological systems that continues to be aspired. Biological nanoscale
devices function in aqueous media, making water a unique medium for self-assembly.'®® Moreover,
water can also participate in biochemical processes, e.g. its reduction generates oxygens, protons and
electrons.'® Water, the solvent of nature, has been called ‘molecule of life’ among other terms and has
been a critical component for achieving complexity, adaptability, and robustness.'® Additionally,

169-171

Self-assembly

assemblies of non-natural modules in water has been under intense investigation.
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and self-organization in water and their understanding is fundamental for matching and emulating the
achievements of biological systems.'”” However, design of and binding of synthetic molecules in water
has been challenging and therefore most of the studies have been performed in organic solvents.'”
Moreover, most of applications in current technologies require the material to be soluble in an organic
solvent. Therefore, gaining understanding in nano-structuration processes that occur in organic media

is imperative. Surprisingly, only a limited studies over the years have systematically studied the role

played by the solvent in forming the supramolecular architecture.

The development of chemistry is tightly related with the development of our knowledge of
solutions.'” Predictably, water was the first known solvent, as far back as Greek alchemist to consider
‘divine water’ all chemically active liquids, referring ‘water’ to everything dissolved or liquid. The
search for a universal solvent “Menstruum universale” or “Alkahest” (as called by Paracelsus), specially
from 15" to the 18" century, was not fortunate but it was successful since it led to new compounds,
new reactions and, especially, new solvents. The earliest chemical rule similia similibus solvuntur (like
dissolves like) dates back to this time. However, the dissimilarity between physical dissolution (e.g.
sugar in water) and chemical change of a substrate by dissolution (e.g. metal in an acid) was not yet
postulated. Even if was believed that the nature of a substance was lost upon dissolution, scholar Van
Helmont was the first one to propose that the substance was not lost, but present in the solution and
could be recovered. Some centuries later, polymath Lomonosov wrote about the process of
dissolution: "all solvents penetrate into the pores of the body to be dissolved and gradually remove its
particles. However, concerning the question of what forces cause this process of removal, there does
not exist any somehow reasonable explanation, unless one arbitrarily attributes to the solvents sharp

wedges, hooks or, who knows, any other kind of tools”.

At the end of 19™ century, three scientists were responsible for the development of modern solution
theory. Raoult studied the physical properties of a solution by changing the nonionic solute/solvent
ratio on freezing and boiling points of liquids. These observations led to Raoult’s law, which states that
vapor pressure of solvent above a solution is proportional to the mole fraction of solvent in the
solution. Arrhenius and van’t Hoff work led to the first Nobel Prizes in chemistry (in 1903 and 1901,
respectively) for their work on electrolytic dissociation and osmotic pressure. Arrhenius developed
his theory of complete and incomplete dissociation of ionic solutes into anions and cations in solution,
by comparing electroconductivity and osmotic pressure of dilute electrolyte solutions measurements.
Replacing pressure by osmotic pressure in laws holding for gases to solution, van’t Hoff developed

another crucial physiochemical solution study.
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During the same time, it was also observed, by Berthelot and Péan de Saint-Gilles, by studying
esterification of acetic acid with ethanol, that rates of chemical reactions are affected by the choice of
the solvent. Shortly after, Menschutkin, working with trialkylamines and haloalkanes, noted that
“solvents, in spite of appearing at first to be indifferent, are by no means inert; they can greatly

influence the course of chemical reactions”.

Chemical equilibria were also found to be influenced by the choice of solvent. It was first discovered
by Claisen, Wislicenus and Knorr in the keto-enol tauterism of 1,3-dicarbonyl compounds. These
studies led to the Stobbe classification of solvents into two groups, according to their effect on the

isomerization equilibria, that somewhat reflects the modern division into protic and aprotic solvents.

A more detailed history of development and properties of solvents in organic chemistry has been
covered. '*'”7 In the context of constructing nanoscale objects that possess well-defined shapes,
dimensions and patterns by self-assembly, mastering such objects is essential for the understanding
and development of novel materials.'”*"'*' Since these systems, being substantially different from the
corresponding bulk material, have their properties closely related to the actual dimensions, shapes,
and compositions hold great promise in fields such as electronics, information storage, light energy
conversion, and catalysis.'"®'* These supramolecular materials can be influenced by a variety of
stimuli, such as temperature, light, pH, guest molecules, minor chemical transformation or
solvent.'*'*-1%0 However, only recently attention has been placed in understanding the role of the
solvent on nanostructuration.'”'~'** Therefore, the following sections will give an overview of the

solvent-driven forces that act upon the supramolecular structure in solution and on surface.

3.1.1. Solvent Forces in Solution

3.1.1.1. Solvophobic Forces

In order to unravel the entropic and energetic contributions of supramolecular interactions, simple
systems, inspired by biological macromolecules, have been designed to isolate and study particular
interactions.'”* Particularly, the so-called foldamers represent an important class in studying the
folding by aromatic interactions. Specifically designed meta-connected phenylene ethynylene (mPE)
oligomers with polar side chain, when long enough, tend to fold in polar solvents (Figure 3.1.1a).'
For example, in CH;CN, they maximize aromatic-aromatic interactions and minimize interactions of
the hydrocarbon backbone with the solvent.'” This folding transition was monitored by UV-Vis

spectroscopy, that allowed to fit the system to a two-state model of random coil and fully helical
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conformations, with the transition being cooperative (Figure 3.1.1a). A more polar solvent, such as
CHCI;, acted as a ‘denaturant’ causing the folded state to unfold, analogously to what can happen with
proteins. This folding-unfolding equilibrium was used, for example, to reversibly disperse and release
carbon nanotubes (SWCNTs) by simply changing solvents.'” Going from a CHCl; solution, where
the mPE was able to disperse CNT's in solution, to CH;CN the conformation went from unfolded to

folded, causing the release of nanotubes.
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Figure 3.1.1. Solvophobically driven m-stacking of phenylene ethynylene oligomers and macrocycles; a)
phenylene ethynylene octamer in a helical conformation top and side view with a cooperative fit for the
transition; b) a bis-hexameric phenylene ethynylene tethered through a (R)-BINOL, unfolded state contains
both transoid and cisoid conformations, which became all-cisoid in the folded state; c) scheme showing the
intramolecular association of macrocycles and helical conformation of phenylene ethynylenes; d) macrocycles

with different groups and their NMR chemical shift in solvents of different polarity.

The folding of the mPE oligomer causes the formation of a tubular cavity, that was used used as a high
affinity site for small hydrocarbon guests (in CH;CN/H,O mixtures)."”” The binding of several

monoterpenes showed the formation of a reversible 1:1 complex, reaching binding strengths of 7 x
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10* M for a-pinene (in CH;CN/H,O 3:2 v/v). The formation of the complexes was found to be
solvophobically driven, as evidenced by measuring the association constants in mixed solvents with
various mole percent of H,O in CH;CN, with K, linearly correlating with the mole percent of H,O. In
a further study, it was showed that the cavity of this synthetic receptor could be tuned by adjusting the
length of the oligomer. For example, rodlike guests (such as 2,5-dimethyl-1,4-diphenylpiperazine)
were found to bind with a higher affinity longer oligomers (up to 24 units).'*® In order to bind metals
instead of hydrocarbon molecules, the inner of the cavity was modified with nitrile moieties.'” It was
found that metal coordination with silver can occur. Moreover, in a solvent such as THF (were the
oligomer is present as random coil) it was found that the folding can be induced by adding Ag* to the

solution.

It was possible not only to modify the cavity, but also the helices and the twist of the folded
conformation. Since two helices (M and P) are formed in the folding of an achiral mPE oligomer, by
incorporating an optically active BINOL derivative in the center of the oligomer (Figure 3.1.1b), a
bias in the twist sense of the helical structure was induced in a ‘poor’ solvent (CH;CN).*® The
binaphthol tethered two-state model was subsequently examined in 30 solvents in order to estimate
the conformational equilibrium and correlate it to the solvent polarity parameter ( Er™).*! It was found
that, with exclusion of chlorohydrocarbon solvents, the conformational equilibria could be fitted
linearly (reasonably well) to Er™. The chlorohydrocarbon solvents presumably are able to form
solvent-backbone contacts (through CH-= interactions) and thus were responsible for the unfolded
state. In other solvents, an increase in polarity translate in a more stabilized folded conformation,
where chain collapse intramolecularly to minimize solvent-backbone contacts, while maintaining
favorable triethylene glycol-solvent solvation. Conversely, introducing a kinked binaphthol unit
decreases the stability when compared to oligomers without the binaphthol core. A bias in the helical
twist sense, without disrupting the conformational stability, was therefore obtained or by introducing

* unit instead of binaphthol or by using chiral side chains*®*** In addition, the

a helicene®
diastereomeric bias was found to lag behind the appearance of helical conformations, ie. the helical
formation is a necessary but not sufficient condition for obtaining a diastereomeric bias. In follow up
studies, it was found that by adding H,O to CH;CN mixture of oligomers carrying chiral side chains,
helical conformations were stabilized for shorter oligomers, while for longer ones intermolecular

aggregation into columns was observed.””® In particular, ‘sergeants and soldiers’ experiments showed

that a chiral oligomer is able to transfer the twist sense bias through intermolecular interactions when
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aqueous CH;3;CN were used. The transfer of chirality was found to be only slightly cooperative,

possibly due to the small directing power of generic solvophobic effect.

The formation of folded mPE oligomers was achieved not only by placing them in a polar solvent, but
also by reacting small fragments of such oligomers with groups that are able to undergo fast and
reversible reactions, such as imine metathesis, and solvophobically drive their synthesis.*® For this
reason, short oligomers (with 6 units) were prepared with imine capped final units, that were found
to undergo metathesis in CH;CN to form foldamers of approximately 2 turns (with K.q = 62), in sharp
contrast with a CHCI; solution, where a meagre association constant was found (~2). The
solvophobic effect therefore was found to shift the ligation equilibrium in favor of the most stable

solution structure.

In order to probe the difference between intermolecular or intramolecular aromatic stacking, a series
of phenylene ethynylene macrocycles and oligomers, carrying different side chains (ester, benzyl ether
and phenyl ether) were prepared to study their tendency to undergo solvent induced n-stacked
organization (Figure 3.1.1c).>”” Among the different side chains, macrocycles and oligomers with
esters carrying a tri(ethylene glycol), were prone to adopt n-stacked structure in a range of solvents,
both in macrocycles and oligomers. In particular, the macrocyclic mPE was found to range from 50 M-
"in CDCI; to 1.5 x 10* M in acetone-d,, with the self-association generally increasing with polarity
(Figure 3.1.1c). Therefore, the propensity of the macrocycles to associate in a given solvent is
dependent on the side-chain groups, with certain linking groups (e.g. benzyl ether or phenyl ether)

disfavoring stacking, even under strongly solvophobic conditions.

3.1.1.2. = Stacking

In the last example above, the mPE macrocycles were found to n-stack. Although in that case, it was
side-chain dependent and solvophobically driven (in polar solvents), m-m interactions play an
important role in aggregation of various functional dyes. Aggregation constants for a multitude of
functional aromatic in solution were studied and reported starting from the simplest one, benzene, to

aromatics and heteroaromatic n-conjugated systems (Figure 3.1.2).2°* The complexity of n-n

209-212 43,213-226

interaction has been pondered for quite some time and, additional to solvent effects, a
variety of factors impact aggregation of various functional dyes: (i) the electronic nature of the n-
conjugated system, Le. the electrostatic complementarity of electron-rich and -deficient regions of

stacked molecules; (ii) the size and geometry of the aromatic core, i.e. stronger n—= is expected in
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larger m-systems; and (ii) substituents on the aromatic core, e.g. introduction of alkyl or

poly(ethylene)glycol side chains, as well as chiral chains.

Log (K/ M)
w

Wisl ImA

Figure 3.1.2. A comparison chart for self-association constants of different n-conjugated systems with the

highest value (red bar) and the range (pink area) reported. Image adapted from reference.*”®

Unfortunately, detailed examination on Gibbs free energy of n—x stacking and respective different
contributions has been rarely pursued. Therefore, it is noteworthy to highlight exceptions that are
found in the studies reported here below. The encapsulation of a pyrene guest in a macrobicyclic
cyclophane host was studied in water and different organic solvents in a pivotal study by Diederich
and Smithrud.*"® The complexation strength, due to solvation effects, was rationalized in terms of
linear free energy relationship (LFER) between Gibbs free binding energy and empirical solvent
parameter Er(30). The linear correlation showed that polar solvents gave most stable complexes of
these apolar host-guest molecules, with H,O giving the largest free binding energy (K, =6 x 10° M", -
AG°=39 kJ mol"). The solvent effect on aromatic interaction was evaluated also on the donor-donor,
acceptor-acceptor and donor-acceptor systems made of electron-rich 1,5-dialkoxy-naphthalene and
electron-deficient naphthalene bisimide.* Also in this case, a linear free energy relationship for 1:1
donor-acceptor complex and Er(30) was found in a range of solvent from apolar (CHCL;) to the most
polar (H,O), where once again the strongest binding event was observed (2 x 10° M™). The

association was found to be driven mostly by hydrophobic effect as well as the geometry of the donor-
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acceptor complex, dictated by their electrostatic complementarity. Various investigations have sought
to understand the underlying physicochemical principles that govern stacking interactions.””**>° A
major problem has been the separation of dispersive forces and hydrophobic effects, which are both
maximized in the low polarizable water. One approach in order to do so, was performed by studying

complexation in H,O of numerous substrates with water-soluble porphyrin complexes (Figure
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Figure 3.1.3. a) Complexation with cation or anionic porphyrin (TPyP or TPS) in water showed negligible
hydrophobic contribution and a large dispersive binding contribution (AG values in kJ/mol for complexes
formation with TPyP in H,O); b) Wilcox ‘molecular Tornio balance’ used for quantifying molecular

interactions; c) supramolecular complex used for measuring aromatic stacking interactions in organic solvents.

By systematically varying the substrates, a small hydrophobic effect was observed, e.g. cyclohexanoic
acid showed AG = 5 kJ mol" while benzoic acid resulted in a AG = 14 kJ mol", even though the sizes
of the hydrophobic surfaces of both six-member rings are approximately the same. Moreover, addition
of methyl substituents on benzoic acid showed negligibly small contributions. Additionally, increased
interaction with increasing polarizability was observed, such as in the case of halogen substituents,
compatible with the dispersive mechanism. Similarly, an analogous and affinity enhancing effect was
found for nitro, amino and methoxy groups substituted benzoic acids, with this effect being

compatible with a dispersive mechanism. Other effects such as electrostatic and donor-acceptor
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interactions were ruled out due to same AG values obtained using either the anionic or the cationic
host (TPS or TPyP, respectively). By extending the complexation to polycyclic heteroarenes, it was
found that their interaction with porphyrins essentially depend on the size of the arene, in line with
their polarizabilities, and are quite independent onthe location and presence of nitrogen atoms within
the rings.*' Another approach in quantifying non-covalent interactions was the use of ‘molecular
balances’ as an intramolecular tool for a high geometric control that would be difficult to achieve in
supramolecular systems.”?® Wilcox and co-workers reported a ‘molecular torsion balance’ (Figure
3.1.3b) in which the conformational equilibrium is sensitive to intramolecular interactions and effects
of the solvent and therefore was used as a direct-measure.”* Specifically, in case of unsubstituted aryls
(Figure 3.1.3b, X =Y = H) only edge-to-face interaction can occur between the two phenyl rings, and
it was studied in a range of solvents.*** From CS,, CCl;, CHX to various mixture of H,O in THF, the
nonpolar interaction was found to be weak and in the range of ~0 to +1 kJ mol”, being most favored
in polar solvents, pointing to a role of cohesive solvent effects (i.e. solvophobic effect). This approach
was then took further by applying various substituents, such as alkyl and perfluoroalkyl chains.>*¥*%*
Even if the use of the intramolecular torsion was the most exploited approach supramolecular
complex, based on naphthyridine and urea partners (Figure 3.1.3c), was also found to be helpful
The size dependency of aromatic stacking in organic solution, ranging 7.5 kJ mol" from a phenyl-
phenyl to an anthracene-pyrene stack, thus the interaction becoming more favorable as the sizes in the
aromatic group increased. Moreover, theoretical energy decomposition analysis (using symmetry-
adapted perturbation theory, SAPT) showed high correlation (R? = 0.98) between experimental data
and only the dispersion component of the interaction. Therefore, despite the strong attenuation of
dispersion forces (due to competition with polarizable CDCl;/CD;CN 95:5 v/ vmixture), the results

suggested that the aromatic stacking in an organic solvent is governed by dispersion forces.

Molecular balances and supramolecular complexes have therefore shed some light on the stacking
interaction. However, due to the dependency of the results on the system used, general experimental
and theoretical models are still lagging behind. Moreover, they are still far from being applied in a
supramolecular chemistry context and systematic investigation on the functional molecule of interest
is the most common approach. In this contexts, one of the most comprehensive studies for n—x
aggregation in various solvents has been performed on perylene bisimides (PBIs), a lightfast
chemically robust and optically intriguing class.?***3%*% First, in order to study the effects of core
substitutions on the aggregation, a series of differently substituted PBIs was studied in the same

solvent (CCL). The concentration-depended UV-Vis experiments were fitted to the isodesmic model
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and the self-association was found to range from about 2 x 10° M for electron-rich 3,4,5-
tridodecyloxyphenyl substituents, followed by phenyl and alkyl substituents, to no aggregation for
PBIs equipped with bulky 2,6-diisopropylphenyls. An ‘intrinsic’ binding constant of 10*-10° M in
CCl, was observed for aromatic and aliphatic substituted PBIs (that did not bear steric contributions),
with the 3,4,5-tridodecyloxyphenyl unit showing a substantial increase, attributed to the CT
interaction with the electron-poor PBI core. Then, the aggregation was studied in 17 different solvents
with various polarity, polarizability, hydrogen-bond donor and acceptors properties. Interestingly, the
LFER study showed a biphasic behavior (Figure 3.1.4a): decreased aggregation with increasing
polarity in aliphatic and dipolar aprotic solvents up to intermediate polarity (Ph-CH;, THF), and
increased aggregation with increasing solvent polarity for dipolar and protic solvents was observed.
Solvents such as CH,Cl, and CHCI;, that are highly polarizable and of intermediate polarity, showed
the smallest propensity to aggregate, owing to their capability to replace solute-solute with similar
strength solute-solvent interactions. In apolar solvents (data points on the left side of Figure 3.1.4a) a
steady increase in aggregation was observed and was rationalized in terms of electrostatic interaction
between quadrupolar PBI dyes (Figure 3.1.4c). The electrostatic interactions obviously could not
explained the increase in aggregation for polar solvents, where solvophobic interaction seemed to

govern the aggregation.
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Figure 3.1.4. a) Intermolecular stacking of PBIs plot of standard Gibbs free energy for isodesmic aggregation
vs. solvent polarity parameter E(30); b) schematic representation of columnar stacks and c) electrostatic

potential map for N,N’-dimehtyl PBI (top) and in the solid state (down).**

In order to study further the n-stacking of PBIs, they were incorporated into foldamers. Folda-dimers,

-trimers and -oligomers with long aliphatic chains were prepared,”*** combined with the oligo-
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phenyl ethynylene chains in order to study their properties in a clearly defined geometries (Figure
3.1.5). These systems are driven by n-7 stacking interactions of PBIs into folded structures by carefully
exploring a range of solvents (Figure 3.1.5¢). In apolar aliphatic solvents with low polarizability (such
as MCH and Bu,0), a helical structure driven by 7-x stacking was observed. In contrast, halogenated
and aromatic solvents with high polarizability (CHCl;, Ph-CH3) induced the unfolded conformation,
where the PBIs are solvated. Interestingly, it was observed that photoinduced electron transfer could
occur from the electron-donor phenylene-ethynylene backbone to the electron-deficient PBI one in
the extended conformation. However, once that the oligomers were in the folded state, this pathway

was replaced by fast relaxation of excited PBI stacks into fluorescent excimer states.
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Figure 3.1.5. a) Folding of a PBI oligomer into helical H-type aggregates with its chemical structure; b)
schematic representation of solvent-triggered unfolded and folded state; exhibits competitive PET (green
arrow) and exciton migration followed by excimer formation (yellow arrow); c) UV-Vis absorption spectra of

oligomer in various solvents.

3.1.1.3. Dipole-Dipole Interactions

The solvent dependency of the aggregation was carefully evaluated for dipolar merocyanine (MC)
dyes (Figure 3.1.6).2**** These dyes showed a large zwitterionic character and therefore possess a
large dipole moment. Typically, concentration-dependent UV-Vis experiments showed
hypsochromically shifted bands with isosbestic points (Figure 3.1.6b), pointing to dimerization of the
dyes by electrostatic interaction between the electron-deficient and electron-rich parts. For a series of
merocyanines, a good correlation between the Gibbs dimerization energy and the square dipole
moment of the dye (4*) has been observed, confirming that the stacking is governed by electrostatic
forces. Dimerization of MC was then explored in various solvents, ranging from apolar CCL, to more

polar CDCl; and THF, with the dimerization constant stretching from 2 x 107 to 65, respectively
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(Figure 3.1.6¢c). An excellent correlation of 0.99 between the Gibbs dimerization energy and the
Kirkwood-Onsager function (that considers only the electrostatic contribution from the solvent, i.e.

the solvent dipolarity) further confirmed that the dimerization is guided by electrostatic dipole-dipole
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Figure 3.1.6. a) Chemical structure of typical merocyanine dyes; b) typical concentration-dependent UV-Vis

spectra in dioxane; c) Table with dimerization constant in various solvents.

The dipole-dipole interactions in MC were subsequently exploited to form hierarchical
supramolecular polymers with a bis-MC derivative (Figure 3.1.7).2*' Reference mono-MC self-
assembled into dimeric aggregates in non-polar solvents, while bis-MC showed a more complex
solvent-dependent behavior. Monomers were observed in a CH,CL, solution, while in TCE
(trichloroethylene) the dimerization of bis-MC results in extended fibrillary polymer chains (Figure
3.1.7b,B). Further aggregation was achieved in apolar solvents (such as CCl, or MCH), with the single
fibrils folding into a helical conformation (Figure 3.1.7b,C). Finally, six polymeric chains could
intertwine to yield a densely packed rod (Figure 3.1.7b,D). Subunits in these aggregates presented an
H-type packing in antiparallel orientation. Notably, the same UV-Vis absorption monomer, dimer and
H aggregate profiles could be obtained by using THF/MCH mixtures and varying the ratio between
them. Another bis-MC, tethered through a Hamilton receptor, showed a biphasic solvent-induced
self-assembly in THF-MCH mixture of various ratios (Figure 3.1.7d). The first transition (0 — 70 %
MHC in THF) featured a decrease of monomers and an increase of extended type H-aggregates, in a
isodesmic fashion. The antiparallel aggregation resulted in a flexible polymer with aliphatic chains
pointing to the solution. The second transition (> 70 % MCH in THF), in a cooperative event, gave

further aggregation, characterized by spherical morphology.
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Figure 3.1.7. a) Solvent-dependent UV-Vis spectra; b) model for the hierarchical superstructure (A) optimized
molecular structure, (B) helical supramolecular polymer formed by dimerization of bis-MC and (C) H-
aggregation in rod type by six helical polymeric strands; d) UV-Vis absorption spectra of monomers
(THF/MCH 100:0, solid line), dimerization (THF/MCH 40:60, dashed line) and final aggregate

(THF/MCH 10:90, dotted line); e) schematic representation of solvent-dependent self-assembly.

3.1.1.4. Hydrogen Bonding

Solvophobic and 7-m interactions however usually lack directionality and therefore, most
supramolecular systems have been prepared by exploiting hydrogen-bonds due to their directionality
and complementarity.**** An H-bond acceptor interacts with a H-bond donor and vice versa.
Therefore, when a single molecule presents a sequence of acceptor and donor sites, it carries an
information that dictates with which partner it will interact. The interaction is affected not only by the
number and the sequence, but also by the solvent.***** In order to rationalize the solvent effects on
hydrogen bonding, an approach to quantify the free energy of binding as the sum of the pairwise
intermolecular interactions with two parameters (a and f8) was proposed.””! Since repulsion,
induction and dispersion were rationalized to contribute only negligibly to the intermolecular
interactions, only electrostatics were used to evaluate effects on hydrogen bonding. Usually, the
minimum in the electrostatic potential (of the van der Waals surface) is located on a lone pair or an
area of m-electron density, with the maximum usually found near a hydrogen atom. By taking into
account that in solution, there is competition between solute-solute, solvent-solvent and solute-
solvent interactions (Figure 3.1.82), a universal hydrogen bond scale in order to predict the free energy

of interactions (in any solvent) was proposed:

AAGH—bond = —((Zﬁ + asﬁs) + _(aﬁs + asﬁ) = _(a - as)(ﬁ - lgs)
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with a and 8 being hydrogen bond-donor and -acceptor constants for solutes, while a, and f; are the
corresponding constants for the solvent. These constants, a and 8, can be obtained from experimental

values previously reported®* or estimated from computational molecular electrostatic potential

surfaces.
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Figure 3.1.8. a) Competition between intermolecular interactions in solution between solute-solvent, solute-
solute and solvent-solvent; b) generalized energy profile for hydrogen bonding in solution — AAG is positive in
red quadrants and the functional groups interaction is unfavorable, AAG is negative in purple quadrant and the
interaction is favorable; ¢) functional group interaction profile in DMSO (a; = 0.8 and 8, = 8.9) and in d)

chloroform (&, =2.2 and B, =0.8)."!

The general features for hydrogen bond interactions for neutral functional groups in solution were
therefore estimated and a favorable or unfavorable interaction could be predicted (Figure 3.1.8b).

Moreover, functional group interactions profiles in different solvent environments were reported, e.g.
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in DMSO (a, = 0.8 and f8; = 8.9) almost all functional group interactions are unfavorable (Figure
3.1.8¢c), making it one of the best solvents or in CHCl; (a, = 2.2 and S, = 0.8), where a large zone of
favorable solute-solute interaction is apparent (Figure 3.1.8d), corraborating its wide use in molecular
recognition studies. Experiments on the complexation of one of the most polar hydrogen-bond donors
(perfluoro-t-butyl alcohol) and one of the best hydrogen-bond acceptors (tri-n-butylphosphine
oxide) were performed in 13 different solvents covering a range of properities.>> Depending on the
solvent, the association constants spanned over S orders of magnitude (10" to > 10° M), ranging
from barely detectable complex in the most polar solvents (DMF and DMSO), through relatively
stable formation in competitive hydrogen-bonding solvents (acetone and THF) to very stable
complexes in non-competitive solvents (CHX). Some correlation was found between the solvent
polarity parameter Er(30) (and other solvent descriptors) and the association constant, but it was
insufficient to account for the variations in this system. It was possible however to apply a solvent
competition model that accurately accounted for the system and obtain a LFER by a combination of
some parameters (a, a,, # and fs). The results suggested that the solvents simply compete for the

binding sites, with the other properties of the solvent having only minor significance.

Various hydrogen bonded arrays have been used to construct a variety of supramolecular system.>>~

»? Even though a numbers of systems have been reported not only in organic media but also in

169,170

aqueous environments, surprisingly few contributions considered the effect of solvent on the

supramolecular adduct.?*->%°
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Figure 3.1.9. a) Self-complementary monomer with its self-assembled dimer (calculated) below; b)

ureidopyrimidone monomer dimerization along plot of Ky vs. solvent composition CDCl;/DMSO-d.

81



3 Solvent Effects in Organic Soft Matter Nanostructuration

For example, the self-assembly of a synthetic cavity through complementary hydrogen-bonding of a
monomer into dimers was found dependent on the solvent: the dimer was present in CDCl; and Ph-
H, while not in DMSO-d; (Figure 3.1.92).%° In another study, the dimerization of ureidopyrimidones
in solution was reported to be solvent-, substituent- and concentration-dependent (Figure 3.1.9b).2
In CHCI;, the dimerization is too strong to perceive dissociation (K, > 10° M) and therefore it was
studied in mixtures of CDCIl; with DMSO-d,, where the dimerization constant is strongly affected by
the ratio of the two solvents. Furthermore, the ureidopyrimidones present a complex equilibrium of
three tautomers that coexist in solution and their equilibria are affect both by the solvent polarity and

concentration.

3.1.1.5. Hydrogen Bonding and n-Stacking

While the few example of hydrogen bonding above report successful pairing of complementary
hydrogen bonds, in order to obtain nano- and micro-structures multiple recognition event along with
secondary interactions are necessary, usually aromatic stacking or solvophobic effect. Such an
approach was used to prepare helical supramolecular fibers by using oligo(p-phenylenevinylene) a
ureidotriazine complementary fourfold hydrogen bonding motif (Figure 3.1.10a).2** In CHCI; they
dimerize with Kim = 2 x 10* M'' and were present as random coil polymers. In more apolar solvents
(dodecane), the H-bonded dimers aggregate into helical stack by following a nucleation-elongation
pathway. Further studies were performed in a variety of hydrocarbon solvents, by changing the length
of the hydrocarbon chain (C.Hans» with n = 7-13), showed that the stability of the nuclei and stacks
were affected (Figure 3.1.10b). The co-organization of the solvent at the outside of the nuclei and

stacks play a direct role in the assembly process.
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Figure 3.1.10. a) Chemical structure of OPV ureidotriazine along with schematic representation of H-bonding
followed by stacking into helical supramolecular fibers; b) solvent-dependent CD measurements in eight

alkane solvents.
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Subsequent studies further probed the stability and dynamics of the oligo(p-phenylene vinylene)
ureidotriazine by stepwise addition of a ‘good’ solvent (CHCI;) to a poor solvent (MCH).>* This
resulted in a depolymerization that occurs at a critical solvent composition, as predicted for this
polymer assembled via cooperative mechanism. Additionally, this study showed that it is possible to
form one-dimensional materials by choice of solvents and their ratio, avoiding the usual rapid
dispersion of molecules into a ‘poor’ solvent, which often produced large agglomerates that

precipitate.**?

Ureidotriazine dimer, connected with an alkyl spacer, were found to dimerize through self-
complementary quadruple hydrogen bonding and stack dimers into columnar architectures (Figure
3.1.11).*"" By varying the peripheral solubilizing groups it was possible to obtain stacks both in
dodecane (with alkyl chains) and water (with ethylene oxide), the latter one creating a hydrophobic

microenvironment, showing the generality of the system.
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Figure 3.1.11. Chemical structure of bifunctional (left) and monofunctional (right) ureidotriazines and a
schematic representation of the organization of mixtures of mono- and bifunctional compounds upon

increasing the fraction of monofunctional compound.

Another very popular motif in supramolecular chemistry is the benzene-1,3,5-tricarboxiamide (BTA)
that is able to form supramolecular polymers through hydrogen-bonding and stacking between the
aromatic units.””> BTAs were found to self-assemble into helical one-dimensional aggregates by
threefold intermolecular hydrogen bonding (Figure 3.1.12). Therefore, addition of competing

solvents with H-bonding, such as CH3CN, resulted in disassembly of the aggregates.”” The role that
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the solvent plays in the self-assembly process of BT'As was followed by CD, a technique that has a high
sensitivity to the conformation of molecule.””* A pronounced effect of the different alkane solvents was
observed on the shape of the Cotton effects and therefore on the thermodynamic parameters. A linear
(n-heptane) and a cyclic (MCH) alkane solvents influenced differently the BTA conformation and
more specifically the dehidral angle (6) between the C=0 group and the benzene central core. In
linear alkanes, capable of intercalation between the BT A molecules, the @ is larger (around 45°) and

in cyclic, bulky solvents the is smaller.
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Figure 3.1.12. General chemical structures of C=O- and N- centered BTAs along with a schematic

representation of the self-assembly into helical one-dimensional aggregates by three-fold hydrogen bonding.

Several BTA analogues, substituted also at the 2,4,6 position have been reported.”””*”” These
hexasubstituted BTAs showed a larger dihedral angle (amide-benzene), most probably due to the
steric congestion, and their self-assembly was probed by fluorescence in various solvents. Surprisingly
and in sharp contrast to trialkyl BT As, due to the increased aromatic surface they aggregated mostly
in CH,CL, while no aggregation was observed in dodecane. This was rationalized by taking into
account strong solvophobic interactions between the solvent and the long alkyl chains on the BTA,
that should stabilize the monomer and therefore interfere with the aggregation. Other m-extended
BTAs, such as three-substituted porphyrin (carrying chiral chains) was thoroughly studied for
nanostructuration at the solid-liquid interfaces and will be described in more detail afterwards.?®-26%
Contrary to previous reports on chiral amplification (‘sergeants and soldiers’), BTA carrying three
porphyrins did not behave according to this mechanism. It was shown that, in apolar alkanes like n-
heptane, they form kinetically stable stacks that did not allow dynamic exchange of chiral and achiral
components. However, when using Ph-CHj, a situation between stacks (n-heptane) and molecularly
dissolved monomers (CHCl;) was found, with the chiral monomers successfully incorporated into

achiral stacks.
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While most BT As were found to aggregate throught H-bonds and staking between aromatic units,
several examples showed that amide H-bonding does not play a dominant role in the intramolecular
aggregation. An example of such behavior is the 3,3"-bis(acylamino)-2,2"-bipyiridine substituted
benzene-1,3,5-tricarboxiamide  (BiPy-BTA) motif, that was extensively studied (Figure
3.1.132).264278-2% [t was observed that the amide hydrogen-bonding does not play a role in the
aggregation process since strong intramolecular bonds are formed between the amide and the BiPy.
Consequently, the BiPY-BTA adopts a planar geometry with the dehidral angle (amide-benzene)
approaching zero. Therefore, the intermolecular forces that guide the self-assembly are strong w7
interactions and solvophobic forces. More recently, chiral, amphiphilic BiPy-BTA discotic molecules
were self-assembled to form fibers made of either one (pure iPrOH, only - 7 interactions present) or
three molecules in the fiber cross-section (H,O-iPrOH mixtures, where the hydrophobic effect steps
in) (Figure 3.1.13b).2¢*
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Figure 3.1.13. a) Chemical structure of 3,3"-bis(acylamino)-2,2"-bipyiridine substituted benzene-1,3,5-
tricarboxiamide (BiPy-BTA); b) chemical structures of amphiphilic BiPy-BTA discotics and their hierarchical

self-assembly first into a supramolecular fiber, followed by a triple helical bundle.

Interestingly, the self-assembly mechanism of the self-assembling system changes from cooperative
(trialkyl BTAs) to isodesmic (BiPy-BTA) (Figure 3.1.14).27>2812%2 Tt i5 expected that a self-assembled
stack formed through intermolecular hydrogen-bonding, along the growth direction, leads to a
permanent dipole in the complex, that in turn could lead to larger aggregates by further interaction
through long-range dipole-dipole interactions. Computational studies were performed and showed
that a BTA tetramer possesses large dipole moments, with charge polarizability along the direction of

the stacks, while a BiPy-BTA tetramer does not show significant polarization.”*' This was confirmed
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by designing and synthesizing PBIs carrying different linkers and self-assembling moieties.”*
Molecules that present a significant macro-dipole or polarization were found to follow a cooperative

mechanism of self-assembly, while absence of such dipolar groups resulted in isodesmic self-assembly.
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Figure 3.1.14. Schematic representation for the isodesmic (A) and cooperative (B) self-assembly mechanism
for monomers M; schematic representation of the degree of aggregation vs. concentration and temperature

(C); schematic molecular weight distribution (D).>*

As the combination of different interactions was used to construct other PBI superstructures.'’?2%

Orthogonal intermolecular forces were used between perylene bisimide bearing four phenoxy
substituents at the bay position and complementary melamine moieties. NMR complexation studies
showed the independence of the two imide sites towards hydrogen bonding. Further complexation
studies showed that a non-competitive environment (such as alkanes) is necessary for high degrees of
complexation, with the association constants ranging from 240 M in CDCl; to 5.4 x 10* M in
MCH.*****5 However, strong hydrogen bonding is not enough to form extended three-dimensional
structures, as evidenced by lack of superstructures when very bulky phenoxy substitutes (that thus
prevent 7-m stacking) were used. Similar perylene bisimides, containing long alkyl chains on the
tetraaryloxy bay substitutions, were reported to self-assemble into J-type aggregates through two-fold
hydrogen-bonding and aromatic staking, without the need of intermolecular hydrogen-bonding with

289290 PBJs functionalized at the imide position and carrying amides,

complementary melamine units.
connected with spacers of various lengths, were reported to polymerize in a solvent-dependent

fashion.”®?* Temperature-dependent experiments revealed a non-sigmoidal transition that implied a
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cooperative aggregation with a thermal hysteresis observed with different critical temperatures in the
cooling and heating processes. Both critical temperatures were found lower in Ph-CH; when
compared to MCH/Ph-CH; (2:1 v/w), showing that the polymerization is less stable
thermodynamically in pure Ph-CH; (a more polarizable solvent with higher refractive index).
Interestingly, it was found that the monomeric state is conformationally locked and kinetically
trapped, being inactivated between the critical cooling and heating temperatures. This kinetical
species is trapped by the intramolecular hydrogen bonded state after cooling, slowing down the
formation of supramolecular fibers over time. By varying the alkyl spacer length from ethylene to
propylene and pentylene the supramolecular polymerization behaved in a similar fashion, while
butylene-tether PBI showed an off-pathway where the monomers self-assemble into nanoparticles,
and turn slowly into fibrous polymers over time. Moreover, the controlled choice of solvent had a
strong effect on the electron transfer and hence fluorescence quantum yield: and equilibrium between

a ‘closed’ and ‘open’ conformation is preferred in MCH and DMF, respectively.

3.1.2. Solvent Effects on Surfaces

The control of supramolecular constructs over multiple lengths scale is of great interest for application
in various fields including catalysis, (opto)electronics, magnetism and medicine.>'>!75185291
Particularly, supramolecular chemistry on metallic and insulating surfaces has become a model of
choice for characterization, catalytic behavior, patterning, charge-transfer process and reaction
dynamics, among others.?”>**> Molecular design and choice of intermolecular forces has resulted in
numerous supramolecular structures along with a variety of properties. Additionally, in view of the
numerous molecular building blocks, it is not surprising that a number of different routes for the
preparation of molecular nanostructures was reported.”® Figure 3.1.15 schematically shows some of
the most common nanostructuration methods, both solution-based (pre-deposition) and on-surface.
Solution-based methods (Figure 3.1.15 top) usually include the use of a ‘poor’ solvent, in which the
molecule has limited solubility in order to maximize the intermolecular forces, especially in cases
where the intermolecular forces are not strong (e.g. 7-w stacking). Additionally, both fast processes
like fast dispersion, or slow ones like crystallization can be employed. In the case of fast processes,
rapid solution dispersion (fast injection) denotes injection of molecules in a ‘good’ solvent to a ‘poor’
solvent and thus the self-assembly is expected to occur simultaneously. For other molecules, where

the precipitation (or crystallization) proceeds too rapidly (ie. when the association between
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molecules in a ‘poor’ solvent is too strong) and yield large and uncontrollable aggregates, slow
crystallization methods are better suited. Slow crystallizations include phase transfer and vapor
diffusion. Phase transfer occurs when the ‘good” and ‘poor’ solvent are quite different in density and
polarity and the crystallization is induced by phase transfer at a bisolvent interface. Vapor diffusion is
an even slower, but more complex process. The exchange via vapor diffusion between the two solvents

allows a slow decrease in solubility and provides enough time for arranging in a favorable way.

Solution-based nanostructuration

a) Fast injection: bulk phase self-assembly b) Bisolvent phase transfer: self-assembly at interface
Nanofibers
Fastinjection of N.::::Z:rs Large vo’Iume fo!m':ﬂ at i
DOOI‘ solvent interface
concentrated _— —]
solution
<
c) Vapor diffusion d) Addition of good solvent

Vapor Addition of

diffusion gooc solution Equ libration
Solvent

exchange

‘poor’ solution

Surface-based nanostructuration

a) Drop-casting b) Spin-coating
= A~~~
— EEaaSw e — s — e
Self-assembly via vaporization or ‘ - ‘ @ ‘ - |§ ‘ - ‘
annealing in a solvent vapor

c) Zone-casting d) Dip-coating

Solution \noozle

supply ———

1

Figure 3.1.1S. Schematic representation of nanostructured processes in solution and on surface. Adapted

from references.??**%

On the other hand, surface-based nanostructuration include a number of deposition methods, with

the most common ones depicted in Figure 3.1.15 (bottom) and are based mostly on solvent

296

evaporation.””® Controlled evaporation methods include:
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*  Drop-casting. A small volume of a solution is deposited on a substrate as a drop and is left to
dry either in air or in atmosphere of solvent (in order to slow down the evaporation), with the
self-assembly highly influenced by dewetting or thin liquid film rupture on the surface.
Dewetting is dependent on the solvent, the substrate nature and the solution concentration.
However, its contribution can be minimized by employing low volatility solvents and thus
decreasing the rate of solvent evaporation.

»  Spin-coating. The solution is first applied on a substrate and then is rotated at high speed on
a spinning wheel, with the centrifugal forces pushing the excess solution to the edges of the
substrate, with a residue remaining in the substrate thank to surface tension.

* Zone-casting. The solution is continuously dispensed through a nozzle onto a moving
substrate with the evaporation taking place from the surface meniscus formed between the
nozzle and the substrate. This technique was used in order to produce aligned and anisotropic
layers of molecular materials on substrates that have not been pre-oriented.

» Dip-coating. A substrate is dipped into a coating solution and then vertically pulled (at a
constant speed) from the solution. In this manner, a stripe of pattern perpendicular to the

withdrawal directions is obtained.
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Figure 3.1.16. a) Three major types of interaction involved during solvent-assisted deposition; b) qualitative

comparison of the relevant length scale over which each type of force dominates self-assembly.”*
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Generally, during solvent-assisted deposition, three major interactions have to be considered and a
misproportion between them can lead to three different scenarios (Figure 3.1.16): (i) too strong
molecule-molecule interactions can lead to insoluble or aggregated material; (i) too strong molecule-
substrate interactions lead to kinetically trapped molecules on the surface instead of interacting with
each other and (iii) molecule-solvent interactions will prevent interaction with other molecules and
most probably, amorphous structures guided by physical processes (such as dewetting) are obtained.
Molecule-molecule and molecule-solvent interactions have been covered before and therefore, in this

section, only molecule-substrate interactions and physical forces (e.g. coffee-stain®72**

and spinodal
dewetting mechanisms**%) will be considered. In this regard, coffee stains are formed when a drop
of spilled coffee dries on a solid surface, leaving a ring-like deposit along the perimeter (Figure
3.1.17ab).*"** This characteristic pattern is due to the pinned contact line of the drop where a
capillary flow replenishes the evaporated liquid from the interior. Another important physical process
on surface is dewetting, or the spontaneous rupture of a thin film on a solid surface into ensembles of

characteristic and separated objects, leading to regular motifs with long-range order (Figure

3.1.17cde).>?

a) c

time

Figure 3.1.17. Common physical processes observed when solvent is evaporated from the surface. a,b) A coffee-

ring stain and a demonstration of the physical processes involved with particles moving to the ring, multiple

exposures superimposed;*’ c,d,e) schematic representation and experimental examples of dewetting
302

processes;*”* c) dewetting by nucleation, growth and coalescence of holes; d) spinodal dewetting; e) evolution

of a dewetted film by Oswald ripening, followed by crystallization.
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These physical processes were involved and were responsible for some of the morphologies reported
below and will be described in detail in specific examples. Rather than reporting the different
morphologies and listing the molecules used in those studies, the next section has been organized by
different classes of building blocks and the recent progress that has been done in their soft matter

nanostructuration.

3.1.2.1. Nanographenes
The self-assembly of hexabenzocoronene (HBC) and other polycyclic aromatic hydrocarbons have

attracted much attention since they possess interesting properties (Figure 3.1.18).3%3-3%

Immersion in Immersion in Drop-casting
i i Trichlorobenzene

T
(b.p.180°C)rt.  (b.p.213°C)r.t. 4°C

Spin-coat Drop-cast
THF solution (10 M) Toluene solution (104 M)

Solvent Vapor Diffusion, CHX cast, saturated THF solvent vapor

Dip-coating
Toluene
solution (107 M)

Zone-casting Drop-castin, Drop-casting Drop-casting

THF solution (104 M) THF solution (109 M)

a
THF solution (104 M| s
notm CHCl solution (10°M) | e ot ambient  In THE/H2O (8:2)sat.

Figure 3.1.18. Self-organized polycyclic aromatic hydrocarbons with the deposition method and solvent: a-f)
HBC deposited by spin-coating, drop-casting, dip-coating and zone-casting; g) giant nanographene (C132)
morphologies obtained in different solvent and different temperature; h,i) solvent vapor diffusion scheme and
morphology obtained from PBI-HBC hybrid and j) morphologies obtained by drop-casting a polyphenylene

dendrimer in different conditions.

The self-organization of HBCs was systematically studied both in solution and on surface by chemical

modification (varying the side-chains) and experimental conditions (solvents, concentrations and
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substrates) (Figure 3.1.18a-f) 30330430630 Gpin_coating a THF solution of hexa-dodecyl-hexa-peri-
hexabenzocoronene HBC-C1; (K, = 5.5 x 10° M in this solvent) was found to give wide blobs
randomly distributed over the surface (Figure 3.1.18a). By drop-casting from Ph-CH; and xylene
solutions (surprisingly high K, = 1.5 x 10*M™ in Ph-H) single long nanofibers were formed, with the
difference in morphology attributed to the slower evaporation times for aromatic solvents (Figure
3.1.18b). Subsequently, the HBC-C, was processed by zone-casting technique by depositing a THF
solution through a flat nozzle into a moving glass support, with the rates of motion support and
solution deposition optimized, to obtain exceptionally long and uniaxially aligned columns (Figure
3.1.18ef).> Alternatively, dipping into a relatively concentrated PhCHj solution (10" M) and at alow
moving velocity of the support, a homogenous film with oriented fibers made of uniaxially aligned
HBC columns was obtained (Figure 3.1.18cd). Another way to minimize wetting effects was achieved
by solvent vapor deposition of a PBI-HBC dyad (Figure 3.1.18hi).>” The drop-casted CHX dyad
solution was placed in an ambient of saturated solvent vapor (THF). The evaporation rate can be
tuned by different solvents, thus minimizing dewetting effects. Moreover, the active solvent vapor can

be adjusted, i.e. a polar co-solvent will induce solvophobic association.

The self-organization of a giant nanographene fragment (C132) was studied under various conditions,
by trying to minimize the dewetting effects that were found to be detrimental for definite
morphologies (Figure 3.1.18g).3'° Immersion in a 0-DCB solution, with various concentrations,
yielded globular isolated aggregates, a situation that is strongly influenced by dewetting, according to
an earlier model for drying-mediated self-assembly of nanoparticles solutions.*'! It was shown that, by
varying systematically the experimental conditions, it was possible to drive the self-organization from
kinetically driven irregular aggregates to thermodynamically favored fibers. The latter ones were

obtained from drop-casting a dilute trichlorobenzene solution onto a cold mica surface.

Polyphenylene dendrimers were found to organize into various morphologies when deposited on
surfaces (Figure 3.1.18;j).3'>*3 Although it is possible to obtain individual dendrimer molecules®* on
mica (when spin-coated under very diluted CH,CL, solutions) or undefined aggregates due to

312313 more defined nanofibers were obtained when drop-casting

dewetting properties of the surface,
on various substrates under a saturated solvent atmosphere (HOPG, silicon, mica and glass).>"*
Clusters of fibers where found on HOPG substrate from a CHCI; solution, while nanofiber networks

were obtained from THF solution on silicon, glass or mica. Addition of small amount of H,O to the

THF saturated atmosphere suppressed such aggregation of the nanofibers and yielded single
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individual curved nanofibers, probably due to the presence of H,O that improves the wetting

properties and thus decreased the shear force of the lateral flow of the solvent.

3.1.2.2. [60]Fullerene
Solvent vapor annealing (SVA) was recently used for controlled vertical or lateral crystallization of Ceo
nanowires (Figure 3.1.19).3" Although the formation of various morphologies through drop-drying

process of Cg in various solvents was already reported,*'s

mastering forces inside an evaporating
droplet is critical for the fine control of the morphology. The edges of a droplet are pinned onto a
substrate and therefore the capillary flow is going outward in order to replenish the evaporating
solvent at the edges, as seen for the ‘coffee-ring’ effect. However, in presence of thermal and

concentration gradients, the ‘Marangoni flow” or a circulatory flow is generated and competes with

the capillary flow (Figure 3.1.19b).
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Figure 3.1.19. a) SVA apparatus and setup; b) scheme showing two main flows in the droplet; c) schematic
representation of lateral and vertical forces in an evaporating droplet; d-f) SEM images of Ce nanowires along
with a schematic qualitative expression of relative degree of solvent wetting for 1,3-dichlorobenzene, mesitylene

and m-xylene.’”®

By emplying a solvent with high vapor pressure (m-xylene), the droplet pinning is not happening due
to rapid, massive lateral expansion and shrinkage of the droplet on the surface. Thus, vertically aligned
nanowires are obtained along the direction of solution expansion. The SVA showed to be an ideal

method in order to maximize the vertical flow over the lateral one.
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Ceo aligned single crystals were prepared also by droplet-pinned crystallization (DPC) method.?'” The
drying of a xylene solution on a silicon substrate showed the crystals to start nucleate near the contact
line and were grown towards the center. This deposition method allowed to connect the source and
the drain electrodes to measure a high electron mobility of this organic field-effect transistor (FET).
This is a general method that allows fabrication with other organic semiconductors as well as co-

deposition.’'®

3.1.2.3. Porphyrin Derivatives
Porphyrin derivatives have attracted great attention for surface nanostructuration since they have
interesting electronic properties and are (photo)catalytically active. Moreover, great efforts have been

placed in mimicking natural assemblies of porphyrins, such as ring-shaped assemblies (in bacterial

complex LH2). Formation of porphyrin rings, wheels or toroids has been reported (Figure 3.1.20a-
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Figure 3.1.20. ab) Chemical structures and nanostructuration of porphyrin Pd dimer, cd) porphyrin hexamer
and ef) porphyrin BTA trimer. a) Transmission electron micrograph (scale bar 1 pm);*"® b) nonequilibrium
morphology diagram of substrate structures, evaporation time (y axis) and concentration (x axis); c) AFM
image of hexa-porphyrin with a cross-section along the dotted line; d) schematic representation of the
columnar stacks within the ring;*** e,f) AFM images of patterned mica after evaporation of a porphyrin trimer

in chloroform along with the proposed mechanism of formation of patterned line during evaporation.>*%*¢7>
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A porphyrin Pd dimer solution was deposited by using a variety of solvents, substrates and conditions
(Figure 3.1.20ab). Deposition on a carbon-coated grid and glass showed CCl, to be the best solvent
(compared to CHCl; and CH,CL,) indicating that a higher boiling point is desirable, with slower
evaporation stimulating the formation of well-defined rings. It was suggested that 7-w stacking was
occurring and that the aggregation was taking place already in solution. Consequently, by disruption
aggregates with CH3;OH it was possible to avoid the formation of rings. Moreover, addition of CH;OH
altered not only the aggregation, but also increased the wettability of the glass substrate (with its more
polar and hydrogen bonding character, when compared to CHCl;) and finally affected also the
thermodynamics of the liquid layer on the substrate. In order to probe the mechanism of ring
formation, several measurements were performed by depositing CHCl; on glass under various
conditions (of concentration, temperature and pressure). The results elucidated the ‘optimal’
conditions of evaporation rate and porphyrin concentration and yielded a morphology diagram
(Figure 3.1.20b). Moreover, a three-step process has been proposed: (i) evaporation instability that
causes rapture of the film and formation of sub-micrometer droplets (ii) coalescence of the small
droplets, with the substrate controlling the pinning center for the evaporating droplets and (iii)
material accumulates at the edges by particle flow inside the droplets and therefore forms the rings.
Experiments supported an evaporation-driven solute transport mechanism since fast evaporation or
low porphyrin concentration showed the poorly developed ring structures, while slow evaporation or
too high concentration lead the system in a viscous dominated regime that hindered the formation of

the rings.

In order to investigate more closely the self-assembly and surface dewetting processes, porphyrin
hexamers and dodecamers were prepared (Figure 3.1.20cd).?**** Since no fluorescence was observed
inside the rings, the ‘coffee-stain’ mechanism was excluded and it was proposed that the ‘pinhole’
mechanism occurred instead (Figure 3.1.21). According to the pinhole mechanism, the films thins to
a thickness at which holes are formed, which accounts for the ring formation. The rupture of the film,
due to surface instability, can occur via two possible mechanisms, by spinodal dewetting or dewetting
at heterogeneous nucleation sites. During the dewetting process, the material is deposited at the edges
of the holes. Moreover, tandem processes occur during evaporation that depend on the surface
(wettability) and molecular properties (solubility, stackability and adsorption) and all of those need
to be considered when designing the experiments. Small, well-defined and relatively monodispersed
rings were obtained on hydrophilic carbon coating glass substrate, with a high degree of fluorescence

anisotropy. This suggested that the ring formation process was through spinodal dewetting, due to the
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surface undulation that occurrs at a later stage with the concentrated solution and the aggregation
already occurred. Importantly, no rings were formed at low relative humidity (40-45 %) due to the

H,O molecules from air being physisorbed on the surface.
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Figure 3.1.21. Schematic representation of the ring-formation process according to the coffee-stain mechanism

and the pinhole mechanism.**

By further increasing the mt-surface in a porphyrin dodecamer, a higher degree of molecular order was
achieved.** The formation of the rings was found to be independent of the wettability of the surface
and a very high degree of optical polarization was observed. In a further attempt to increase stacking
between modules, a disc-shaped porphyrin consisting of three porphyrin attached to a central benzene
core with amide linkers (BTA) and intermolecular hydrogen bonding was sought (Figure 3.1.22).2%
268326 Indeed, drop-casting a dilute porphyrin-BTA solution formed highly uniform patterns of linear
aggregates up to almost 1 mm (Figure 3.1.22ac). The mechanisms responsible for this macroscopic
patterning and periodicity are governed by physical dewetting processes like ‘coffee-stain’ mechanism
and spinodal dewetting. As a result of the ‘coffee-stain’ mechanism, there is a local increase in the
concentration of the molecules near the contact-line of the evaporating droplet. Further evaporation
gives unpinning and retraction of the contact line with deposition of porphyrin stacks onto the mica
surface. The highly uniform periodicity, on the other hand, is attributed to the ‘stackability’ of
porphyrin molecules along with the process of spinodal dewetting, causing an undulating pattern in
the thin evaporating film. Moreover, there was a strict concentration range for the formation of this
pattern (1-10 uM): lower concentrations gave small droplets with randomly deposited material, while

higher concentrations gave AFM images typical of gels. Deposition from another, more apolar, solvent

96



3 Solvent Effects in Organic Soft Matter Nanostructuration

such as n-hexane gave randomly oriented and intertwined fibers (Figure 3.1.22d). Formation of large
aggregated species was observed also in the solution for this solvent, while in chloroform the
porphyrins are molecularly dissolved (Figure 3.1.22¢). Spinodal dewetting did not significantly
impact deposition from n-hexane, most likely due to the limited mobility of the already formed
supramolecular polymers in the thin film. Thus, most likely, upon drop-casting a dilute chloroform
solution, supramolecular polymers do not precipitate, but are formed at the moment when the

chloroform film undergoes spinodal dewetting.
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Figure 3.1.22. Self-assembly properties in solution and on surface for porphyrin BTA trimers. a) Optical
micrographs of the coffee-like stain that forms during evaporation of a CHCI; solution on glass: the dark blue
is solution, while the white stripes are the aggregates that remain after the retraction;**® b) UV-Vis spectra in
CHCl, hexane and CHX; c,d) AFM images of drop-casted solution of CHCl; (c, scale bar 1 ym) and n-hexane
(d, scale bar 2 um), the dashed circles highlight the crossing points of the fibers; e) schematic representation of

the aggregation behavior in chloroform and n-hexane.*”
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Porphyrin amphiphilic derivatives have also been prepared and studied (Figure 3.1.23).32"3 A chiral
porphyrin-fullerene dyad showed a chiroselective assembly into photoconductive p-n heterojunction
nanofibers. The racemic dyad co-assembled into nanospheres, whereas enantiopure dyad gave long
nanofibers that showed a high ambipolar charge-carrier mobility (~10" cm? V! s?), far higher
compared to the spherical assembly. Another amphiphilic tri-porphyrin assembles into vesicles in
solution that gradually disappeared into nanowires on mica surface (Figure 3.1.23b). The adaptation
to the mica surface is mainly due to the hydrophilic ethylene glycol chain, a hydrophobic dodecyl
chain, secondary hydrogen-bonding or halogen-halogen interactions and finally the moisture that

leads to the hydration of the mica.
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Figure 3.1.23. a) Molecular structure of a chiral D-A dyad assembled into nanofiber and b) trigeminal

amphiphile porphyrins forming molecular nanowire through self-assembly and reassembly.**

3.1.2.4. Other n-Extended Molecules

Highly ordered, low-dimensional aggregates based on bis-urea-n-tiophene molecules were obtained
on several substrates (SiO,, mica and graphite) (Figure 3.1.24a).*° It was found that tiophene
moieties, in the same way of other hydrocarbons, are perpendicularly oriented when deposited on
oxidic substrates (such as SiO, or mica), due to stacking interactions being energetically favored over
substrate-molecule interactions. The latter interactions were enhanced drastically on molecularly-flat
highly oriented pyrolytic graphite (HOPG) and therefore the molecules lied down. Subsequently, a

set of experiments were performed with thwwhere the bis-urea-n-tiophene deposited in 1-octanol on

98



3 Solvent Effects in Organic Soft Matter Nanostructuration

a SiO, surface and concentration/temperature were varied in order to obtain fibers of different
lengths. It was observed that, at lowest temperature (20 °C), the growth occured in a near-equilibrium
type since evaporation is slowest and thus the mass transport towards the droplet is slowest. This lead
to a numerous nucleation centers yielding a large number of small fibers. At the highest temperature
(120°C), the mass transport is higher but the degree of super-saturation is lower, resulting in dendrites
in a diffusion-dominated growth. At 70 °C, the growth does not follow neither diffusion nor
nucleation, leading to longest fibers. The distribution of the aggregates was in agreement with the
pinned contact line during droplet evaporation. The droplet did not move, but the evaporation
continued and therefore the solution was driven outwards to compensate for evaporation losses near
the edges. However, the presence of the fibers is in contrast with the coffee-stains. This was
rationalized by the presence and directionality of strong intermolecular interactions (bis-urea), which

were therefore responsible for the growth of fibers in the drying droplets.

Figure 3.1.24. a) Chemical structure of bis-urea-n-tiophene with hydrogen bond interactions showed as dotted
gray lines; the optical micrograph shows a typical aggregation pattern after the droplet is evaporated at 70 °C
on SiO,; the open arrows points at the outer edge of the droplet, while the solid arrow shows the optically empty
center, bc) chemical structure of emeraldicene derivative with SEM images of a drop-cast film of a dilute
solution in THF showing a boundary between nanoribbons and nanobaskets corresponding to regions 1-3 of

the ‘coffee-ring’ effect.

A heteroatic n- conjugated emeraldine derivative (Figure 3.1.24b) was found to self-assemble from

ribbons to vesicles and baskets, depending on the concentration of the drop-casted THF solution on

a silicon substrate.}!
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The critical role of the solvent has been reported on the morphology of oligophenylene ethynylene
(OPE) and oligophenylene vinylene (OPV) derivatives (Figure 3.1.25).3°3* By playing with solvent
polarity and drop-casting onto a mica surface 1-D nanorods (from Ph-H), 2-D networks (from
CHCl;) and 3-D hollow vesicles (from H,O/CH;CN) were prepared (Figure 3.1.25a). Amide-
containing OPVs showed morphological formation from honeycombs to aligned fibers by change of

solvent from CHCl; to Ph-CH3 (Figure 3.1.25b).
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Figure 3.1.25. Schematic representation solvent-controlled self-assembly of assemblies of an a) OPE and an

b) OPV derivatives. **%*3

The formation of honeycombs (as the one depicted in Figure 3.1.25b is actually a very well-known
phenomenon in nature and has been used as ‘breath figure’ (BF) technique for simple and robust
bottom-up process consisting of evaporative cooling of a polymeric solution in volatile solvents in

humid ajr.333-33¢

For example, it was possible to use a photo-responsive amphiphilic small molecules
that formed supramolecular fibers and, by applied UV lithography, honeycomb patterns were

formed.3*®

In order to obtain definite patterns on a surfaces an array of choices are present. For example, physical
templates can be used, such as ‘sphere-on-flat evaporation’ or stamp template with an inclined slope
that have been used in patterning organic semiconductor micro and nanocrystals.**” Moreover, post-
deposition processing such as solvent vapor annealing can be used to generate morphologies.**3*
Finally, the quality of the solvent is of outmost importance since, for example, trace solvents have been

found to be a predominant factor in a dipeptide-self-assembly.**
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3.1.3. Aim of the Project

The aim of this project is to design and prepare novel building blocks for investigating soft matter
nanostructuration both in solution and on surface. This work aims towards understating the
preparation of functional materials that requires not only shaping the components of the system, but
also control the organization of its building blocks. Although the toolkit of the chemist is helpful in
tailoring with appropriate non-covalent interactions of the single pieces, achieving order on multiple
length scales still remain a challenge. In particular, two approaches have been undertaken in this
chapter. In the first case, a porphyrin derivative (Figure 3.1.26), featuring a flat central core (capable
of m-stacking), hydroxy groups (capable of H-bonding) and a central metal ion (capable of
coordination) was designed. This building block was inspired by naturally occurring chlorophylls, as

a fully synthetically analogue in order to mimic light-harvesting chromophores
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Figure 3.1.26. Target porphyrin 3-1-Zn along with its cartoon representation highlighting the relevant

functional units.

In the second case, two heterocomplementary units (Figure 3.1.27) were designed in order to bring a
‘geometric core’ (comprised of optically active BINOL) and a ‘fluorescent core’, containing a OPE
(oligo-p-phenylene ethynylene) because of its high quantum yield. By three-fold hydrogen bonding
between the uracil and diamidopyridine units, chiral supramolecular polymers should form.
Additionally, the length of the supramolecular polymer should be tuned by appropriate choice of
solvents. The transfer of chirality from molecular to higher length scale has been a topic of interest and
was achieved by introducing chiral side chains in order to transfer chirality from the periphery to the

central aromatic backbone. The interest in the BINOL core lies its use as a precursor for chiral ligands
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in asymmetric catalysis. Accordingly, it is envisaged that carefully designed building blocks, together

with appropriate control of conditions should lead to novel protocol in soft matter nanostructuration.

P em———
GEOMETRIC CORE
FLUORESCENT CORE
o=
H-N  CioHpsO N-H
+ N_\ = = \_/ —
H-N)=O 0C15Hzs =<\I-H

Figure 3.1.27. Target heterocomplementary geometric and fluorescent units capable of self-assembly through

three-fold hydrogen-bonding.

3.2. Solvent-Dependent Molding of Porphyrin-Based Nanostructures

In this section, we report a fully synthetic porphyrin 3-1-Zn, a tetrapyrrolic macrocycle carrying a
central zinc core (capable of ligation) and two hydroxymethyl groups that are transto each other. The
design of this macrocycle should enable self-assembly of the porphyrins in stacks and, owing to the
second hydroxymethyl group, should give rise to novel nanostructures, other than the usual
nanorods.’*3* The self-assembly property of 3-1Zn was evaluated by a variety of variable-
temperature and concentration dependent UV-Vis spectroscopic measurements. Moreover, the
formation of different nanostructures was evaluated under different solvent conditions, given the

explicit role that the solvent plays in the formation of self-assembled nanostructures.>$>26>266269347

3.2.1. Synthesis and Characterization

Initially, we wanted to develop a high yielding route to synthesize the porphyrin derivative 3-1-Zn
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(Scheme 3.2.1). We reasoned that the best way to obtain the final benzyl alcohol would be the
reduction of the porphyrin bis-ester. In order to obtain this key intermediate, it was desirable to avoid
tedious chromatographic separations of porphyrin mixtures obtained by statistical Alder-Longo or
Lindsey reactions (see also Chapter 1).3#*° The best route to the 5,15 substituted porphyrin is

certainly through the MacDonald [2+2] condensation approach.3$"3%

a 0O
O LI oY
H

3251 %
3-349% 3-484% l d

: l o4

3-591 %
HO Q
OH - -

3-1:Zn quant 3-6 91 %

Scheme 3.2.1. Synthetic scheme for porphyrin 3-1-Zn. Reagents and conditions: a) TFA, 70 °C; b) (i) TFA,
CH,ClL, r.t. (ii) DDQ, reflux (iii) Et;N; b) NBS, CHCl;/Py, 0 °C; c) B,pin,, Pd(dppf) Cl,, KOAc, DMF, 90 °C;
d) methyl 4-pinacolboranebenzoate 3-5, Pd(PPh;), cat., KsPO4, THF, reflux; e) LiAlH,, THF, 0 °C — r.t.; f)
Zn(OAc),, CHCl;, CH;0H, r.t..

At first, the meso-unsubstituted dipyrromethane 3-2 was obtained by reaction of H,CO with a large
excess of pyrrole (as solvent) containing TFA (trifluoroacetic acid) as catalyst. The dipyrromethane
was reacted with benzaldehyde (under TFA catalysis) in order to obtain 5,15-diphenylporphyrin
derivative.®®> The 10,20 meso-free positions were easily brominated with NBS (V-
bromosuccinimide) in the presence of pyridine, an acid scavenger.** The $,15-dibromo-10,20-
diphenylporphyrin 3-4 was then subjected to a Pd-catalyzed Suzuki-Miyaura cross coupling
reaction®*’ with methyl pinacolboranebenzoate to yield exclusively the trans-porphyrin bis-ester 3-6.
Reduction from ester to benzyl alcohol in the presence of LiAlH, and subsequent metallation with

Zn(OAc),-2H,0 yielded the final porphyrin 3-1.Zn in a good overall yield. Notably, this sequence of
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reactions gave products fairly different in polarity, making it easy to separate them by single column

chromatography.

The porphyrin 3-1.Zn was characterized by mono- (‘H and **C) and bi-dimensional ("H-'H and 'H-
3C) NMR spectroscopies (Figure 3.2.1).
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Figure 3.2.1. NMR spectroscopy experiments for porphyrin 3-1-Zn (500 MHz, THF-ds, 298 K, ¢ = 5.0 x 10°
M) - a) '"H-NMR spectra; b) "H-'H correlation spectroscopy; c) "H-"*C single quantum correlation and d) 'H-

“C multiple bond correlations.

Notably, in a polar aprotic solvent (such as THF-ds) the O—H resonance appears as a triplet, due to
the coupling to the benzylic ~C H,- that, in turn, is a doublet (coupling constant ~6 Hz). Additionally,
the B-pyrrolic resonances manifest as two doublets, probably due to the diminished symmetry in
THF-ds induced by the Zn..-O complexation. Protons that are part of the four phenyl rings (both
unsubstituted and para-substituted ones) and are further away from the porphyrin macrocycle lie
together in the 7.8-7.7 ppm region. Resonances from the phenyl rings close to the porphyrin
macrocycle can be found at 8.2 ppm as a doublet of doublets (with coupling constants being 7 and 2
Hz for ortho- and meta- couplings, respectively) for the unsubstituted phenyl and at 8.15 ppm as a

doublet (8 Hz for the only possible ortho- coupling) for the para-substituted phenyls. These findings
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have been confirmed both by homonuclear (COSY) and heterenuclear correlations (on single

quantum and multiple bond correlation, HSQC and HMBC, respectively).

Crystals suitable for X-ray spectroscopy were obtained for 3-1 (from THF/CHX vapor exchange) and
3-1-Zn (slow evaporation of a THF solution). Solid structure and molecular packing of porphyrins 3-

1 and 3-1.Zn are shown in Figure 3.2.2 and Figure 3.2.3.

d)

Figure 3.2.2. a) Crystallographic structure of porphyrin 3-1 (thermal ellipsoids are at 50% level; H atoms were
omitted for clarity); molecular packing of 3-1 is shown: bc) top and side view of 3-1 with blue dashes showing
solvent (THF) filled tubes and red dashes showing the H-bonding pores; d) helicoidal arrangement of the O
atoms (50% thermal ellipoids). See the ‘Crystallographic data’ section in the Experimental Section for more

details.

In the asymmetric unit of crystals for 3-1, one full and two half porphyrin molecules were found.
Remarkably, a chiral helicoidal arrangement of hydrogen bonds connects 32 neighbor porphyrins (do.

o =2.749(8) A), forming channels along the a axis occupied by the THF solvent molecules.3%-3
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Finally, a slipped face-to-face stacking with an offset of 4.2 A was observed, suggesting that this
synthetic variant of chlorin forms J-aggregates. Although a similar ladder stacks are formed in an
already reported bis[4-(hydroxymethyl)phenyl]porphyrin®*®, porphyrin 1 forms a different hydrogen
bonded arrays (no hydrogen bonding is present between hydroxyl and pyrrolic NH) and includes also
solvents in the solid state structure, contrarily to already reported porphyrin. Molecule 3-1.Zn model
(Figure 3.2.3) shows two crystallographically independent porphyrin molecules with differently
coordinated ligands: one bound to a THF molecule, while the other is bound to a H,O molecule. As
also observed in the case of molecule 3-1, neighbor porphyrins show intermolecular hydrogen bonds
connections (average do.o = 3.126(7) A). Interstitial voids are filled by three additional THF

molecules tightly connected to available hydroxyl groups (from porphyrins and H,O).

Figure 3.2.3. a) Crystallographic structures of porphyrin 3-1.Zn (thermal ellipsoids are at 50% level; H atoms
were omitted for clarity); b) molecular packing of 3-1-Zn is shown: two crystallographically independent
porphyrin molecules with differently coordinated ligands: one bound to a THF molecule, while the other is

bound to a H,O molecule. See the ‘Crystallographic data’ section in the Experimental Section for more details.
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3.2.2. Self-Assembly in Solution

First of all, we evaluated the self-assembly through variable-temperature (VT )-NMR experiments
(Figure 3.2.4). The best conditions were found in in a 9:1 v/v CHX-d,,/ THF-d; mixture since lower
THF content resulted in precipitation of the porphyrin and higher resulted in a negligible chemical
shift. By varying the temperature from 25 °C to 65 °C the most notable change is the upfield shift (§ =
3.97 to 3.39 ppm) while a minor change is in the aromatic region (upfield shift of around 0.02 ppm).
These changes suggest that at higher temperatures both hydrogen-bonding and n-r are disrupted.
Therefore we proceeded with studying the system in more dilute solutions, allowing us to change the

‘good’/’poor’ solvent ratio.
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Figure 3.2.4. VT-NMR (500 MHz, CHX-d1,/THF-ds, c = 1.0 x 10”* M) for porphyrin 3-1.Zn.

The optical properties of 3-1.Zn were investigated in THF, CHCl; and the combination of the two
with methylcyclohexane (MCH). The latter solvent was used to trigger the self-assembly of the
organic nanostructures (Figure 3.2.5). Fluorescence spectra were also acquired in the same solvent
systems (Figure 3.2.6). At room temperature, 3-1.Zn is dissolved in THF, with the UV-Vis spectrum
displaying a sharp Soret band at A = 424 nm (S, ¢ So transition) accompanied by Q-bands at Amex =
556 and 596 nm, typical of metal porphyrins where the increased symmetry causes the S; < So
transition to reduce from four to two bands. In CHCI;, the absorption spectrum presents changes with
respect to that observed from the THF solution, with the Soret band showing hypso- and hypo-

chromic shift.
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a) 7,5 — THF b) — CHCls
— MCHX (0.07% THF) 1.4 | s =" CHCIs+MeOH
6.0 — CHCl, 1,2 1 (/% — MCHX (0.3% CHCIy)
:&_’ — MCHX (0.3% CHCl3) 10 - ¢ 1 === MCHX (0.3% CHCls)
x 45 § o + MeOH
- g 0,8
g 03 £
< 3,0 2 0,6
=
= 0,2 <
w 0,4 ’
1,5 ]
0,0 0,2
500 600
0,0 : : , ‘ , : ‘ 0,0 , \ T r
380 410 440 470 500 380 410 440
Wavelength / nm Wavelength / nm

Figure 3.2.5. Absorbance profiles of 3-1.Zn in different solvents that include THF (purple trace), CHCl; (pink),
MCH (with THF, blue trace) and MCH (with CHCL,, light blue); inset shows enlarged region where the Q
bands absorb; on the right are shown the absorption profiles after addition of a polar protic solvent such as

MeOH.
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Figure 3.2.6. Fluorescence profiles of 3-1.Zn before and after the addition of MeOH.

Only slight changes were discerned with variable temperature (VT) and concentration-dependent
(Figure 3.2.7), such as narrowing of the Soret band. This suggests the formation of weakly-bonded
supramolecular assemblies.*® To further investigate the formation of 3-1.Zn assemblies in CHCL,
MeOH or pyridine were added to disrupt both hydrogen-bonding and axial zinc coordination
interactions, respectively (Figure 3.2.8). By adding MeOH, the Soret band is steadily
bathochromically shifted from Am. = 420 to 425 nm, without the presence of a clear isosbestic point,

most likely indicating the presence of sequential equilibria, from disaggregation to the MeO--Zn
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complexation. The pyridine UV-Vis titration in contrast, showed marked bathochromic shift from Amay

= 420 to 429 nm with a clear isosbestic point, recalling an equilibrium between the formation

aggregates and the porphyrin-pyridine adduct.**’

16 -
14 -
1,2 ]
10
0.8 -
06 -
04 |
02 -
0,0 -

Absorption

380 410 440

Wavelength / nm

Figure 3.2.7. VT-UV-Vis of porphyrin 3.1.Zn in CHCl;, showing only minor changes in the profile from 10 °C

(blue line) to 60 °C (red line) with grey lines in the middle.
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Figure 3.2.8. UV-Vis titration experiments for 3-1.-Zn with MeOH (a,c for CHCl; and MCH respectively) and

pyridine (b,d for CHCl; and MCH respectively).
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In order to further favor the formation of aggregates, a relatively concentrated solution of 3-1.Zn in
CHCI; was diluted in the apolar and non-coordinating MCH solvent (0.3 % CHCI; content). The
resulting solution presents a broader Soret band with A, = 417 nm, clearly indicating the formation
of aggregates. Successive addition of different aliquots of MeOH or pyridine showed analogous
behavior to that observed in CHCl;, namely restoring of the monomeric porphyrin species. However,
temperature-dependent UV-Vis studies displayed a strong narrowing of the Soret band accompanied

by a clear disappearing of the blue-shifted band centered at around 435 nm (Figure 3.2.9).

70 °C

Absorption

380 410 440
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Figure 3.2.9. Temperature-depended UV-Vis profiles of 3-1.Zn in MCH (0.3% CHCl;).

This result indicated the formation of weak aggregates, although stronger than in the case of CHCls.
Finally, in an attempt to further increase the content of apolar MCH, a more apolar solution of 3-1-Zn
could be prepared in a MCH-diluted THF solution (0.07% THF content). Notably, the absorption
spectrum compared to that obtained in a THF solution, where 3-1-Zn is molecularly dissolved,
appears to be broadened exhibiting a loss in oscillator strength. Apparently, the energy of the
absorption maximum does not shift and temperature-dependent and concentration-dependent
studies were thus performed. VT-UV-Vis revealed that, by increasing temperature, the S-band of the
aggregates at 422 nm decreases and the formation of the apparent monomer band at 417 nm appeared.
Concentration-depended studies showed the disappearance of the 422 nm band and the appearance
of the absorption maximum at 417 nm, confirming the temperature-depended behavior and the

reversible nature of the aggregation phenomena (Figure 3.2.10).

Taken all together, these data suggest the formation of a bathochromically shifted bands that, when

compared to that of the monomer, indicates the presence of slipped face-to-face stacking
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arrangements, known also as_J-aggregates. This is in line with previous studies in with zinc chlorins, as

well with their semisynthetic and synthetic variants.*®
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Figure 3.2.10. Absorption and fluorescence spectra of 3-1.Zn. A) VT-UV-Vis experiment; b) VT-fluorescence

experiment (Aex =419 nm) and c) concentration-depended experiment.

3.2.3. Self-Assembly on Surface

Prompted by these results, we carried out atomic force microscopy (AFM) studies to elucidate the
morphology of the aggregates of 3-1-Zn as deposited on a surface. In Figure 3.2.11 are reported AFM
height images of the 3-1.Zn nanostructures as obtained from different solvents spin-coated onto a
freshly cleaved mica surface. As it can be seen in the images, porphyrin 3-1-Zn is able to form two-
dimensional islands on the surface, with a typical height of 2 nm, in accordance with edge-on stacked
height of the macrocycle onto the surface.?%**”*¢! Notably, the size of the islands is depended on the
solvent used for the solution. For example, samples obtained from CHCl; (Figure 3.2.11a) show the
formation of scattered islands, in agreement with the formation of weak non-covalent architectures
that were observed by absorption experiments. From MCH (0.3 % CHCl;) (Figure 3.2.11b),
extended aggregates have been also observed. Finally, structures obtained from MCH (0.07 % THF
content) shown in Figure 3.2.11c present themselves as heterogeneous structures, including islands
displaying different sizes. As observed from spectroscopic studies, the presence of THF in the sample
is responsible both for H-bonding disruption and the Zn complexation, the latter disrupting the
formation of extended stacked nanostructures. However, since the amount of THF is very low (0.07

%) the formation of two-dimensional structures is still observed.
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Figure 3.2.11. AFM height images in tapping mode with the profile of the white dashed lines. Samples were
prepared by spin-coating a solution of 3-1-Zn in a) CHCI; (scale bars S and 2 ym); b) in MCH (0.3 % CHCI;,
scale bars 5 and 0.5 pm) and ¢) MCH (0.07% THEF, scale bars § and 0.5 pm).

-1t stacking

Scheme 3.2.2. Schematic representation of the aggregation of 3-1-Zn in solution and when it is transferred onto

the surface.
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In order to appreciate the effect of H-bonding and zinc coordination, MeOH was added to the
previously prepared CHCl; or MCH solutions. A typical AFM image is shown in Figure 3.2.12, where
the formation of two-dimensional structures in not present. Most likely the presence of MeOH
disrupts the formation of the aggregates favoring the presence of individual molecules on the surface,

confirming the results observed from the spectroscopic measurements.

0,0
0,0 0,5 1,0 1,5 2,0
d/um

Figure 3.2.12. a) AFM height images in tapping mode (scale bar 2 um) with the b) height profile of the white
dashed line. Sample was prepared by spin-coating a solution of 3.1.Zn in CHCl; + MeOH.
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3.3. Solvent Molding of Organic Morphologies Made of Supramolecular
Chiral Polymers

3.3.1. Syntheses

The complete synthetic pathway is reported in Scheme 3.3.1, Scheme 3.3.2 and Scheme 3.3.3. Initially,
we synthesized the molecular synthons (Ur and DAP) capable of three-fold hydrogen bonding that
carry either a halogen or an ethynyl groups capable of subsequent Sonogashira cross-coupling
reactions to the geometric or fluorescent unit. Uracil was alkylated with 1-bromohexane under basic
condition at the N position and iodinated at the 6 position, on the other side of the ADA hydrogen-
bond motif. Part of 1-hexyl-6-iodouracil 3.3-7 was also N-BOC protected in order to have also
reference compounds, not capable of forming hydrogen-bonding. On the other hand, 2,6-diamino-4-
bromopyridine was acetylated, subjected to Pd-catalyzed Sonogashira cross-coupling with

trimethylsilylacetylene that was finally deprotected in basic methanolic solution.
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Scheme 3.3.1. Synthetic scheme for preparing molecular synthons capable of three-fold hydrogen bonding.
Reagents and conditions: a) 1-bromohexane, K;CO3, DMSO, 40 °C; b) i) LDA, THF, -78 °C, ii) L, -78 °C, i)
AcOH, -78 °C — r.t; ¢) BOC,0, pyridine, AcCN, 40 °C; d) Ac,O, pyridine, r.t.; e) TMSA, Pd(PPh;),,
THE/Et;N/DMEF, 85 °C; f) K,COs, THE/MeOH (1:1), r.t.

In order to obtain the mono- and di-topic OPE derivatives, hydroquinone was alkylated with 1-
bromododecanol in basic media and then the bisdodecylbenzene was iodinated according to two
different procedures, mostly differing in the equivalents of iodine. Finally, Pd-catalyzed Sonogashira

cross-coupling with 2,6-diamido-4-ethynylpyridine gave OPE derivatives 3.3-2 and 3.3-5.
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Scheme 3.3.2. Synthetic pathway for the preparation of mono- and bis-diamidopyridine. Reagents and
conditions: a) 1-bromododecane, K,COj3, acetone, reflux; b) HsIOg, I,, CH;OH/CH,Cl, (1:1), reflux; c) KIO;,
L, CH;COOH, H,SOs, H>O, reflux; d) 3.3-11, Pd(PPhs),, Cul, DMF/Et;N, THEF, 120 °C, uW irradiation.
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Scheme 3.3.3. Synthetic pathway for the preparation of mono- and bis- and bis-BOC diuracil-BINOL. Reagents
and conditions: a) CH;l, K;CO3, acetone, reflux; b) i) “BuLi, THF, - 78 °C, ii) I,, THF; ¢) i) TMSA, Pd(PPh;),,
Cul, Et;N, PhCH;, reflux, i) K,COs, THF/MeOH (1:1); d) 3.3-7, Pd(PPh;),, Cul, Et:N, THF; e) 3.3-8,

Pd(PPhs),, Cul, Et;N, THF; d) 3.3-7 (1 eq.), Pd(PPhs),, Cul, Et;N, THF.

Starting from commercially available and (R)- or ($)-1,1'-bi-2-naphthols we carried out separate

sequence of reactions in order to obtain the final enantiopure compounds. BINOL was methylated in
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basic conditions with methyl iodide, then subjected to ortho-lithiation in order to introduce the iodine
atoms in positions 2,2". At this point it was possible to introduce the ethynyl group by Pd-catalyzed
reaction and subsequent basic ambient deprotection. Final Sonogashira reaction with iodouracil 3.3-
7 (in excess or defect) or BOC-protected iodouracil 3.3-8 gave the final compounds 3.3-(X)-1, 3.3-
(X)-3 and 3.3-4. The compounds were fully characterized by 'H- and '*C-NMR spectroscopies, IR,

HRMS and by optical activity, which are reported in the Experimental Section.

3.3.2. NMR Investigations

The self-assembly of the hetero-complementary monotopic modules 4 and § was firstly studied to
rationalize the influence of the lateral groups on the association behavior of the Ur * DAP recognition
motif in solution. Titration experiments in CDCl; (Figure 3.3.1ab) showed a fast equilibrium, a
progressive downfield shift of the uracil NH protons upon the incremental addition of S. The
association constant was found to be 1296 (+3) M with a 1:1 stoichiometry (as evidenced by the
continuous variation method, Figure 3.3.1c), a value which is comparable to that reported in the
literature for similar systems.”>*** In more apolar solvents like Tol-ds and CDCl;/CHX-d1, (1:1 v/v),
K, values of 8737 (£627) and 14819 (+3820) M were measured, respectively (Figure 3.3.1d-i). As
expected,”” increasing the apolar character of the solvent mixture favored an enhancement of the
binding strength. The solvent choice was also considered in case of self-complementary dimerization
and was found to have only a negligible effect on the hetero-association complexes (Figure 3.3.2), as

previously reported.>®

Table 3.3.1. Calculated association constants (K,) for the H-bonded heterodimer at 298 K for 4 + 5 & [4-5],
dimerization constant (Kam) for 4 and the corrected association constant (K.) 4 + § & [4-5] taking into
account the dimerization of 4 in the reported solvents along with the solvent polarity. Calculations performed
with Scientist package from MicroMath.

. K, Kiim, K,
Solvent & Stoichiometry M (sd) M (sd) M (sd)
CDCl; 4.81 1:1 1296 (3) 7.5(0.1) 1300 (29)
Tol-dg 2.44 1:1 8737 (627) 60 (S) 8205 (564)
CDCl;/ CHX-di, / 1:1 14819 (3820) 19 (4) 14427 (3980)
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Figure 3.3.1. "H-NMR titration data a-c) in CDCl;, d-f) Toluene and g-i) CDCl;/CHX-d,. a) 'H-NMR (400
MHz, 298 K) titration data of 4 in CDCl; (¢ = 1.3 x 10° M) with different molar amounts of 5 (from 0 to 3.9
equiv.). NH peaks are highlighted in red; b) titration data and 1:1 nonlinear least-square fitting of the NH
signals of 4 plotted against the molar ratio; c) Job’s plot and fitting of the N H signals of 4 plotted against the
molar fraction; d) '"H-NMR (500 MHz, 298 K) titration data of 5 in Tol-ds (c= 1.69 x 10° M) with different
molar equivalents of 4 (from 0 to 2.90 equiv.), R-NH peaks are highlighted in red; b) titration data and
nonlinear least-square fitting of the NH signals of S plotted against the molar ratio; c) residuals after least-
squares fitting; d) '"H-NMR (400 MHz, 298 K) titration data of § in CDCly/CHX-d> (1:1 v/v) (c=1.52 x 10°
* M) with different molar equivalents of 4 (from 0 to 1.71 equiv.), R-NH peaks are highlighted in red; e)
titration data and nonlinear least-square fitting of the N H signals of 5 plotted against the molar ratio; f) residuals
after least-squares fitting.
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Figure 3.3.2. a) '"H-NMR (500 MHz, 298 K) dilution data of 4 in CDCl; (from c=2.5 x 10° M to x 10° M)
gave a dimerization constant of 7.5 M™'; d) "H-NMR (500 MHz, 298 K) dilution data of in CDCls/CHX-d1,
(1:1 v/v) (from c=2.5 x 10® M to x 10 M) gave a dimerization constant of 19 M; ¢) "H-NMR (500 MHz,
298 K) dilution data of 4 in Tol-ds (from c=2.5 x 10° M to x 10° M) gave a dimerization constant of 60 M;
of,i) fitting of the experimental points 4 + § for 1:1 equilibrium with and without taking into account the
dimerization constant obtained by the dilution experiments. Software employed - Scientist package from
MicroMath.

Further NMR investigations confirmed the 1:2 and 2:1 binding stoichiometry for complexes [1+(5).]
and [ (4),°2], respectively (Figure 3.3.3). By titrating monotopic S to a solution of (§)-1 and applying
the data to a continuous variation model, maximum AS§ was observed around 0.66 molar fraction,
corroborating the formation of a 1:2 complex. Analogous data was obtained by adding 2 to a solution
of 4, this time with the maximum AS$ around 0.33, indicative of a 2:1 complex. In all cases, NMR
titrations in CHX/THF mixture (conditions later on used for diluted spectroscopic and micrsocopy
studies) could not be performed due to the limited solubility of both molecular components in the

concentration interval needed for NMR.

In order to corroborate the association of the supramolecular assemblies [1-2],, 'H-NMR
spectroscopy was performed on a 1:1 mixture of molecular modules (§)-1 and 2 (Figure 3.3.4a, S00
MHyz, 298 K) in CDCl;. The addition of an equimolar quantity of 2 to a solution of (§)-1 induced a
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drastic downfield of the NH proton resonances suggesting the formation of the H-bonded complex
(from 8.65 to 11.10 ppm and 8.15 to 9.75 ppm for (S)-1 and 2, respectively), whereas all the other

signals remained unaltered.
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Figure 3.3.3. 2) '"H-NMR (500 MHz, 298 K) titration data of (S)-1 in Tol (c= 1.27 x 10° M) with different
molar equivalents of § (from 0 to 1.42 equiv), NH peaks are highlighted in red; b) titration data fitting of the
N H signals of S plotted against the molar ratio; c) Job’s plot of the N H signals of 5 plotted against the molar
fraction; d) "H-NMR (500 MHz, 298 K) titration data of 2 in Tol (c = 0.65 x 10> M) with different molar
equivalents of (8)-4 (from 0 to 1.42 equiv), NH peaks are highlighted in red; e) titration data fitting of the NH
signals of 2 plotted against the molar ratio; f) Job’s plot of the N H signals of 2 plotted against the molar fraction.
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Figure 3.3.4. NMR characterization of supramolecular polymer [(S)-1-2].: a) 'H-NMR (CDCl;, S00 MHz,
298K) of (S)-1 (top), 2 (bottom) and supramolecular polymer [(S8)-12], (middle); b) 2D-NOESY spectra
(CDCls, 500 MHz, 298 K) of [(S)-1-2],; ¢) VI-NMR (C,D,CL, 400 MHz) of [(8)-1-2], heating and cooling
cycle.
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'H-'H NOESY (Figure 3.3.4b) analysis displayed the through-space interactions between the NH
resonances arising from the adjacent protons (NH-Ur and NH-DAP, respectively) suggesting, as
expected, a close spatial proximity (< S A) between the Ur and DAP moieties. The non-covalent and
reversible nature of the interaction was confirmed by variable temperature (VT )-NMR (400 MHz,
C,D,Cl, Figure 3.3.4c). Indeed, upon increasing the temperature from 293 to 373 K, a gradual
reinstatement of the NH chemical shifts characteristic of molecules (S)-1 and 2 alone were observed,
clearly suggesting the gradual disruption of the H-bonded complex, and thus that of the
supramolecular assembly. Finally, Diffusion Ordered Spectroscopy (DOSY) (CDCl, 500 MHz,
Figure 3.3.5) disclosed the presence of oligomeric species, in agreement with the predicted degree of
polymerization N; featuring low diffusion coefficients D127, = 2.00 X 10 cm? s (compared to D; =
4.37 x 10° cm? s and D, = 4.70 x 10° cm? s') owing to the formation of high molecular-weight

species, such as those deriving from the oligomeric assemblies.***3°
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Figure 3.3.5. a-c) 2D-DOSY contour mode plots experiment in CDCl; of a) 2, b) (8)-1 and c) [(8)-1-2],; d)
superimposed 2D-DOSY of compounds 2 and (8)-1 and supramolecular assembly [(S)-1-2],; e) normalized
logarithmic signal decay versus the diffusion weighing (b values) for (8)-1 (blue), 2 (red) and supramolecular
polymer [(S)-1-2], (purple).
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3.3.3. Molding of the Morphologies

3.3.3.1. Evaporation Induced Polymerization

As mentioned in the introductory section, the evaporation of a solvent plays a crucial role in the
formation of various nanostructures. This effect is known as Evaporation-Induced Self-Assembly
(EISA).3%¢% As shown for inorganic architectures, one can also expect that in supramolecular
polymerization, the vapor tension of a given liquid could play a dramatic role on the degree of
polymerization. In a simplified model, this depends on the association strength of the recognition
motif, the concentration of monomers and the liquid vapor pressure at a given temperature. To
evaluate these effects on our system, we have investigated the polymerization behavior as a function

of the evaporation rate of the solvent (Figure 3.3.6).
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Figure 3.3.6. a) Solvent evaporation weight over time; b) normalized evaporation of the solvents reported as
weight lost over time and c) estimated polymerization degree during evaporation. Vand V; are the volume of
the liquid at a tand O sec, respectively, calculated by measuring the weight divide by the liquid density. Vapor
tension (pa) values at 20 °C and ambient pressure: 22 mmHg for Tol, 159 mmHg for CHCl; and 118 for the

1:1v/v CHCl;/CHX mixture (the latter value was calculated from the Raoult’s law).

Thus, we have measured the normalized time-dependent shrinking of a drop-casted liquid on an AFM
support plate at room temperature in an open environment under ambient pressure. Depending on
the vapor pressure of the liquid, a progressive increase in the concentration of the monomers is
observed, thus dynamically affecting the degree of polymerisation.'®?¥*3% As outlined in Figure 3.3.6,
the higher the liquid vapor pressure (ps), the larger the maximum degree of polymerization; for

instance, at the 50 sec timepoint, the estimated Nis ~15 for a solvent with higher px (CHCl;) and ~3
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for a solvent with a lower pa (Tol). This suggests that, in evaporating CHCl; solutions, the organic
morphologies are mainly controlled by the formation of longer polymers, while in Tol very shorts
oligomers are preferentially formed. On the other hand, solutions with similar evaporation rates give
degrees of polymerization essentially controlled by the association strength of the recognition unit.
For instance, in the 1:1 v/v CHCl;/CHX mixture higher degree of polymerization can be achieved
(~40) than in CHCl; after 50 sec, due to stronger association of the Ur * DAP motif in apolar
solutions. In this model, however, we did not consider the solvophobic and solvophilic properties of
the solvent with respect to the monomers and the supramolecular assemblies. As previously observed
for similar systems,’” the evaporation of the solvent can also lead to concentration-driven solutal
instabilities, inducing precipitation phenomena, aggregation or polymerization termination. This

effect will be qualitatively considered for each solvent in the discussions of the next paragraphs.

3.3.3.2. CHCl;: from Solution to Nanorods

Due to the chromophoric nature of the OPE spacer, UV-Vis spectra of dilute solutions were measured
to gain insight into the self-assembly process. Under dilute conditions (c= 2.5 x 10* M) in CHCl;, no
discernible changes in the absorption profiles of [1:2], compared to the individual compounds were

noticed (Figure 3.3.7), due to the weak degree of association of the Ur-DAP complex.

Abs / a.u.

0.8 4

0.4 1

0.0 . . . :
300 375 450
Al nm

Figure 3.3.7. Absorption profiles in CHCl; (¢ = 2.5 x 10* M) of 2 (grey) and (R)-1 (light blue) and a [(R)-
1.2]..(blue).

122



3 Solvent Effects in Organic Soft Matter Nanostructuration

Figure 3.3.8. TM-AFM (a-c) and TEM (d-f) images of the morphologies obtained from a drop-casted CHCl;
solution of [(8)-1-2]. (c= 1.3 x 10° M). TM-AFM (g-i) and TEM (j-1) images of the morphologies obtained
from a drop-casted CHCl; solution of [(R)-1.2], (c=1.3 x 10° M).

However, when drop-casting a solution of [1-2],, (¢= 1.3 x 10 M) onto freshly cleaved mica or carbon
coated grids, aggregation was observed and different nanoscopic morphologies were visualized by
TM-AFM and TEM. Both techniques confirmed the presence of rod-like microstructures featuring
diameters between 150 and 500 nm and lengths ranging from 0.5 to 6.5 ym. Through the combined
use of both TEM and AFM phase imaging (Figure 3.3.8), it was possible to discern rod-like structures

composed of bundles of smaller fibers exhibiting a diameter of approximately 6 nm. Based on the

123



3 Solvent Effects in Organic Soft Matter Nanostructuration

above considerations, we can interpret these fibers as formed by short supramolecular polymers (N =

15-20) that upon formation undergo aggregation affording the macroscopic constitutional unit of the
observed morphologies. Relying on the onset condition of a concentration-driven solutal instability,*”
the extensive aggregation phenomenon seems to be governed by the solvophobic lateral alkoxy chains
of compound 2. It can be hypothesized that the OC,,H,s chains are somewhat exposed on the external
side of the polymeric assemblies forming a hydrophobic coat that enables extensive van der Waals

interactions through chain-chain interdigitation, ultimately driving the formation of the aggregated

morphologies.

3.3.3.3. Toluene: from Solution to Nanoparticles
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Figure 3.3.9. a) Electronic absorption spectra of (S)-1, (R)-1,2, [(S)-1-2], and [(R)-1-2].in Tol at 293 K (c=
2.5x 10*M); b) VT absorption spectral changes in Tol from 293 to 343 K (c=2.5 x 10* M, recorded each §
Kat arate of 1 K/min); the same behavior was observed for the other enantiomer; c) CD spectra of (S)-1, (R)-
1,2, [(8)-1-2].and [(R)-1-2], in toluene at 293 K (c = 2.5 x 10* M); d) VT-CD spectral changes of [(S)-1-2].
and [(R)-1-2],in Tol from 293 to 343 K (c¢= 2.5 x 10* M) recorded each 10 K at a rate of 1 K/min); the inset

shows the CD intensity (atA = 415 nm) plotted versus temperature.
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Subsequently, the influence of Tol on the self-assembly was studied. The UV-Vis profile of [1-2]. (¢
= 2.5 x 10* M) showed a redshift (A = 388 nm to A = 397 nm) of the n-n* transition of the OPE

derivative 2 and the formation of a shoulder at around 415 nm (Figure 3.3.92).

Variable temperature measurements showed the appearance of an isosbestic point (A = 403 nm) and
an absorption profile that shifted towards the algebraic sum of the individual components (Figure
3.3.9b). Notably, the spectra were more intense at high temperatures, suggesting a scarce solubility or
self-assembly of compound 2 in toluene solutions at room temperature (both scarce solubility and

self-assembly of compound 2, was confirmed by VT-UV-Vis measurements, Figure 3.3.10).
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Figure 3.3.10. Variable temperature UV spectral changes (Tol, c=2.5 x 10* M) of a) heating cycle only for 2;
b) cooling cycle 2 and c) heating cycle for only (R)-1 (cooling cycle showed identical changes); d) CD changes
for (S)-1 (heating cycle). All experiments are performed by steps of 10 K, at a rate of 1 K/min.

However, while the solubility of compound 2 in Tol is low, it increases once that 1 equiv. of compound

1is added. Owing to the (R)-1 or (§)-1 intrinsic chirality and the favorable association of the Ur-DAP
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complex in Tol, it was possible to study the chiral assemblies by Circular Dichroism (CD)
spectroscopy on both the pure components and the relative assemblies. The CD spectra (c=2.5 x 10-
*M) of the BINOL derivatives were characterized by a maximum at 352 nm and an overall CD effect,
which takes place in the region between 290 and 380 nm (Figure 3.3.9c). When linear module 2 was
added to a solution of (R)-1 or (S)-1, a new band appeared in the region 390-435 nm with a peak
around 415 nm and a shoulder around 400 nm (Figure 3.3.9¢), a spectral region in which the BINOL
derivatives are not CD active. To further investigate this induced CD effect in the region where achiral
2 absorbs, the CD spectra were recorded as a function of temperature and concentration for both [ (S)-
1-2], and [(R)-1-2], assemblies (Figure 3.3.9d). VT-CD experiments from 293 to 343 K for [1-2],
showed a gradual decrease of the induced CD effect at 415 nm, which is in accordance with the VT-
UV-Vis measurements. Surprisingly, drop-casting from a toluene solution of [1-2], (¢=2.5 x 10* M)
onto mica showed only the presence of globular, yet undefined, aggregates (Figure 3.3.11). This
suggests that as the solvent evaporates, the forming supramolecular assemblies undergo solutal
instability already at short lengths, thus giving rise to non-structured morphologies most likely

controlled by a fast matter-momentum transport in solution.

Figure 3.3.11. TM-AFM images of a drop-casted Tol solution of [1:2], (¢ = 2.5 x 10* M) on mica surface.

3.3.3.4. CHCl;/CHX: from Solution to Nanofibers
The absorption profile of [1-2], in CHCL;/CHX (1:1 v/v; c=2.5 x 10* M) displayed a red-shift (A =
383 nm to A = 390 nm) of the n-7* transition of compound 2 and the formation of a shoulder at A =

410 nm (Figure 3.3.12a). Increasing the temperature from 293 to 333 K, the absorption spectra
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underwent a gradual hypsochromic shift. The spectral shape at 333 K reminded that of the single

components at room temperature, thus suggesting the disruption of the aggregates (Figure 3.3.13).

[é)]

a) 29 — 2
11 — ()1
2,0 - — (R)-1

— [(S)-1-2)],
— [(R)-1-2)],
—m (S)-1+2

Absorption / a.u.
°

0.5 1 304 — .2
—[(S)-1-2)], — (R)-1
7 — (81 —I(R)-1-2)],
0,0 T T T T ¥ -45 T T T T ' T
300 375 450 250 325 400 475
A/ nm A/ nm

0,00,10,2

Conc/ mM

. —c=025mM

20 35 50 l
Temp/°C I AN
T T _45 . i - CI 002' mM :
475 250 325 400 475
A/ nm

Figure 3.3.12. a) Electronic absorption spectra of (S)-1, (R)-1, 2, [(S)-1-2], and [(R)-1.2], in CHCl;/CHX
(1:1 v/v) at 293 K (c = 2.5 x 10* M); b) CD spectra of (S8)-1, (R)-1, 2, [(8)-12], and [(R)-1:2], in
CHCL;/CHX (1:1 v/v) at 293 K (¢=2.5x 10* M); c) VT-CD spectral changes of [ (S)-1-2], and [(R)-1-2].in
CHCI;/CHX (1:1 v/v) from 293 to 333 K (c= 2.5 x 10* M, recorded each 5 K at a rate of 1 K/min); insets
show plot CD intensity (A = 415 nm) versus temperature; d) variable concentration CD spectral changes of
[(R)-1:2], in CHCl;/CHX (1:1 w/v) at 293 K; inset shows plot CD intensity (A\ = 415 nm) versus

concentration. The same behavior was also observed with the other enantiomer.
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Figure 3.3.13. VT-UV spectral changes of a 1:1 (¢ = 2.5 x 10* M) mixture of (R)-1 and 2 from 293 K (blue) to
333 K (black) in CHCl;/CHX (1:1 v/v) by steps of 5°C at a rate of 1 °C/min.

As expected, the absorption profiles were identical when performing the experiments with (R)-1 or
(8)-1. Additional experiments (VT-UV-Vis and CD) with reference molecules 4 and S, BOC-
protected molecules 3, and molecules 1 and 2 alone, did not show any significant changes in the
absorption profile (Figure 3.3.14 shows VT experiments of compounds 1 and 2, that were almost
identical profiles obtained with reference molecules 4, S and BOC-protected 3), indicating that the
spectral changes in [1+2], are attributed to that on of the supramolecular assembly. The same behavior

was also observed by CD spectroscopy.

In CHCl;/CHX (1:1 v/v), the CD spectra (¢ = 2.5 x 10* M) of the BINOL derivatives were
characterized by CD signals between 250 and 390 nm (Fig. 6b). When a linear module 2 is added to a
solution of (R)-1 or (8)-1, a new band appeared in the region 390-440 nm with a maximum at around
415 nm and a shoulder around 400 nm (Figure 3.3.12b), again showing an induced CD effect in the
region where achiral OPE 2 absorbs. The variation of the induced CD effect was recorded as a function
of temperature and concentration for both [(8)-1-2]. and [(R)-1-2], assemblies. As expected, both
enantiomers displayed analogous spectroscopic trends (Figure 3.3.12¢c). VT-CD experiments from
293 to 333 K on a solution of [1+2], showed a gradual reduction of the induced CD signal at 415 nm,

which is in accordance with the VT-UV-Vis measurements (Figure 3.3.13).
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Figure 3.3.14. Variable temperature UV spectral changes of (CHCL/CHX, 1:1 v/v, c = 2.5 x 10* M) of a)
heating cycle only for 2; b) cooling cycle 2 and c) heating cycle for only (R)-1 (cooling cycle showed identical
changes); d) CD changes for (R)-1 (cooling cycles). All experiments are performed by steps of 10 °K, at a rate

of 1 K/min.

Similar results were also obtained when monitoring the CD profile during dilution experiments
(Figure 3.3.12d, from c=2.5 x 10* M to c= 1.9 x 10° M). The effect of concentration on the intensity
of the induced CD at 415 nm shows a sigmoidal dependence (inset of Figure 3.3.12d), which suggests
that the Ur * DAP complex governs the formation of the supramolecular architectures. Appreciably,
when performing the experiments on [(R)-1-2], and [(S)-1-2]. assemblies, the spectra were mirror

images of each other (Figure 3.3.12c).

Subsequently, the morphology of the supramolecular aggregates made of [1-2], on mica surface
(transferred from a CHCl;/CHX (1:1 v/v) solution, c=2.5 x 10* M) was studied. The TM-AFM and

TEM images in Figure 3.3.1S5 showed the formation of an entangled network of fibers displaying
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heights ranging from 20 to 80 nm and lengths up to several ym. Although the CD spectra suggested
the formation of a chiral secondary structure in a CHCl;/CHX (1:1 v/¥) solution, a microscopic
helicity was not observed using AFM or TEM, even though it might be present at the nanoscopic level.
This was also noticed for other supramolecular systems.*”"*”> The formation of fibers suggested that,
the higher degree of polymerization in the 1:1 v/v CHCl;/ CHX solution favors the development of
fibers. Most likely, the solvophilic character of this solvent mixture disfavors aggregation phenomena

and thus solutal instabilities.

Figure 3.3.15. a-c) TM-AFM and d-f) TEM images of the morphologies obtained from a drop-casted
CHClL:3/CHX (1:1 v/v) solution of [(S)-1-2], (c=2.5 x 10* M) on mica surface and on a carbon coated grid,

respectively.

3.3.3.5. CHX/THEF: from Solution to Chiral Helices

A good compromise between solubility and nanostructuration was found in a CHX/THF (95:5 v/v)
solvent mixture. Although we could not estimate the degree of association in this solvent mixture
because of the presence of precipitate at the typical concentration conditions for 'H-NMR, a
chiroptical profile similar to that obtained in CHCl;/CHX (1:1 v/v) and toluene solutions was also

observed for a 1:1 mixture of 1 and 2 (Figure 3.3.16d).
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Figure 3.3.16. a) Electronic absorption of (R)-1 (light blue), 2 (grey), [(R)-1-2], (blue) and algebraic sum of
(R)-1and 2 (dash grey ) in CHX/THF (95:5 v/v), c= 3.5 x 10° M; b) absorption spectral changes of 1:1 (c=
3.5 x 10° M) mixture of [ (R)-1-2], during VT measurement; c) normalized fluorescence spectra of (R)-1 (light
blue), 2 (grey), [(R)-1-2], (blue) and (inset) VT-emission spectral changes of [ (R)-1+2], recorded each 10K,
at a rate of 1 K/min; d) CD spectra of (8)-1, (R)-1, 2, [(8)-1-2], and [(R)-1-2], in CHX/THEF (95:5 v/v) at

293K (c=3.5x10°M).

Luminescence spectra were obtained at even more dilute concentrations (¢ = 3.5 x 10 M). Both
molecules exhibited strong fluorescence, with related quantum yields (@s) of 0.12 and = 1.0 for 1 and
2, respectively. The absorption and emission features of OPE derivative 2 alone in the CHX/THF

(95:5 v/v) mixture were red-shifted compared to more polar solvents such as MeOH and THF,¥337
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indicating a strong solvophobic-driven self-aggregation of 2, most likely through J-type association.**
Moreover, the emission of [ (R)-1-2], showed a weak shoulder at longer wavelengths and, compared
to a solution containing only 2, a lower quantum yield (@ = 0.18) and a higher full width at half
maximum (FWHM), i.e. 80 nm (2: 62 nm, Figure 3.3.16c). The slight changes observed in the
absorption and emission spectra of [ (R)-1-2], along with the lifetime values (3.4 ns for (R)-1; 71 = 1.5
ns; T2 = 3.7 ns for 2; 71 = 1.2 ns; T2 = 4.2 ns for [(R)-1-2].) were ascribed to the presence of H-bonded
self-organized structures in CHX/THF (95:5 v/v) (Figure 3.3.16a-c). Notably, the emission at high
temperature showed a blue shifted maximum with substantially reduced FWHM (52 nm) and the
disappearance of the extended shoulder at longer wavelengths (Figure 3.3.16c). This indicated the
presence of isolated units of molecule 2 in the sample, which also exhibited much higher intensity.
Owing to the high quantum yield of the monomer unit 2 (@ = 1.0), its emission peak masked the
signal from weakly emissive molecular species (i.e., (R)-1, ®a = 0.12). In order to corroborate the
presence of H-bonds between molecular species (R)-1 and 2, a H-bond disrupting polar solvent such
as DMSO was added (S % v/v) to a solution of [(R)-1.2], (Figure 3.3.17ab). Upon addition of
DMSO, the absorption spectrum of [(R)-1.2], shows the appearance of blue shifted bands with
discernible signatures of the individual molecular units, (R)-1 and 2 (Figure 3.3.17). The disruption

of the assembly by DMSO was also observed with the VT-fluorescence experiments.
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Figure 3.3.17. a) Absorption and b) normalized fluorescence spectra of [(R)-1-2]. in CHX/THF (95:5 v/v)
before (blue) and after (black) addition of DMSO. Same results were obtained with molecule (S)-1; ¢) lifetime
comparison of 2 (black), (R)-1 (red) and [(R)-1-2], (blue) in CHX/THF (95:5 v/v), Aex = 331 nmy; lifetimes

reported on the graph.
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Microscopic analysis of the deposition of CHX/THF (95:5 v/v) solutions containing [(R)-1-2],, also
displayed the formation of fiber-like morphologies (Figure 3.3.18). The fibrous structures displayed
small diameters ranging from S to 10 nm and average lengths between 0.8 ym to 3 pm. The same

morphologies were also obtained upon deposition of the chiral supramolecular systems [(S)-1-2]...

R-gnantiomer b) R-enantiomer

Figure 3.3.18. a-e) TM-AFM and fg) TEM images of nanofibers as obtained from drop casting a CHX/THF

(95:5 v/v) solution of [ (R)-1-2], on mica surface and on a carbon coated grid, respectively (c= 1.7 x 10° M).

Additional experiments revealed the formation of nanofibers that lacked apparent chirality by AFM
investigation of racemic [1-2], giving further importance to the intrinsic chirality of the BINOL core
(Figure 3.3.19). As previously mentioned, CD investigations of dilute solutions containing [(R)-1-2].
and [(8)-1-2]. under the same experimental conditions showed the formation of a new band, centered
at around 420 nm but presenting opposite signs (Figure 3.3.16d). This observation, together with the
formation of fibrous morphologies, can be considered as a clear proof of the transfer of chirality from
the molecular scale to nanostructured nano-objects, in which the different single polymeric structures
are held together by the combination of non-covalent interactions. Similarly to the case of the

CHCL;/CHX (1:1 v/v) solution, the formation of narrow fibers from CHX/THF (95:5 v/v)
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suggested that under these conditions higher degree of polymerization are achieved and no extensive
aggregation is observed. This is probably caused by the solvophilic character of these supramolecular

polymers in this solvent mixture.

Figure 3.3.19. TM-AFM images (a-e) of a drop-casted CHX/THF (95:5 v/v) solution of [ (racemic)-2]. (c=

1.7 mM) on mica surface.

3.3.3.6. Nanostructuration of the Chiral Helices

Additional evidences for the formation of the fibrous aggregates in solution were obtained from SAXS,
a powerful technique to determine the shape and size of colloidal, diluted, and particulate
systems.””>¥¢ The SAXS pattern of a solution of [ (R)-1-2], in CHX-THF (95:5 v/v, c= 1.7 x 10° M)
is reported in Figure 3.3.20. In order to reconstruct the three-dimensional structure adopted by the
supramolecular polymer, the data have been fitted by assuming homogeneous monodisperse
structural models, such as cylinders, hollow cylinders and helical bundles. The best fitting result

377

(Figure 3.3.20a, red line) were obtained using helical superstructure models®”” resulting from the
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topological twisting (angle of 36°) of a 1D nanostructure featuring a ribbon-like structure (width of 8

nm).
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0.0 0.5 1.0 1.5 2.0
b) q/1/nm
a=36°

e LATERAL VIEW TOP VIEW

: :
P=25.3 nm D=14.8 nm

Figure 3.3.20. a) Experimental SAXS data (blue) obtained from a solution of [(R)-1-2].in CHX/THF (95:5
v/v) (298 K, c = 1.7 x 10° M) superimposed with a fitting model (red line) of a helical tape; b) schematic

representation of the supramolecular helicoidal fibers as obtained from [(R)-1.2],.

Their structural and geometrical features of which are depicted in Figure 3.3.20b. In order to elucidate
the geometric organization of the self- assembled molecular models along the twisted ribbon system,
more complex fitting models taking into account also its possible internal structure were also used.

However, the results were not statistically significant, and thus they were not considered.

In order to gain insight into the molecular organization of the nanofibers, molecular modeling
simulations were also carried out at the atomistic level using Molecular Mechanics (MM ). MM studies
were performed using the COMPASS force field, which accurately describe the geometry and torsion

potentials of phenylene ethynylene oligomers, alkyl groups, BINOL, and is appropriately optimized
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for modeling organic condensed phase and H-bonded structures.* Figure 3.3.21 shows the structures
of the studied compounds and the molecular modeling of the H-bonded bi-component
supramolecular networks. Conformers of (R)-1 and ()-1 possess a torsional angle between the
naphthalenes planes of around 96° for the transoid conformer (see Figure 3.3.21a for the transoid
conformation, where the 2,2’-methoxy groups are pointing in opposite directions) and 72° for the
cisoid conformers. For linear module 2, the para-phenylene ethynylene moiety has a flat torsion
potential between the phenylenes (2.1 k] mol" barrier), which dictate through the torsional angle of
the BINOL units the geometrical properties of supramolecular polymers [(R)-1-2]. and [(S)-1-2]..
Depending on whether one naphthyl substituent of the (R)-1 or (8)-1 module is facing the
neighbouring naphthyl at each side of the linear linker (see sketch in Figure 3.3.21b where equivalent
naphthalenes are depicted with the same black tonality), the complementary H-bonding arrangement
yields two possible types of bi-component networks, namely helix or zig-zag patterns (Figure 3.3.21b).
Based on a series of modeled assemblies obtained by different cycles of MM simulations, we found
that square-shaped networks are indeed forming a helical assembly at the supramolecular level with a
pitch made of tetrameric units of [(R)-1-2]. (Figure 3.3.21c). In contrast, the zig-zag arrangement
yields the formation of one-dimensional polymer, because in this setting two equivalent naphthyl
substituents face each other at each termini of the linear unit (Figure 3.3.21b). Although this type of
supramolecular organization would leave large voids in the arrangement, the presence of the C,, alkyl
groups stabilizes the formation of supercoiled double helical cables (Figure 3.3.21c) by lateral alkyl-
alkyl interdigitation. In the geometry-optimized model of [(R)-1-2]. shown in Figure 3.3.21¢, both
molecular geometries and length of the alkyl groups govern the formation of compact double
helicoidal arrangement, with a single-helix pitch of around 3.8 nm (i.e. 1.9 nm from helix blue to helix
yellow in Figure 3.3.21c). The geometry of the double helix has a rectangular cross section, with a
minimum distance of around 2.8 nm from side to side and a maximum distance of around 5.0 nm from
corner to corner. Indeed, such compact packing is very likely more stable than the zig-zag arrangement
in apolar solvents, as the alkyl groups point at the outer surface of the helix. Notably, the geometrical
parameters obtained from the MM simulation are in strict relationship with the structural data
obtained from the SAXS analysis of [(R)-1-2],in a CHX/THF (95:5 v/¥) solution. Indeed, the
supramolecular dimerization of one of these single rectangular units through van der Waals
interactions, dictated most probably by multiple interdigitation of the solubilizing alkyl chains, would
lead to the formation of a flat ribbon nanostructure with dimension comparable with the one reported

by the SAXS results (4 nm of height and 8 nm of width, Figure 3.3.21c, model (i)). The consequent
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twisting and dimerization (Figure 3.3.21¢, (ii) and (iii) steps, respectively) of the resulting ribbon
would allow the formation of the supercoiled fibrous structure observed at the microscale by both

TEM and AFM analysis.
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Figure 3.3.21. Molecular modeling of the supramolecular polymers of [(R)-1:2].and [(S)-12]... a) Side and
top views of conformers of (X)-1 along with their sketch representation (on the right); (b) sketch of the
different possible assemblies considered for the molecular mechanics (MM) simulations; c) proposed
simulated model for self-organized nanofibers (CPK view, one helix in blue, the other in yellow ~15 nm-long
fiber as obtained through several MM simulations cycles of the superstructure): at first, the self-assembly occurs
through H-bonding between the complementary modules in a helix-type arrangement, which is right- and left-
handed for [(R)-1-2]. and [(S)-12],, respectively, followed by a self-interdigitation of the single helices
yielding double helix nanofibers. As observed by SAXS analysis in solution and AFM images on surfaces, it is
envisaged that the individual nanofibers are organized into the final superhelical nanofibers by a possible three
step mechanism based on the formation of a tape structure (i) that will eventually twist into a single helical tape

(ii) and finally dimerize into the final nanofibers structure (iii) observed by TEM and AFM.
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3.3.3.7. From Nanospheres to Helices

To shed further light on the role of the solvent mixture giving the chiral morphologies, we investigated
various solvent mixtures between CHX and THF. As in previous cases, an equimolar amount of
molecular modules (R)-1 or (S)-1 and 2 were first dissolved into a minor volume of THF (solvent
able to completely solubilize both compounds) and then diluted to the necessary volume with CHX.
Aiming at favoring the formation of the most thermodynamically stable architectures, the resulting
mixtures were heated and finally drop-casted onto mica surfaces for microscopic analysis and let to
evaporate at room temperature. With the more polar mixture (CHX/THF 80:20 v/v), the formation
of round shaped nanostructures was observed by TEM and TM-AFM investigations (Figure
3.3.22ad).

300 nm 500 nm 1000 nm

CHX/THF 80:20 CHX/THF 90:10 CHX/THF 95:5

SOLVENT POLARITY

Figure 3.3.22. Nanostructuration of the supramolecular polymers into organic morphologies depending on the
polarity of the drop-casted solution: a,d) TM-AFM and TEM images for CHX/THF (80:20 v/v); b,e) images
for CHX/THF (90:10 v/v) and ¢,f) images for CHX/THF (95:5 v/v).

138



3 Solvent Effects in Organic Soft Matter Nanostructuration

Through detailed TM-AFM analysis, spherical nanoparticles characterized by heights from 10 to 70
nm and thickness of nm to few tens of nm were obtained (Figure 3.3.22a). Interestingly, when a
solution of [ 1:2], was transferred from a CHX/THF (90:10 v/v) solution to the mica surface, globular
aggregates were predominantly observed, but fibrous material also started to appear (Figure
3.3.22be). Specifically, the deposited material is characterized by the presence of spherical
morphologies that peripherally exposes fibrous ramifications, with diameters between S and 50 nm
and length up to several ym. With respect to the fibrous morphologies obtained from the CHX/THF
(95:5 v/v) solutions, the ramifications displayed some substantial structural differences, as they
appear as bamboo-like structures (Figure 3.3.22¢f). In both cases, SAXS measurements did not reveal
any periodicity or formation of homogenous structures. Whereas in the more polar solvent mixture
(CHX/THE 80:20 v/v) the aggregation seems to be essentially governed by the concentration-driven
solutal instability, increasing the apolar character of the solvent enhances the degree of
polymerization, thus favoring the formation of long supramolecular polymers as the solvent

evaporates, thus the formation of long fibers.

3.4. Conclusions

In view of precise and controlled preparation of functional supramolecular systems, this chapter
focused on the nanostructuration of soft matter both in solution and on surface, with placing special

attention to the choice of the solvent.

In the first part, porphyrin 3-1-Zn was designed in order for the building block to have a flat core for
n-stacking, lateral hydroxy groups capable of hydrogen bonding and finally a Zn(II) metal atom
capable ligation. The porphyrin 3-1.Zn was prepared according to a procedure that allowed us to avoid
tidy and numerous column chromatographies. Then, the characterization through one- and bi-
dimensional NMR techniques confirmed the structure of the product. Already in solid state,
porphyrin 3-1-Zn was found to self-assemble into stacks with central void created by a hydrogen bond
network, which gave first validation of our system design. UV-Vis absorption studies showed hypso-
and hypo-chromic shift of the Soret and Q-bands when more apolar solvent (CHCl;, MCH) are used
instead of THEF. Further titrations with either pyridine or CH;OH showed breaking of both hydrogen
bonding and axial zinc coordination interactions, respectively. Additional temperature- and
concentration-dependent UV-Vis suggested that the porphyrin molecules are also able to form slipped

stack arrangements (J-type aggregates). The solutions were then deposited by spin-coating on a mica
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surface and AFM microscopy showed the formation of extended 2-D islands, suggesting that the

aggregates were transferred from solution to the surface.

In the second part, novel molecular modules carrying hetero-complementary H-bonding recognition
motifs were prepared and characterized. The building block is composed of a BINOL unit which,
through its atropoisomers (R) and (), served as a chiral unit. Together with a complementary H-
bond partner, an achiral linear OPE chromophore, the modules underwent self-assembly through
triple H-bonding interactions. The association strength of the three-fold H-bonded structures was
determined in CDCl;, CDCl;/CHX-d,, and Tol-ds, together with their binding stoichiometry.
Through a simple experimental model, we have shown that, together with the association strength,
the vapor tension of a given solvent governs the degree of polymerization under evaporation
conditions. In particular, solvents favoring strong H-bonded complexes and displaying high vapor
pressures induce the formation of higher degrees of polymerization. Owing to the chromophore unit,
it was possible to follow the self-assembly through UV-Vis, CD and fluorescence spectroscopies.
Notably, through temperature- and concentration-dependent CD spectroscopies, an isodesmic
polymerization mechanism was uncovered. The self-assembled supramolecular polymer has been
transferred onto surface for microscopic investigations through AFM and TEM microscopy
measurements. Nanostructuration afforded nanorods (from CHCI;), nanofibers (CHCl;/CHX),
nanospheres (Tol, CHX/THF 80:20 v/v), hybrid nano-sphere/fibers (CHX/THF 90:10 v/v) and
finally helical nanofibers (CHX/THF 95:5 v/v). The self-organization and the chiral transfer from
solution to surface were also studied with the aid of SAXS analysis and molecular modeling in order
to gain insights into the nanostructuration mechanism of the material into superhelical nanofibers.
These results suggest that if high degrees of polymerization are achieved, fibrous structures apparently
expressing chiral morphologies at the microscale can be obtained. The solvophilic character of a given
solvent mixture disfavors aggregation phenomena, thus reducing solutal instability. Taken in concert,
our experiments showed that the choice of solvent is crucial to dictate the polymorphism of the
nanomaterial and the transmission of molecular chirality at higher scales. In particular, an optimal
balance between high degree of association, solvent vapor pressure and the solvophobic/solvophilic

properties needs to be accomplished in order to control the formation of organic morphologies.
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4. Carbon-Based Templates for Photo-Active Materials

This chapter describes the organization of photo-active materials by using carbon-based templates,
such as carbon nanotubes (CNTs) and carbon nanodots (CNDs). While carbon nanotubes hold great
potential due to their extensively reported physical and electronic properties, carbon nanodots are the
latest member of the nano-carbon family and their investigation is still limited. The chapter is divided
in three sections: i) the introduction includes a general overview on common templates for
arrangement of chromophores; i7) the hierarchical assembly of porphyrin arrays on carbon nanotubes,
with the latter ones being able to get aligned under external stimulus, such as the magnetic field; iii)
novel hybrids of carbon nanodots and porphyrins, however this being a system first of its kind both

covalent and non-covalent approaches were employed.

The work presented in this chapter has been done in collaboration with Dr. Mingjie Liu from Dr.
Yasuhiro Ishida group (RIKEN Center, Saitama, Japan) that performed the magnetic alignment
experiments, Dr. Andrea Minola from the group of Prof. Roberto Lazzaroni (Université de Mons,
Mons, Belgium) that performed the molecular modeling and Dr. Rita De Zorzi and Prof. Silvano
Geremia (Universita di Trieste) for solving the crystal structure. The work done on CNDs has been
accomplished in collaboration with Francesca Arcudi (Universitd di Trieste) that performed the
synthesis, the optical, the structural and morphological characterization of the CNDs and the hybrid
material, and Dr. Volker Strauss from Prof. Dirk Guldi group (Friedrich-Alexander-Universitit,
Erlangen-Niirnberg, Germany) that carried out photophysical characterization of the hybrid material.
Part of the work in this chapter has been used in the preparation of the manuscript “Templating
porphyrin anisotropy via magnetically-aligned carbon nanotubes”. Part of this chapter has been
published as “Synthesis, Separation, and Characterization of Small and Highly Fluorescent Nitrogen-
Doped Carbon NanoDots” Angew. Chem. Int. Ed. 2016, 55,2107-2112.

4.1. Introduction

Great efforts have been accomplished in the careful and precise design of building block that assemble
in functional nanostructures. An alternative approach involves implementation of a template in order
to organize molecular motifs into nano-, meso- or macroscopic objects as an alternative bottom-up
approach. This, template-aided, approach aims at overcoming some of the current challenges in the

bottom-up fabrication that include low yields, restricted complexity and suboptimal reproducibility.’”
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In this context, most commonly exploited materials as templates (Figure 4.1.1) are: i) bio-mimetic

deoxyribonucleic acid (DNA); ii) inorganic zeolites and iii) carbon nanomaterials.
‘ Luminescent
module

Organized Material
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(CNTs, graphene...)
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Figure 4.1.1. Approaches towards organized luminescent materials with templates such as DNA, zeolites or

carbon-based materials.

4.1.1. Deoxyribonucleic Acid

DNA is a readily available biopolymer that nowadays can be prepared in almost any length, sequence
or functionalization.”””**® It is thus an especially appealing template either for formation of
programmed nanostructures with geometrical, size and positional control or for ordering precisely

functional molecules.380-3%2

An example of control on shapes and patterns that can be achieved is displayed by the so-called ‘DNA
origami’, a single-strand DNA (ssDNA) that folds into predefined shapes and is hold in place with
short nucleotide ‘staple stands’ between the two segments of the ssDNA (Figure 4.1.2). DNA can be

used as a scaffold for dyes and extended m-conjugated systems in several ways:

= Covalently linked m-conjugated systems to DNA;
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* Supramolecular interactions resulting in intercalation, binding to the sugar-phosphate

backbone and hydrogen-bonding to the bases.

Figure 4.1.2. DNA origami shapes into: a) square, b) rectangle, c) star, d) smiley face, e) triangle with
rectangular domains and f) sharp triangle. Second row, computer generated diagrams showing helix crossovers.

Bottom two rows, AFM images of folded DNA specimens.”’***

Several strategies that are usually employed as backbone modification of the DNA scaftfold are shown
in Figure 4.1.3. Modifications of natural nucleosides, such as functionalization of the nucleobase,
replacement of the nucleobase or using surrogates are all options in the backbone modification. For
example, porphyrins have been attached covalently to nucleobases on complementary strands of DNA
(Figure 4.1.3a-c).>** Moreover, it is possible to create an array of mixed porphyrins by attaching, for
example, a free-base porphyrin on one strand and a Zn(II) porphyrin on the other one. The formation
of the double strand resulted in the formation of an alternated array that interacted and formed a
zipper-like arrangement in the major groove of DNA. The DNA grooves were used to arrange several
other m-systems by covalently linking dimers to the nucleobases. For example, pyrenes, biphenyls,

bipyridyls, phenanthrolines and chrysenes among others showed the formation of excimers.?*-3%
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Another strategy is to replace various parts of the DNA structure, either the nucleobase, the
(deoxy)ribose or the complete nucleoside. A popular strategy is removal of a natural nucleobase and
replacement by an artificial one that allows a wide range of modifications.’”***** For example,
fluorescent deoxyribosides (named ‘“fluorosides’) were prepared by replacing the nucleobases with
either pyrene, oxoperylene, dimethylaminostilbene and quinacridone as monomers that were

subsequently used for automated synthesis of tetramers in a combinatorial set (Figure 4.1.3de).

—— 6b-Zn-7b 20°C
—— 6b-Zn-7b 80°C 4 IU
——2Zn7b  20°C dUA By

-Zn7b  80°C A dU Q—x_g_}o
20°C quA-( £t

emission

Figure 4.1.3. a-c) Modified base containing porphyrin dyes assembled in the major grove, with a part of
calculated zipper structure and emission spectra of strands showing electron transfer; d-e) structures of artificial
nucleosides monomers along with a fluorescence microscope image of a 256-member combinatorial library of

all possible tetramers; f) perylene base surrogate along with the schematic view of the double helix.

The ribose in the DNA backbone was replaced with a short alkyl chain, resembling the distance
between adjacent phosphates in natural oligonucleotides, carrying a PBI unit.*****! The PBIs were
incorporated in the strand in order to form zipper-like structures in the corresponding double helix.

With the correct stereochemistry on the short alkyl linker and with the presence of Watson—Crick base
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pairs at both termini, the strand adopted a right handed helix. Therefore, with this method it was
possible to assemble molecules into a helical array and form the double helix even if the nucleotides

were replaced by organic chromophores.

Figure 4.1.4. a) Schematic representation of branched DNA with both donor and acceptor molecules
intercalated; b) branched DNA with intercalated donor molecules and covalently attached acceptor moieties;
c) tetrahedron DNA nanotag with the representation of energy transfer between intercalated donor and

covalently attached acceptor.

Intercalation, the insertion of a molecule between the base pairs of the DNA, has been extensively used
in biology in form of drugs or tags. In addition, intercalation of the dyes was also used for assembling
multichromophoric arrays (Figure 4.1.4).*** In order to mimic light-harvesting complex of plants,
bacteria and algae, the protein structure was replaced by branched double-helical DNA
nanostructures that could serve as scaffold for supramolecular binding (by intercalation) of
chromophores. The presence of efficient fluorescence resonance energy transfer (FRET) in two
different multichromophoric systems was demonstrated. In the first one, both donor and acceptor
dyes were intercalated, while in the second one the donor was intercalated while the acceptor dyes

covalently attached in order avoid donor dyes being displaced by acceptor one.

Electrostatic forces were also exploited in order to interact with the electron-rich and negatively

charged sugar-phosphate backbone. For this reason, a series of water-soluble polymers
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(polyfluorenone polymers and co-polymers) were prepared and tested as optical reporters thanks to
the electrostatic interactions. Moreover, FRET was observed when dyes were intercalated within
dsDNA.¥*37 A tetranionic Ni(II) porphyrin was found capable of sensing the spermine induced Z-
form of DNA.**® While no interaction is possible without the spermine, interaction with DNA is

possible when the shielding action of protonated spermine is present.
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Figure 4.1.5. a) Structure of the thymidine appended ampbhiphiles, b) the oligoadenine template for the
thymidine guests, c) proposed mechanism of formation of the oligoadenylic acid templated self-assembly, d)
AFM image of self-assembled nanofibers; e) schematic representation of supramolecular complex formation

between oligothymine ssDNA template and 7-conjugated molecules.

Base pairing using ssDNA as templates for organic components is another possible strategy (Figure
4.1.5). Using oligoadenine as DNA template and thymine appended guest molecules the formation of
fibers, hydrogels and helical stacks has been reported.**** By incorporation of anthracene in the di-
thymine guest it was observed the formation of helical J-type aggregates. Helical stacks were also
observed by using oligo(p-phenylenevinylene) carrying two thymines. In a similar approach, a single
strand of oligodeoxythimidine was used in order to form three-fold hydrogen bonding with

complementary diaminotriazines or diaminopurine guest dye molecules.***” Notably, the chirality
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of the DNA template was transferred to the templated guest molecules into supramolecular helical

structures.

4.1.2. Zeolites

Zeolites are framework silicates made of interlocking tetrahedrons of SiO4 and AlO4, with each Al
contributing with a negative charge compensated with cations (such as Na*, Ca?* and others). For

example, Zeolite L contains one-dimensional channels that run through the whole crystals, have an

opening of around 0.7 nm and a center-to-center distance between channels of around 1.8 nm.*'**"!
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Figure 4.1.6. a) Zeolite crystal with parallel channels that run through the crystal; b) scanning electron
microscopy image of zeolite crystals; c) schematic representation of bifunctional zeolite systems; d) chemical
structure of the dyes; e) model of connection of the functional groups to the zeolite framework along with
chemical structures of the indicated with the arrow on the zeolite; f) schematic representation of the zeolites

used to target, label, and photoinactivate antibiotic-resistant bacteria.

Zeolites were found to include into their channels neutral or cationic molecules and can be further

2

functionalized externally or internally with silane chemistry.*”> Exploiting the orthogonal

functionalization protocols for zeolites, green- and red-emitters were placed on the coat and at the
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channel entrances, respectively (Figure 4.1.6a-d).** In this way, no unwanted energy transfer
processes were observed, due to enough spatial separation between the dyes. Tri-functional zeolites
were also be prepared (Figure 4.1.6ef).* At first, a green-luminescent dye (N,N>-bis(2,6-
dimethylphenyl)perylene-3,4,9,10-tetracarbodiimide) was inserted in the zeolites channels by gas-
phase inversion. The nanocrystals were then functionalized with a Si(IV) phthalocyanine by axial
attachment of Si to the hydroxy groups present on the zeolites surfaces. Finally, the zeolites were
coated with amino groups, since it was previously observed that bacteria adhere to amino-carrying
zeolites. By exciting the phthalocyanine at 670 nm, an intense emission characteristic of 'O,
phosphoresce (at 1275 nm) was observed. The tri-functional zeolite was used for photodynamic

inactivation of bacterial cells and was found to completely inactivate E. coli after 2 hours.

4.1.3. Carbon Nanotubes

In the carbon allotropes family, carbon nanotubes (CNTs) are conceptually made from rolled up

graphene sheets. CNTs have attracted much attention due to their electronic properties,*>*'¢

chemical and thermal stability,*”*'® together with extremely high tensile strength and elasticity,****°
to name a few. However, one of the major drawbacks is their tendency to strongly aggregate, making
them very hard to process and use in applications. However, the functionalization of CNTs offers the
opportunity to combine the properties of CNTs with those of other classes of materials for the desired
application. To this end, two general strategies have been exploited: i) covalent functionalization or
derivatization of oxygenated functions introduced by oxidative treatment or the functionalization of
the sp? framework; ii) non-covalent functionalization through supramolecular interaction with other

chemical species. While the first one transforms sp> carbons into sp® and therefore interrupts

conjugation, the latter one does not interfere with the w-electron system.

4.1.3.1. Surfactants and Biomolecules

As-produced CNTs usually display a distribution both in diameter and in chirality. Moreover, their
separation and characterization is troublesome due to their tendency to aggregate into bundles, due
to van der Waals tube-tube interactions. Surfactants are a non-aggressive and effective method for
debundling nanotubes, dispersing and suspending them through supramolecular interactions,
without affecting their electronic properties.*”! Anionic sodium dodecylsulfate (SDS) or nonionic
triton (TX100) were among the first surfactants used to create colloidal suspensions.*? Soon after,

systematic studies of dispersion efficiency for nanotubes with various surfactants were reported by
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preparing the dispersions with high-shear mixing, ultrasonication and followed by
ultracentrifugation.*> Among the ionic surfactants investigated, sodium dodecylbenzenesulfonate
(SDBS) gave the most resolved spectral features, while for non-ionic systems, higher molecular weight
surfactants were found to suspend more SWNT material. In another set of experiments, with
suspensions prepared under milder condition, i.e. gentle stirring for 3 days followed by centrifugation,
bile salts (e.g. DOC, sodium deoxycholate)were found to be particularly effective in dispersing
individual nanotubes.** While numerous reports found efficient debundling and dispersion of
nanotubes for quite a few surfactants, the supramolecular organization of the surfactants round the
nanotubes has been under debate. However, it is believed that the organization is dependent on the
surfactant concentration.” Specifically, at low surfactant concentration, the micelles should interact
dynamically and spread randomly around the tube, while with increasing concentration the micelle

start to absorb and cover the nanotube.
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Figure 4.1.7. a) Commonly used surfactants for dispersing carbon nanotubes; b) cross-section model of

individual nanotube in a cylindrical SDS micelle;* ¢) arrangement of sodium cholate around CNTs;* d)
y g

absorption spectra of nanotubes suspended in selected surfactants;*”” e) fluorescence spectra (930 nm

excitation) for CNTs dispersion in selected surfactants.**

Biomolecules were also found to be efficient in preparing high-quality dispersion of nanotubes,

particularly DNA. At first, the ssDNA was found to wrap helically around the DNA, presumably with
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the aromatic nucleobases stacking on the nanotube and the negatively rich phosphate backbone

exposed to the water, ensuring the efficient suspension in water.**
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Figure 4.1.8. ab) Carbon nanotubes wrapped by a poly(T) sequence; c¢) AFM image of a DNA-CNT fractions

428

and d) separation of free DNA and DNA-CNT by anion exchange chromatography.

The individualization and dispersion of CNTs is important for their separation, with different
approaches  reported for sorting in  length,***'  diameter,”***  chirality,*>*’
semiconducting/metallic character*®*® and handedness.*****' The dispersed CNT's with surfactant
or DNA, exposing a negative charge on the surface, were further exploited in order to prepare donor-
acceptor hybrids. CNTs wrapped with ssDNA were ion-paired with a Zn(II) porphyrin carrying four
pyridinium peripheral groups and the newly assembled donor-acceptor system showed photoinduced

electron transfer from the porphyrin to the CNT.** A similarly designed system was also shown to

harvest light and generate photocurrent.*?

4.1.3.2. Anchoring Group - Pyrenes
Pyrene and its derivatives, as polycyclic aromatic molecules, have been prepared and used as anchors

for the nanotube sidewalls to bring new functionalities to the nanotubes. Common strategies used in
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preparing supramolecular CNT's/pyrene/chromophore composite systems are depicted in Figure

4.1.9.
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Figure 4.1.9. Common strategies for preparing non-covalent CNTs/pyrene/chromophore composite systems.

Pyrenes containing polar heads were found to disperse efficiently CNT's in H,O, with the aromatic
system interacting with the nanotube walls and the polar head (trimethylammonium group) ensuring
the solubility in H,O.**** This positively charged CNT /pyrene hybrid was then exploited to anchor
chromophores such as negatively charged porphyrins and polythiophenes.*** This composite
CNTs/pyrene/porphyrin material showed fast intrahybrid electron transfer with creation of long-
lived radical-ion pairs. Similar assemblies could be achieved by inverting charges, i.e. using pyrene

carboxylic acids derivatives and positively charged porphyrins.**!
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Apart from creating assemblies by electrostatic interactions, other supramolecular systems have been
constructed through metal-ligand interactions or crown ether/ammonium cation recognitions. CNT's
dispersed with pyrene imidazole derivatives were used to axially coordinate Zn(II) porphyrins or
phthalocyanines in solution.*? Efficient quenching of the singled excited states of porphyrins was also
achieved by using pyrene derivatives carrying an ammonium cation and porphyrins equipped with

benzo-18-crown-6 ether.**

Addition of new moieties through pyrene-nanotube 7-n interactions was also realized by covalently
linking the chromophore to the pyrene core and then dispersing the carbon nanotubes. Numerous

examples involving, for example, porphyrins,***%

phthalocyanines,®’ tiophenes,*® fullerenes,*® and
others, were used to bring more robust pyrene-based derivatives with better control of the final

structures, even if each pyrene derivative had to be prepared independently.

4.1.3.3. Electron-Donor Molecules - Porphyrins and Other n-Conjugated Systems

Other polycyclic aromatic compounds have been used, e.g. anthracenes, phenanthrenes and

coronenes, but were found generally less efficient than pyrenes in dispersing nanotubes.**#04!

n=1,2,4 or 6
CgHi7( 0CsH17

Figure 4.1.10. Porphyrin and their derivatives such as extended porphyrins, porphyrin tapes or porphyrin

oligomers used for dispersion of carbon nanotubes.

Porphyrins were also found useful for dispersing carbon nanotubes. Tetraphenylporphyrin and other

monomeric porphyrins were found to form =-stacking interactions with the nanotubes.*>-%6

However, simple porphyrin derivatives were not be as efficient in debundling and dispersing
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466,467

nanotubes, thus novel methods or extended porphyrins*® or porphyrin oligomers were used
porphyr porphy g

(Figure 4.1.10).*°*"° QOther m-conjugated materials that were used to efficiently disperse carbon

471,472 473,474

nanotubes include perylene bismides, tetrathiafulvalenes, oligo(p-phenylene

ethynylenes),****"” and alkylated fullerenes***” among others.

4.1.4. Carbon NanoDots

The large popularity of carbon nanostructures is due to fullerenes, carbon nanotubes and graphene.
Thanks to the developments made in nanotechnology and in material synthetic methods, other
materials joined the nanocarbon family. The latest member to join this class are Carbon NanoDots
(CNDs), nanocarbons that comprise discrete, quasispherical nanoparticles with size below 10 nm.*°
Since their accidental discovery during the purification of CNTs in 2004,**' CNDs have emerged as
very promising class of carbon nanomaterials. When compared to their ‘carbon cousins’, they possess
even more intriguing properties and, with their fascinating photoluminescence, are attracting
considerable attention. Labeled as ‘carbon nanolight’,** these small carbon nanoparticles have
gradually become a rising star. Specifically, they can be promising substitutes to conventional
semiconductor quantum dots (QDs), considered as superior fluorescent material over organic dyes,

which toxicity is still a matter of debate.

One of their unique property is the tunable fluorescence emission.*>** They afford multi-
fluorescence colors under different excitation wavelengths. Although the fluorescence mechanism is
complicated and further clarifications are needed, the excitation wavelength dependence is generally

ascribed to effects from particles with different emissive sites on each CNDs.

Over the last decade a variety of synthetic methods in order to prepare CNDs have been explored.***¥
CNDs can be produced mainly from molecular precursors through ‘bottom-up” approaches or by ‘top-
down’ cutting routes. Many researchers are attempting to achieve high quality CNDs via simple, low-
cost, green and efficient synthetic methods. Avoiding costly precursors, complex instrumental set-up,
post-treatment or time-consuming procedures are definitively the main challenges in order to
outperform the inorganic QDs. Solvothermal and hydrothermal synthesis are widely used due to their
cheap and simple devices.****** However, they suffer of lengthy operational procedures and increasing
efforts have been paid to high-energy technologies such as microwave (MW)-assisted techniques.
Usually the quantum yields (QYs) are around 10 %, but they have been increased thanks to the recent

advancements in synthetic methods.** Further modifications to improve the fluorescent (FL)
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performance are typically required and, the most common, include surface passivation or element
doping.*%*6%7 Nitrogen doping has been reported to give excellent optical properties and usually
blue-shifted fluorescence, although usually introduction of nitrogen atoms requires harsh
conditions.**** To overcome post-synthetic treatments, strategies such as the incorporation of

passivation agents into the synthetic process were successfully adopted.***

Despite considerable advances, several challenges still remain and should be addressed in future
works. To improve QYs so as to achieve highly controllable composition and structure, the

development of reproducible and competitive synthetic methods is still needed.

Even if a plethora of applications are currently under investigation, many of them are still in their
infancy. Features such as water solubility, biocompatibility, low citotoxicity and in vivo toxicity were

responsible since the beginning for bioapplications of CNDs.#%#"

They are now the most explored
and, except strong fluorescence, their photostability and high two-photon cross section in the

therapeutic near-infrared region give clear advantages for in vivo bionanotechnology.

Nevertheless, many efforts have been done in their application to lighting and energy related fields.*”

CNDs also own other properties such as photoinduced electron transfer property, which extend their
applications in light energy conversion and related applications. CNDs can act either as electron
donors or as electron acceptors depending on the counterpart. Pioneering work showed that CNDs
luminescence is quenched by electron acceptors, such as 4-nitrotoluene and 2,4-dinitrotoluene, or the
electron donors, such as N,N-diethyl-aniline, through an electron transfer quenching mechanism.*?
CNDs-based hybrids are beginning to emerge, for example, supramolecular nanohybrids
SWCNTs/CNDs,** PBI/CNDs,** graphene oxide/ CNDs*¢ have been found to feature remarkable
charge-transfer activity, suggesting that CNDs are a valuable building-block for the design of electro-

and photo-active hybrids for optoelectronic devices.

4.1.5. Aim of the Project

The two main objectives in this project are governed by the type of carbon-based templates, CNT's
and CNDs and the knowledge we have of these two classes of carbon nanomaterials (Figure 4.1.11).
CNTs can be functionalized in a supramolecular fashion and this achieves a dual goal: easier
processability by improving their dispersibility as well as bringing new functionalities depending on

the molecules used. Although this approach has been extensively employed in order to arrange organic
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materials around the nanotube walls, herein we want to further exploit the response of CNT's to the

magnetic fields in aligning their long-axis parallel to the field direction (Figure 4.1.12).

Carbon Nanotube Carbon Nanodot
Template Template

Magnetic susceptibility

Novel nanohybrids
of the template

Figure 4.1.11. Schematic approach in template assisted assembly of porphyrin derivatives in this chapter.

a) b) =

* A

Figure 4.1.12. a) Schematic representation of aligned carbon nanotubes by magnetic fields and b) nanotubes

align parallel to the magnetic field (B), which is at right angles to the incident light.*”

Thus, by functionalizing nanotubes with photoactive chromophores, such as porphyrins, we should
be able not only to arrange the chromophores around the nanotubes walls but also align them
preferentially in one direction, achieving a high degree of order in our system. Furthermore, we
envisage using organogels in order to preserve the information of our hybrid system even when the
magnetic field is turned off. Although the magnetic susceptibility of carbon nanotubes depends on

their helicity and on the angle between the magnetic field and the tube main axis, in any case the
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magnetic susceptibility anisotropy is higher than zero, thus sufficient to direct their alignment in a

magnetic field.

In the second part, a different approach is required since carbon nanodots are the latest class of carbon-
based nanomaterials and their optical and electronic properties have not yet been explored as in the
case of carbon nanotubes. Additionally, since this is a new material, reproducible, reliable and scalable
methods first need to be developed before exploring their properties and potential applications.
Therefore, we propose a novel synthetic method using microwave irradiations of cheap and abundant
starting materials such as amino acids (arginine) and dopants (ethylenediamine). This material first
needs to be thoroughly characterized before being functionalized in order to probe its properties in
hybrid materials. Subsequently, we propose both a covalent and non-covalent approach in order to
arrange chromophores, which (opto)electronic properties are well understood, around these

nanoparticles.
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4.2. Magnetically Aligned Carbon Nanotubes as Templates

The chemical structures, along with the schematic representation of the formation of the hybrid

material is depicted in Figure 4.2.1.
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Figure 4.2.1.a) Chemical structures along with cartoon representation of the Zn(II) porphyrins and ligands

used in this section; b) schematic representation of porphyrin array/carbon nanotube hybrid.

4.2.1. Synthesis and Characterization

The synthetic pathway undertaken to obtain compounds 4-1 and 4-2 is reported in Scheme
4.2.1.
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Scheme 4.2.1. Synthetic scheme used in order to prepare compounds 4-1 and 4-2. Reagents and conditions: a)
Br,, CCly, r.t.; b) TMSA, Pd(PPh;),Cly, PPh;, Cul, THF/ PhCH3/Et:N, 120 °C, 1 h, yW irradiation; c) K,COs,
CHCl;/MeOH, r.t.; d) 1. BF3-Et,0, CHCI;, 1 h, r.t.; 2. DDQ,1 h, r.t.; 3. Et;N, 15 min, r.t.; 4. Zn(OAc),-2H,0,
CHCl;/MeOH, r.t.; e) Pd,(dba);, AsPhs, PhCH;3/Et;N, r.t.; f) TMSA, Pd,(dba);, AsPh;, PhCH;/Et;N, r.t.

Compound 4-1 is comprised of a central aromatic core, 1,6-disubstituted pyrene, and two
peripheral Zn(II)-porphyrin units. Moreover, the Zn(II)-porphyrin bears three mesityl units
around its core in order to avoid possible - interactions with the MWCNT's. Bromination of
pyrene yielded 1,6-dibromo pyrene 4-3 that was subsequently reacted with TMSA under Pd-
catalyzed conditions and finally the TMS groups was removed in basic conditions. The
iodophenyl-porphyrin 4-6, on the other hand, was prepared through a mixed aldehyde
condensation under Lindsey conditions. The mixture of porphyrins that was obtained proved
to have very little difference in polarity to be separated on SiO, column chromatography and
therefore the porphyrin mixture was reacted with Zn(OAc),-H,O. The difference in polarity,
albeit low, was enough to separate the mixture with several column chromatographies. The
two synthons , pyrene and porphyrins, were connected with a Pd(0)-catalysed copper-free
Sonogashira cross-coupling reaction in good yield. Suitable crystals for X-ray crystallography

were grown by vapor diffusion of MeOH into a CHCI; solution of 4-1: the 3D structure in the
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crystal is shown inFigure 4.2.2. Additionaly, the monotopic porphyrin 4-2, was analogously
prepared through Pd(0)-catalysed cross-coupling reaction between porphyrin 4-6 and
trimethylsylilacetylene in excellent yield. Notably, solid state structure of porphyrin 4-2
(obtained from slow evaporation of a pyridine solution) showed that the axial coordination

with the Zn(II) is possible.

Figure 4.2.2. X-ray structures of a) side and b) top view of compound 4-1 (solvent molecules were omitted)

and c) side and d) top view of porphyrin 4-2.
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Figure 4.2.3. '"H-NMR spectra (500 MHz, 298 K) for compound 4-2 (CD,Cl,) and compound 4-1 (CDCl;).

4.2.2. Porphyrin Array Formation

First of all, we set to study the formation of the porphyrin array [4-1-BPE ], in a CHCI; solution.
While the coordination chemistry of Zn(II) porphyrins has been studied in detail,**** there
are no reports on the influence of mesityl peripheral groups on the metal coordination
(N--Zn). In order to appreciate the impact of the peripheral groups on the coordination, we
performed an UV-Vis titration (¢ = 3.0 x 10° M, CHCI;, 298 K) of porphyrin 4-2 with 4-
methylpyridine (Picoline) (Figure 4.2.4a). The progressive addition of Picoline into a solution
of 4-2, resulted in a bathochromic shift of the Soret band from 421 to 431 nm. Non-linear
global regression analysis, gave a microscopic binding constant K, = 1.8 x 10* M. This is in
great agreement with the value obtained by 'H-NMR titration for the same system (K., = 1.6
x 10* M"!, Figure 4.2.4b).
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Figure 4.2.4. a) UV-Vis titration data (CHCls, 298K) of compound 4-2 (¢ = 3.0 x 10° M) with different molar
amounts of Picoline (from 0 to 150 equivalents); on the right the variation in absorbance at 421 nm (red circles)
and 431 nm (black circles) plotted against the molar ratio with the corresponding 1:1 non-linear least-square
fitting; b) 'H-NMR titration experiment (CHCl;, 298K) of compound 4-2 (¢ = 0.9 x 10° M) with different

molar amounts of Picoline (from 0 to 6 equivalents), on the right the 1:1 non-linear least-square fitting.

Then, variable-temperature UV-Vis and concentration-dependent 'H-NMR experiments were
performed for compound 4-1 that showed no appreciable self-aggregation phenomena (Figure
4.2.5). Subsequently, in order to prove the interaction between compound 4-1 and BPE we
performed an UV-Vis titration (c= 1.8 x 10° M, CHCl;, 298 K) following the Q bands (Figure
4.2.6a). A bathochromic shift (from 550 to 565 nm) accompanied with a hypochromic effect
and a second bathochromic shift (from 590 to 605 nm) together with a hyperchromic effect,

were observed, confirming the N-.-Zn coordination. To gain further insights into the structural
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changes upon the binding of the ligand to compound 4-1, "H-NMR of a 1:1 mixture (c= 1.1 x
10° M, CHCl;, 298 K) was performed (Figure 4.2.6b). The most obvious change upon
addition of 1 equiv. of BPE is the appearance of three additional peaks at 5.05, 3.0S5 and 1.25
ppm, attributed to the bispyridyl protons that show a significant upfield shift (compared to the
free BPE) due to the combined anisotropy of the porphyrin ring current. Changes were also
observed in the chemical shift and multiplicity of the porphyrin protons: an upfield shift for all

p-pyrrolic signals of around 0.15 ppm was observed.
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Figure 4.2.5. UV-Vis temperature experiment (CHCl;) and "H-NMR dilution experiment of compound 4-1

alone in order to investigate its self-aggregation.

These changes prompted us to perform '"H-NMR titrations (c= 1.1 x 10° M, CHCIl;, 298 K,
Figure 4.2.6cd) in order to elucidate the structural changes that occur upon binding. The
addition from O to 1 equivalent (eq.) of BPE showed the upfield shift of the a,  and —~(CH,),—
signals of the ditopic pyridine ligand at 5.0S, 3.0S and 1.25 ppm. Addition of more than 1 eq.
of ligand showed the progressive downfield shift of the ligand signals toward those of the free
species, indicating a fast equilibrium. More useful structural information was obtained by
observing the evolution of B-pyrrolic signals upon addition of the ligand. From 0 to 1 eq. of
BPE, the S-pyrrolic protons showed a progressive upfield shift and an increased multiplicity
due to the diminished symmetry of compound 4-1 upon coordination. Addition of more than
1 eq. of the ligand maintained the increased multiplicity of the B-pyrrolic signals, but a
downfield shift was observed. The experimental data in Figure 4.2.6d are diagnostic of a closed

2:2 sandwich that progressively moves toward the [1.(BPE),] complex.’°*°! Unfortunately,
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precipitation of the complex, which occurs upon progressive addition of ligand to the solution
made it impossible to obtain a good fit (Figure 4.2.6d, Figure 4.2.6¢c note the baseline changes

even if n scans remains constant).
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Figure 4.2.6. a) UV-Vis titration data (CHCl;, 298 K) of compound 4-1 (c= 1.8 x 10° M) with different molar
amounts of BPE (from 0 to 36 equivalents); b) '"H-NMR (CDCl;, 298 K, ¢ = 1.1 x 10® M) of BPE (top),
compound 4-1 (bottom) and their 1:1 mixture (middle), a, p and —(CHa),~ indicate the signals of complexed
BPE; cd) '"H-NMR (CDCl;, 298K) titration of compound 4-1 (c= 1.1 x 10 M) with BPE, experimental data
for B-pyrrole protons ppm shift against BPE equiv.; the grey line is intended as guide for the eye; inset shows a
solution of 4-1 before (left) and after (right) the titration experiment; inset shows a 1.1 x 10” M solution of 4-

1 before (left) and after (12 h, right) the titration experiment.

In order to further characterize the structure of the coordination complex, Diffusion-Order
Spectroscopy (DOSY) measurements of solution containing the single components or the 1:1
mixture were performed (Figure 4.2.7). This powerful technique has become the method of

choice for multi-component systems in order to gain insights of their effective size and
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shape.’**% In this context, diffusion NMR spectroscopy would help us to determine the

species in solution even if some precipitate is formed.
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Figure 4.2.7. DOSY investigation a) stack plot showing the signal decays as a function of gradient strength (G)
for compounds 4-1 and [4-1.BPE],; b) overlay of three 2D-DOSY experiments — BPE (black), compound 4-1

(blue) and [4-1.BPE], (red).

The diffusion coefficient (D) of the species showed a slightly decrease of the Dey, of a 1:1
mixture when compared to compound 4-1 alone (Figure 4.2.7). This observation alone would
exclude the formation of oligomeric/polymeric species in solution. Additional analysis of the
DOSY data allowed us to compare the D with the respective molecular weights (MW). For
rod-like species, such as those considered here, the ratio of the diffusion coefficients for two
different molecular species (D1/D;) is inversely proportional to the square root of the ratio of
their molecular weights (M,/ M, )55

D, - E

D, M,
Thus, by comparing these ratios, as reported in Table 4.2.1 and Figure 4.2.8, we can confirm
the formation of [4-1.BPE],in solution. Moreover, the NMR diffusion coefficients allowed us
to obtain the hydrodynamic radius (1), through the Stokes-Einstein equation (Figure 4.2.8,

Table 4.2.1), which was in great agreement with its size and shape.
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Figure 4.2.8. a) Normalized signal decays (In(1/I)) versus the diffusion weighing (b values) of representative
peaks of BPE (black), 4-1 (blue) and [4-1-BPE], (red) among others with the corresponding linear fits; b)
graphical analysis of Dey, values for different molecules used in this study, with BPE as reference; the dotted
lines represent the calculated correlation of diffusion coefficients and molecular weights assuming that the
diffusion coefficients for two different molecular species (Di/D,) are inversely proportional to the square root

of the ratio of their molecular weights M,/ M; for rod-like species.
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Table 4.2.1. Diffusion coefficients (Deyp) determined by DOSY experiments. Molecular weights (MW) and the
relation between diffusion coefficients and molecular weights (compared to BPE) for rod-like species is

reported.

Diff. Coeff. MW Dsgpe / (MW, /
Molecule
(x10"/ ecm?s?)  (g/mol) D. MWsgpe)?”
BPE 10.59 184.24 1.00 1.00
4-1 3.31 1854.94 0.31 0.32
[4-1.-BPE], 2.57 4078.36 0.24 0.21

4.2.3. Solubilization of MWCNT's

Following a recently-reported procedure for the non-covalent functionalization of CNT's with
organic molecules,** it was possible to functionalize and solubilize MWCNTs with the [4-
1.BPE], complex (Figure 4.2.9.) by means of multiple cycles of dispersion/centrifugation
steps. Samples of [1.BPE],bMWCNT were prepared by sonication (room temperature, 30
min) of 10.0 mg of pristine MWCNTs into an equimolar solution of 4-1 and BPE in CHCL; (c
=4.9 x 10° M). The resulting black suspension was then centrifuged (at S krpm) for 30 min in
order to separate the unfunctionalized and aggregated carbonaceous material from the
solubilized CNTs. Finally, the supernatant solution was separated, filtered, and washed with
CHCI; to remove the excess of the organic material. Multiple cycles were performed until the
filtrate showed no UV-Vis absorption profiles. The same procedure was used in order to
determine whether other compounds used in this study could disperse the MWCNTs. With
compounds 4-1, 4-2 and 4-4 only traces (< S %) of the hybrid material were detected; in

contrast, the [4-1.BPE], complex gave a high dispersibility to the carbon material.

The dispersibility was also confirmed by means of tapping mode atomic force microscopy.

Indeed, a drop-casted solution of [4-1.BPE[,)MWCNT showed the presence of only
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individualized CNT structures (Figure 4.2.10bc), indicating the efficient de-bundling action
by [4-1.BPE],.

3 -
4 e 1 —
MWCNT m E A L8 Lc LD ‘
S C— . ——
1.0 mg in 0\
10 ml CHCI Pre-Sonication Sonication
3 3 mins 30 mins
RC SN
‘, 7
Am— -@ s Centrifugation
B )= (5 krpm/ 30 min)
A — MWCNTs A B C D L4

B — MWCNTS + 4-1 1<, ] Supernatant <_J/

C - MWCNTs + 4-4 Sonication Filtration
D - [4-1-BPEL,oMWCNT , 5 mins
& Repeat cycle

Figure 4.2.9. Protocol adopted for the non-covalent solubilization of CNTs: a suspension of MWCNTSs in
CHCl; (1.0 mgin 10 mL) was pre-sonicated and organic material was added (c=4.9 x 10° M). This suspension
was sonicated for 30 minutes, centrifuged for 30 minutes, the solubilized nanotubes were taken from the
supernatant and this solution was filtered to remove excess organic material. The solid was redisolved in 10 ml
CHCI; and sonicated for 5 minutes to obtain a stable suspension. This process was repeated until UV-Vis

absorption showed no excess organic material in the filtrate.

A closer analysis of the [4-1.BPE |, MWCNT material clearly showed the presence of tubular
structures having lumps along the nanotubes (Figure 4.2.10bc) that were not present in the
case of the pristine MWCNTs (Figure 4.2.11). These periodic structures can be possibly
attributed to the sandwiched [4-1.BPE], complex, that is absorbed around MWCNTs thus
enhancing their solubility. Furthermore, the presence of soft-organic material onto the CNT
surface was observed by phase imaging of [4-1.BPE],oMWCNT (Figure 4.2.10c). Indeed,
phase analysis revealed the presence of areas of the sample possessing different contrast which
could be ascribed to the adsorption of organic material possessing different physical and

viscoelastic properties than that of the graphitic CNTs.
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Figure 4.2.10. a) Photograph of the suspension obtained from the non-covalent solubilization protocol; b,c)
topography and phase TM-AFM images of the [4-1.BPE],©MWCNT; d) thermogravimetric analysis of the [4-
1.BPE],obMWCNT (black line) in comparison to the pristine MWCNTs (grey line) showing a weight loss of 6
% at 450 °C; e) UV-Vis spectra of the [4-1.BPE],°)MWCNT (black), 4-1oMWCNT (grey) and 4-46MWCNT
(dashed), the inset shows the normalized absorption of the 3 hybrids; f) fluorescence profile of [4-

1.BPE[,bMWCNTs (black line, concentrated) and [4-1.BPE],bMWCNTs (grey line, diluted).
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Figure 4.2.11. TM-AFM images of pristine MWCNTs.
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The presence of the organic compound on the nanotubes was also investigated by recording
the UV-Vis absorption and emission profiles. The UV-Vis spectra of [4-1.BPE],6MWCNT
showed the characteristic absorption profiles of dispersed nanotubes, along with the typical
electronic Soret and Q transitions of the porphyrin macrocycle (Figure 4.2.10e). Fluorescence
spectroscopy (Figure 4.2.10f) showed a weak emission profile, suggesting a certain degree of
quenching in the hybrid material that, as could be expected, was due to the adsorption on the
nanotubes. Final evidence of the formation of the hybrid material was obtained through
thermogravimetric analysis (TGA). At 450 °C the hybrid material presents a 6 % loss in weight
when compared to the pristine MWCNTs (Figure 4.2.10d), with the weight loss attributed to
the presence of the organic material. Finally, we proved that the functionalization of the
MWCNTs is reversible (Figure 4.2.12) by employing a strong acid (trifluoroacetic acid, TFA,
capable of protonating both the porphyrin and the ligand) or by heating.

5

TFA | Heating60°C
addition 30 mins

Figure 4.2.12 Reversibility of the functionalization; photograph of acid addition and heating experiment.

4.2.4. Molecular Modeling

Molecular modeling simulations have been performed in order to gain some understanding on
the morphology of the [4-1.BPE],/CNT interface in the [4-1.BPE]J,)MWCNT hybrid
material. The Biovia molecular modeling package Materials Studio 7°* has been used to
perform such modeling, using its implementation of the COMPASS force field.*® Only the
outermost tube of the MWCNT's has been considered for the modeling, assuming that the
main contribution to the stability of the [4-1.BPE],)MWCNT interface is coming from the
adsorption on the MWCNT's external wall, which we represent as an infinite, rigid carbon

nanotube having a diameter of about 10 nm.
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Figure 4.2.13. a) Front and side view of compound 4-1 adsorbed flat (top) and edge-on (bottom) on the

nanotube; b) most stable conformations for [4-1.BPE]l,OMWCNT complex adsorbed flat and c) edge-on on

the nanotube; figures b,c left show the full system where the fixed molecules are shown in red. Figures b/c right

show the top views of the adsorbed geometries.
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The first step in building the molecular model for the [4-1.BPE],/CNT interface was to
compare the interaction between the nanotube wall and compound 4-1 when adsorbed in flat
and edge-on geometries. The 4-19MWCNT interaction energy, E(4-12MWCNT), is
calculated as the sum of the electrostatic and dispersion (vdW) energies between compound
4-1 and the nanotube. The results showed that compound 1 is about 67 kcal mol" more stable
when adsorbed flat on the nanotube (Figure 4.2.13a top) than when it is adsorbed in an edge-
on orientation (Figure 4.2.13a bottom). This is due to the fact that when compound 4-1 is
adsorbed flat, (i) favorable n-m interactions can be formed between its pyrene fragment and the
nanotube wall, and (ii) less torsional stress is present in its molecular structure. The much
higher stability of the flat orientation is also reflected in the observation that when in the edge-
on orientation, compound 4-1 will spontaneously go flat on the nanotube in just a few ps of
MD simulation. Next, we built the [4-1.BPE], complex and made it interact with the surface
of the nanotube in a bath of CHCls. The adsorption on the CNT surface of the [4-1.BPE],
complex was investigated during 100-ps long molecular dynamic simulations, both in the flat
(Figure 4.2.13b left) and edge-on (Figure 4.2.13c left) geometries. Finally, an iterative
MD/Quench scheme,*”” consisting in a series of short (20-ps) MD, followed by a geometry
optimization of the system, is used to obtain the most stable conformations of the [4-1.BPE],
complex in the flat and edge-on geometries (Figure 4.2.13b,c right). The stability of the
interfaces is then estimated by comparing the [4-1.BPE],©MWCNT interaction energies, and
the results showed that the interface where the [4-1.BPE], complex is adsorbed flat on the
nanotube is about 42 kcal mol" more stable than that where the complex is adsorbed edge-on.
This difference can be rationalized considering the complete adsorption of one pyrene unit on
the nanotube, whereas the only interactions between the complex and the carbon surface are
present through some methyl groups on the mesityl arms in the edge-on geometry. These
results indicate that the [4-1.BPE], complex prefers to interact with the nanotube by having

one porphyrin fully adsorbed on the surface and the other one solvated.

4.2.5. Magnetic Alignment

At this point, the CNTs, through their magnetic susceptibility,*”*=!! could be used for the
templated alignment of the absorbed organic material as a top-down approach.’'*>'* However,

the alignment can hold only when a magnetic field is applied, thus using only a solution of
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hybrid material would be unpractical. To this end, we used an organic polymer that, in the
presence of organic solvent, would swell and gelate relatively fast (Figure 4.2.14). The
optimized procedure for the formation of the aligned hybrid material is depicted in Figure
4.2.14a: to the solid poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) (10 mg) was added
a solution of hybrid [4-1.BPE],oMWCNT (1 mL) and the mixture was briefly heated to
solubilize the organogel. At this point, toluene (2 mL) was added to the heated solution and
the whole system was placed under a magnetic field (B, 10 T) and left until gelation was
complete. Considering the direction of the magnetic field, one could imagine a “side-wall” face
of the hybrid gel perpendicular to the B and a “tip” was in the same direction of the magnetic
field. By employing different amounts of organogel, the time needed to achieve complete
gelation could be tuned. The best results were obtained for 10 mg of PHVB and applying the
magnetic field for 60 minutes. This procedure was performed also for PHVB alone and PHVB
with only the [4-1.BPE], complex in order to pinpoint the templating effect of carbon

nanotubes.

The first evidence of anisotropic absorption due to aligned CNTs was observed with the
polarized optical microscope (POM) under a crossed Nicols (Figure 4.2.14c). The
microscope displayed very different image brightness depending on the rotation of the sample.
When the “side-wall” face of the aligned hybrid organogel was rotated in an in-plane manner,
its POM showed a contrast every 45°, giving a dark image when the light polarization angle
with respect the applied magnetic field was 0° or 90°. When performing reference
measurements on the “tip” edge of the aligned hybrid organogel no difference in brightness
was perceived (Figure 4.2.15a). Whether the goal of building a three-dimensional templated
porphyrin arrays was achieved, polarized UV-Vis absorption spectroscopy was performed
(Figure 4.2.14de). When rotating the “side-wall” face and measuring the absorption spectra
every 6= 15° (Figure 4.2.14d), a stepwise reduction in overall absorbance (including the Soret
and Q-bands of the porphyrin) was observed from 6 = 0° (maximum absorbance) to 6 = 90°
(minimum absorbance). This effectively proved that the templated material is aligned and
exhibits anisotropic absorbance. Additional experiments at the “tip” face (Figure 4.2.14e)
showed an optical isotropic behavior: no changes in absorption intensity were detected at
different incident angles (6= from 0° — 90° by 15° steps). Similar results were obtained when

performing UV-Vis absorption measurements on the PHVB-alone organogel and the hybrid
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organogel containing only the [4-1.BPE], (Figure 4.2.15b-e) thus confirming once again the

importance of the templating exercised by the carbon nanotubes.
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Figure 4.2.14. a) Steps adopted in the preparation of the aligned hybrid organogel containing [4-
1.BPE],bMWCNT; b) photograph of the PHVB-alone organogel (left) and aligned hybrid organogel (right);
c) POM images of the “side-wall” face of the aligned hybrid organogel; de) UV-Vis absorption profiles recorded

at different polarized angles (6= from 0° — 90° by 15° steps) of the “side-wall” face d) and the “tip” face e).
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Figure 4.2.15. a) POM images of the “tip” face of the aligned hybrid organogel containing [4-
1.BPE],bMWCNT; UV-Vis absorption profiles of organogels recorded at different polarization angles (8 =
from 0° — 90° by 15° steps); bc) PHVB-alone organogel irradiated with an incident polarized light
perpendicular (b) and parallel (c) to the applied magnetic field; de) hybrid organogel containing only the
[1.BPE], irradiated with an incident polarized light perpendicular (d) and parallel (e) to the applied magnetic
field.

4.3. Towards Porphyrin-Carbon Nanodots Nanohybrids

4.3.1. Synthesis and Characterization

We performed a simple bottom-up method for highly fluorescent nitrogen-doped CNDs (NCNDs)
with among the smallest size and the highest FLQYs reported so far.****S Using this approach,
followed by simple dialysis, NCNDs could be obtained within three minutes without the need of
sophisticated equipment or additional surface passivation. The use of microwaves (MW) as possible
alternative synthetic approach allowed us to avoid multi-step synthesis and provided benefits such as
faster rates, milder conditions, and low energy consumption. Moreover, microwave irradiation
provided simultaneous, homogeneous, and fast heating, leading to uniform size distribution of

nanodots.

Arginine (Arg) and ethylenediamine (EDA) were used as carbon and nitrogen sources (Scheme

4.3.1). Amino acids are ideal carbon and nitrogen sources for CNDs owing to their low cost and
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abundance. Moreover, molecules containing primary amines allow simultaneous nitrogen doping and

surface passivation during the synthetic process.

NH»
H
W 2 240 °C, MW INI OFONH,
HZNJLN’\/\HLOH + H NN ————— N
H NH, Ho0 2NN ~NHo
(180 sec) ~ |
HoN O "NH»
O”"OH

Scheme 4.3.1. Reaction scheme for preparing NCNDs, with a product drawn as a tentative representation of a

representative structural unit.

The heterogeneous solution underwent thermal carbonization of the precursors and led to nucleation.

Finally, the nuclei grew by diffusion of other molecules towards the surface of the nanoparticles.

The MW parameters were optimized to obtain the desired properties of the final material, in terms of
optical performance. Appropriate viscosity and temperature control were needed for a uniform

carbonization process that leads to the formation of NCNDs. Fluorescent NCNDs were obtained at
240 °C, 26 bar, 200 W with a MW heating time of 180 seconds using H,O as reaction medium. The

obtained NCNDs exhibited a high solubility in water (up to 80 mg mL™") and in common polar organic

solvents.

1.5 3.0 4.5
h\nm

Figure 4.3.1. a) TM-AFM images of NCNDs (5.0 x 5.0 pm) on a mica substrate; b) height profile of NCNDs;

c) size histograms of NCNDs with curve fit to the data using a Gaussian model.
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Atomic force microscopy confirmed the round shape and showed that NCNDs have a rather
homogeneous size distribution (Figure 4.3.1). By statistical analysis of the height of about one
hundred nanoparticles, we determined an average size of 2.47+0.84 (full width at half-maximum

(FWHM): 1.977).

FT-IR spectroscopy and X-ray photoelectron spectroscopy (XPS) were useful tools for the
investigation of the structure and composition of NCNDs and showed the presence of multiple
oxygen and nitrogen functional groups on their surface. Moreover, the presence of amino groups
amenable to further functionalization, allows easy insertion of further functional groups and/or

appealing molecules/ions through standard organic chemistry procedures.

In addition, we gained unprecedented structural information reporting the first detailed NMR study.
For this purpose, we prepared '*C-enriched NCNDs (N'*CNDs) for '*C -NMR investigations (Figure
4.3.2, middle), starting with fully *C-enriched Arg and EDA. A tentative interpretation of a
representative structural unit of NCNDs is reported in Figure 4.3.3, with a general peak assignment.
Typically, *C-NMR spectra of N'*CNDs consist of an aliphatic region (Figure 4.3.3, C.), with carbon
atoms connected to heteroatoms (Cb) or to an aromatic core (Cc) and an aromatic region (Cd.h).
Moreover, the contribution of each component was evaluated, using separated and combined *C-Arg

and *C-EDA (Figure 4.3.2, top and bottom).

13C-Arg + C,H,(NH,),

=

4x LA

13C-Arg + 18C,H,(NH,), LN

ax ,UJ M
Arg + 13C;H,(NH,),

e N

180 170 160 150 140 130 120 110 // 65 60 55 50 45 40 35 30 25 20 15 10 5 O
5 /ppm

Figure 4.3.2. "C-NMR spectra (126 MHz, D,O) of N®CNDs prepared starting from *C-Arg and EDA (top),
BC-Arg and “C-EDA (middle) and Arg and *C-EDA (bottom). The intensity of the aromatic region was

increased 4.0 times in order to facilitate the visualization.
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Figure 4.3.2-top shows the "C-NMR spectrum of NCNDs produced using only *C enriched Arg. It
is clear that the aromatic core and the aliphatic carbons as well as the carbonyl regions mainly originate
from Arg. While EDA (Figure 4.3.2-bottom) mostly contributes to the typical region of aliphatic
carbon atoms connected to heteroatoms, signals arising from EDA were also found in the aromatic

core of N*CNDs.

Further bidimensional experiments ('H-'*C) revealed numerous H-C correlations both by direct
(HSQC, Figure 4.3.3 H.-C, H,-C, H.-C; Figure 4.3.4) or through multiple-bond correlations
(HMBC, Figure 4.3.3 H.-Cy-C. H.-C4-C,; Figure 4.3.5). Remarkably, protons that lie in the aliphatic
region and close to heteroatoms were found to correlate with the aromatic sp>-carbon core (Figure
4.3.5). Analogous data was obtained from *C-'*C one bond correlation (INADEQUATE, Figure
4.3.3C,-C. C-Cy CrCyCy; Figure 4.3.6). Additionally, diffusion-ordered spectroscopy (DOSY,
Figure 4.3.7) was performed through 'H-""C multiple-bond correlation to unambiguously assign the

signals to macromolecular species.

Figure 4.3.3. Representative structural correlations found in NMR experiments are reported in dashed arrows

(HSQC blue lines, HMBC red lines and INADEQUATE green lines).
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Figure 4.3.4. HSQC spectra of N"*CNDs prepared starting from *C-Arg and EDA (scan t1 increment = 16, t1
increments = 256, one-bond J1xh = 146.0 Hz).
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Figure 4.3.5. HMBC spectra of N”?*CNDs prepared starting from *C-Arg and EDA (scan t1 increment = 16, t1
increments = 400, multiple bond Jnxh = 8.0 Hz).
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Figure 4.3.6. INADEQUATE spectra of N'*CNDs prepared starting from "“C-Arg and EDA (scans = 256, ] =
55 Haz).
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Figure 4.3.7. 3D-DOSY spectra of N'?*CNDs prepared starting from “C-Arg and EDA.
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In light of this results, we argued that NCNDs are rounded-shaped nanomaterials, containing both
aliphatic and aromatic regions with abundant functional groups located at the surface. These groups
act as a passivation layer, which improves their hydrophilicity and stability in aqueous systems, as well
as their efficient photoluminescence properties. NCNDs produce multi-fluorescence colors under
different excitation wavelengths, and this behavior may arise not only from particles of different size
but also from a distribution of different emissive domains on each carbon dot. The fluorescence
spectra of NCNDs show a broad emission peak at 356 nm when the sample is excited at the optimal
excitation wavelength (300 nm, Figure 4.3.8). The fluorescence peaks shift from 356 nm to 474 nm
when the excitation wavelength changes from 300 to 420 nm and the fluorescence intensity decreased

as the peak red shift.

Absorbance \ a.u.
Intensity \ a.u.

300 400 500 600
A/ nm

Figure 4.3.8. FL and UV-Vis absorption spectra and FL spectra in water (298 K) at different excitation

wavelengths.

4.3.2. CNDs-Porphyrin Nanohybrids

As mentioned beforehand, porphyrinoids, due to their preeminent role in nature, are the
chromophores of choice to employ as components of photovoltaic and artificial photosynthetic
devices. Porphyrins hold some advantages with respect to other types of electro- and photoactive
compounds which arise from their 18 m-electron aromatic structure, high molar absorption
coefficients and fast energy and/or electron transfer donor abilities to electron acceptor counterparts.
Thus, porphyrins are widely used as molecular components in artificial photosynthetic systems, both

for energy-transfer and electron-transfer processes. Moreover, the possibility of tailoring their redox
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potentials through peripheral functionalization represents an appealing feature for their use in the

above-mentioned energy-related areas.

Until now, a large variety of covalent and supramolecular systems based on porphyrins and carbon
nanostructures have been described and the photophysical properties of some of these D—A materials
studied both in solution and/or in the solid state as well as their use as active components in

S15,516

photovoltaic devices. Moreover, chemically functionalized carbon nanomaterials, such as

fullerenes and SWCNTs, with photoactive molecules, such as light-harvesting donors, have been

recognized as useful materials for photocatalytic and light-energy conversion applications.'*”*"

Covalently linked systems have been found to exert a substantial impact on the interactions between
the porphyrins and nanocarbons in the excited and ground states.'*”*'*5'* However, in most cases, the
covalent functionalization is a multi-step synthetic process and nanocarbons display poor solubility in
organic solvents used for the synthesis. Furthermore, direct covalent functionalization converts the
sp” carbons of some of the double bonds of SWCNTS to sp® carbons, cutting-off the -conjugations

and altering their electronic properties.

On the contrary, ease of labeling through the functional groups already present on the surface after the
synthesis, together with a high solubility and the ability to form stable charge-transfer hybrids with
either electron donors or acceptors, make CNDs ideal candidates for the covalent grafting of photo-

and/or electro-active organic units towards CNDs-based hybrid materials.

Therefore, the intriguing photophysical properties of porphyrins have inspired us to explore, for the
first time, their behavior when covalently attached to NCNDs. To this end, a porphyrin carrying a
carboxyphenyl peripheral moiety was first prepared through a mixed aldehyde condensation reaction
under Lindsey conditions and was subsequently saponified with aq. KOH to obtain the free carboxy
group. The porphyrin and the NCNDs could now be coupled through a carbodiimide condensation

reaction (Scheme 4.3.2).

The resulting conjugate (4-8NCNDs) was found to be highly soluble in H,O. Thus, the coupling of
porphyrin to NCNDs results in its solubility in water media that could be not achieved for the
porphyrin alone. Therefore, NCNDs can be easily functionalized and, more importantly, they can be

used as water-soluble carriers.
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Promising results indicating that NCNDs serve as electron acceptors and the photoexcited porphyrins
moieties serve as electron donors have been obtained. However, detailed photophysical studies to

shed light on the dynamics of the resulting hybrid nanosystem are currently underway.

OuH  OLH Ar Ar

H O-H
O (I) Ar Ar

(0]

O C
—> Ar
O_
47 A @—é 4-8 “.—(
15% 89 % O-H

NHLZ N'%i
H
o + O ~ANHz c 0 O ~NH,
—_—
N/
WO‘H NHZ™/ -LNHa H ‘L
NH,
4-8 NCNDs 4-8°NCNDs

Scheme 4.3.2. Reaction scheme for preparing the carboxy-porphyrin and its subsequent amide coupling with
NCNDs. Reagents and conditions: a) i) BF;-OEt, CHCl,, r.t;.ii) chloranil; b) aq. KOH, EtOH, reflux; c) EDC,
NHS, DMF, r.t.

Steady state absorption of the references 4-8, NCNDs and their conjugate (4-89NCNDs) were
conducted eitherin MeOH or H,O/THF (1:1). The absorption spectra of 4-8 in MeOH (Figure 4.1.2
left) shows the five maxima at 415, 514, 549, 590, and 646 nm assigned to the Soret and the four Q-
bands. 4-86NCNDs shows the characteristic porphyrin Soret and Q-bands marginally red-shifted,
suggesting the occurrence of electronic communication between the porphyrin moieties and the
nanodots in the ground state.In H,O/THF (Figu.re 4.1.2 right) the absorption maxima appear at 419,
518, 551, 593, and 649 nm for both 4-8 and 4-86NCNDs. The absorption spectrum of NCNDs is
governed by two rather weakly defined maxima at 285 and 302 nm in MeOH and 285 and 318 nm in

H,O/THEF with a broad absorption trailing into the visible.

Fluorescence spectroscopy was a useful tool for extending the investigation of electronic interactions
of the porphyrin units with the nanodots in the excited state of the 4-8@NCNDs nanohybrid (Figure
4.3.10). CNDs or porphyins were selectively excited at 290 nm or 550 nm in H,O/THF (1:1),

respectively. The fluorescence spectra of 4-8°NCNDs in H,O/THF (1:1) upon excitation at 290 nm
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and 550 nm were compared to the fluorescence of the corresponding references. The fluorescence
spectrum of NCNDs is best described as a broad, asymmetric emission peak with a maximum at 370
nm and in the 4-86NCNDs conjugate appears shifted by 4 nm to 374 (Figure 4.3.10 left). In addition,
the fluorescence intensity is quenched by a factor of 2/3 confirming the occurrence of electronic
communication between the porphyrin moieties and the nanodotots. When excited at 550 nm, the
fluorescence maxima of 4-8@NCNDs appear at 653 and 718 nm and are not shifted with respect to
the references (Figure 4.3.10 right). In any case, the fluorescence emission of photoexcited porphyrin

is significantly quenched (40 %) in the covalently associated 4-8©NCNDs nanohybrids.
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Figure 4.3.9. Steady state absorption spectra of 4-8 (violet), NCNDs (green) and 4-8°NCNDs (red) in MeOH

(left) and H,O/THF (1:1) (right).
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Figure 4.3.10. Steady state fluorescence spectra upon excitation at 290 nm of NCNDs (green) and 4-

89NCNDs (red) on the left and upon excitation at $S0 nm of 4-8 (violet) and 4-8NCNDs (red) in H,O/THF

(1:1) on the right.
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First clues show that a covalently linked porphyrin with NCNDs can act as an energy absorbing and
electron donating antennae, while NCNDs acts as electron acceptor units, in a hybrid system where

the porphyrin moiety resides near to the surface of the CNDs framework.

These promising results for the covalent porphyrin®NCNDs hybrid prompted us to prepare water-
soluble porphyrins (Figure 4.3.11) in order to probe and compare the covalent and supramolecular

hybrid materials. This results will be reported elsewhere.

4-9 4-11

Figure 4.3.11. Water-soluble porphyrins for non-covalent porphyrin@NCNDs nanohybrids.

4.4. Conclusion

This chapter focused on preparation of novel hybrid materials using carbon-based templates for
arranging chromophores. In the first part, a porphyrin array was prepared and was used to disperse
otherwise insoluble carbon nanotubes, in order to prepare a 1-D hybrid material. Then, due to the
magnetic susceptibility of the CNTs, it was possible to arrange the hybrid material parallel to the
magnetic field. The arrangement was ‘blocked” by gelating the sample during application of the
magnetic field. The final system was then characterized in order to prove that the hybrid material was
arranged. Since the composite material showed higher absorption in ‘sidewall’ face compared to the
‘tip’ face we can envisage applications as light-harvesting systems, where the arrangement and

absorption play a very important role.

The second part focused on the preparation of a carbon nanodots-based donor—acceptor system. In

particular, a porphyrin—CNDs linked composite and its pioneering photophysical investigation were
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discussed. We believe that our key finding of photoinduced charge separation (CS) between CNDs
and porphyrins will give a significant contribution to scientists working in the arising field of CNDs.
Thus, for efficient photoinduced charge separation, optimization of the coupling in the
porphyrin—CNDs composites is far behind that in the porphyrin—fullerene or SWCNT's composites,
but on the other hand this leaves plenty of room for improvement. Moreover, these results are leading
us to the supramolecular constructions of nano-architectures using multiple combinations of these
two moieties being able to generate large libraries of electron-donor/electron-acceptor ensembles.
Thus, the newest nanocarbons CNDs may open the door to a number of applications and could be a

target of choice for the development of novel photoactive materials.
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5. Patterning Metal Surfaces

In this chapter, the design, syntheses and surface self-assembly of polycyclic aromatic hydrocarbons
(PAHs) is described. The first part addresses the self-assembly of pyridyl furnished pyrenes on a metal
surface, notably with the formation of porous networks that could accommodate guests. The second
part deals with the formation of organo-metallic networks on surface using two different approaches.
Finally, an overview on future directions is presented, including the work undergoing on O-doped

systems and their self-assembly.

The work presented in this chapter is part of several collaborations. The first part presented in this
chapter is a collaborative work done with Tobias Kaposi, Dr. David Ecija, Prof. Willi Auwirter from
the group of Prof. Johannes Barth (TUM Miinchen, Germany). The second part of this work was done
in collaboration with Borja Cireraand Dr. David Ecija(IMDEA Nanoscience, Madrid, Spain). Finally,
the work on O-doped systems is part of collaborative work with James Lawrence and Prof. Giovanni
Costantini (University of Warwick, Coventry, United Kingdom). Part of the work from this chapter
has been submitted as ‘Supramolecular spangling, crocheting and knitting of functionalized pyrene
molecules on a silver surface’. Another part of this chapter has been used to prepare a manuscript

entitled ‘Lanthanide-carboxylate nanomeshes with tunable cavity size and coordination node’.

S.1. Introduction

5.1.1. Overview on Scanning Tunneling Microscopy

The development of nanomaterials — systems, structures and devices characterized with one
dimension ranging from 0.1 to 100 nm — aims to take advantage of the properties that can arise at the
nanoscale level and that can considerably vary from the corresponding bulk material.'”® For instance,
silver metal posses no biological activity while silver nanoparticles are antimicrobial.**° In a similar
fashion, the size of metal nanoparticles impacts its conductivity inorganic semiconducting
nanoparticles influences its optical and electronic properties.*"*** Industries that have flourished on
miniaturization, such as microelectronics and magnetic data storage, look up to nanotechnology to

find practical solutions.

The two main approaches to create such miniaturization in a reproducible and accurate fashion are

the ‘top-down’ and ‘bottom-up’ techniques’ (Figure 5.1.1).5* The ‘top-down’ approach®** is basically
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an advancement of early techniques such as writing, printing or lithography and is capable of

producing elements down to 100 or less nm. Modern tools include electron-beam writing and UV or

525

hard X-ray lithography,

but further improvement will require more investments and substantial

equipment evolution.

pm —

nm

Figure S5.1.1. Two approaches to control matter at the nanoscale. For top-down fabrication, methods such as
lithography, writing or stamping are used to define the desired features. The bottom-up techniques make use

of self- processes for ordering of supramolecular or solid-state architectures from the atomic to the mesosopic

scale.>?

Contrary to the top-down method, the ‘bottom-up’ approach is based on growth phenomena and aims
to assemble atoms or molecular components into well-ordered surface structures. The bottom-up
methods introduce several advantages such as long-range order, high convergence in the
nanostructuration protocol, easy formation of the final nanostructures, defect free architectures due
to the reversible nature of the interactions involved which can induce the most thermodynamically

stable phase.??"*2%%?” The span of structures in the nanometer scale, that can be build from metallic or
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semiconducting materials, is to a certain extend limited since the design and fabrication have to be
based on structural and functional features in these materials. As a consequence, organic chemistry
provides access to an extensive number of building blocks that can be linked for the most part through
hydrogen bonds and metal-ligand interactions to furnish fine-tuned supramolecular architectures. In
this context, the surface of a bulk material can represent a solid support playing the part of a counter
electrode or mechanical support.®**%52 In particular, Scanning Probe Microscopies (SPM) are
unique tools for the nanoscale, since they allow not only imaging but also structuring matter on the
nanoscale (same cases even on the atomic scale). Among the different techniques, the scanning
tunneling microscope (STM) revolutionized modern nanosciences and nanotechnologies and earned

294,530,531

the Nobel Prize in Physics in 1986 to its inventors, Gerd Binnig and Heinrich Rohrer.

b) macroscopic scale: C) atomic scale
z

®

»—p—
tip atoms
scanning
direction
e \f

sample atoms @
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Figure 5.1.2. a) Comparison of imaging ranges for different microscopy techniques**' and bc) macroscopic and

atomic schematic view of a STM.>3?

A schematic representation of an STM, with a fine metal tip as probe, is shown in Figure 5.1.2.' When
a bias voltage is applied and the tip is brought to within about 10 A of the sample, electron can ‘tunnel
through the gap from the sample into the tip, or the other way around, depending on the sign of the
bias voltage. This current (tunneling current) is detected and increases with decreasing distance
between the tip and the sample. Therefore, specific tip-sample distance corresponds to a specific
measured tunneling current and is used to create a STM image. The tunneling current is an
exponential function of the distance, ie. a change in tunneling current by an order of magnitude
changes if the separation between the tip and the sample changes by 10 % (around 1 A). STMs usually
scan samples in one of the following two modes: constant-current or constant-height mode. In

constant-current mode, the tunneling current is kept constant by adjusting the height of the tip at each
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measurement point. While in constant-height, the tip travels horizontally above the sample with the
tunneling current varying based on the topography and electronic properties of the sample. Even
though it seems that an STM image corresponds to the topography of the sample, it equates to the
electronic density of states at the surface. STM experiments are usually performed either at solid-liquid
interfaces at room temperature under atmospheric condition®* or under ultra-high vacaum (UHV)*.
In the case of solid-liquid imaging, the tip is immersed in a saturated organic solution of apolar solvent
and, since the solvent can interact with the tip, this technique can lack spatial resolution. On other
hand, UHV technique can yield better resolution, especially when performed at low temperatures and
therefore reducing electronic noise and free movement of molecules. However, this method requires
evaporation of the molecule from quartz crucible with the microscope placed into an UHV

environment (10"'° mbar).

Scanning tunneling microscopies and spectroscopies were used to map different properties of
molecules with submolecular resolution, e.g. molecular orbitals.>** As examples, two molecules in
Figure 5.1.3 are reported, naphthalocyanine and pentacene, and their acquired STM images.****3 The
molecules were electronically decoupled from the metal surface Cu(111) using an ultrathin insulating

NaCl film and different bias voltages were applied to map the molecular orbitals.

a) HOMO in gap .
_ =+
<
[ n 8
“ K ;
N HN~ o
N N HOMO Geometry LUMO
i NH N= o2
’ f\ - - §
I ; e
§ 25A x 20A

Figure 5.1.3. Orbital images obtained from STM and DFT for a) naphthalocyanine and b) pentacene. STM

images are obtained at different bias voltages (usually exceeding HOMO or LUMO).

STM technique has not been used only to map molecular properties with submolecular resolution,

both it is also the technique of choice for studying patterned surface, build using the bottom-up

approach, as evidenced by examples reported here below.*#%753%
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5.1.2. Self-Assembly on Solid Surfaces

Even though much effort has been made in the last decades, the transfer of geometric features from
the molecular to the final level remain a laborious and partially unresolved task. Another potential
issue is that the supramolecular knowledge from solution cannot be directly transferred to the

528539 and the influence on the non-covalent bonds need to be fully understood. Most common

surface
types of non-covalent bonding used to join molecular components are: /) H-bonding interactions, )
metal-ligand coordination, iii) van der Waals contacts, iv) dipole-dipole interactions and v) halogen

bonds. In the next sections notable examples of these interaction on surface will be discussed.

5.1.2.1. Hydrogen Bonding

Porous networks were obtained from mono-component systems that self-assemble through
complementary hydrogen bonding (Figure 5.1.4). In this regard, dimerization of carboxylic acid
through two-fold hydrogen bonding represents a simple approach for supramolecular chemistry on
surfaces. As an example of this approach, tricarboxylic acid derivatives were found to form porous
networks on various surfaces (graphite, Ag(111), ...) due to its planar structure and the dimerization
of the carboxylic groups.>*-* Trimesic acid (TMA, 1,3,5-benzenetricarboxylic acid) was found to
form honeycombs on Ag(111), with every pore being surrounded by six TMA molecules, each
connected via double hydrogen bonding interactions. Another tricarboxylic derivative, benzene-1,3,5-
triyl-tribenzoic acid (Figure 5.1.4a) was found to display a more complex behavior than its TMA
analogue, with three distinct phases on Ag(111). Sublimation, followed by thermal annealing (270-
300 K) yielded a phase structurally similar to that of TMA systems, with pores significantly enlarged
to 2.95 nm, that were shown to be capable of trapping other guest molecules. Annealing at higher
temperatures resulted in sequential phase transformations into arrangements of closer-packed
molecules. Hexagonal assembly was observed for 4,9-diamonoperylene-quinone-3-10-diimine
(DPDI, Figure 5.1.4b) after its recognition sites were activated on Cu(111) surface.** Thermal
dehydrogenation lead to the ‘activated’ molecular modules to form a porous network through
hydrogen bonds with high stability and structural regularity. This grid was then used to position single
molecules, in particular for the stepwise assembly of Zn octaethylporphyrin and C¢ complex.>** Along
range order of honeycomb networks by hydrogen bonded spontaneous arrangement of
anthraquinone on a Cu(111) surface was reported (Figure 5.1.4a).5* The formation of the network is

driven by hydrogen bonding between carbonyl groups and aromatic protons. Moreover, the formed
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cavities (around S0 A) were more than five times the individual anthraquinone units, and were found
to be a balance between intermolecular interactions and substrate-mediated adsorbate-adsorbate

repulsion.

a)

b)

Figure 5.1.4. Self-assembled homo-molecular porous honeycomb networks; a) 4,4’,4”-benzene-1,3,5-triyl-
tribenzoic acid on Ag(111) surface (30 x 20 nm, annealing at 270-300 K); b) 4,9-diaminoperylene-quinone-
3,10-diimine on a Cu(111) surface (15 nm x 15 nm); c) anthraquinone molecules on a Cu(111) surface (260

A x 150 A image size).

Multi-component systems were also prepared in order to design porous sites in a more rational way.

Perylene bisimide and melamine were found to form two-component hexagonal networks array
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(Figure 5.1.5a) on Ag/Si(111) +/3 x +/3 R30° substrate surface under UHV conditions.**® The
melamine is able to form nine hydrogen bonds in total and was found to position itself at the vertices,
while the PBI modules constituted straight edges of the hexagonal domains. This three-fold symmetry
is obtained after stepwise deposition of the components and annealing at 100 °C and was subsequently

shown to host in its cavieties Ceo heptamers.

H H CeHia \\

\ (FsHia
4
N=O

O H

Figure 5.1.5. Two-components porous networks; a) PBI and melamine three-fold hydrogen bonds generate a
regular hexagonal network on Au(111); b) bis-uracyl and melamine modules form a hexagonal porous network

deposited in 1,2,4-trichlorobenzne on HOPG surfaces.

The PBI/melamine supramolecular patterning was complemented with self-assembled monolayers
(SAMs).** First, the same PBI-hexagonal network on Au(111) surface (from a DMF solution) was
formed and subsequently, by working on a gold surface, SAMs of alkane thiols in the honeycomb
cavities were formed.>*” Further studies showed the PBI/melamine network to act as diffusion barrier
to deposited Cu adatoms, limiting their residence to the 3.5 nm pore.** The PBI/melamine two-
component system was also found to be highly dependent on temperature annealing of the Ag(111)

substrate (under UHV). The deposition of the molecules was followed by various steps of thermal
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annealing: 50 °C gave melamine islands with PBIs adsorbed on their edges,** 60-80 °C yielded
hexagonal networks described above,** while annealing at higher temperatures converted the hexagal
into parallelogram arrangements.*® Our group, in a collaborative project, reported the formation of
two-component porous network based on bis-uracyl compounds and melamine, at the solid-liquid
(HOPG/1,2,4-trichlorobenzene) interface (Figure 5.1.5).5' As in the case with PBI/melamine
patterning, the melamine is at the vertices and forms three three-fold hydrogen bonding with bis-
uracyl linkers. Notably, at higher concentration (~20 uM) tightly packed monolayers of melamine are
formed, while at lower concentration regime (~2 uM) no competitive physisorption between
melamine and bis-uracyl modules at the HOPG/TCB interface is observed and sub-monolayer
coverage is achieved. In another study, ‘Lander-type’ molecules were designed due to a pronounced
three-dimensional structure that leads to the decoupling of the central aromatic core from the

underlying substrate, with the assembly guided by hydrogen bonding interactions (Figure 5.1.6).5*

554

Figure 5.1.6. Lander-type patterning of Au(111) surfaces; ab) Lander-DAT, STM image of ‘grid’ phase with
high-symmetry directions of the Au(111) substrate superimposed and its space-filling model showing ‘head-
on’ and ‘sideways’ coupling; c) bi-component Lander-DAT and Lander-DCI two-dimension islands formed

with superimposed space-filling models; d-f) Lander-DCI chains on Au(111) terraces along with the model.
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Lander-DCI (carrying two-di-carboxylic imide, DCI, functionalities) two-fold double N-H..O
hydrogen bonding showed to guide the formation of 1-D chains, but the molecule-substrate
interaction was found central in the alignment of the resultant chains (Figure 5.1.6d-f). Another
Lander-type molecule, Lander-DTA (carrying dual diamino-triazine, DAT, moieties ), was able to self-
assemble both in 1-D and a range of distinct 2-D nanostructures (Figure 5.1.6ab). The conformational
flexibility (from the decoupled aromatic core from the surface) of this compound resulted in different
types of hydrogen bonding (‘sideways’ and ‘head-on’) that would not have been possible using planar
compounds. Additional experiments with the co-deposition of the Lander-DTA and ~DCI molecule
yielded extended 2-D structures (Figure S5.1.6c).>* Since the rotation of the DAT group is not
favorable for complementary DAT-DCI interaction, the formation of Lander-DCI chains
interconnect by Lander-DAT molecules by optimized three-dimensional interaction nodes is

observed.

5.1.2.2. Dipole-Dipole Interactions

The cyanophenyl moiety, with its simple and asymmetric charge distribution, has been exploited in
order to introduce dipole-dipole interactions (Figure 5.1.7). Three typical arrangements were found
with cyanophenyl groups: i) antiparallel dipole-dipole bonding, ii) trimeric bonding and iii) a
hydrogen bonding-type of association.

a) W b) c) YV
H‘
H Ny H
Z "H
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1] N 1] D\ 11 S
i N H s
H / H N”—H H (s‘

Figure 5.1.7. Typical cyanophenyl C-H.--NC interactions between cyanophenyl groups: a) antiparallel dipole-

dipole bonding, b) trimeric bonding and c) hydrogen bonding-type association (with variable angle).’**

Porphyrins equipped with one or two cyanophenyl groups were shown to selectively aggregate on
Au(111) into trimers, tetramers or extended supramolecular wire-like structures.’® From STM

images, the estimated CH---NC contact was 2.5 A for cyclic structures (Figure 5.1.8a i-iii) and 2.6 A
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for antiparallel (Figure 5.1.8a iv-ix), that were in good agreement for the calculated cyanophenyl
supramolecular structures. The A,B, porphyrins were prepared also with elongated cyanophenyl by

one phenylene unit — cyanobiphenyl units (Figure 5.1.8cd).5

Figure 5.1.8. Cyanophenyl guided porphyrin aggregation; a) cyanophenyl porphyrins on Au(111) surface (20
x 20 nm?) along with enlarged area (5.3 x 5.3 nm*) and the molecular models; b) cis-porphyrin on Cu(111)
(18 x 18 nm”) showing different oligomeric structure; c) trans-porphyrin STM images (S0 x 50 nm?) along
with cut-outs (15 x 7 nm?*) of the trimeric branching site and of the wire-like oligomer (10.4 x 5.7 nm?); d)
formation of a porous network on Ag(111) surface along with a zoom-in and a profile scan; finally the proposed
model for self-assembled network; e) STM images (15 x 15 nm?*) of porous networks formed on Cu(111) form

the above drawn porphyrin, with coverage close to one monolayer in each case.

The cis-cyanobiphenyl porphyrin, for a coverage up to one monolayer, assembled into oligomeric
macrocycles held by antiparallel CN--.CN dipolar interactions and additional CH---NC hydrogen
bonding (Figure 5.1.8b). The trans regioisomers behaved very differently on Cu(111), compared to
the above mentioned system on less reactive surface such as Au(111) (Figure 5.1.8¢c). At low coverage,
it was observed the formation of both antiparallel dipole-dipole interactions along the supramolecular

chain and scatter formation of non-covalent trimers. At high surface coverage, the trans-isomer
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formed a very dense non-porous network due to antiparallel dipole-dipole bonding along one
direction and van der Waals interactions in the other. Moreover, on a Cu(111) surface a strong
adsorbate-substrate interaction was observed, which enabled the formation of others type of
interactions, such as interlocked chains by additional van der Waals interactions by voluminous 3,5-
di(tert-butyl)phenyl side chains. A 2-D porous network could be prepared for the 3-cyanophenyl
trans-isomer (Figure 5.1.8d) on Ag(111) surface by an interplay of dipole-dipole and van der Waals

557 Formation of cavities (diameter of about 1.2 nm) by trimeric units, guided into

interactions.
hexagonal pores possibly due to interaction with Ag(111) substrates as the cyano functional groups
can act as donating ligands. The 1.2 nm cavities were found to host Cs molecules, as could be
predicted due to the compatible size of the fullerene cage. Further work, on 4-cyanophenyl trans-
isomer, was undertaken to understand the influence of different alkoxyphenyl substituents on the
porposity of porphyrin assemblies at UHV on a Cu(111) substrate (Figure 5.1.8e).5% It was observed
that, by keeping the same 4-cyanophenyl substituents in 5,15- and changing the alkoxy chains on the

10,20-diphenylsubtituents, a control on the structure dimensionality and the pore-to-pore distances

could be achieved, without significantly affecting the pore size.

5.1.2.3. Metal-Coordination Networks

The donating property of the cyanophenyl moieties was recently exploited by our group, working with
tetra[ (4-cyanophenyl)phen-4-ylJporphyrin (2H-TPCN) (Figure $5.1.9).5%°%® 2H-TPCN self-
assembles on Ag(111) into tetragonal close-packed network. Exposure of the network to gadolinium
(Gd) atoms gave rise to nanoporous grid-like network stabilized by Gd--NC coordination and
subsequent exposure to cobalt (Co) atoms was found to selectively metalate the central porphyrin

core, with preservation of the lanthanide coordination network and thus forming a distinct d-f array.

Metal-ligand coordination chemistry of nitrile was also exploited in constructing bi-component
networks. Metal-Organic Networks (MON) are formed by exploiting highly specific and directional
interaction between organic ligand and transition metal centers. Notably, honeycombs could be
formed by using oligo-phenyldicarbonitrile molecules (with 3,4, or S phenyl rings) with Co™ that has
the ability to coordinate three nitrile groups at 120° with respect to each other (Figure S.1.10a).5'-5*
Highly regular and extended hexagonal arrays were obtained with pore size depending on the used
organic linker (10, 15, 20 and 24 nm? for NC-Ph;-CN, NC-Ph;-CN, NC-Ph;-CN and NC-Phs-CN,

respectively).
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2H-TPCNon
Ag(111)

21.0A

Figure 5.1.9. a) Chemical structure along with ball-and-stick model of 2H-TPCN from semi-empirical AM1
calculations in Hyperchem; b) tetragonal network formed upon self-assembly of 2H-TPCN on Ag(111), high-
resolution STM image where submolecular features can be identified, the colored contours (green and blue)
indicate the two tautomers, scale bar 2 nm; c) free-base and Co-metallated macrocycles appear as ring-shaped
cores and elongated protrusions along two different orientations, respectively (highlighted by light blue and

dark blue contours, respectively). Gd atoms are visualized as round dots irrespective of the applied bias voltage.
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Figure 5.1.10. UHV STM image of the linear and non-linear dicarbonitrile linkers; a) extended nanomesh
formed using linkers and Co atoms on a Ag (111) surface by extending the linker length, with along the
chemical structures of molecules; b) non-linear pro-chiral linker disordered coordination network on Ag(111)
showing three-fold and four-fold coordination nodes with their corresponding models (scale bar S nm); c) Ce-
directed assembly of linear NC-Phs-CN on Ag(111) surface showing five-fold coordination and lateral

CN.--phenyl interactions.
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A more complex system could be obtained by employing a non-linear pro-chiral linker.** With
diminished symmetry of the molecules, the number of conformation states accessible becomes larger
and thus more complex binding schemes were observed. By incorporating a transition-metal center
and a non-linear linker, the formation of a robust and random coordination networks as a new route
towards a divergent assembly scenario (Figure 5.1.10b). More recently, using a linear NC-Ph;-CN
linker on Ag(111) it was reported the coordination with f-block metal centers (such as cerium or
gadolinium) into networks that involve five-fold carbonitrile-lanthanide coordination (Figure

5.1.10c). 566567

Numerous other architectures of MOC were reported.>***% For example, 2-D metal-organic networks

from iron (Fe) atoms and trimesic acid (TMA) on Cu(100) were found to form mononuclear chiral

) .570—572

complexes at room temperature (Figure $.1.11a

Figure 5.1.11. 2-D metal coordination networks; a) schematic representation of trimesic acid (TMA) and Fe
atoms that form the secondary chiral mononuclear Fe(TMA), complex that are antecedents for tertiary
polynuclear nanogrids, supramolecular motifs for the assembly of homochiral nanocavity arrays; b) reticular
nanoporous Fe-carboxylate networks with diiron centers as coordination motif with different length linkers; c)
schematic representation of the complementary molecular ligands deposited with Fe atoms on Cu(100) and

the ‘library’ of corresponding self-assembled coordination networks.
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From the building blocks (tricarboxylate and Fe atoms) a secondary mononuclear chiral complex was
formed that is the precursor to tertiary polynuclear metal-organic nanogrids. Additional experiments
with rod-like dicarboxlic acids (p-phenylene to p-terphenylene) as organic linkers and Fe, showed the
formation of topologically rectangular networks, all comprising iron pairs as the networks nodes
(Figure 5.1.11b).5” Accordingly, the size of the cavities was found to increase almost one order of
magnitude. Furthermore, linker and Fe were found to interact with the substrate, which affected the
structural details such as orientation, geometry and iron-iron spacing. Further evolution in complexity
was achieved in a self-recognizing and self-selecting coordination network (two Fe atoms in a node
made of two carboxylate and two pyridines) on a Cu(100) surface (Figure 5.1.11¢c).* The ligands
were found to coordinate with Fe atoms in order to form regular arrays or rectangular

multicomponent compartments with adjustable size and shapes.

The metal-ligand coordination was taken advantage also by our group in preparing metallo-organic

).575—577

porphyrin assemblies (Figure 5.1.12 Deposition of A;B porphyrin carrying pyrid-4-
ylethynylphenyl substituent on a Cu(111) surface revealed the formation of dimers, that are connect
through one Cu adatom coordinated by two pyridines facing each other, in an anti parallel head-on
configuration. The A,B, cis-isomer displayed the formation of different aggregates with well-defined
shape and orientation (mostly triangular and rhombic species made of three or four molecules,
respectively) and, on increased coverage, pentamers and hexamers were observed. As for mono-
substituted porphyrin above, the interaction was found to occur through head-on pyridyl functions.
Finally, trans-like porphyrin was investigated. At the coverage of 0.4 ML (substrate temperature 350
K) extended supramolecular chains, that are not interconnected, were observed. Specifically, the
intermolecular center-to-center distance between two connected molecules was 32.7 A, and
considering a molecular dimension of the porphyrin monomer to be 29.1 A, this gave a spacing
distance of 3.6 A between two pyridyl nitrogen atoms. This distance is enough to accommodate the

two-fold Py...Cu---Py interaction (Figure 5.1.12¢c-f).

Additionally, the presence of two 3,5-di-tert-butylphenyl groups at the 10,20 meso-position, upon
deposition (at low coverage) on a atomically flat and inert Ag(111) surface, was found to give two
chiral configurations of the porphyrin modules. By increasing the coverage, a trimeric aggregate was
observed as enantiopure cluster consisting of the same conformations. This unit was a secondary
supramolecular building block that formed large aggregates, up to a highly regular hexagonal
supramolecular porous network (Figure 5.1.12gh).
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Figure 5.1.12. Chemical structures of porphyrins with Bu,Ph groups and pyridyl substituents; a) STM image

of self-assemled dimer on a Cu(111) surface; b) coexistence of triangular and rhombic supramolecules after
deposition of porphyrin on Cu(111) surface; c) high-resolution STM image of straight coordination chain
segment on Cu(111); d) schematic view of pyridil-Cu-pyridyl linear chain; e) top-view model of the Py-Cu-Py
coupling motif; f) three-dimensional and computer view of a string chain; g) STM overview image of trans-

isomer on a Ag(111) surface; h) close-up with superimposed model of the assembly.

5.1.2.4. Halogen-Bonding

Recently, few examples have reported the formation of patterned surfaces through halogen bonding
(XB), a non-covalent interaction between an electrophilic cap on a halogen atom (c¢-hole) and a
nucleophile side on an adjacent molecule.' Binary supramolecular structures based on halogen bond
between ethynylpyridines and aryl-halides building blocks on graphite were prepared (Figure
5.1.13a).5® It was observed that electrical stimuli of the STM tip induced the formation of porous and
linear networks, with the direction interactions between designed building block guiding the

structural outcome.

Fully fluoro-substituted aromatics were generally believed not to form halogen bonds due to the
absence of the o-hole. However, a fluorine homocontact was reported in fully fluoro-substituted
aromatic molecule, capable of forming two-dimensional supramolecular structures on Ag(111)
surface (Figure 5.1.13b).5” Although dispersion forces play an important role in the interaction, the
driving force was found to be the anisotropically distributed electrostatic potential around the fluorine

atoms.

The self-assembly of pyrene derivatives and their role in the Ullmann coupling was explored (Figure
5.1.13¢).5%%%! On a Au(111) surface under UHV conditions, 1,3,6,8-tetrabromopyrene molecules

arrange into two different 2-D patterns that are stabilized by XB and Br--H bonds at the same time.
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The same pyrene derivative was also studied on Cu(111) and Au(111) surfaces. Deposition on
Cu(111) at 300 K generated branched coordination polymer due to debromination reaction and
formation of C-Cu-C bond. Annealing at 473 K formed short and covalently linked oligomers. Upon
deposition on Au(111) at 300 K gave, in contrast, a 2-D pattern stabilized by C-Br---Br-C halogen and
C-Br--H-C hydrogen bonds. Thermal annealing at 473 K lead to debromination, followed by
formation of metal-coordinated networks. Further annealing gave covalently linked disordered

networks.
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Figure 5.1.13. Halogen guided self-assembly on surfaces; a) tritopic XB acceptor and donor results in
honeycomb structure, (i) large-scale STM image of the honeycomb structure; (ii) STM image shows the
coexistence of a close-packed structure and network; (iii) high-resolution STM image of the 3N/3F3I
honeycomb structure; (iv) structural model of the honeycomb structure; b) i) STM topography of the self-
assembled molecule on Ag(111), ii) frequency shift map Afof the self-assembly at a constant height mode; iii)
magnified Afmap of the white square and iv) same as before with superimposed mode; c) tetrabromopyrene
and iv,v) the magnified regions along with proposed molecular models for the two phases; vi-viii)
tetrabromopyrene on Au(111) annealed at 523 K that formed ordered 1-D polymer chains arranged in 2-D

islands.
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5.1.2.5. Charge-Transfer on Surfaces

Self-assembly guided by interfacial (molecule-substrate) charge transfer was also reported.’®>-%
Rubrene, a fluorescent polycene with promising electronic properties for organic electronic materials
was expected to cluster, as it is a nonpolar molecule, through van der Waals forces (Figure S.1.14a-c)
However, on a Au(111) surface homochiral assemblies were found to evolve with increasing rubrene
coverage from very small structures composed of a few molecules, to honeycomb islets, and to 1-D
chains of supramolecular pentamers, and occasionally into regular decagons. The evolution of 1-D
structures came as surprise and suggested that the assembly was governed by a competition of

attractive and repulsive forces.>*

Figure 5.1.14. a-c) Rubrene chemical structure, its optimized model along with the STM images showing
sequences of rubrene pentagons (inset is a decagon of pentagons) and a snapshot of the MD simulation; d-f)
TBP molecule self-assembly on Cu(111) and Au(111) surface at low molecular coverage, bottom is the DFT
calculated distribution of electrostatic potential energy shift with respect to the bare substrate for a TBP

molecules.
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The results were rationalized through molecular dynamic simulations and spectroscopic
measurements.>®> Rubrene pentagons can be transformed into positive supramolecular ion, since
absorbed rubrene HOMO level can rise above the Au(111) Fermi level, giving a charge transfer (hole
formation) mechanism. The charged rubrene pentagons on Au(111) are therefore electrostatically
repulsed between them. ‘Long-range’ repulsion therefore prevails over ‘short-range’ attractive van der
Waals forces at distances exceeding the nearest neighbor linkage length. The interplay between these
two forces is responsible for maximizing second neighbor distances within linked pentamers structure,
leading to 1-D assembly. Moreover, striking resemblance between MD simulations and experimental
STM images was observed, proving that the proposed model support the experimental observations.
With these results, specifically designed molecules were synthesized in order to balance the two effects
(Figure S.1.14d-f).>** A tetra[1,3-di(tert-butyl)phenyl]pyrene (TBP) was made in order to weakly
interact with transition metal substrates and have a smaller effective ionization potential than the
substrate work function, but very close to it. On a Au(111) surface, the molecules underwent a rather
peculiar organization, characterized by formation of several separated small island instead of a single

large one, an anomalous coarsening.

The substrate was found to affect another molecule, and consequently the self-assembly, such as
tetracyanothylene (TCNE), a strong electron acceptor (Figure S5.1.15a-c).*%%% Three different
substrates were investigated: Au(111), Ag(100) and Cu(100) and showed remarkable differences in
TCNE behavior in the ML limit. The results were rationalized by a combination of charge-transfer
and lattice-matching properties of TCNE with the different substrates. This causes in a variation of
the molecule-molecule and molecule-substrate interactions. Further experiments showed that
adsorption of TCNE on Cu(100) is accompanied by a reconstruction of the topmost Cu surface layer,
with Cu atoms bound directly to nitrile groups strongly buckled out (protruded) of the surface.
Moving from Au(111), to Ag(100) and finally to Cu(100) surface a stronger molecular-substrate

binding is observed.

Tetracyano-p-quinodimethane (TCNQ, Figure 5.1.15d-f) on a Cu(100) surface was found to
undergo electron-transfer that lead to significant structural rearrangement both on the metallic and
on the organic side of the interface.® The dicyano moiteties were found to bend towards the surface
that enabled a strong chemical interaction with copper, leading to high adsorption energy (2.23 eV)

and rearrangement of the copper surface.
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Figure 5.1.15. a-c) STM images of TCNE adsorption on Au(111) with a) order in loose hexagonal pattern, b)

TCNE on Ag(100) terraces as isolated molecules; ¢) TCNE on Cu(100) results in long chains and islands with
square symmetry, with Cu-substrate reconstruction indicating formation of a metal-organic coordination
network; d-f) TCNQ/Cu(111) interface from experiments and DFT calculations showed structural

rearrangements.

5.1.3. Chemical Reactions on Surfaces

Among low-dimensional nanostructured materials that exhibit attractive dimensional-related
properties compared to their bulk materials, carbon-based derivatives have merged as light, versatile
and low cost alternative.’* The rising star among low-dimensional carbon nanomaterials is graphene,
characterized by long-range n-conjugation and zero band-gap, a promising candidate for electronic
devices.”® Tailored macromolecules with semiconducting properties have therefore attracted much
attention and have been fabricated. In order to achieve a high degree of atomic and therefore band-
gap precision for molecular devices lately C-C coupling of molecular aromatic precursors has opened
almost limitless possibilities.”®® Moreover, after mastering the principles of heterogenous reactions
and catalysis, on-surface reactions seemed feasible. In this respect, UHV offers some advantages: clean
conditions, use of a wide range of temperatures (4-600 K), 2-D confined geometry and the reaction

can be followed by STM imaging, allowing also spectroscopic measurements.
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The conductance of on-surface produced single polymer was reported (Figure S.1.16a-d).***%!
Dibromoterfluorene (DBTF) monomers were deposited on a Au(111) surface that was annealed at
520 K for 5 minutes, the bromine atoms dissociate and covalent bonds can be formed between
activated TF monomers that diffuse on the surface. The conducting and mechanical characteristics of
the 1-D wire were measured by pulling it up from the Au(111) surface with the STM tip and showed

conductance of a single and same molecular wire with 20 nm length.

520 K . 520 K
B —— S ) S —
N
Au(111) Au(111)

Figure 5.1.16. On-surface polymerization of monomers to conjugated molecular chains; a-d) polyfluorene
chains from TBDF: a) overview STM image (80 by 120 nm) after the polymerization and b) STM image of
polyfluorene chain (5.9 by 3.6 nm), c) scheme of chain pulling from the surface in rope-like manner and d)
tunneling current as a function of the tip height during vertical manipulation; e) DAD polymer synthesized on-

surface with an STM image 4.9 by 9 nm.

Flexible molecular wires made of donor-acceptor units were also prepared in a similar fashion and
their conductance was measured.*? A bis(S-bromo-2-thienyl)-benzobis(1,2,5-thiadiazole) as the Br-
DAD-Br monomer (Figure 5.1.16e) was prepared and polymerized at 520 K on a Au(111) surface in
order to obtain a polymer that alternates donor and acceptor units. It was observed that the D-A-D
turns are key for high conductance when compared to homogenous polymers (e.g. made of only

tiophene units), with the latter showing a much larger band gap and reduced conductance.

The on-surface C-C coupling was successfully employed in order to construct porphyrin nano-
architectures (Figure 5.1.17).53%* §10,15,20-Tetrakis(4-bromophenyl)porphyrin (Bry;TPP) was
adsorbed on a Au(111) that, with sufficient heating, becomes activated (i.e. forms radical fragments)
and upon thermal diffusion is able to react with other radicals, resulting in intermolecular chemical
bonds. Selective and sequential thermal dissociation was achieved on a similar porphyrin scaffold, a

AsB, 5,15-bis(4"-bromophenyl)-10,20-bis(4-iodophenyl)porphyrin (trans-Br.,TPP). At 120 °C
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efficient polymerization was induced with selective activation of the iodine substituent into formation
oflinear chains, leaving the bromine groups intact, ready to be activated in the subsequent step. In the

next growth step (heating to 250 °C), 2-D architectures are formed from the 1-D chains.

Actlvatlon _¢_ Connectlon
(heatlng) (dlffuswn)

Figure 5.1.17. a) Schematic formation of covalently bound networks along with STM image (8.5 x 8.5 nm®) on
Au(111) surface; b) hierarchical growth following sequential thermal activation of iodine (8 x 8 nm”) and

bromine (10 x 10 nm?).

Graphene nanoribbons (GNRs), i.e. cutting graphene into narrow ribbons, is a topic of major interest
since it gives the possibility to tune the value of the bandgap to the desired value for the intended
applications.®® This path however presents major challenges by top-down approaches (Figure
5.1.18a), since it is not feasible with lithographic methods and the presence of even weak defects could

give rise to scattering and localization of electrons.®*

An alternative approach, by stitching up
molecular precursorsinto graphene nanoribbons in a ‘bottom-up’ manner (Figure 5.1.18b), was
proposed through on-surface reaction of 10,10’-dibromo-9,9-bianthryl (DBBA) precursor. The
precursor molecule first is evaporated on a crystalline surface of a noble metal, such as Au(111) and
Ag(111) under UHV conditions. Next, annealing allows the formation of radicals that diffuse and

meet on the surface, leading to polymer chains through aryl-aryl coupling, similar to the classical

Ullmann reaction.’* The sample is then annealed a second time in order to induce
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cyclodehydrogenation reactions that turn the polymer into an atomically precise GNRs with a width

N of seven carbon atoms.

a) Top-down Bottom-up

Figure 5.1.18. a) Schematic overview of the top-down and bottom-up fabrication of GNRs;*' b) on-surface
synthesis of N = 7 armchair graphene nanoribbons (7-AGNRs); i) synthesis steps including surface-assisted
dehalogenation of DBBA monomers, polymer growth by radical addition at temperature and surface-assisted
cyclodehydrogenation; ii) constant-current scanning tunneling microscopy (STM) image of 7-AGNRs on
Au(111) with superimposed model (blue) and STM simulation (grey); iii-iv) non-contact atomic force
microscopy images showing body and terminus of atomically precise 7-AGNR, recorded at constant height

with CO-terminated tip.

After the first report of GNRs, much attention has benn placed onto armchair GNRs. Starting with
poly(para-phenylene), considered as 3-AGNR, 5,7,9 and 13-GNRs have been reported.®>* The

bottom-up approach is also not limited to armchair nanoribbons, but also ‘chevron-type’ and ‘zig-zag’
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nanoribbons (ZGNRs), structures that are out of reach for the top-down approach, can be prepared

by carefully designing the starting molecular precursor (Figure 5.1.19).503606607

Armchair GNRs Chevron GNRs

a)
-0

Figure 5.1.19. Molecular precursors for on-surface synthesis of atomically precise GNRs; a) armchair GNRs
(N=1,3,4,7,13); b) chevron GNR; c) zig-zag GNRs (N = 5 with cove defect and N = 6).
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Figure 5.1.20. Site-specific doping with boron, nitrogen or sulfur of GNRs.

Additional benefits of the bottom-up approach include atomically controlled substitutional ‘doping’,
by replacing carbon atoms with heteroatoms, such as boron, nitrogen or sulfur (Figure 5.1.20).95-¢!!

Despite the recent progress of the aryl-aryl couplings, there is still much to explore in the area of on-
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surface organic chemistry, including dehydrogenative coupling, Glaser coupling, cycloaddition and
cyclotrimerizations. Additionally, the reported bandgaps for AGNRs N = 5-13 still exceed 1 eV, even

while adsorbed on a metal substrate, thus showing the constant need for further bandgap tuning.

5.1.4. Aim of the Project

The main aim of this project is to investigate the bottom-up approach as precise patterning of metal
surfaces. In order to create functional patterns, a polycyclic aromatic hydrocarbon such as pyrene has
been established as a key building block. Pyrene has been defined as ‘the fruit fly of photochemists™"
due to some characteristics as excimer formation, long-lived excited state, high fluorescence quantum
yield and the sensitivity of its excitation spectra to micro-environmental changes, making it one of the

most studied organic molecules.5

Patterning of metal surfaces can be achieved in a variety of ways. We reason that one approach, by
using pyrenes carrying pyridine moieties, employing hydrogen bonding. Moreover, we aim towards
creating different patterns through molecular design and introduction of pyridyls in specific sites of
the pyrene core. In this regards, pyrene chemistry should allow us to play both on number and site of
the pyridyl groups (Figure 5.1.21). Reference molecules, carrying phenyls instead of pyridyls, by not

carrying information for self-assembling, should yield individualized molecules, rather than patterned

surfaces.

Equatorial Longitudinal

Longitudinal

5-2 X=N 5-3 X=N
5-2aX =CH 5-3a X =CH

Figure 5.1.21. Target pyrenyl modules. X = N and = C-H for the pyridyl- (5-1, 5-2 and 5-3) and phenyl-derived
(5-1a, 5-2a and 5-3a) modules, respectively.
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Another bottom-up approach we intend to explore in structuring organic matter on metal surface is
through the metal-organic approach (Figure 5.1.22). Metals should be coordinated through use of,
for example carboxy groups or by introducing reactive sites on the molecule. The latter approach can
be achieved by using bromo-derivatives, that are known to active by simple thermal treatment of the
surface. To this end, both a bis-carboxy pyrene derivative and a bis-bromo derivatives will be prepared
and, thanks to the presence of two groups coordinating or reactive groups, should lead to organo-

metallic architectures on surfaces.

Figure 5.1.22. Two approaches towards metal-organic patterning of metal surfaces.

5.2. Syntheses of Pyrene Derivatives

Electrophilic substitution takes place preferentially at the 1-, 3-, 6-, 8-positions, with the tert-
butylation the only exception (occurs at 2-, 7- positions). 1-substituted and 1,3,6,8-tetrasubstituted
pyrene are easily accessible with relatively simple purification. Di-substituted pyrenes are accessible,
although he yields can be lower due to formation of two regioisomers with very similar polarity, thus
hampering purification. In any case, the introduction of halogen groups on the pyrene allows us further
functionalization with, for example, palladium catalyzed cross coupling reactions. Exhaustive
bromination of the pyrene core in the presence of Br, in nitrobenzene at 120 °C afforded 1,3,7,8-
tetrabromopyrene 5-4,** that was hardly soluble in organic solvents, but the reaction was confirmed
by MS and the reaction sequence could be carried on. Notably, to obtain 1,6- and 1,8-disubstituted
pyrenes 4-3 and 5-8, halogenation reactions with Br, in CCl, at room temperature or with I, and KIO,

in H,SO, and CH3;COOH at 40 °C were performed. Both 1,6-dibromopyrene and 1,8-diiodopyrene
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could be isolated as pure products after multiple crystallization cycles and their purity was appreciated

with '"H-NMR (Figure 5.2.2 and Figure 5.2.3).

1. X 1.X 1LX X
2 SgAr O O
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C-H activation
(equivalents) -

HOMO

Figure 5.2.1. Pyrene with numbered position and HOMO orbital plot; positions 1-, 3-, 6-, 8- are accessible

through electrophilic substitution reaction; position 2-, 7- can be functionalized through C-H activation.
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Scheme 5.2.1. Synthetic pathways for the preparation of compounds 5-1(a), 5-2(a) and 5-3(a). Reagents and
conditions: a) Br,, nitrobenzene, 120 °C; b) Br,, CCl,, r.t.; ¢) I, KIO4, H,SO4, AcOH, 40 °C; d) 1. TMSA,
Pd(PPh;),CL, Cul, PPh;, THF, iPr;NH, 80 °C; 2. KOH, MeOH, THF, r.t.; ¢) 1. TMSA, Pd(PPh;)s, Cul, THF,
Et;N, r.t.; 2. KOH, MeOH, THE, r.t.; f) 4-iodopyridine or iodobenzene, Pd(PPh;),, Cul, THF, Et;N. Note: the
best result in order to synthetize compound S-la has been obtained by reacting compound 5-4 with

phenylacetylene in Pd-cross coupling conditions.
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The halogen-derived pyrenes were subjected to Sonogashira-Hagihara Pd-catalyzed cross-coupling
reaction to obtain the relevant TMS-protected ethynyl derivatives, that in the presence of a KOH
solution in MeOH/THF (1:1) could be deprotected leading to the terminal acetylene derivatives (5-
S, 45 and 5-7). Subsequent Sonogashira-Hagihara cross coupling with 4-iodopyridine or
iodobenzene afforded compounds S-1, 5-2 and $-3 and reference molecules 5-1a, 5-2a and S-3a in
good yields (Figure 5.1.21). While the introduction of the phenyl groups did not pose particular
challenges (compounds 5-1a, 5-2a and 5-3a), equipping the pyrene core with the pyridyl moieties
proved to be particularly challenging because of the significant insolubility of final conjugates 5-1 and
5-2 in common organic solvents. Compound 5-2, with the two pyridyl moieties in position 1 and 8,
had a sufficient solubility in pyridine, which allowed its purification by column chromatography. On
the other hand, compounds $-1 and 5-2 were prepared following two different methods: i) following
conventional protocols with Pd catalyst and Cul as co-catalyst at room temperature and ii) microwave
assisted conditions. While classical conditions afforded precipitates within minutes from the onset of
the reaction (that was extensively washed with MeOH, AcCN and PhCHj;) that were hardly
processable in organic solvents, while microwave irradiation conditions yielded more soluble (i.e.,
most likely less aggregated) materials soluble in organic solvents at high temperatures (e.g, 1,1,2,2-
tetrachloroethane, TCE). Accordingly, it was possible to obtain different materials that were
subsequently sublimed on Ag(111): classical conditions yielded pyrene derivatives S-1 and 5-2
contaminated with iodide species, presumably from the Cul co-catalyst, and microwave assisted
reaction yielded uncontaminated molecules 5-1, 5-2 and 5-3 that were thoroughly characterized

(Figure 5.2.4).

O;’ 'OE HO™O
5-8 5-9 5-10
81% 64 % 91 %

Scheme 5.2.2. Synthetic scheme used for the synthesis of pyrene derivatives functionalized in 2-, and 7-.
Reagents and conditions: a) BPin,, [Ir(p-OMe)cod)],, 4,4’-di-tert-butyl-2,2’-bipyridine, THF, 80 °C; b)
CuBr,, H,0, THEF/MeOH, 90 °C; ¢) i) “BuLi, THF, -78 °C, ii) CO,, iii) H,O.
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Next, the pyrene derivatives functionalized in positions 2- and 7 were prepared (Scheme 5.2.2Scheme
5.2.2. Synthetic scheme used for the synthesis of pyrene derivatives functionalized in 2-, and 7-.
Reagents and conditions: a) ByPin,, [Ir(p-OMe)cod)],, 4,4’-di-tert-butyl-2,2’-bipyridine, THF, 80
°C; b) CuBr,, H,O, THF/MeOH, 90 °C; ¢) i) “BuLi, THF, -78 °C, ii) CO,, iii) H,O.). Ir-catalyzed C-
H activation and borylation at the least hindered positions were performed to obtain the 2,7-
functionalized pyrene derivative.®*'* The boronate was reacted with CuBr; in order to obtain 2,7-
dibromopyrene. The bromines were then exchanged with Li and the organolithium was reacted by
bubbling CO,, followed by acidic work-up in order to obtain the 2,7-dicarboxypyrene, following a

literature procedure.®
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Figure 5.2.2. 'H-NMR (500 MHz, CDCl;, 298 K) of 1,6-dibromopyrene 4-3.
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Figure 5.2.3. '"H-NMR (500 MHz, CDCl;, 298 K) of 1,8-diiodopyrene 5-6.
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Figure 5.2.4. 'H-NMR spectra (500 MHz) of pyrene derivatives a) 5-1 (TCE-d;, 353 K), 5-2 (TCE-d,, 298 K)
and 5-3 (500 MHz, Pyridine-ds, 298 K).
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5.3. Self-Assembly of Pyrenes on Ag(111)

The sublimation of a submonolayer coverage of tetrapyridyl pyrene derivative 5-1 on Ag(111) gives
rise to the formation of regular, extended islands (Figure 5.3.1a), presenting one border always pinned
to the bottom side of crystal step edges, which hints to their role as nucleation centers. High resolution
STM data (Figure 5.3.1b) reveals the layer organization and submolecular features. Each molecule
exhibits a two-fold symmetric shape resembling a St. Andrew’s cross, suggesting a flat adsorption on
the surface with a bright central core attributed to the pyrenyl core, and four peripheral dim circular

lobes assigned to the peripheral pyridin-4-ylethynyl functional groups.

Figure 5.3.1. Self-assembled network of tetrapyridyl pyrene 5-1 on Ag(111) as imaged by STM. a-c)
Tetrapyridylpyrene species on Ag(111). (a) Overview image (0.1 nA, -0.2 V). b) High-resolution image (0.1
nA, -0.5 V). c) Structural model. d) Tetraphenyl species 5-1a on Ag(111): overview (0.5 nA, 1 V) and high-

resolution insert (0.2 nA, 0.1 V). The stars indicate the dense-packed directions of the Ag(111) lattice.
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The molecules are arranged forming a rhombic network defined by the lattice vectors a; = 15.4 + 0.5
Aanda;=18.0+0.5 A, with an opening angle y equal to 100 + 2° (£ black rhombus in Figure 5.3.1b).
As a result, molecules 5-1 interdigitate in the short direction a,, whereas they form a small rhombic
cavity of approximately 6 x 6 A2 along direction a,. A tentative atomistic model of the assembly is
depicted in Figure 5.3.1c. Within the accuracy of the STM calibration, the architecture appears as a

superstructure semi-commensurate with the Ag(111) substrate with matrix:*'¢

Y = (44_.}5 1%5)

Although the exact binding site cannot be determined from this model, it becomes apparent that every
row in a,-direction consists of molecules adsorbed on identical binding sites, with binding sites
alternating between the rows aligned along the a;-direction. The majority of molecules align their
short axis of symmetry slightly off the close-packed directions of the Ag(111) lattice (cf Figure
5.3.1bc). Within one island the pyrene molecules present the same orientation. The rhombic network
is mainly stabilized by two distinct intermolecular non-covalent N H bonds (indicated as b; and b, in
Figure 5.3.1c) between the pyridyl functions of adjacent species, with projected N--H lengths of 2.9 +
0.3 Aand 2.4 +0.3 A, respectively. Notably, the domains present organizational chirality based on two
distinct interdigitation alignments of the achiral pyrene units. Accordingly, mirror domains of
derivative S-1 are resolved on the surface.

To elucidate the coordination aptitude of the pyridine-4-ylethynyl groups, reference tetraphenyl
pyrene derivative S-1a (1,3,6,8-tetra(phenylethynyl)pyrene) was also deposited on Ag(111) (Figure
5.3.1d). Although the molecules are adsorbed flat on the surface as for pyrene derivative $-1, the
absence of the peripheral pyridyl groups prevents the formation of N"H bonds and, despite the
possibility of aggregating through VAW interactions, only a scattered distribution of molecules S-1ais
clearly observed on the surface. Statistical analysis of next-neighbor distances does not reveal counts
at a separation closer than 20 A. This suggests the presence of considerable intermolecular repulsion,
possibly caused by molecule-substrate charge transfer.5'7-6"

Molecule S-1a also aligns its short symmetry axis slightly off to the close-packed directions of the
Ag(111) lattice, similarly to derivative S-1. The effect for both cases is comparable, with a magnitude
of (5.5£1)° in the case of module S-1 and a broader distribution in the case of phenyl-terminated
molecule 5-1a, which exhibits angles of about (6£10)°. This suggests that the tilt is primarily induced
by interactions between the surface and pyrene core rather than intermolecular interactions through

the pyridyl moieties, but it is greatly stabilized by the rigidity of the assembly.
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Next, the focus was set on the self-assembly of di-substituted pyrene derivatives 5-2, 5-2a and 5-3, 5-
3a. 1,8-Di(pyridin-4-ylethynyl)pyrene (abbreviated as cis-like dipyridyl-pyrene) derivative 5-3 was
sublimated on pristine Ag(111).
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Figure 5.3.2. Self-assembly of cislike bidentate pyrene modules 5-3 and 5-3a on Ag(111). a-c) cis-like
dipyridylpyrene 5-3 on Ag(111). a) Overview image (0.1 nA, -0.2 V). b) High-resolution image (0.15 nA, -0.2
V). c) Structural model showing two dimer configurations on the Ag(111) lattice. The projected NN
distances are 3.7 A and 4.8 A, respectively. d-e) cis-like Diphenylpyrene 5-3a on Ag(111). d) Overview image
(0.09 nA, 0.1 V). No assemblies are formed after room temperature deposition of reference species 5-3a. e)
High resolution image of 5-3a highlighting the restricted number of orientations of the molecule on the
Ag(111) lattice (0.1 nA, 0.1 V). f) Histograms showing the distribution of angular alignment deviation from
close-packed lattice directions (equivalent to 0°) for molecules 5-3 and 5-3a (406 and 275 molecules,

respectively).
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Figure 5.3.2a displays the resulting assembly for a submonolayer coverage, which consists of long
chains, coexisting with some agglomerates. A high-resolution image allows us to discern the
submolecular features (Figure 5.3.2b). Each molecule presents a two-fold pacman-like shape,
exhibiting a bright center attributed to the pyrene core, and two dim peripheral lobes assigned to the
pyridin-4-ylethynyl peripheral groups. Regarding the molecular organization, two supramolecular
motifs are clearly identified: i) head-to-head contacts between oppositely oriented species, giving rise
to pure chains (c£ bottom part of Figure 5.3.2b) and ii) intermolecular N H bonds between pyridin-
4-ylethynyl moieties and the pyrene core of adjacent molecules with a projected N~H length of 2.3 =
0.5 A, giving rise to the formation of agglomerates (cf. top part of Figure 5.3.2b). A tentative atomistic
model of the molecular chains is depicted in Figure 5.3.2¢, revealing a non-commensurate adsorption
of the molecular species, which follows a fashion by which the axis of symmetry is again oriented
slightly off the close-packed directions of the substrate. The nature of the head-to-head contacts
(motif i) is still under debate and may involve Ag substrate atoms, probably slightly pulled up by the
interaction with the pyridyl moieties. A statistical analysis of nearest neighbor separations for a
coverage of 0.23 molecules/nm? reveals a preferred separation of 15 A that is shorter than the head-
to-head distance of roughly 18 A. As in the assembly of species 5-1a, the deposition of bidentate cis-
diphenylpyrene species 5-3a on Ag(111) results in a scattered distribution of molecules over the entire
surface (Figure 5.3.2de). High-resolution STM images show that this molecular species presents a
very similar appearance to S-3, Le. they are adsorbed flat exhibiting a central bright core attributed to
the pyrene backbone, and two peripheral dim lobes assigned to the phenyl functions. A statistical
analysis of the nearest neighbor separations for coverage of 0.18 molecules/nm’ reveals the absence
of counts at small separations, pointing to a dominating repulsive molecule-molecule interaction,
possibly originating from molecule-substrate charge transfer.’®* In addition, a statistical analysis was
made pertaining to the orientation of modules 5-3 and 5-3a with respect to dense-packed lattice
directions, which shows that both species tend to prefer a slightly tilted orientation of their short
symmetry axis of about 5-10° off the closest high symmetry direction (cf Figure 5.3.2f and model in
Figure 5.3.2c for comparison). This is in perfect agreement with the distribution of orientations for
pyrene module S-1a, again corroborating our assumption that the substrate-backbone interactions
rather than the interactions between substrate and functional groups are governing the alignment.
However, the distribution is slightly narrower in the case of phenyl-terminated module 5-3a. We

attribute this to a directional influence due to interactions between the pyridyl nitrogen atom and the
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surface, stabilizing the molecule in orientations with even bigger misalignment with respect to the

dense-packed crystal directions.

Figure 5.3.3. Meta-stability of the head-to-head coupling of cis-like pyrene 5-3 on Ag(111). Transformation of
the head to head motif a) to a dense-packed dimer c) by lateral STM manipulation at 6 K. This process is
reversible (0.08 nA, -1 V). d) An identical packing is achieved at a full coverage of the sample after room

temperature deposition (0.1 nA, 0.1 V). The superimposed models represent the dimer motif.

The rather narrow distribution of misalignments leads to an almost uniform distribution of directions
of chains in the case of low coverages of pyrene derivative 5-3, which may be extracted from STM
images by autocorrelation (2D Fourier analysis). This is in contrast with other systems where a more
rigid alignment between neighboring molecules corresponds to directionality in the assembly of one-
dimensional structures.”’”” Remarkably, as depicted in Figure 5.3.3a-c, by lateral STM manipulation of
a head-to-head link of cis-like pyrene 5-3 one can reversibly convert the motif into an interdigitated
dimeric complex (Figure 5.3.3c) with a separation of 15 A, which involves N-H bonds between
opposite molecular units.

By drastically increasing the coverage up to the monolayer regime, a new phase arises (Figure 5.3.3d),
which presents a one-dimensional long-range order and consists of parallel rows of two oppositely
oriented molecules ( c£ black line superimposed on a row in Figure 5.3.3d). The rows are interlocked
with each other by two different N-..H H-bonds: i) the interdigitated dimer described above (c£ black

circle in Figure 5.3.3d), and ii) that between the pyridin-4-ylethynyl moieties and the pyrene core of
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identically-oriented species (cf. white circle in Figure 5.3.3d). Again, as a result of the interdigitated
dimer, a surface organizational chirality arises in the form of two different synthons. This duality in
turn gives rise to two possible domains within the dense-packed arrays (Figure 5.3.3d just above the
black line). In a further set of experiments, the sublimation of trans-like pyrene derivative 5-3 on
Ag(111) gives rise to a porous network, featuring a Kagome lattice architecture. An overview image is
presented in Figure 5.3.4a, exhibiting cavities of two different diameters, about 6 and 18 A,
respectively. A high-resolution image allows us to discern some intramolecular features (Figure
5.3.4b). The molecular species exhibit a bright central lobe and two peripheral dims, again assigned to

the pyrene core and pyridin-4-ylethynyl moieties, respectively.
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Figure 5.3.4. Self-assembly of trans-like bidentated pyrenes 5-2 and 5-2a on Ag(111). a,b) Kagome lattice
formed by molecule 5-2. a) Overview image (0.1 nA, -0.2 V). b) High-resolution image (0.5 nA, -0.02 V) and
superimposed unit cell of the Kagome lattice formed by 5-3. ¢) Individual 5-2a and 5-3a reference molecules

coexisting on Ag(111) (0.09 nA, 0.1 V). d) Structural model of the Kagome lattice and its unit cell.
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Furthermore, since the trans-like isomers have pro-chiral faces, a different molecular chirality is
exhibited upon adsorption on the metal surface. Hence, the supramolecular network features a chiral
arrangement, which manifests in the presence of two enantiopure mirror-symmetric domains of the
Kagome network, designated as a-trans and o’-trans. A tentative structural model reveals
commensurability of both domains with the underlying substrate within the accuracy of the STM
calibration (Figure 5.3.4d). In this model the unit-cell vectors of the Kagome lattice (a; = a, = 30.6 A)
form an angle of £19.1° (negative for a-trans, positive for o’-trans) with respect to the close—packed
directions of Ag(111). The model geometry is a perfect hexagonal lattice with an inscribed angle of
60° between a; and a,, the superstructure can thus be designated as (4/112 x y/112)R19.1°. Again, the
formation of this network is glued by intermolecular N...H H-bonds between pyridyl ligands and
adjacent pyrene cores, with a projected N---H bond length of (2.7 + 0.5) A. These interactions along
with the commensurability leads to the formation of highly regular and extended islands, some of
which were found to exceed the 0.2 ym® regime. Finally, trans-like diphenylpyrene derivative 5-2a
presents a uniform distribution of single molecules on the Ag(111) surface, again suggesting the
presence of repulsive intermolecular interactions. For comparison purposes, Figure 5.3.4c shows both
molecules 5-2a and 5-3a. Trans-like pyrenes 5-2a are adsorbed flat on the surface and exhibit similar
appearance to that of molecule 5-2, presenting a central bright lobe identified as the pyrene core and
two peripheral features attributed to the phenyl substituents. Since the molecule also possesses two
prochiral faces, two different chiral adsorption modes have been found and labeled as -transand -

trans, respectively (see Figure 5.3.4c).

Iodine co-adsorption. To explore the hosting capabilities of the porous pyrene networks to
monoatomic adsorbates, we analyzed samples of molecules 5-1 and S5-2 containing iodide
contaminations. Halogens, and specifically iodine and bromine, currently attract considerable interest
in self-assembly procedures, as halogen-bonding interactions might be used to tether the formation of
surface-confined supramolecular assemblies and halogen-containing by-products are formed during
surface-confined dehalogenation C-C coupling.5>6206!

Indeed, after depositing iodine-containing species 5-1 and 5-2 we found a majority of the cavities
formed by the supra-molecular networks to be occupied by circular protrusions (Figure 5.3.5), in
brightness and thus apparent height similar to the surrounding molecules. The apparent extension of

the protrusions in STM images is consistent with mononuclear iodine species. Indeed, XPS

experiments yielding chemical sensitivity allow us to conclusively assign these protrusions to iodine
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atoms interacting with Ag, i.e,, to iodide species (Figure 5.3.5f). In the iodine 3d XP spectra recorded
after depositing a layer of the iodine-containing tetra-pyridyl-pyrene material material on Ag(111)
one can clearly observe two signals, reflecting the spin-orbit split 3ds, and 3ds/» components. The
most intense feature with binding energy of 618.6 eV corresponds to the 3ds/, orbital while the second

one is attributed to the 3ds, orbital with a binding energy of 630.1 eV.%>%

- batch 2 .
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Figure 5.3.5. Self-assembly of pyridyl-terminated pyrene species 5-1 and 5-3 on Ag(111) showing decoration
by co-adsorbed iodide. (a,b,c) Rhombic islands formed by species 5-1. a) Overview image (0.05 nA, 1V).b)
High-resolution image showing the protrusions attributed to iodide species (0.05 nA, -1 V). c) Tentative model
of a detail of b) highlighting the plausible hollow site adsorption of iodide. d,e) Kagome lattice formed by
species 5-2. d) Overview image (0.1 nA, -0.2 V). e) High resolution image (0.09 nA, 0.1 V). f) Iodine 3d XPS

signature of the I-contaminated (top) and clean (bottom) samples of molecule 5-1.
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These binding energies are characteristic for iodide and are distinctly different from molecular iodine
or iodine compounds on Ag(111).¢#%25 Samples containing no iodine, Figure 5.3.5f show no such
signature. Accordingly, Ag adatoms that were reported to stabilize organic assemblies on surfaces”
and readily engage in coordination interaction with ethynylene triple bonds in organometallic
complexes® are ruled out as origin of the protrusions. Furthermore, carbon 1s signatures of both
materials show no differences in chemical species or binding energies between the two cases,
confirming the equivalence of the pyrene units. In the case of tetradentated module $-1, the small
voids can be filled with either zero, one or two iodide species (Figure 5.3.5ab), whereas in the case of
the Kagome lattice only one iodide unit can be accommodated (Figure 5.3.5de). The large cavities
seldom exhibit a single protrusion tucked into one of the six corners. Island borders are not decorated
in any case, which suggests that the iodide maximizes its interaction with adjacent pyrene molecules
by occupying the pores. Below the saturation coverage of the small cavities (2 I per 5-1; 2/3 I per §-
3), the guested iodide has a minor influence on the porous architectures. While the rhombic network
of module 5-1 shows unit cell vector a, to be slightly extended by less than 1 A, the Kagome’s unit cell
appears not to be changed. Structural models based on the high-resolution STM data highlight the
positions of the iodide atoms relative to the pyrenes (Figure 5.3.5c). The substrate registry was chosen
in a way to accommodate the iodide on the well-known hollow adsorption sites of the Ag(111)
lattice.®” The resulting average I..H distance amounts to (2.9 + 0.5) A, which is slightly smaller than
the sum of the van der Waals radii of the two atoms (3.18 A), consistent with attractive interactions.
Indeed, differences in electronegativity between halogens® or diatomic adsorbates’™ and hydrogens
are known to stabilize supramolecular architectures on surfaces. However, comparing the distances
between two adjacent modules 1 separated by zero, one or two iodides, only a minute difference of
less than 0.5 A — well within the error bar of our measurements — is observed. This suggests that the
iodide residence in the pore®' is determined by the availability of preferred hollow adsorption sites
within the voids. As visualized in Figure 5.3.5¢c, due to the non-commensurate overlayer structure,
every pore exposes different bare Ag areas. In most pores, one hollow site is available within the steric
constraints, while some pores offer two hollow sites with a separation exceeding twice the van der
Waals radius of the iodide units. In the case of the Kagome lattice formed from S5-2, the registry is
consistent with small pores being centered on hollow sites (Figure 5.3.5d), thus hosting a maximum
of one iodide each. A further increase of iodine yields to a rearrangement of the architectures featuring

iodides on all four sides of the modules 5-1. In agreement with the literature discussing the thermal
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desorption of iodine from Ag(111),*® moderate annealing to 180° C did not induce a significant

decrease of the iodide species in the pyrene architectures.

5.4. Organometallic Architectures from Pyrene Derivatives

Coordination chemistry on surfaces has emerged as a powerful strategy to design on-surface confined
functional materials with prospects in sensing, catalysis, molecular electronics and magnetism.**

629630 coordination chemistry of

Surprisingly, despite the relevance of rare-earths in high technology,
lanthanides on surfaces has mainly remained elusive. Only recently, the first lanthanide-directed
architectures were reported on coinage metals.’**°%3¢ Importantly, it was shown that carboxylate
moieties could be exploited to design a thermally robust gadolinium-driven reticular architecture, in

which the nature of the bond indicated ionic characteristics.®!

Figure 5.4.1. ab) Pyrene derivative 5-10 on Cu(111) surface without lanthanides and cd) lanthanide-directed

Dy:5-10 metallosupramolecular network (cd).

Figure 5.4.1ab show the individualized 5-10 molecules after it was deposited on Cu(111) and the

temperature held at 100 °C to afford full deprotonation. With dysprosium (Dy), the situation is
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notably different, with the formation of a porous grid formed (Figure 5.4.1cd). Pyrene species 5-10
are visualized as bright rods, whereas dysprosium centers are imaged as dim protrusions. The
corresponding atomistic model Figure 5.4.1d reveals commensurability of the metallosupramolecular
architecture with the substrate, in which the dysprosium centers occupy hollow sites and one of the
linear directions of the reticular grid is aligned with the close-packed directions of the substrate, thus
resulting in three orientational supramolecular domains. The metal-organic network is stabilized by
an eight-fold Dy---O coordination with an average projected internodal distance of 15.4 + 0.5 A, thus

resulting in an average projected Dy--O bond length of 2.3 £ 0.5 A.

1,6-Dibromopyrene 4-3 was also used as another approach in patterning metal surfaces with
organometallic architectures (Figure 5.4.2). Preliminary experiments showed that pyrene 4-3, upon
deposition on a Ag(111) surface held slightly below room temperature, presents a major phase of
hexagonal porous network (Figure 5.4.2ab). Furthermore, since the trans-like isomer has pro-chiral
faces, a different molecular chirality is exhibited upon adsorption on the metal surface. Hence, the
supramolecular networks featured chiral arrangements, which manifest in the presence of two

enantiopure mirror-symmetric domains.
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Figure 5.4.2. STM images for pyrene derivative 4-3 on Ag(111) surface: ab) deposition onto surface held at
slightly below r.t. leads to a major phase of two chiral hexagonal porous networks; c) deposition onto surface
held slightly above r.t. leads to partial debromination with no long-range order (c, at small coverage) and long-
range ordered lattices (d, high coverage regime); ef) thermal annealing (150 °C) results in formation of organo-

metallic chains.
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Deposition of dibromopyrene 4-3 on surface held slightly above room temperature showed partial
debromination (Figure 5.4.2cd). In a small coverage regime of the pyrene derivative, unordered motifs
were observed with the majority of the molecules without any bromines (or only one in dimers, trimer,
...) with the Br atoms apparently bonded to Ag adatoms. On a high coverage regime, the formation
of islands of dimeric units featuring long-range ordered lattices were observed. By thermal annealing
(100 °C) almost total debromination is observed and the formation of long metallo-organic chains is
apparent (Figure S.4.2ed) with the Br atoms still present between the chains, in proximity to Ag
adatoms. Further annealing did not seem to show the formation of C-C covalent bond. However,

further experiments are underway.

5.5. Conclusions

In the context of creating patterned surface employing the bottom-up approach, this chapter reports
the design, syntheses and STM investigations of a series of pyrene derivatives on metal surfaces. The
attractive pyrene core was functionalized with a specific number of functional groups in specific
positions in order to obtain our starting building block for patterning metal surfaces in a bottom-up

approach.

In the first section, pyrenes equipped both with pyridylacetylene and phenylacetylene termini were
prepared and deposited on a Ag(111) substrate and their self-assembly behavior was investigated. The
deliberate geometrical positioning of the pyridyl recognition sites in a tetra- (5-1), trans- (5-2) or cis-
like fashion (5-3) allowed the tailoring of different supramolecular architectures, giving rise to
rhombic arrays (5-1), porous Kagome networks (5-2) and chain-like assemblies (S-3). The
intermolecular N-*H bonds — enabled by the pyridyl termini - proved to be decisive for the formation
of the supramolecular structures. For the phenyl-functionalized reference pyrenes (5-1a, 5-2a and §-
3a), repulsive intermolecular interactions dominated, resulting in individual modules at low coverage.
On the other hand, the azimuthal alignment shows no significant dependency on the functionalization
and thus is dictated by the geometrical properties of the pyrene core. Furthermore, we have exploited
the robust, open porous architectures of modules 5-1 and 5-2 as templates for the positioning of
individual monoatomic iodine guests, identified as iodides. Their positioning is tentatively assigned
to a preferred absorption on the hollow sites of the Ag(111) substrate, where they do not interfere

with the order of the pyrene arrays at moderate coverage. The decoration of supramolecular networks

229



5 Patterning Metal Surfaces

with iodide units that bases on attractive interactions might thus be instrumental in stabilizing the

selected organic architectures, displaying exceptional hosting capabilities of the porous network.

In the following section, pyrene derivatives were designed and prepared as targets for building metallo-
organic architectures on metal surfaces. In one case, a metallo supramolecular coordination with
lanthanides (Dy), rare earths that have recently attracted attention for on-surface coordination
chemistry, was shown to form porous grids when a biscarboxy-pyrene 5-10 is present. The metal-
organic network was found to be stabilized by an eight-fold Dy---O coordination with an average
projected internodal distance of 15.4 + 0.5 A. As a second approach, 1,6-dibromopyrene 4-3 was
deposited and showed the formation of a hexagonal porous network, that could be modified by
thermal treatment of the surface. First, a partial debromination resulted in formation n-mers with no
apparent long-range order at low coverage, while long-range ordered dimers were observed on high
coverage regime. Further thermal annealing resulted in the formation of extended organo-metallic

chains.

This chapter shows that, even though great efforts have been placed in the bottom-up preparation of
patterned metal substrates, there is still a lot of undiscovered potential, part of which we are trying to

reach in our laboratory.
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5.6. Perspectives

5.6.1. Self-Assembly of Peri-Xanthenoxanthene

While a precise doping with nitrogen®® (and very recently with sulfur)®"' has been achieved, very little
work has been done on precise oxygen-doped n-extended conjugated system. In this respect, peri-
xanthenoxanthene (PXX) (Figure 5.6.1a), the O-doped equivalent of anthanthrene, represents the

core on which build a family of O-doped aromatic hydrocarbons.
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Figure 5.6.1. a) Chemical structure of peri-xanthenoxanthene (PXX), O-doped equivalent of anthanthrene; b)
organic thin-film transistor (OTFT) developed with PXX** and ¢) OTFT (based on OPXX) driven OLED

display.®**

Diphenyl-PXX derivative was investigated as semiconductor (OSC) for organic thin-film transistor
(OTFT) as stable m-system again oxidation (Figure 5.6.1bc).®* An efficient carrier injection was
achieved, with a HOMO level of PXX diphenyl derivative estimated to be only 5.1 eV below vacuum
level. Moreover, OTFT achieved a high apparent mobility over 0.4 cm?/(V s) and was stable for S
months under ambient conditions. Additionally to its excellent carrier transport capacity, PXX has
been found to be suitable for use in organic electroluminescent devices by increasing in the efficiency
and lifetime of organic electronic devices compared to prior art back in 2010.%* A monomer precursor
of PXX (7,7"-bis(2,2"-bithiophen-5-yl)-1,1"-bi- 2,2"-naphthol) was subjected to electropolymerization
into a highly conductive fully conjugated polymer containing PXX. Moreover, PXX has been used to

635 and

prepare charge-transfer complexes with 2,4,6-trinitrophenol, I;, [Ni(maleontriledithiolate).]
TCNQ.% Due to all the abovementioned properties, along with its propensity to generate charge-
transfer complexes, we were set to investigated the properties of PXX and its complexes (with TCNQ)

on metal surfaces.
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First, a scalable and simple protocol for synthesis and purification had to be applied. The original

procedure dates back to 1905 through oxidation of binaphthols with Ki[Fe(CN)s] that yielded PXX

637

and unidentified by-products.”” Some years later, Ag,O was proposed as oxidant, giving PXX with

638

other oxidized derivatives.””® The oxidative ring closure of binaphthols was found to occur in

satisfactory yields with CuO and Cu(OAc),.%*%* More recently, the CuO and Cu(OAc); have been

revived and modifications of the original methodologies have been proposed.53+6%

L0 W o0

z OH  pivOH, DMSO 0
4 Cl 140 °C O@

Scheme 5.6.1. Optimized solution-based synthesis of PXX starting from binol molecule.

Recently, in our laboratories, Dr. Daphné Stassen applied a Cu-catalyzed oxidative C-H
cycloetherification procedure®"%** on the 1,1'-bi-2-naphthol scaffold in order to prepare PXX in
solution in very good yield (Figure 5.6.1). At this point, with a scalable procedure that yield product
in a very good yield and high purity, STM investigations were sought (Figure 5.6.2, Figure 5.6.3).

Figure 5.6.2. PXX deposited on a Au(111) surface with TCNQ at r.t. (STM taken at S K) with a) area of a

terrace with mostly PXX molecules and b) an area of donor (PXX)-acceptor (TCNQ) row.
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PXX was deposited, together with the TCNQ, both on Au(111) and Cu(111) surfaces, in order to
investigate also possible variation in molecule-molecule and molecule-substrate interactions. Figure
5.6.2b shows that PXX and TCNQ _are able to form rows of donor-acceptor assemblies, resembling

charge-transfer monolayers of TTF-TCNQ previously reported.®*-%*

Figure 5.6.3. a) PXX/TCNQ deposited on a Cu(111) surface at r.t. (with STM taken at 77 K) and b) PXX
deposited on Cu(111) atr.t (STM taken at S K).

On the other hand, on a Cu(111) substrate (Figure 5.6.3), PXX has been found to assemble at the
edges of a TCNQ island, while outside the islands the PXX (at 77 K and < 1 ML) is too mobile to be
observed. PXX alone (ona Cu(111) surface and S K) presents itself as separated molecules, suggesting

long-range repulsion as a charged molecule.’**

5.6.2. Pyridine and Bipyridine Guided Self-Assembly

As abottom-up approach in patterning surfaces that we achieved with pyrene derivatives, some issues
need to be addressed, such as low solubility and regioselectivity in order to obtain di-substituted
derivatives. To this end, we propose the use of pyridine and bipyridyl metal-ligand coordination
complexes on anthracene and porphyrin scaffolds. While we already reported pyridyl coordination

§75-577

driven formation of metallosupramolecular structures, we sought to expand this approach on

233



S Patterning Metal Surfaces

pyridylethynyl and pyridylethenyl derivatives, also in the light of the porous host-guest structure we

reported in previous sections.

As an alternative polycyclic aromatic hydrocarbon, anthracene holds much promise (see also Figure
$6.7). For example, anthracene was used in first experiments in order to generate light from organic

materials (in the first OLED)* and more generally in organic electronics.®’-%¥

GS$!

Figure 5.6.4. Chemical structure of anthracene along with its calculate HOMO and LUMO orbitals (Gaussian
DFT B3LYP 6-311G).
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Scheme 5.6.2. Synthetic scheme for the synthesis of anthracene derivatives. Reagents and condition: a)
(CH,0),, HBrin AcOH, 50 °C; b) P(OEt)3, 150 °C; ¢) Ar-CHO, ‘BuOK, THF, r.t.; d) Br;, Ph-NO,, r.t.; e) 1.
TMSA, Pd(PPh;),CL, Cul, THF/Et;N, 50 °C; 2. KOH, MeOH, THF, r.t.; f) Ar-1, Pd(PPh;),, Cul. THE/Et:N,
r.t.

Moreover, anthracene reacts towards electrophilic substitution exclusively in positions 9- and 10-,

thus the HOMO and LUMO orbitals can be easily engaged (Figure 5.6.4). The complete synthetic
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approach to anthracene derivatives is reported in Scheme 5.6.2. Anthracene was brominated with Br,
or bromomethylated in presence of para-formaldehyde and HBr solution (in AcOH). The
bis(bromomethyl)anthracene was transformed into ethyl phosphonate with triethyl phosphite in a
Michaelis-Arbuzov reaction. The phosphonate, in presence of aldehydes and basic conditions, readily
produced the trans-alkenes in a Horner-Wadsworth-Emmons reactions. On the other hand, the
ethynyl series was prepared by a Sonogashira—Hagihara Pd-catalyzed cross coupling reaction between
9,10-dibromoanthracene and TMSA. The trimethylsilyl group was then removed under basic
conditions and the free alkyne was coupled with the iodo-aryl compounds to obtain the final

compounds.

In order to explore further metal-ligand coordination on the surface, we prepared porphyrins carrying
either one or two 2,2"-bipyridyl (BiPy) groups, a popular ligand in supramolecular chemistry that has

not yet been exploited for patterning surfaces.’®

Figure 5.6.5. Porphyrins 5-23 and 5-24 carrying 2,2"-bipyridyl moieties.

The molecules were prepared according to Scheme 5.6.3. At first, we performed a mixed aldehyde
condensation under Lindsey conditions that yielded a mixture of A;B and trans- and cis-A,B,
porphyrins. Due to the very low difference in polarity between the iodophenyl and mesityl
substituents, the purification of porphyrins could be achieved only after consecutive gravity-fed
column chromatographies with cyclohexane/dichloromethane (85:15 v/v) as eluent mixture. In
order to avoid time- and cost-consuming separations we investigated alternative approaches. While
the trans-A,B, porphyrin could be prepared through the 2+2 dipyrromethane approach, the mixed
aldehyde approach is necessary for the A;B porphyrin. However, we sought to replace the iodine group
with another moiety that has the same (or similar) reactivity but very different polarity in order the

facilitate the column chromatography separations. Thus, a trifluoromethanesulfonate (triflate) group

235



S Patterning Metal Surfaces

was used that indeed did show better separation of the porphyrins mixture. The triflate was also
successfully used in Sonogashira cross-coupling, after addition of LiCl since, in presence of Pd(PPh;).,

the triflate is a counterion and not a ligand, and otherwise the reaction would not proceed.
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Scheme 5.6.3. Synthetic scheme for the synthesis of porphyrin-BiPy derivatives. Reagents and conditions: a)
pyrrole, BF3.OEt,, r.t.; b) i) 4-iodobenzaldehyde, BF;-OEt,, CHCl,, r.t., ii) DDQ, iii) Et;N, iv) Zn(OAc)»-H,O,
CHCl;/MeOH, r.t.; ¢) S-ethynyl-2,2"-bipyridine, Pd(PPhs)4, (LiCl), DMF/Et;N, 120 °C, W irradiation; d)
T£,0, pyridine, 0 °C to r.t.; e) i) mes-CHO, BF3.OEt,, CHCL;, r.t., ii) chloranil, iii) Et;N, iv) Zn(OAc),»-H,O,
CHCl;/MeOH; f) i) "BuLi, THF, -78 °C, Bu;SnCl, ii) 2,6-dibromopyridine, Pd(PPh;),, PhCH, reflux; g) i)
TMSA, Pd(PPh;),CL, PPhs, Cul, Et;N, 80 °C.
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Figure 5.6.6. 'H-NMR (500 MHz, 298K, DMSO-dj) of bis-bipy-porphyrin derivative 5-19.

STM experiments of the BiPy-porphyrins will be performed and will be reported elsewhere.
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5.6.3. On-Surface Reactions with Porphyrin Precursors

Conjugated porphyrin arrays, with delocalized electronic networks, have been prepared mostly by
using alkene or alkyne type bridging or by connecting directly porphyrin with individual or multiple

651

bonding to form fused porphyrin arrays.®' These derivatives have been used in various applications
such as near-infrared (NIR) dyes, non-linear optical materials and molecular wires. Figure 5.6.7 show

two examples on how extended conjugation affects some of their properties.
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Figure 5.6.7. a) Fully conjugated porphyrin tapes (from dimer to dodecamer), i) plot of absorption peak versus
number of porphyrin in the tape (N) and ii) plot of the first oxidation potential versus N; b) butadiyne-bridged

porphyrin oligomers and their absorption spectra.

Triply meso-meso—, -B—, and B-B-linked zinc(II)-oligoporphyrins (Figure 5.6.7a) showed extremely
red-shifted absorption bands with increasing number of porphyrins, reaching ~3500 wavenumber.**
Progressive decrease of one-electron oxidation potential upon increasing of the porphyrin number
was also observed. Butadiyne-linked conjugated porphyrins showed the red-shift of Q-bands with
increasing chain-length, reaching ~900 nm in the case of polymers.®® Numerous other derivatives
were also reported, but they pose synthetic and purification challenges, as well as difficulties in
transferring high-molecular weight polymers onto metal surface. Therefore, an on-surface approach

from porphyrin monomers was proposed (Figure 5.6.8).
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Figure 5.6.8. Schematic approach to creating conjugated porphyrin tapes and oligomers.

At first, we prepared meso-free and meso-brominated A,B, porphyrin The synthesis was
accomplished through the 2+2 dipyrromethane condensation procedure with the desired porphyrins
easily separated and in good yields. Bromination of the meso-free porphyrins usually proceeds > 85 %

yields and the purification yielded pure porphyrin precursors.
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Figure 5.6.9. First-generation molecular precursors for on-surface synthesis.

In Figure 5.6.10 can be observed that when 5,15-diphenylporphyrin is annealed on a Au(111)

654

substrate®* unfortunately no intermolecular reaction takes place, leading to intramolecular

cyclodehydrogenation products.
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Figure 5.6.10. STM images of 5,15-diphenylporphyrin molecules on Ag(111), with structural models. After
room temperature deposition, islands of S,15-diphenylporphyrin molecules are found (a) single molecule and
its respective structural model is shown in (e); after annealing this surface at 580 K only isolated molecules can
be found (d), with the majority of these isolated molecules (91%) appears as (b) whereas a minority (9%)

appears as (c).®*

With this in mind, we prepared a S,15-bis(pentafluorophenyl)porphyrin in order to remove the

hydrogens that were involved in the cyclodehydrogenation side reaction.

5-29 5-31

Figure 5.6.11. Second-generation molecular precursors for on-surface synthesis.

Part of the characterization is reported in Figure S5.6.12 as 'H-NMR spectra. §5,15-
Bis(pentafluorophenyl)porphyrin (top, THE-ds) show typical resonances of meso-free, f-pyrrole and
inner NHprotons. 5,15-Bis(trimethylsilylethynyl)-10,20-diphenylporphyrin (bottom, CDCl;) shows

resonances of S-pyrrole, phenyl substituents, timethylsilyl and inner NH protons.

239



S Patterning Metal Surfaces

Ar [ J ( ]
{ ]
T et i L
Ar 124 120 116 11.2 108 -1.1 -1.3 -15
5/ ppm &/ ppm
l. ’ A k J A
13 12 1 10 9 8 7 6 4 3 2 1 0 -1 -2 -3

.. ° °
e o N N N
Ph : : . :
9.5 9.0 8.5 8.0
O/ ppm
[ ] ([ ]
| L :

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 00 -10 -20 -3.0
o/ ppm

Figure 5.6.12. "H-NMR spectra (500 MHz, 298 K) of 5,15-bis(pentafluorophenyl)porphyrin (top, THF-ds)
and $,15-bis(trimethylsilylethynyl)-10,20-diphenylporphyrin (bottom, CDCl;).

5,15-Bis(pentafluorophenyl)porphyrin will be investigated for on-surface reactions, namely the meso-
meso coupling followed by oxidation into a porphyrin tapes. On the other hand, §,15-
bis(trimethylsilylethynyl)-10,20-diphenylporphyrin will be de-protected right before performing on-

surface experiments since the free alkyne can be unstable and undergo degradation.

In order to take advantage of already know on-surface reaction and condition, e.g. Ullmann aryl-aryl
coupling followed by cyclodehydrogenation, porphyrin carrying bromo-naphthyl or bromo-

anthracenyl groups were designed (Figure 5.6.13), with their syntheses posing some challenges.
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Figure 5.6.13. Third-generation molecular precursors for on-surface synthesis.

Initially, we wanted to prepare the S5,15-bis(S-iodo-1-naphthyl)porphyrin, but only traces of
porphyrin was formed under TFA-catalyzed conditions (mostly starting aldehyde was found after 12
hours of reaction). Therefore, we prepared the bromo derivative and the condensation reaction
proceeded much easier than in the case above. However, the product was not sufficiently pure due to
presence of impurities that had the same polarity as our target product. The impure porphyrin was
therefore metallated with Zn(OAc),-2H,O and the difference in polarity allowed us to purify the

compound.
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Scheme 5.6.4. Synthetic approach towards naphthyl substituted porphyrins.

The synthesis of bromo-anthracenyl substituted porphyrin was unsuccessful so far. The synthetic

scheme is reported below (Scheme 5.6.5).

Although the 5,15-dianthracenyl-10,20-diphenylporphyrin was obtained through a Suzuki cross-
coupling reaction between a Ni(II) dibromoporphyrin and anthracenoboronate in good yield, the
bromination (using literature procedures for bromination of 9,9"-bianthracene®®) of this

anthracenylporphyrin showed to give a number of side-product with almost identical polarity, with
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the bromination of electron rich Ni-porphyrin core competing with 10,10° bromination (Figure

5.6.14).
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Scheme 5.6.5. Synthetic approach towards S,15-dianthracenyl-10,20-diphenylporphyrin. Reagents and
conditions: a) Ni(acac),, toluene, reflux; b) NBS, CH,Cl,/MeOH, r.t.; c) B,pin,, KOAc, PACL(PPhs;),, 90 °C;
d) PdClz(PPh3)2, ASPh3, C82CO3, THF, reﬂux.
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Figure 5.6.14. 'H-NMR spectra (500 MHz, CDCl;, 298 K) of §,15-dianthracenyl-10,20-diphenylporphyrin and

the bromuration reaction.
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6. Experimental Section

6.1. Instruments and Methods

Thin layer chromatography (TLC) was conducted on pre-coated aluminum sheets with 0.20 mm
Merck Silica Gel F254.

Column chromatography was carried out using Merck silica gel 60 A (particle size 40-63 pm or 60-
200 pm).

Melting points (m.p.) were measured on a SMP-20 in open capillary tubes and have not been

corrected.
Microwave reactions were performed on a CEM Discover Microwave Reactor.

NMR spectra were obtained on a Varian Inova spectrometer (500 MHz 'H and 125 MHz *C) or
Varian Gemini 200 spectrometer (200 MHz 'H and 50 MHz "*C) or on a JEOL Eclipse 400FT (400
MHz 'H). Chemical shifts are reported in ppm using the solvent residual signal as an internal reference
(Chloroform-d: 8y = 7.26 ppm, 8¢ =77.23 ppm; 1,1,2,2-Tetrachloroethane-d;: dx = 6.00 ppm, dc =
73.78 ppm; Pyridine-ds: Ou = 8.74,7.58, 7.22 and 8¢ = 150.35, 135.91, 123.81, Dimethyl Sulfoxide-ds:
Ou =2.50 ppm, 8¢ =39.51 ppm; Methylene Chloride-d;: 81 = 5.32 ppm, 0c = 54.00 ppm; Acetonitrile-
ds: Ou = 1.94 ppm; Toluene-ds: du = 7.09, 7.00, 6.98 ppm; Deuterium Oxide: Ou = 4.80 ppm). The

resonance multiplicity is described as s (singlet), d (doublet), ¢ (triplet), g (quartet), m (multiplet),
br (broad signal).

DOSY self-diffusion coefficient evaluations were carried out using Varian Inova (500 MHz) NMR

spectrometer equipped with Performa II-Z gradient coils (Varian, Palo Alto, CA, USA).
IR spectra (KBr) were recorded on a Perkin Elmer 2000 spectrometer.

Optical rotations were measured on a polarimeter with a sodium lamp (/= 589 nm) and are reported

as follows: [a]*p (c= g (100 mL)", solvent).

Optical and Chiroptical spectroscopy. UV-Vis measurements were performed on Cary 5000
Spectrophotometer (Varian) and on a Chirascan™ Plus CD Spectrometer from Applied
Photophysics, using 1 mm path quartz cuvettes; Fluorescence measurements on Cary Eclipse
Fluorescence Spectrophotometer (Agilent Technologies), using 1 cm path quartz cuvettes; CD

spectroscopy was performed using a Jasco J-815 spectropolarimeter and using a Chirascan™ Plus CD
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Spectrometer from Applied Photophysics. The measurements were carried out using 1 mm suprasil
quartz cells from Hellma Analytics. The spectra were recorded between 250 and 500 nm, with a
bandwidth of 1 nm, time per point 1 s and two repetitions. The solvent reference spectra were used as
baselines and were automatically subtracted from the UV-Vis and CD spectra of the samples. The
variable temperature experiments (VT-CD) were performed usinga TC125 Temperature Controller
from Quantum Northwestern running on the Chirascan™ Spectrometer. The temperatures were
varied with heating/cooling cycles by steps of S K at a rate of 1 K/min. The temperature of the solution

was determined using a temperature probe immersed in the quartz cuvettes.

Microscopy. The samples for AFM were prepared by drop-casting about 40 pL of solution onto mica
substrates, air dried in open ambient at 293 K. Tapping-mode AFM measurements were carried out
in air at 293 K by using a Nanoscope I1Ia (Digital Instruments Metrology Group, USA) instrument,
model MMAFMLN. The collected images were then analyzed with WsXm 4.0 software (Nanotec
Electronica S. L.), and Gwyddion 2.39. The samples for TEM studies were prepared by drop-casting
about 20 pL of solution onto a carbon-coated nickel grid (3.00 mm, 200 mesh), air dried, and imaged
on a Philips EM 208 TEM microscope (accelerating voltage of 100 kV).

Mass spectroscopy. ESI-MS (5600 eV; MeOH) were performed on a Perkin-Elmer API1 by Dr. Fabio
Hollan (University of Trieste) and High resolution mass spectrometry (HRMS) was performed by
the “Fédération deRecherche”; ICOA/CBM (FR2708) platform of Orléans in France, on a Bruker
maXis Q-TOF in the positive ion mode. The analytes were dissolved in a suitable solvent at a
concentration of 1 mg/mL and diluted 200 times in methanol (= S ng/mL). The diluted solutions (1
uL) were delivered to the ESI source by a Dionex Ultimate 3000 RSLC chain used in FIA (Flow
Injection Analysis) mode at a flow rate of 200 pL/min with a mixture of CH;CN/H,O + 0.1% of
HCO,H (65/35). ESI conditions were as follows: capillary voltage was set at 4.5 kV; dry nitrogen was
used as nebulizing gas at 0.6 bars and as drying gas set at 200 °C and 7.0 L/min. ESI-MS spectra were
recorded at 1 Hz in the range of 50-3000 m/z. Calibration was performed with ESI-TOF Tuning mix
from Agilent and corrected using lock masses at m/z 299.294457(methyl stearate) and 1221.990638
(HP-1221). Data were processed usingBruker Data Analysis 4.1 software. MALDI-MS were recorded
using a Waters QT oF Premier mass spectrometer equipped with a nitrogen laser, operating at 337 nm
with a maximum output of S00 mW delivered to the sample in 4 ns pulses at 20 Hz repeating rate.
Time-of-flight analyses were performed in the reflectron mode at a resolution of about 10,000. The
matrix solution (1 pl) was applied to a stainless steel target and air dried. Analyte samples were

dissolved in a suitable solvent to obtain 1 mg/mL solutions. 1 pl aliquots of these solutions were

245



6 Experimental Section

applied onto the target area already bearing the matrix crystals, and air dried. For the recording of the
single-stage MS spectra, the quadrupole (rf-only mode) was set to pass ions from 100 to 1000 THz
and all ions were transmitted into the pusher region of the time-of-flight analyzer where they were

analyzed with 1 s integration time.

Titration experiments. When carrying out NMR or UV-Vis titration experiments a lot of attention has
been placed in the preparation, experiment and processing. Some excellent texts were followed that
include above all: (1) Thordarson, P. Determining Association Constants from Titration Experiments
in Supramolecular Chemistry. Chem. Soc. Rev. 2011, 40, 1305-1323 (Matlab scripts used for non-
linear fitting were downloaded from this reference, together with online tools found on
http://supramolecular.org), (2) Analytical Methods in Supramolecular Chemistry, Schalley, C. A.
Ed, Wiley-VCH, 2007 and (3) Supramolecular Chemistry: From Molecules to Nanomaterials, Steed,
J.W.and Gale P. A. Eds, Wiley, 2012.s

Chemicals were purchased from Sigma Aldrich, TCI, Acros, Fluorochem and Alfa Aesar and used as
received. Solvents were purchased from Sigma Aldrich, VWR and Acros, and deuterated solvents from

Sigma Aldrich, Cambridge Isotope Laboratories and VWR. General solvents such as THF and Et;N

were distilled from Na, Na/benzophenone, and CaH, respectively.

6.2. Specific Instrumentation and Techniques

6.2.1. Diffusion NMR Measurements

The gradient strength was calibrated with pure water (D = 2.229 x 10° m? s at 298.2 K) and the
maximum gradient strength was about 53 G-cm™. “The Dbpsste_cc’ pulse sequence was used for the
measurements of diffusion coefficient. Samples were weighted, transferred in 5-mm diameter NMR
tubes and dissolved in the solvent appropriate solvent and then allowed to stand for at least one hour
before starting measurements. Experiments were performed by keeping the z-gradient pulse length
constant and gradually increasing the gradient strength in 15 steps. The gradient pulse length was in
the appropriate ms to measure the diffusion coefficient of all components. The diffusion coefficients

(D) were obtained from the slope of the following equation:

In(1,/1,) = —(y?62G*(A — 6/3))D
Where I, and I, are intensities of the NMR signal in the presence and absence of field gradient pulses;

y is the gyromagnetic constant for 'H; &'is the duration of the z-gradient pulse; G is the gradient
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strength; and A is the time interval between the gradient pulses (diffusion time). The D was obtained
by fitting the experimental data (peak intensity with increasing gradient strength) by a multi-
exponential function (least square fitting according the algorithm of Levenberg, 1944; Marquardt,
1963).

I, _(yzszaz(A_g))Dk

Where Ikis the kth pre-exponential factor and Dk is the kth diffusion coefficient. The number of Ne
of exponentials considered was that minimizing the product (N, X), where X is the sum of squared

differences referred to the equation fitting to experimental data.

Finally, Dwas placed in the Stokes-Einstein equation to obtain r;, the hydrodynamic radius (or Stokes’

radius) of the molecular species:
D =k,T/6nnr,

Where k; is the Boltzmann constant, T is the absolute temperature and 7 is the viscosity of the
medium. The viscosity of the solvent mixtures (when needed) was estimated using the Refutas

equation.

6.2.2. Chapter2

6.2.2.1. Molecular Modeling

The calculations were performed using the Gaussian 09 package. Geometry optimization of
porphyrins 2-1 and 2-2, fullerenes 2-3 and 2-4 and the pseudorotaxanes was carried and the molecular
volume was computed. Then the hydrodynamic radius (1) of an ideal sphere including the molecules
was also derived. Dealing with such large systems, the semi-empirical method PM6%* was chosen as

appropriate to obtain qualitative information about these molecules.

6.2.2.2. Z-Scan Measurements

The nonlinear optical (NLO) parameters, i.e. the nonlinear absorption coefficient fand the nonlinear
refractive index parameter y” of the pseudorotaxane assemblies and all the individual molecular
components (ie., reference compounds), were determined using the Z-scan technique employing

532 nm, 35 ps laser pulses from a mode-locked Nd:YAG laser (Quantel YG900) operating at 10 Hz.

247



6 Experimental Section

The laser beam was focused into the sample by means of a 20 cm focal length quartz lens and its energy
was measured by an energy meter (Coherent J-10MB-LE). The samples were placed into 1mm thick
quartz cells. The beam waist w of the laser beam was determined using a CCD camera (Watec LCL-
903HS) and was determined to be 17.4£0.5 pm at 532 nm. The transmitted through the sample laser
light was detected by a photomultiplier (Hamamatsu R5108) and the electrical signal was further
processed by a boxcar integrator (Stanford Research Systems, SR 250). The optical absorption spectra
of the prepared solutions were measured on a Hitachi U-3010 spectrophotometer. So briefly,
according to this technique, a sample is moving along the propagation direction of a focused laser
beam (i.e., along the z-axis), thus experiencing different laser intensity at each z-position. Then, two
types of transmission measurements are performed, the so-called “open-” and “closed-aperture” Z-
scans. During the former transmission measurement, the transmitted laser light is measured just after
the sample, as a function of the sample z-position. The nonlinear absorption coefficient  can be
determined from the fitting of the “open-aperture” Z-scan transmission recording with the following

equation:

* [ L
T = ! In 1+Mex (-t%) |dt (1)
1L 1+22/2 P
\/; /)J oLy Yo +z /Z,
1+22/zj

where L =[1—eXp(—a0L)]/ a, is the effective sample thickness, ¢, is the linear absorption

coefficient, L is the sample length, z, is the Rayleigh length, z is the position of the sample and I, is the

on the on-axis peak irradiance at the focal plane.

From the division of the “open-” by the “closed-aperture” Z-scan recordings, the “divided” Z-scan is
obtained. In the case of low nonlinear absorption, the nonlinear refractive index parameter y’can be

obtained from the “divided” Z-scan using the following relation:

AT
2% @)

e 081271, (1-8)"F

where: AT, is the difference of the normalized transmission between the peak and the valley of the

“divided” Z-scan curve, S =1-exp(-2r /w’) is the linear aperture transmission with r,and w,

being the aperture radius and the beam radius on the aperture respectively and A is the excitation

laser wavelength.
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The imaginary (Im ) and real (Re x®) parts of the third-order susceptibility }*’ can be easily

calculated from the following relations:

c(m/s)ny y'\(m* /W)

3
4807° )

Re " (esu) =

c*(m/s)" ny B(m/W)

9607w (s™) *)

Im ' (esu) =

where c is the light velocity in m/s, w is the excitation frequency in cycles/s and no is the linear

refractive index of the solvent.

Finally, the value of the second hyperpolarizability y can be obtained from the following relation!*:
y=x"/NL'y = x® /NL* (5)

where N is the number of molecules per cm® and L = (n_ +2)/3 is the Lorenz-Lorentz local field

correction factor. The second hyperpolarizability, y, designates the magnitude of the nonlinearity per

molecule, thus being a molecular constant.

For the determination of the NLO parameters measurements of the different molecular systems
investigated in this work, several solutions with different concentrations were prepared for each
molecule and were measured using different laser energies. In all cases, in order to check for
contribution(s) of the neat solvents, i.e. CH,Cl,/CH3CN and/or Et;N, to the NLO response of the
solutions, separate measurements of the solvents were performed under identical experimental
conditions to those employed for the solutions. In all cases, it was confirmed that the solvents did not
exhibit any contribution for the range of laser energies used for the measurements of the solutions.
Therefore, the shape of the Z-scan recording was reflecting straightforwardly the sign of the NLO
response of the solute. In Figure 2.4.1, some representative “open-" and “divided-" Z-scans of solutions
of the pseudorotaxanes in CH,Cl,/CH;CN (9:1) are presented, obtained under 35 ps, 532 nm laser
excitation. As shown, the “open-aperture” Z-scans of all pseudorotaxanes were found exhibiting
reverse saturable absorption (RSA) behavior, as indicated by the transmission minimum exhibited.
From the fitting of these transmission recordings with equation (1), the nonlinear absorption
coefficient fwas determined and next the imaginary part of the third-order susceptibility was obtained

from equation (4). In addition, the corresponding “divided” Z-scans were exhibiting a pre-focal
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transmission peak followed by a post-focal transmission valley, suggesting defocusing behavior (i.e.,

negative sign NLO refractive index parameter y').
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Figure S6.1. Variation of the AT, parameter versus the laser energy, under 35 ps, 532 nm laser excitation.

The variation of the AT}, parameter, obtained from the “divided” Z-scans, as a function of the laser
energy is presented in Figure S6.1. As shown, a good linear variation was found to hold in all cases, the
straight lines of Figure S6.1, corresponding to the best linear fits of the experimental data points. From
the slopes of these best fits lines the nonlinear refractive index parameter y’was determined using
equation (2), while the real part of the third-order susceptibility (Re ¥*) was then calculated from
equation (3). The second hyperpolarizability y values of all molecular systems studied in this work are
reported in Table S6.1, together with the corresponding value for [60]fullerene for comparison

purposes.

As can be seen, the fullerene derivatives 2-3- and 2-4-Boc, 2-3H, and 2-4H, (i.e., entries 2, 3,4 and 5)
exhibited similar NLO response to that of [60]fullerene (ie., entry 1), having negligible NLO
refraction and substantial NLO absorption of positive sign (i.e., RSA). The two porphyrin crown ether
complexes, namely 2-1 and 2-2 (i.e, entries 6, 7), were found to exhibit a 20-fold larger NLO response
than that of [60]fullerene derivatives, exhibiting both strong NLO absorption and refraction, the latter
of negative sign, corresponding to self-defocusing. Then, the 2-1/2-3-BOC, the 2-2/2-3-BOC, the 2-
1/2-4-BOC and the 2-2/2-4BOC (i.e., entries 8, 9, 10 and 11) 1:1 mixtures of the [60]fullerene
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derivatives with the porphyrin crown ether complexes were all found to exhibit very similar NLO
response within the experimental uncertainties. In fact, their second hyperpolarizability values were
found to be very close to the values of porphyrin crown ether complexes, as the [60]fullerene

nonlinearity was much weaker to influence considerably the NLO response of the mixtures.

Table S6.1. Second hyperpolarizability, y, values of the [60]fullerene, the 3- and 4-BOC, the 3H, and 4H,
fullerene based molecular systems, the 1 and 2 porphyrins crown ether complexes, the 1/3-BOC, 2/3-BOC,
1/4.BOC and 2/4-BOC in 1:1 mixtures, and the pseudorotaxanes assemblies [ 1.3H,]-PFs, [(1),-4H,]-2PFs, [2

*(3H,),]-2PFs and [2-4H,]-2PFg, obtained under 3$ ps, 532 nm laser excitation.

Entry Sample (Lsii'lz:;) (xl(I)?leesu) (xl(I)r'glllsu) (><1o'3Y1 esm)
1 Ceo 811.7 <0.08 0.28+0.01 0.28+0.01
2 2-3.BOC 920 - 0.30£0.02 0.30£0.02
3 2-4.BOC 1054 - 0.35£0.05 0.35£0.05
4 2-3H, 1171 - 0.32+0.05 0.32+0.05
s 2-4H, 1403 - 0.28+0.02 0.28+0.02
6 2-1 3426 -(5.1£0.2) 3.0£0.2 5.910.3
7 22 3693 -(4.0£0.3) 3.9+0.2 5.6+0.4
8 2-1/2-3-BOC 4671 -(4.4%0.2) 5.3£0.9 6.8+0.9
9 2-2/2-3.BOC 4556 -(3.9£0.4) 5.7+0.4 6.9+0.6
10 2-1/2-4-BOC 4581 -(4.0£0.6) 4.0£0.3 6.0£0.6
11 2-2/2-5-BOC 4562 -(3.8£0.2) 4.0£1.0 5.4+1.0
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6.2.3. Chapter 3

6.2.3.1. Evaporation Experiments

40 pL of solvent was drop-casted onto an AFM support plate on a zeroed balance (293 K, open
ambient in order to avoid slowing down of the evaporation). The decrease in weight was followed with
a camera and the weight values measured with a high precision balance. The estimated loss ratio
(weight/weight, or volume/volume,) was multiplied with the initial concentration to obtain the value
at a given time. The initial concentration is the same as that used for the microscopic studies, namely:
1.1 mM (CDCl;), 0.25 mM (PhCHj3) and 0.25 mM (CDCl;/CHX). In this way, it was possible to
estimate the polymerization degree (N), N = (K, [monomer] )'? as a function of the solvent

evaporation.

6.2.3.2. Titration Experiments

Representative procedure: 3.3-(S)-4 (1.09 mg, 1.90 x 10~ mmol) was dissolved in 1.50 mL of CDCl;
to obtain solution A of 1.27 x 10”* M. This solution A was transferred to an NMR tube (0.50 mL) and
the rest (0.75 mL) was used to dissolve 3.3-5 (4.71 mg, 7.12 x 10~ mmol) to obtain solution B with
concentration 9.49 x 10° M. Solution B was added to the NMR tube in aliquots of 5, 10, 20, 25, 30,
35,40, 50,75,100 and 150 pL. The titration data was fitted using nonlinear least-square fitting Matlab

script by Prof. Thordarson.

6.2.4. Chapter 4

6.2.4.1. Molecular Methodology
When modeling compound 4-1, all the coordination bonds between the Zn atoms and the porphyrins
have been taken into account using harmonic restraints on the distances and angles between the Zn

atoms and the nitrogen atoms of the porphyrins.

When we built the [4-1.-BPE], complex, we added the necessary harmonic constraints to ensure all
coordination bonds are considered and that the complex stays in the closed form geometry suggested
by the experimental findings. When modeling the [4-1.BPE], complex, the interactions between the
molecules forming it and with the nanotubes are strong enough to overcome the restrains and deform
the complex structure. To avoid such deformation, we explicitly introduce the solvent in the model,
so that the complex is solvated and retains its actual structure. To do this, the complex is soaked and
equilibrated into a periodic simulation box of chloroform, which was previously equilibrated at room

temperature and pressure. In order to gain information on the way a single [4-1.BPE], complex
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adsorbs on the nanotube, ideally we should soak the nanotube and the complex in a solvent box large
enough to contain both: this would hugely increase the computational time of the simulation due to
the large number of solvent molecules required to fill such modeling box. To reduce the
computational cost of the model, we consider that because of the use of a cut-off for the non-bonding
interaction of 1.2 nm, most of the system will not contribute to the stability of the interface. Therefore,
we replace the ideal model with the following system: the solvent box containing the solvated [4-
1.BPE], complex, has been placed in contact with a portion of the original nanotube wall having a
surface area of about 140 nm”. This slab of the nanotube wall is kept rigid during the simulations. Also,
all the solvent molecules defining the edge of the solvent box have been frozen, to avoid their
dispersion in the non-periodic modeling box. Few solvent molecules have been removed to reduce the

liquid density and help the diffusion.

6.2.4.2. Preparation of the Hybrid and Alignment

The samples of [1.BPE][,oMWCNTS, as well as the control samples (4-12CNTs, 4-42CNTs, 4-20
CNTs) were prepared according to this procedure. The organic molecule (4.9 x 10° M, 1 mL CHCl;)
was added to a pre-sonicated (room temperature, 3 min) dispersion of 1.0 mg of pristine MWCNT
(Nanocyl 7000, batch 318-25) in 10 mL CHCls. The dispersion was then sonicated (room
temperature, 30 min). The resulting black suspension, was then centrifugated at S krpm for 30 min in
order to separate the unfunctionalized and aggregate carbonaceus material, from the solubilized CNT.
The supernatant solution was separated and filtered through a Teflon(JH)Millipore® (0.45 um) filter
and washed with CHCl; (20 mL) to remove the organic excess. The sonication-centrifugation-
filtration cycle was repeated. Finally, the solubilized CNT were recovered from the Millipore filter

(sonication, S min) and the solutions were analyzed by absorption and emission spectroscopies.

Magnetic alignment was performed on a superconducting magnet JASTEC 10T'100 with a vertical
bore of 100 mm was used for magneto-induced orientation of MWCNTSs. Polarized optical
microscopy (POM) was performed on a Nikon model Eclipse LVI00POL optical polarizing
microscope. Polarized UV-Vis spectra were recorded on a JASCO V-670 UV-VIS-NIR

spectrophotometer.

The organogel used was poly(3-hydroxybutyric acid-co-3-hydroxyvaleric acid) (PHVB) with PHV

content 4 mol %, bought from Sigma Aldrich.
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6.2.5. Chapter S

6.2.5.1. STM Experiments

All experiments were performed using a custom-built ultrahigh vacuum system housing an SPS-
CreaTeclow-temperature STM operated at 6 K. The base pressure was in the range of ~8 x 10" mbar
during the experiments. The Ag(111) single crystal was cleaned by repeated Ar* sputtering cycles at
800 eV and subsequent annealing at 723 K for 10 minutes. Subsequently, the pyrene derivatives were
deposited by organic molecular beam epitaxy from a thoroughly degassed quartz crucible held at
varying temperatures onto the Ag(111) surface held at ~300 K. STM images were acquired in
constant current mode using an electrochemically etched tungsten tip prepared by Ar* sputtering at 1
keV and controlled tip-formings into the bare Ag(111) surface. The structural models were generated
using the HyperChem 7.5 Software package, whereas the WSxM software was used represent the STM

images.

6.2.5.2. Surface XPS

The XP spectra were taken under UHV conditions with a base pressure in the low 10 mbar regime.
The single crystal Ag(111) surface was cleaned by combination of Ar* sputtering (1 keV) and
annealing at 720 K. The pyrene derivate was deposited by organic molecule beam epitaxy from a boron
nitride crucible held at 590 K onto the substrate, which was held at room temperature. All
measurements were performed at room temperature. The spectra were taken in normal electron
emission geometry and the pass energy for the hemispherical analyzer was set to 20 eV. The electrons
were excited by X-ray emission from a polychromic Al K, source. All binding energies were calibrated
according to the Ag 3dS/2 line (368.3 eV) of the substrate. The linear background was subtracted
from the raw data using either a Shirley background (C 1s) or polynomial functions (I 3d) and

afterwards the spectra were fitted using a Voigt function.
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6.3. Synthetic Procedures

2-5 2-(2-(2-hydroxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate

T

To a solution of triethylene glycol (35.0 mL, 0.3 mol) and NaOH (8.0 g, 0.2 mol) in THF/H,O (1:1
80 mL) in an ice bath was added dropwise tosyl chloride (24.0 g, 0.1 mmol) in THF (80 mL) over 3
h. The reaction mixture was stirred overnight. The mixture was concentrated under reduced pressure.
The residue was extracted with EtOAc and dried over Na,SO.,. After the solvent was removed under
reduced pressure, the crude was purified by column chromatography (SiO,, EtOAc) to afford product
(13.1g, 34 % yield).

'H NMR (200 MHz, Chloroform-d): 8 7.75 (d, J= 8.3 Hz, 2H, Ar-H), 7.30 (d, /= 8.0 Hz, 2H, Ar-H),
4.24 - 3.99 (m, 2H, -SO;-CH,-CH,-0-), 3.78 - 3.38 (m, 10H, -O-CH,-CH,-0-), 2.67 (bs, 1H, -O-
H), 2.40 (s, 3H, Ar-CH,). *C NMR (50 MHz, Chloroform-d): § 144.91, 132.91, 129.88, 127.97,
72.58, 70.81, 70.35, 69.31, 68.74, 61.76, 21.77. ESI-MS (+): expected 304.10 for C,3H0sS, found

327.1 (M + H*). Characterization in accordance with literature.®

2-6 1,2-Bis{2-[2-(2-hydroxyethoxy)ethoxy]ethoxy}benzene

O 0N
©:O O-H

0 OH
Lo ot/
—/

To a solution of pyrocatechol (2.28 g, 0.02 mol) in dry CH;CN (150 mL), were added compound 2-
5 (12.60 g, 0.04 mol) and K,CO; (13.16 g, 0.09 mol) was added and the mixture was refluxed for 60
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h. The reaction mixture was filtered and then concentrated under reduced pressure. The crude was
purified by column chromatography (SiO,, EtOAc > EtOAc/MeOH 9:1) to afford the desired
product (4.21 g, 56 % yield).

'H NMR (500 MHz, Chloroform-d): § 6.91 (s, 4H, Ar-H), 4.23 - 4.09 (m, 4H, -O-CH,CH,-0O-), 3.94
- 3.81 (m, 8H, O-CH,CH,-0), 3.75 - 3.65 (m, 8H, -O-CH,CH,-O-), 3.65 - 3.53 (m, 4H, -O-
CH,CH,-O-). BC NMR (50 MHz, Chloroform-d): § 148.91, 121.85, 114.53, 72.96, 71.0S, 70.55,
69.94, 68.83, 61.91. ESI-MS (+): expected 374.19 for CisH3Os, found 397.3 (M + H).

Characterization in accordance with literature.*

2-7 1,2-Bis[2-[2-(2-tosyloxyethoxy)ethoxy]ethoxy|benzene

/7~ \
O ONo
0 O-

cr ST

O O-Ts
o o/
—/

To a mixture of compound 2-6 (4.00 g, 0.01 mol) and NaOH (1.64 g, 0.04 mol) in THF/H,O (1:1,
22 mL), in an ice bath, was added dropwise tosyl chloride (4.06 g, 0.02 mol) in THF (32 mL), over 3
h. The mixture was stirred overnight, then was concentrated under reduced pressure. The residue was
extracted with EtOAc and the organic phases were dried over Na,SO.,. After the solvent was removed
under reduced pressure, the crude was purified by column chromatography (SiO,, Pet. Et./AcOEt 1:1
> 2:8) to afford the desired product (3.07 g, 42 % yield).

'H NMR (500 MHz, Chloroform-d): § 7.79 (d, J= 8.3 Hz, 4H, tosyl-H), 7.32 (d, /= 7.8 Hz, 4H, tosyl-
H), 691 (s, 4H, Ar-H), 4.23 - 4.05 (m, 8H, O-CH,CH,-0), 3.91 - 3.78 (m, 4H, -O-CH,CH,-0O-),
3.74 - 3.64 (m, 8H, -O-CH,CH,-0-), 3.63 — 3.54 (m, 4H, -O-CH,CH,-O-), 2.42 (s, 6H, Ar-CH;).
BC NMR (126 MHz, Chloroform-d): § 149.20, 144.99, 133.22, 130.03, 128.18, 121.89, 115.17,71.03,
70.98, 70.06, 69.48, 69.08, 68.93, 21.84. ESI-MS (+): expected 682.21 for C5,H4:,012S,, found 705.3

(M + H). Characterization in accordance with literature.®
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2-8 (2-Formyl)dibenzo[24]crown-8

AN
o o

0 0
\,o\_/oj

A mixture of 3,4-dihydroxybenzaldehyde (1.2 g, 9.0 mmol), K;CO:; (6.0 g, 43.4 mmol) and a catalytic
amount of LiBr in MeCN (1.0 L) was heated to reflux for 1 h, under Ar. A solution of 2-7 (6.1 g, 9.0
mmol) in MeCN (0.5 L) was added dropwise over 12 h and the mixture was heated to reflux for
another 48 h. Filtration and concentration of the filtrate under reduced pressure left an oil which was
taken up in CH,Cl, (300 mL) and washed with 0.1 M aq. HCl solution and brine. The organic phase
was dried (Na;SOs4) and removed under reduced pressure. The crude was purified by column

chromatography (SiO,, AcOEt/MeOH 1 > 95:5) to afforded a white powder as product (2.0 g, 47 %
yield).

m.p. 104-105 °C. "H NMR (500 MHz, Chloroform-d): § 9.81 (d, /= 0.7 Hz, 1H, Ar-CHO), 7.41 (dd,
J=8.1,1.8 Hz, 1H, Ar-H), 7.37 (d, J= 1.8 Hz, 1H, Ar-H), 6.93 (d, J= 8.2 Hz, 1H, Ar-H), 6.91 - 6.80
(m, 4H, Ar-H), 4.21 (dt, J= 8.8, 4.1 Hz, 4H, -O-CH,CH,-0-), 4.18 — 4.11 (m, 4H, -O-CH,CH,-0O-),
3.97 - 3.89 (m, 8H, -O-CH,CH,-0-), 3.84 (s, 4H, -O-CH,CH,-0O-), 3.83 (s, 4H, -O-CH,CH,-O-
).BC NMR (126 MHz, Chloroform-d): 8 191.04, 154.50, 149.38, 149.10, 149.08, 130.39, 126.99,
121.62, 121.59, 114.18, 112.09, 111.27, 71.75, 71.64, 71.52, 71.50, 70.15, 70.15, 69.89, 69.73, 69.66,
69.62, 69.61, 69.54. ESI-MS (+): expected 476.20 for CisHx»O,, found 499.3 (M + H*).

Characterization in accordance with literature.®’
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2-9 (2-Hydroxymethyl)dibenzo[24]crown-8

0 0
O o)
C[o O]©/\OH

\,o\_/o.)

To a solution of 2-8 (0.550 g, 1.154 mmol) in CH;OH/CH,CL (1:1, 24 mL), cooled to 0 °C, was
added portionwise NaBH, (0.131 g, 3.462 mmol) and the resulting solution was allowed to warm to
r.t. and then left stirring overnight. The reaction mixture was acidified with 1 M aq. HCl and extracted
with CH,Cl,. The organic layer was washed with 1 M aq. NaHCO; and H,O, dried (Na,SO,) and

evaporated to yield a white solid, as product (0.550 g, quantitative yield).

m.p. 94-96 °C. 'H NMR (500 MHz, Chloroform-d): § 6.93 - 6.79 (m, 7H, Ar-H), 4.59 (s, 2H, Ar-
CH,-OH), 4.15 (m, 8H, -O-CH,CH,-O-), 3.96 - 3.87 (m, 8H, -O-CH,CH,-0-), 3.83 (s, 8H, -O-
CH,CH,-O-).3C NMR (126 MHz Chloroform-d): § 149.18,121.65,120.17,114.33,114.15,113.26,
110.20,71.51,70.14, 69.81, 69.65, 65.46. ESI-MS (+): expected 476.20 for C»sH3,0s, found 499.3 (M

+ H*). Characterization in accordance with literature.’

2-10 {[(3-carboxypropanoyl)oxy|methyl }dibenzo[ 24 ]crown-8

A solution of 2-9 (200 mg, 0.418 mmol), succinic anhydride (44 mg, 0.443 mmol) and 4-DMAP
(catalytic amount) in dry PhCH; (30 mL) was refluxed overnight. The solution was left to cool to

room temperature and the solvent was removed under reduced pressure. The crude product was

258



6 Experimental Section

precipitated from CH,Cl, with CHX, pentane and Et,O to obtain the product as a white solid (205
mg, 85 % yield).

m.p. 112-112.5 *C.’'H NMR (500 MHz, Chloroform-d): § 6.88-6.82 (m, 7H, Ar-H), 5.03 (s, 2H, Ar-
CH,-0), 4.21-4.09 (m, 8H, O-CH,CH,-O), 3.92-3.87 (m, 8H, O-CH,CH,-O), 3.82 (s, 8H, O-
CH,CH,-0),2.64 (s, 4H,-OOC-CH,CH,-COOH). *C NMR (126 MHz Chloroform-d): § 176.75,
172.24, 149.19, 149.09, 149.05, 129.01, 121.86, 121.62, 114.56, 114.26, 113.77, 71.45, 71.39, 70.11,
70.08, 70.01, 69.63, 69.56, 69.55, 66.72,29.27,29.01. IR (KBr): cm™ 2929, 2922, 1733, 1714, 1593,
1521, 1506, 1451, 1432, 1331, 1309, 1258, 1128, 1098, 1056, 941, 804. ESI-MS (-): found 577.2 (M
~H"), C2»H3s01; requires = 578.2.

2-11 §5,10,15-Triphenyl-20-(4-methylbenzoate) porphyrin

Ph

Ph & 2_

Ph

To a solution of benzaldehyde (0.22 mL, 2.19 mmol), methyl 4-formylbenzoate (0.33 g, 2.19 mmol)
and freshly distilled pyrrole (0.30 mL, 4.38 mmol) in CHCI; (1.0 L) was added BF;-OEt, (0.36 mL),
under Ar. The solution was stirred for 1 h before adding p-chloranil (0.40 g, 1.68 mmol) and was left
stirring for another hour. Finally, Et;N (0.28 mL) was added and all was stirred for 15 min. The
solution was concentrated under reduced pressure and passed through a short silica plug (Pet.
Et./CH,Cl, 1:1) to obtain a dark purple solid as a mixture of TPP and porphyrin esters. Compound
2-11 was purified by column chromatography as the second band (SiO,, CHX/AcOEt from 95:5) and
finally precipitated from CH,Cl, with CHX (0.15 g, 10 % yield).

m.p. > 300 “C. 'H NMR (200 MHz, Chloroform-d): § 8.88 (m, 8H, Pyr-H), 8.49-8.30 (dd, 4H, J =
26.8, 8.4 Hz, Ar-H), 8.27-8.17 (m, 6H, Ph-H), 7.81-7.73 (m, 9H, Ph-H), 4.12 (s, 3H, -COO-CH,), -
2.78 (bs, 2H, Pyr-N H). *C NMR (50 MHz Chloroform-d): § 167.48, 147.22,142.20, 134.71,131.37,
129.73,128.09, 127.96, 126.89, 120.76,120.56,118.71, 52.67. IR (KBr): cm™ 2925,2920, 1722, 1606,
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1437, 1491, 1279, 1178, 1112, 965, 799, 726, 707. ESI-MS (+): found 673.4 (M + H*), C4sHzN,O,

requires = 672.3.
2-12 5,15-Bis(4-methylbenzoate)-15,20-diphenylporphyrin

0O O~

Ph

To a solution of benzaldehyde (0.22 mL, 2.19 mmol), methyl 4-formylbenzoate (0.33 g, 2.19 mmol)
and pyrrole (0.30 mL, 4.38 mmol) in CHCI; (1.0 L) was added BF;-OEt, (0.36 mL), under Ar. The
solution was stirred for 1 hour before adding Chloranil (0.40 g, 1.68 mmol) and was left stirring for
another hour. Finally, Et;N (0.28 mL) was added and all was stirred for 15 min. The solution was
concentrated under reduced pressure and passed through a short silica plug (Pet. Et./CH,CL, 1:1) to
obtain a dark purple solid as a mixture of TPP and porphyrin esters. Compound 2-12 was purified by
column chromatography as the third band (eluent: CHX/AcOEt from 9:1) and finally precipitated
from CH,Cl, with CHX (0.14 g, 9 % yield).

m.p. > 300 °C.'H NMR (200 MHz, Chloroform-d): § 8.85 (dd, 8H, J = 15.8, 5.0 Hz, Pyr-H), 8.39
(dd, 8H, J =28.6, 8.2 Hz, Ar-H), 8.25-8.19 (m, 4H, Ph-H), 7.81-7.73 (m, 6H, Ph-H), 4.12 (s, 6H, -
COOCH;), -2.78 (bs, 2H, Pyr-NH). *C NMR (50 MHz Chloroform-d): § 167.43, 147.08, 142.10,
134.72,131.69,131.08, 130.85, 129.82, 128.13,128.05, 126.94, 121.00, 120.80, 119.15, 118.96, 52.67.
IR (KBr): cm™ 2926, 2921, 1724, 1604, 1435, 1489, 1275, 1175, 1112, 962, 802, 738. ESI-MS (+):
found 731.4 (M+H"), C4sH3N,Ojrequires = 730.3.
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2-13 §5,10,15-Triphenyl-20-[ (4-hydroxybenzyl) ]-porphyrin

Ph

Ph @ -

Ph

A solution of 2-11 (0.050 g, 0.068 mmol) in dry THF (5.0 mL) was added dropwise to a suspension
of LiAlH, (0.003 g, 0.081 mmol) in dry THF (2.0 mL) at 0 °C, under Ar. The reaction was left to stir
for 30 min at room temperature before being quenched with EtOH (9 mL) and H,O (1 mL). The
mixture was diluted with CH,Cl, (50 mL) and the organic layer was washed with H,O and brine, dried
(Na,SO;) and concentrated under reduced pressure. The crude product was purified by column
chromatography (SiO,, CHX/AcOEt 1:1) and finally precipitated from THF with CHX to obtain 2-
13 (0.038 g, 81 % yield).

m.p. > 300 °C.'HNMR (500 MHz, Chloroform-d): § 8.89 (s, 8H, Pyr-H), 8.26-8.21 (m, 8H, Ph-H),
7.80-7.72 (m, 11H, Ph-H), 5.02 (s, 2H, Ar-CH,-O), 1.96 (bs, 1H, -CH,OH), -2.71 (bs, 2H, Pyr-NH).
13C NMR (50 MHz Chloroform-d): § 142.38, 141.78, 140.46, 134.95, 134.76,127.93,126.90, 125.52,
120.40, 120.38, 119.96, 65.62. IR (KBr): cm™ 2919, 2911, 1631, 1468, 1440, 1257, 1118, 966, 1112,
965, 799, 736, 702. ESI-MS (+): found 643.3 (M - H*), C4sH3,N,4O requires = 644.3.

2-14 §5,15-Bis(4-hydroxybenzyl)-15,20-diphenylporphyrin

Ph

HO A B o

Ph
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A solution of 2-12 (0.127 g, 0.174 mmol) in dry THF (10.0 mL) was added dropwise to a suspension
of LiAlH, (0.008 g, 0.209 mmol) in dry THF (5.0 mL) at 0 °C, under Ar. The reaction was left to stir
for 30 min at room temperature before being quenched with EtOH (9 mL) and H,O (1 mL). The
mixture was diluted with CHCl; and the organic layer was washed with H,O and brine, dried (Na,SO,)
and removed under reduced pressure. The crude was purified by column chromatography (SiO,,
CHX/AcOEt 1:1), precipitated from THF with CHX to obtain 2-14 (0.082 g, 70 % yield).

m.p. > 300 °C.'H NMR (500 MHz, Chloroform-d): § 8.85 (s, 8H, Pyr-H), 8.25-8.19 (m, 8H, Ar-H),
7.79-7.73 (m, 10H, Ar-H), 5.0S (s, 4H, ArCH,OH), 2.00 (bs, 2H, ArCH,OH), -2.76 (bs, 2H, Pyr-
NH). 3C NMR (50 MHz Chloroform-d): § 142.35, 141.75, 140.47, 134.94, 134.76, 127.94, 126.91,
125.52,120.43,119.99, 65.61. IR (KBr): cm™ 2941, 2852, 1627, 1572, 1489, 1445, 1383, 1339, 1200,
1061, 965,797,713, 702. ESI-MS (+): found 675.4 (M+H"*), C4H34N,O; requires = 674.8.

2-1 5,10,15-Triphenyl-20-{[ (3-carboxypropanoyl) oxy methyl }dibenzo[24]crown-8

porphyrin

Ph OW? gomo_g
P a0 ¢ NG
1.9 (o o/

To a solution of 2-13 (75 mg, 0.130 mmol), 2-10 (40 mg, 0.062 mmol) and 4-DMAP (16 mg, 0.130
mmol) in CH,CL, (7 mL) was added EDC-HCI (25 mg, 0.130 mmol) at O °C, under Ar. The reaction
was left to warm up to r.t. and was left stirring overnight, under Ar. The reaction mixture was diluted
with CH,Cl, and the organic layer was washed with 0.1 M aq. HC], sat. aq. K,COj solution and H,O,
dried (Na,SO.) and eliminated under reduced pressure. The crude was purified by column

chromatography (SiO,, CHCL;) to obtain 2-1 as a deep purple solid (50 mg, 67 % yield).

'H NMR (500 MHz, Chloroform-d): § 8.85 (s, 8H, Pyr-H), 8.23-8.21 (m, 8H, Ar-H), 7.77-7.75 (m,
11H, Ar-H), 6.93-6.81 (m, 7H, Ar-H), 5.49 (s, 2H, ArCH,-O-), 5.10 (s, 2H, -O-CH,-Ar), 4.18-4.06
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(m, 8H, -O-CH,CH,-0-), 3.86-3.81 (m, 8H, -O-CH,CH,-0-), 3.75 (s, 8H, -O-CH,CH,-O-), 2.89-
2.81 (m, 4H, -OOC-CH,CH,-COO0-), -2.77 (s, 2H, Pyr-H). *C NMR (126 MHz Chloroform-d): §
172.52, 172.39, 149.25, 149.12, 142.36, 142.34, 135.51, 134.92, 134.77, 129.02, 127.95, 12691,
126.62, 121.94, 121.61, 120.48, 120.42, 119.65, 114.61, 114.29, 113.87, 71.44, 71.41, 70.08, 70.02,
69.97, 69.70, 69.64, 69.59, 69.55, 66.85, 66.74, 29.58, 29.56. IR (KBr): cm™ 2918, 2889, 1730, 1630,
1597, 1408, 1380, 1347, 1258, 1219, 1147, 1125, 1058, 997, 969, 808, 741, 713. MS (ES+): found
1203.4 (M - H*), C-4sHgsN4O1; requires = 1204.48.

2-2 5,15-Bis{ [ (3-carboxypropanoyl) oxy Jmethyl}dibenzo[ 24 ]crown-8-15,20-diphenylporphyrin

Ph

CON B o 00
el v aasy sS il Jo e s oS
C

\,o\_/oJ Ph o\_/oJ

To a solution of 2-10 (90 mg, 0.156 mmol), 2-14 (25 mg, 0.037 mmol) and 4-DMAP (19 mg, 0.156
mmol) in CH,CL, (6 mL) was added EDC-HCI (30 mg, 0.156 mmol) at O *C, under Ar. The reaction
was left to warm up to r.t. and was left stirring overnight, under Ar. The solvent was removed under
reduced pressure and the residue was dissolved in CH,CL. The organic layer was washed with with
0.1 M aq. HC], sat. ag. K,COs solution and H,O, dried (Na,SO,) and eliminated under reduced
pressure. The mixture was purified by column chromatography (SiO,, CHCl; > CHCl;/MeOH 99:1)

to obtain 2-2 as a deep purple solid (36 mg, 54 % yield).

'H NMR (500 MHz, Chloroform-d): § 8.85 (s, 8H, Pyr-H), 8.23-8.19 (m, 8H, Ph-H), 7.78-7.71 (m,
10H, Ph-H), 6.95-6.81 (m, 14H, Ar-H), 5.49 (s, 4H, ArCH,-O-), 5.11 (s, 4H, ArCH,-O-), 4.17-4.06
(m, 16H, -O-CH,CH,-O-), 3.88-3.81 (m, 16H, -O-CH,CH,-O-), 3.76 (s, 16H, -O-CH,CH-O-),
2.90-2.81 (m, 8H,-O0OC-CH,CH,-COO-),-2.78 (s,2H, Pyr-N H). ®*C NMR (126 MHz Chloroform-
d): 8 172.53,172.40, 149.26, 149.14, 142.32, 142.30, 135.54, 134.92, 134.77,129.02, 127.99, 126.93,
126.63, 121.94, 121.61, 120.48, 119.78, 114.60, 114.29, 113.87, 71.47, 71.44, 70.11, 70.04, 69.99,
69.72, 69.67, 69.60, 69.57, 66.86, 66.73, 29.58, 29.56. IR (KBr): cm™ 2917, 2889, 1732, 1599, 1505,
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1452,1385,1352,1256,1127,1044,955, 802,740. MS (ES+): found 1794.7 (M - H*), C104H106N4O24

requires = 1795.7.

2-15 Methyl 4-[ (benzylimino)methyl]benzoate

SRR G

@)

A solution of methyl 4-formylbenzoate (2.84 g, 17.30 mmol) and benzylamine (1.92 mL, 17.55
mmol) in MeOH (50 mL) was heated to reflux for 4 hrs, in the presence of 4 A molecular sieves. The
solvent was evaporated under reduced pressure and the residue treated with CH,CL. The suspension
was filtered through a celite pad, which then washed with more CH,ClL. The filtrates were evaporated

under vacum to yield a white solid as product (4.40 g, quantitative yield).

'H NMR (200 MHz, Chloroform-d): § 8.44 (s, 1H, -N=CH-Ar), 8.09 (d, J= 8.3 Hz, 2H, Ar-H), 7.85
(d, J = 8.3 Hz, 2H, Ar-H), 7.42 — 7.28 (m, SH, Ph-H), 4.86 (s, 2H, Ar-CH,-N-), 3.94 (s, 3H,
ArCOOCH;). MS (ES+): found 254.1 (M + H*), C1sHisNO; requires = 253.11. Characterization in

accordance with literature.®®

2-16 Benzyl-4-hydroxymethylbenzylammine

L
~Z H OH

A solution of 2-15 (4.30 g, 16.98 mmol) in dry THF (50 mL) was added dropwise (over 20 min) to a
suspension of LiAlH, (1.87 g, 49.24 mmol) in THF (15 mL) at 0 °C, under Ar. The reaction mixture

was stirred at r.t. for 8 h, before being cooled down to 0 “C. The reaction was quenched with H,O
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(100 mL) slowly and carefully, then the mixture was extracted with CH,Cl,. The organic layer was
filtered through a celite pad and the filtrate was washed with brine, dried (Na,SO4), to provide product
as a yellowish oil (3.40 g, 88 % yield).

'H NMR (200 MHz, Chloroform-d): § 7.44 —7.27 (m, 9H, Ar-H), 4.68 (s, 2H, Ar-CH,-OH), 3.81 (s,

4H, Ar-CH,-NH-CH,-Ar). MS (ES+): found 228.1 (M + H*), CisH”NO requires = 227.13.

Characterization in accordance with literature.®®

2-17 N-BOC-benzyl-4-hydroxymethylbenzylammine

©§§©»0H

To a solution 0f 2-16 (1.50 g, 6.60 mmol) in MeOH (50 mL) was added BOC,O (1.87 g, 8.25 mmol),
with a catalytic amount of DMAP. The mixture was left stirring at r.t. overnight. The solvent was
removed under reduced pressure, the residue was dissolved in CH,Cl, and washed with 0.1 M aq. HCl,
H,O, the organic phase dried (Na,SO.) and removed under reduce pressure. The crude was purified
by column chromatography (SiO,, Petroleum ether — Petroleum ether/AcOEt 6:4) to obtain a

colorless oil as pure product (2.10 g, 97 % yield).

'H NMR (200 MHz, Methylene Chloride-d.): § 7.40 — 7.13 (m, 9H, Ar-H), 4.65 (s, 2H, Ar-C H>-
OH), 4.36 (bs, 4H, Ar-CH:-N), 1.47 (s, 9H, N-COO-CH;). MS (ES+): found 350.2 (M + Na*),

C20H,sNOjs requires = 327.18. Characterization in accordance with literature.
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2-18 4-(N-benzyl-N-BOC-aminomethyl)-benzyl] ethyl malonate

0 0 +
OO0

To a solution of N-BOC-benzyl-4-hydroxymethylbenzylammine 2-17 (1.64 g, 5.0 mmol) and
pyridine (0.81 mL, 10.0 mmol) in dry CH,Cl, (100 mL) was added ethyl malonyl chloride (1.3 mL,
10.0 mmol) at 0 °C and the mixture was stirred 2 hrs, under Ar for. The solution was washed with sat.
aq. NH,4CI solution and H,O, the organic phase was dried (Na,SO,) and removed under reduced
pressure. The crude was purified by column chromatography (SiO,, CHX/EtOAc 2:1) to provide the
product as colorless oil (1.01 g, 46 % yield).

'H NMR (500 MHz, Chloroform-d): § 7.36 — 7.29 (m, SH, Ph-H), 7.22 (apparent d, /= 17.7 Hz, 4H,
Ar-H), 5.18 (s, 2H, Ar-CH,-OOC-), 4.38 (apparent d, J = 43.4 Hz, 4H, Ar-CH,-N), 4.21 (g, J= 7.1
Hz, 2H, -COOCH,CH3), 3.43 (s, 2H, -OCCH,CO-), 1.50 (s, 9H, -COO(CHs)3), 1.26 (t, J= 7.2 Hz,
3H, -COOCH,CH;). MS (ES+): found 464.3 (M + Na*), C;sHsNOs requires = 441.22.

Characterization in accordance with literature.!**

2-19 Bis[4-( N-benzyl-N-BOC-aminomethyl)-benzyl] malonate

o 88 X

To a solution of N-BOC-benzyl-4-hydroxymethylbenzylammine 2-17 (2.29 g, 7.0 mmol) and
pyridine (0.56 mL, 7.0 mmol) in dry CH,Cl, (65 mL), malonyl chloride (0.29mL, 3.0 mmol) was
added and the mixture was stirred overnight at r.t., under Ar. The solution was washed with sat. aq.

NH.CI solution and H,O, the organic phase was dried (Na,SO,) and removed under reduced
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pressure. The crude was purified by column chromatography (SiO,, CHX/EtOAc 2:1) to provide the
product as colorless oil (1.42 g, 28 % yield).

'H NMR (500 MHz, Chloroform-d): § 7.36 - 7.27 (m, 10H, Ph-H), 7.21 (d, /= 18.3 Hz, 8H, Ar-H),
5.17 (s, 4H, Ar-CH,-OOC-), 4.37 (apparent d, J = 43.1 Hz, 8H, Ar-CH,-N), 3.48 (s, 2H,
OCCH,CO), 1.49 (s, 18H,-COO(CHs)3). MS (ES +): found 745.5 (M + Na*), C4sHsoN,Os requires

=722.36. Characterization was in accordance with literature.®!

2-3H,-PFs [4-(N-benzylammoniomethyl)benzyl]-3-ethyl-1,2-methano[ 60 ]fullerene-61,61-

dicarboxylatemethano[60]fullerene hexafluorophosphate

To a solution of malonate 2-18 (0.10 g, 0.23 mmol), C (0.17 g, 0.24 mmol) and I, (0.08 g, 0.23
mmol) in PhCH; (0.20 L) was added DBU (0.35 mL, 2.30 mmol) and the mixture was stirred for 10
h at r.t., under Ar. The mixture was concentrated and loaded onto a silica column (SiO,, PhCHj; to
elute unreacted fullerene and PhCH;/AcOEt 95:5 for the product) , followed by precipitation from
CH,Cl, with CH;OH yielded the product as brown-red glassy solid (0.11 g, 41 % yield). '"H NMR
(500 MHz, Chloroform-d): § 7.49 - 7.16 (m, 9H, Ar-H), 5.52 (s, 2H, Ar-CH-0), 4.51 (g, /= 7.1 Hz,
2H, -OCH,CH3), 4.45 - 4.30 (m, 4H, Ar-CH,-N), 1.50 (s, 9H, -NCOO(CH)3), 1.39 (t, /= 7.1 Hz,
3H,-OCH,CH;).

A solution of the above BOC-intermediate (0.10 g, 0.09 mmol) and TFA (0.13 mL, 1.72 mmol) in
PhCHj; (10 mL) was stirred at r.t. overnight, under Ar. After removal of the solvents under reduced
pressure, the residue was taken up into CH,Cl, and washed with 6 M aq. NaOH. The aq. phase was

washed with CH,Cl, and the combined organic layers were dried (Na,SO4) and evaporated under
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reduced pressure to yield the corresponding amine which was re-dissolved in CHCls. 4 M aq. HCl
solution was added, the solvent was removed under reduced pressure and the resultant solid
suspended in acetone (125 mL). Sat. ag. NH4PF solution was added to the suspension until a clear
solution formed. Evaporation of the solvent under reduced pressure, filtration of the resulting
suspension, and washing with copious amounts of H,O yielded the product as a brown solid (81 mg,
77 % yield).

m.p. > 250 °C. 'H NMR (500 MHz, Chloroform-d/Acetonitrile-d): § 7.61 — 7.32 (m, 9H, Ar-H),
5.48 (s, 2H, Ar-CH,-0), 4.46 (q, J= 7.1 Hz, 2H, -OCH.CHs), 4.16 (d, J= 10.4 Hz, 4H, Ar-CH,-N*),
1.34 (t, /= 7.1 Hz, 3H, -OCH,CH;). MS (MALDI): found 1060.0, Cs0H22NO," requires 1060.15.

Characterization in accordance with literature.!**

2-4H.,-2PFs Bis[4-( N-benzylammoniomethyl)benzyloxycarbonyl]methano[60]fullerene

bis(hexafluorophosphate)

To a solution of malonate 2-19 (0.17 g, 0.23 mmol), Cs (0.17 g, 0.24 mmol) and I, (0.08 g, 0.23
mmol) in PhCH; (0.20 L) was added DBU (0.35 mL, 2.30 mmol) and the mixture was stirred for 10
h at r.t. under Ar. The mixture was concentrated and loaded onto a silica column (SiO,, PhCHj; to
elute unreacted fullerene and PhCH;/AcOEt 95:5 for the product) , followed by precipitation from
CH,Cl, with CH;OH yielded the product as brown-red glassy solid (0.13 g, 39 % yield). 'H NMR
(500 MHz, Chloroform-d): § 7.44 — 7.14 (m, 18H, Ar-H), 5.48 (s, 4H, Ar-CH,-O), 4.45 — 4.27 (m,
8H, Ar-CH,-N), 1.48 (d, J= 3.0 Hz, 18H, -NCOO(CH;);).

A solution of the above BOC-intermediate (0.10 g, 0.07 mmol) and TFA (0.13 mL, 1.72 mmol) in

PhCHj; (10 mL) was stirred at r.t. overnight, under Ar. After removal of the solvents under reduced
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pressure, the residue was taken up into CH,Cl, and washed with 6 M aq. NaOH. The aq. phase was
washed with CH,CL, and the combined organic layers were dried (Na,SO4) and evaporated under
reduced pressure to yield the corresponding amine which was re-dissolved in CHCls. 4 M aq. HCl
solution was added, the solvent was removed under reduced pressure and the resultant solid
suspended in acetone (125 mL). Sat. ag. NH4PF solution was added to the suspension until a clear
solution formed. Evaporation of the solvent under reduced pressure, filtration of the resulting
suspension, and washing with copious amounts of H,O yielded the product as a brown solid (70 mg,

72 % yield).

m.p. > 250 °C."H NMR (500 MHz, Acetonitrile-ds): § 7.66 — 7.41 (m, 18H, Ar-H), 5.55 (bs, 4H, Ar-
CH,0-), 4.23 (bs, 8H, -ArCH,N*-). MS (MALDI): found 1243.2, CssH3.N,O,** requires 1242.25.

Characterization in accordance with literature.®!
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3-2 Dipyrromethane

a2
\NH HN-Z

A suspension of (HCHO), (1.9 g, 62.0 mmol) in freshly distilled pyrrole (100.0 mL, 1.4 mol) was
degassed for 10 minutes at room temperature. The mixture was heated at 70 °C until a clear solution
was obtained. TFA (1.2 mL, 16.2 mmol) was then added, and the mixture was stirred at 70 °C for 2
hours. The heat source was removed and the reaction was quenched with 0.5 M aq. NaOH. CH,CL,
was added and the organic phase was washed with H,O, dried (Na,SO.) and removed under reduced
pressure. The excess of pyrrole was recovered by distillation and the dark crude solid was purified by
column chromatography (SiO», Pet. Et./EtOAc 85:15) to obtain the product as crystalline white solid
(4.6 g, 51 % yield).

m.p. 69-70 °C. 'H-NMR (500 MHz, Chloroform-d): § 7.82 (bs, 2H, Pyr-NH), 6.72 - 6.57 (m, 2H,
Pyr-H), 6.19 - 6.12 (m, 2H, Pyr-H), 6.04 (s, 2H, Pyr-H), 3.97 (s, 2H, Pyr-C H>-Pyr). ®C-NMR (126
MHz, Chloroform-d): § 129.19, 117.41, 108.51, 106.53, 26.52. IR (KBr): cm™ 3336, 3086, 2960,
2897, 1715, 1656, 1583, 1561, 1471, 1439, 1421, 1397, 1328, 1267, 1245, 1227, 1182, 1120, 1109,
1096, 1026, 962, 886, 857,798, 749, 734, 724, 684, 665, 587. MS (ES +): found 146.08 (M*), CoH1oN,

requires 146.08. Characterization in accordance with literature.®>¢%

3-3 5,15-Diphenylporphyrin

Ph

Ph

270



6 Experimental Section

A solution of dipyrromethane 3-2 (1.10 g, 7.52 mmol) and benzaldehyde (0.80 mL, 7.90 mmol) in
dry CH,ClL (1.50 L) was deoxygenated by bubbling Ar for 60 minutes. TFA (0.13 mL, 1.67 mmol)
was added dropwise and the mixture was stirred overnight at room temperature, under dark. DDQ_
(5.18 g,22.83 mmol) was added and the mixture was refluxed for 2 hours. Et;N (0.5 mL) was added
and the mixture was concentrated under reduced pressure. The solution was passed through a silica
plug (CH,Cl,) and the crude was purified by column chromatography (SiO,, Pet. Et./CH,Cl, 4:1) to
obtain product as purple crystals (0.85 g, 49 % yield).

m.p. > 250 °C."H-NMR (500 MHz, Chloroform-d): § 10.32 (s, 2H, meso-H), 9.40 (d, J= 4.5 Hz, 4H,
Pyr-H), 9.09 (d, J= 4.5 Hz, 4H, Pyr-H), 8.34 — 8.24 (m, 4H, Ph-H), 7.84 - 7.80 (m, 6H, Ph-H). *C-
NMR (126 MHz, Chloroform-d): § 147.33, 145.36, 141.54, 135.00, 131.76, 131.20, 127.87, 127.12,
119.25, 105.41. IR (KBr): cm™ 1594, 1580, 1532,1483, 1438, 1416, 1238, 1197, 1178, 1147, 1066,
1052, 1002, 987, 973, 957, 860, 850, 796, 787, 749, 719, 690. MS (ES +): found 463.15 (M + H*),

CsH, N, requires 462.18. Characterization in accordance with literature.®

3-4 5,15-Dibromo-10,20-diphenylporphyrin

Ph

Br Br

Ph

To a solution of §,15-diphenylporphyrin 3-3 (200 mg, 0.43 mmol) in CHCl; (100 mL) at 0 °C was
added pyridine (1.0 mL) and N-bromosuccinimide (154 mg, 0.85 mmol). The reaction was followed
by TLC (Pet. Et./CH,Cl, 1:1) and was quenched with acetone (10 mL) after 15 minutes. The solvent
was removed under reduced pressure, the crude was passed through a silica plug (Pet. Et./CH,CL

1:1) and finally washed with MeOH to obtain product as reddish purple crystals (223 mg, 84 % yield).
m.p. > 250 °C.’H-NMR (500 MHz, Chloroform-d): § 9.86 (d, J= 4.8 Hz, 4, Pyr-H), 9.08 (d, /= 4.8

Hz, 4, Pyr-H), 8.42-8.37 (m, 4H, Ph-H), 8.11-7.94 (m, 6H, Ph-H). ®C-NMR (126 MHyz,
Chloroform-d): § 141.61, 134.73, 128.28, 127.05, 121.64, 103.9; 4 signals missing due to low
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solubility. IR (KBr): cm™ 1597, 1558, 1464, 1440, 1350, 1334, 1269, 1243, 1192, 1174, 1072, 1056,
997, 979, 961, 844, 794, 784, 737, 730, 706, 695. MS (ES +): found 619.01 (M + H*), C3,Hz0Br,Ny

requires 618.01. Characterization in accordance with literature.’>*

3-5 Methyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate
@) O
o) D -

A mixture of methyl 4-bromobenzoate (2.0 g,9.30 mmol), B;pin; (2.8 g, 11.16 mmol) and KOAc (2.7
g, 27.9 mmol) in PhCH; (30 mL) was degassed for about 20 minutes under Ar. Pd(dppf)CL, (0.034
g, 0.46 mmol, 5 % mmol) was added, the flask was sealed and the mixture was heated at 90 °C for 2
hours. The mixture was quenched with 1 M aq. NH,Cl, extracted with CH,CL, the organic phase
washed with H,O, dried (Na,SO.) and removed under reduced pressure. The crude was purified by
column chromatography (SiO,, Pet. Et./EtOAc 95:5) to obtain the product as white solid (1.8 g, 91
% yield).

m.p. 78-79 °C. *H-NMR (500 MHz, Chloroform-d): § 8.02 (d, /= 8.2 Hz, 2H, Ar-H), 7.87 (d, = 8.1
Hz, 2H, Ar-H), 3.92 (s, 3H, Ar-COOCH;), 1.35 (s, 12H, -BC,(CH),). *C-NMR (126 MHyz,
Chloroform-d): § 167.28, 134.80, 132.45, 128.74, 84.33, 52.29, 25.03. IR (KBr): cm™ 2986, 1724,
1509, 1435, 1398, 1372, 1361, 1327, 1278, 1141, 1110, 1018, 962, 857, 773, 710, 652. MS (ES +):

found 263.12 (M + H*), C1sH1sBO, requires 262.14. Characterization in accordance with literature.**
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3-6 5,15-Bis(4-methoxycarbonylphenyl)-10,20-diphenylporphyrin

Ph
@) O
Pl O

Ph

To a solution of porphyrin 3-4 (0.10 g, 0.16 mmol) in dry THF (35 mL) was added boronate ester 3-
5(0.85 g, 3.22 mmol) and K;PO, (1.36 g, 6.40 mmol). The mixture was degassed with a ‘freeze-pump-
thaw’ cycle. Pd(PPhs)4 (36 mg, 0.03 mmol, 20 % mmol) was added and the mixture was degassed once
again. The mixture was refluxed at 85 °C overnight, under dark. The reaction mixture was cooled down
and filtered over celite (with aid of CH,CL,). The solvents were removed under reduced pressure and
the crude was purified by column chromatography (SiO,, Pet. Et./EtOAc 95:5) to obtain the pure
product as purple solid (80 mg, 91 % yield).

m.p. > 250 °C."H-NMR (500 MHz, Chloroform-d): § 8.87 (d, /= 4.8 Hz, 4H, Pyr-H), 8.80 (d, J= 4.8
Hz, 4H, Pyr-H), 8.45 (d, J= 8.2 Hz, 4H, Ar-H), 8.31 (d, /= 8.2 Hz, 4H, Ar-H), 8.24 — 8.20 (m, 4H,
Ph-H), 7.82 - 7.69 (m, 6H, Ph-H), 4.12 (s, 6H, Ar-COOCH;). *C-NMR (126 MHz, Chloroform-
d): § 167.53, 147.15, 142.12, 134.88, 134.77, 134.74, 129.85, 128.81, 128.14, 128.08, 126.97, 120.82,
119.16, 52.66. IR (KBr): cm™ 1720, 1606, 1558, 1474, 1435, 1400, 1350, 1311, 1276, 1213, 1178,
1110, 1099, 1019, 1001, 981, 964, 878, 866, 800, 754, 731, 702. MS (ES +): found 731.22 (M + H*)

and 753.20 (M + Na*), C4sH34N4Osrequires 730.26. Characterization in accordance with literature. >

3-1 5,15-Bis(4-hydroxymethylphenyl)-10,20-diphenylporphyrin

Ph

HQ A B "

Ph
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To a solution of porphyrin 3-6 (70.0 mg, 0.10 mmol) in dry THF (10.0 mL) was added dropwise a
suspension of LiAlH, (4.6 mg, 0.12 mmol) in dry THF (5.0 mL) at 0 °C. The mixture was left to warm
up to room temperature and was left stirring for 60 minutes. The mixture was cooled back to 0 °C and
the reaction was quenched with MeOH. The mixture was concentrated under reduced pressure,
diluted with CHCI;, the organic phase was washed with H,O, dried (Na,SO4) and eliminated under
reduced pressure. The crude was purified by column chromatography (SiO,, CH.Cl,/MeOH 98:2)

to obtain pure product as purple solid (59 mg, 88 % yield).

m.p. > 250 °C.’"H-NMR (500 MHz, Tetrahydrofuran-ds): § 8.88 — 8.79 (m, 8H, Pyr-H), 8.21 (dd, /=
7.3,2.0 Hz, 4H, Ph-H), 8.16 (d, J= 8.0 Hz, 4H, Ar-H), 7.84 — 7.65 (m, 10H, Ar-H, Ph-H), 4.94 (d, J
= 5.6 Hz, 4H, Ar-CH,-OH), 4.51 (t, J = 5.8 Hz, 2H, Ar-CH,-OH), -2.68 (bs, 2H).*C-NMR (126
MHz, Tetrahydrofuran-dy): 8 143.68, 143.36, 141.59, 135.33, 135.18, 128.62, 127.60, 125.64, 121.11,
120.93, 64.89. IR (KBr): cm™ 3435, 33081597, 1474, 1442, 1401, 1349, 1215, 1185, 1014, 1002, 981,
966, 878, 853, 797, 755, 733, 700. MS (ES +): found 675.27 (M + H*) and 697.26 (M + Na*),
C46H34N4O; requires 674.27.

3-1.Zn Zinc (1I) 5,15-bis(4-hydroxymethylphenyl)-10,20-diphenylporphyrin

Ph

HO A B "

Ph

To a vigorously stirred solution of free base porphyrin 3-1 (50.0 mg, 0.07 mmol) in CHCl; (10.0 mL)
was added dropwise a solution of Zn(OAc)»-H,O (162.7 mg, 0.74 mmol) in MeOH (3.0 mL) and the
mixture was stirred at room temperature, under dark. After 2 hours, the organic phase was diluted with
CHCI; and was washed with H,O, dried (Na,SO4) and removed under reduced pressure. Finally, the
porphyrin was crystallized from THF/hexane to obtain the desired product as purple crystals (53 mg,

quant.).

274



6 Experimental Section

m.p. > 250 °C.’"H-NMR (500 MHz, Tetrahydrofuran-ds): § 8.86 (d, /= 4.6 Hz, 4H, Pyr-H), 8.83 (d,
J=4.6 Hz, 4H, Pyr-H), 8.20 (dd, J = 7.3, 2.0 Hz, 4H, Ph-H), 8.15 (d, /= 7.9 Hz, 4H, Ar-H), 7.79 -
7.69 (m, 10H, Ar-H, Ph-H), 4.94 (d, J = 5.7 Hz, 4H, Ar-CH,-OH), 4.48 (t, ] = 5.9 Hz, 2H, Ar-CH,-
OH).®C-NMR (126 MHz, Tetrahydrofuran-ds): § 151.15, 150.99, 144.66, 143.11, 142.94, 135.37,
135.18, 132.24, 132.14, 128.11, 127.20, 125.30, 121.58, 121.43, 65.00. IR (KBr): cm™ 3435, 1595,
1522, 1485, 1440, 1204, 1120, 1067, 995, 904, 797, 719, 703. MS (ES +): found 736.18 (M*),
C46H3.N4O,Zn requires 736.18.
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3.3-6 1-Hexyluracil

@)
T

To a suspension of uracil (5.0 g, 44.6 mmol) in DMSO (50 mL), dry K,COjs (6.8 g, 49.0 mmol) was
added and the suspension stirred 30 minutes. 1-Bromohexane (6.2 mL, 44.6 mmol) was then added
and the reaction mixture stirred overnight at 40 °C. The suspension was diluted with CHCl;, washed
witha 0.1 M aq. HCl solution, H,O and brine. The organic layer was dried (Na,SO4) and concentrated
under reduced pressure. The residue was poured in cold hexane under vigorous stirring. The resulting
precipitate was filtered and washed with cold hexane to afford compound as a white solid 3.3-6 (3.8 g,
44 % yield).

m.p. 92-95 °C."H NMR (400 MHz, Chloroform-d): § 8.83 (bs, 1H, -CONHCO-), 7.13 (dd, J=7.7,
1.5 Hz, 1H, -COCH-), 5.69 (dd, J = 7.9, 1.9 Hz, 1H, -NCH-), 3.71 (t, J = 7.4 Hz, 2H,
NCH,(CH,),CH3), 1.73 — 1.54 (m, 2H, -NCH,CH,(CH,);CH;), 1.30 (d, J = 4.1 Hz, 6H, -
N(CH.),(CH,);CH;), 0.87 (t, J= 6.8 Hz, 3H, -N(CH,)sCHs). ®*C-NMR (50 MHz, Chloroform-d):
§ 164.14,150.93, 144.37,101.92, 48.78, 31.24, 28.92, 25.98, 22.39, 13.91. MS (ES): found 196 (M*),

C10H16N2O; requires 196.09. Characterization in accordance with literature.>*

3.3-7 1-Hexyl-6-iodouracil

@)
T
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To a solution of 1-hexyluracil 3.3-6 (1.7 g, 8.7 mmol) in dry THF (55 mL), LDA (24.0 mL ofa 1.8 M
solution, 43.5 mmol) was added dropwise. The resulting solution was stirred under Ar at -78 °C for
1.5 h. L, (11.0 g, 43.5 mmol) was added and the reaction mixture stirred for 2 h, keeping the
temperature at -78 °C. The solution was then treated with AcOH (1.2 mL), and allowed to warm to
r.t. The mixture was diluted with CHCls, washed with sat. aq. NaHCO; solution, sat. aq. Na,S$,0s
solution and brine. The organic phase was dried (Ns,SO4) and removed under reduced pressure. The
crude was purified by column chromatography (SiO,, AcOEt/CHX 1:1) yielded compound 3.3-7 as
a white solid (1.7 g, 60 % yield).

m.p. 121-124 °C."H NMR (400 MHz, Chloroform-d): § 8.52 (bs, 1H, -CONHCO-), 6.40 (d, J= 1.7
Hz, 1H, -COCH-), 4.04 (t, J = 8.1 Hz, 2H, NCH,(CH,),CH3), 1.66 (p, J = 7.5 Hz, 2H, -
NCH,CH,(CH,);CH;), 1.39 - 1.30 (m, 6H, -N(CH.),(CH,);CH:), 0.89 (t, J = 6.8 Hz, 3H, -
N(CH,)sCH;). BC-NMR (50 MHz, Chloroform-d): § 161.04, 148.02, 115.73, 113.92, 53.84, 31.46,
28.85, 25.14, 22.69, 14.17. MS (ES +): found 322 (M*), CioHisIN2O, requires 322.02.

Characterization in accordance with literature.’”*

3.3-8 1-Hexyl-3-(tert-butyloxycarbonyl)-6-iodouracil

0 0
fLNJLOk
N&

(@

To a solution of 3.3-7 (1.60 g, 4.9 mmol) in dry CH;CN (10.0 mL), 1.3 mL of pyridine was added and
the resulting solution was stirred at 55 °C for 15 minutes. BOC,O (2.03 g, 14.3 mmol) was added and
the whole solution stirred overnight, at 55 °C. The mixture was diluted with CHCI; and the organic
phase washed with H,O, dried (Na,SO4) and removed under reduced pressure. The crude was
purified by column chromatography (SiO,, CHX/AcOEt 9:1) to yield product 3.3-8 as yellowish oil
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(0.83 g, 40 % yield).

'H NMR (200 MHz, Chloroform-d): § 6.43 (s, 1H, COCH), 4.03 (t, J = 8.1 Hz, 2H,
NCH,(CH,4)CH3), 1.77-1.62 (m, 2H, -NCH,CH,(CH,);CH,), 1.58 (s, 9H, -COC(CH3)3), 1.40 —
1.25 (m, 6H, -N(CH,),(CH,);CH3), 0.88 (s, J = 6.8 Hz, 3H, -N(CH,);CH;). *C NMR (50 MHz,
Chloroform-d): § 158.4, 147.2, 146.2, 115.1, 113.3, 86.9, 54.2, 31.3, 28.6, 27.4, 25.9, 22.5, 13.9. MS
(ES): found 444.9 (M + Na*), C1sH»IN,O, Na requires = 422.07. Characterization in accordance

with literature.’”?

3.3-9 2,6-Di(acetylamino)-4-bromo-pyridine

To a solution of 2,6-diamino-4-bromopyridine (1.00 g, 5.35 mmol) in pyridine (3.1 mL) was added
Ac;O (5.6 mL, 43.87) and the reaction mixture stirred overnight, at r.t. The grey precipitate was

extensively washed with Et,O to yield product 3.3-9 as a light grey solid (1.23 g, 84 % yield).
y yleld p ght grey g N

m.p. 210-215 °C. 'H NMR (500 MHz, Chloroform-d + Methanol-d;): § 8.01 (s, 2H, Py-H), 2.14 (s,
6H, Py-NHCOCH;). *C NMR (126 MHz, Chloroform-d + Methanol-d;): § 169.27, 150.19, 136.12,
112.54,24.57. IR (KBr): cm™ 3312, 3125, 1686, 1578, 1538, 1415, 1367, 1281, 1238, 1200, 1035, 997,
861,777,747,693,603, 561, 549. MS (ES): found 293.9 (M + Na*), CsH10BrN;O; requires = 271.00.

Characterization in accordance with literature.’”*
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3.3-10 2,6-Di(acetylamino)-4-[ (trimethylsilyl)ethynyl ]pyridine

N-H
_\ — / \N
/ —
N-H

To a degassed solution of 2,6-diamido-4-bromopyridine 3.3-9 (040 g 1.47 mmol) in
THF/Et;N/DMF (20:10:2 mL), were added [ (Pd(PPhs)4] (0.09 g,0.07 mmol) and Cul (0.03 g,0.15
mmol) and the solution degassed a second time. TMSA (0.78 mL, 5.51 mmol) was then added and
the reaction mixture was degassed one last time, and stirred overnight at 85 °C under Ar. The resulting
dark mixture was filtered over celite and washed with CHCl;/MeOH (1:1). Removal of the solvents
under reduced pressure and purification of the crude by column chromatography (SiO,, CHX/AcOEt
1:1) yielded product 3.3-10 as an off-white solid (0.40 g, 94 % yield).

m.p. 85-89 °C."H NMR (500 MHz, Chloroform-d + Methanol-d;): § 7.91 (bs, 2H, Py-H), 2.16 (s,
6H, Py-NHCOCH), 0.22 (s, 9H, Si(CH;)s). 3*C NMR (126 MHz, Chloroform-d+ Methanol-d;): 8
168.80, 149.56, 134.61, 111.90, 81.52, 81.33, 24.34, 5.98. IR (KBr): cm™ 3423, 3276, 2960, 2162,
1681,1612,1558, 1416, 1370, 1276, 1250, 1206.9, 1145, 1033,997, 983,954, 848, 760, 705, 641, 626,
570, 539. MS (ES): found 290.0 (M + H*), C1sH1sN;0,Si requires = 289.12. Characterization in

accordance with literature.>”*

3.3-11 2,6-Di(acetylamino)-4-ethynylpyridine
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To a solution of TMS-protected ethynylpyridine 3.3-10 (0.40 g, 1.38 mmol) in THF/MeOH (20 mL,
1:1), K,COs5 (0.02 g, 0.14 mmol) was added and the mixture stirred at r.t. for 2 hrs. The mixture was
diluted with CHCl; and the organic phase washed with H,O, dried (Na,SO4) and removed under

reduced pressure to yield product as ochre solid (0.28 g, 89 % yield)

m.p. 208-211 °C. 'H NMR (500 MHz, Chloroform-d + Methanol-d): § 7.87 (bs, 2H, Py-H), 3.24 (s,
1H, Py-C=CH), 2.15 (s, 6H, Py-NHCOCH,). *C NMR (126 MHz, Chloroform-d + Methanol-d;):
8 162.17, 149.90, 134.68, 112.04, 81.61, 81.53, 24.53. IR (KBr): cm™ 3319, 3253, 312, 2115, 1716,
1670, 1612, 1561, 1518, 1416, 1366, 1278, 1236, 1203, 1037, 999, 950, 876, 854, 725, 703, 674, 637,
562, MS (ES): Found 218.0 (M + H*), C1;H1:N;O; requires = 217.09. Characterization in accordance

with literature.’”*

3.3-12 1,4-Bis(dodecyloxy)benzene

OC42Hazs

OC1oHzs

To a solution of hydroquinone (4.0 g, 36.3 mmol) in acetone (60 mL), KzCO; (50.1 g, 36.3 mmol)
was added and the reaction mixture was allowed to stir at r.t. for 30 minutes. Following this, 1-
bromododecane (26.0 mL, 109.0 mmol) was added to the mixture and the whole was refluxed
overnight. The suspension was concentrated under reduced pressure, redisolved in CHCl;, washed
with sat. aq. K2CO;, H,O and brine. The organic phase was dried (Na,SO4) and concentrated under
reduced pressure. The crude was purified by column chromatography (SiO,, CHX) to yield the
product 3.3-12 as a pale yellow crystalline solid (12.1 g, 75 % yield).

m.p. 72-73 °C."H NMR (500 MHz, Chloroform-d): § 6.82 (s, 4H, Ar-H), 3.89 (t, /= 6.6 Hz, 4H, Ar-
OCH,(CH,)0CH,), 1.80 - 1.70 (m, 4H, Ar-OCH,CH,(CH,),CH;), 1.48 — 1.23 (m, 36H, Ar-

O(CH,),(CH,)yCH3), 0.88 (t, J= 6.9 Hz, 6H, Ar-O(CH,)1CH;). *C NMR (50 MHz, Chloroform-
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d): § 153.35, 115.58, 68.91, 32.19, 29.94, 29.91, 29.86, 29.69, 29.58, 29.63, 26.34, 22.97, 14.40. IR
(KBr): cm™2918,2850, 1515, 1474, 1397, 1293, 1285, 1243, 1112, 1037, 826,773,729, 720, 538. MS
(ES +): found 446 (M*), C3Hs4O, requires = 446.41. Characterization in accordance with

literature.>*

3.3-13 1,4-Bis(dodecyloxy)-2,5-diiodobenzene

OC1oHzs5

I
OCqoHzs

To a solution of HsIOs (1.5 g, 6.4 mmol) in CH;OH/CH,CL, (20 mL, 1:1) was added I, (3.2 g, 12.5
mmol) and the mixture was stirred for 15 minutes. Subsequently 1,4-bis(dodecyloxy)benzene 3.3-12
(4.5 g, 10 mmol) was added and the mixture refluxed for S hrs. The mixture was concentrated under
reduced pressure, dissolved in CH,Cl, and washed with sat. aq. Na,SOs solution, H,O, dried
(Na,SO;) and concentrated under reduced pressure. Finally, crystallization from boiling EtOH
yielded product 3.3-13 as white crystalline solid (6.1 g, 88 % yield).

m.p. 64-67 °C. 'H NMR (200 MHz, Chloroform-d): § 7.2 (s, 2H, Ar-H), 3.9 (t, 4H, Ar-
OCH,(CH,),(CH;), 18 (m, 4H, Ar-OC,HCH,(CH,),CH;), 1.3 (br, 36H, Ar-
O(CH,)»(CH,)yCHs), 0.9 (t, 6H, Ar-O(CH,),,CH;). *C NMR (50 MHz, Chloroform-d): § 152.92,
122.88, 86.43, 70.51, 32.10, 29.83, 29.76, 29.54, 29.73, 29.46, 29.32, 26.21, 22.89, 14.33. IR (KBr):
cm™ 2919, 2848, 1488, 1460, 1389, 1353, 1263, 1216, 1071, 1053, 995, 847, 722. MS (ES): found 698

(M*), C30H521202 requires = 698.21. Characterization in accordance with literature.’**
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3.3-14 1,4-Bis(dodecyloxy)-2-iodobenzene

OCqoHps

I
OC12Hos

To a solution of CH;COOH (10.0 mL), H,SO, (0.1 mL) and H,O (1.0 mL) was added 1,4-
bis(dodecyloxy)benzene 3.3-12 (380 mg, 0.85 mmol), KIO; (36 mg, 0.17 mmol) and I, (119 mg, 0.47
mmol). The mixture was slowly brought to reflux and continued refluxing for 6 hrs. After cooling the
mixture, the iodine was quenched by addition of 0.2 M aq. Na,SOs solution. The precipitate was
collected and washed with water. The crude was purified by column chromatography (SiO,, CHX) to
obtain the product as white solid 3.3-14 (136 mg, 28 % yield).

'H NMR (500 MHz, Chloroform-d): § 7.04 (d, J= 3.0 Hz, 1H, Ar-H), 6.88 (dd, /= 9.0, 3.0 Hz, 1H,
Ar-H), 6.83 (d, J=9.1 Hz, 1H, Ar-H), 4.02 (t, /= 6.6 Hz, 2H, Ar-OCH,(CH.)0CH,), 3.94 (t, = 6.6
Hz, 2H, Ar-OCH,(CH,)CH,), 1.80 — 1.70 (m, 4H, Ar-OCH,CH,(CH,)sCH3;), 1.48 — 1.23 (m,
36H, Ar-O(CH,).(CH,)sCH3), 0.88 (¢, ] = 6.9 Hz, 6H, Ar-O(CH,):,CH;). *C NMR (126 MHyz,
Chloroform-d) § 153.76, 152.14, 125.32, 115.43, 113.11, 86.98, 70.19, 68.85, 31.91, 29.66, 29.65,
29.62,29.59,29.57,29.56,29.36, 29.35,29.33,29.27, 26.09, 25.99, 22.69, 14.11. MS (ES): found 572

(M*), C30Hs310; requires = 572.31. Characterization in accordance with literature.*S

3.3-2 1,4-Bis(dodecyloxy)-2,5-bis[ (2,6-di(acetylamino ) pyridin-4-yl)ethynyl |benzene

=0 o<
HN C12H25O NH
N'_\ = = \_,N
H-N OCqsHzs N-H
O 12 26=&
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In a 20-mL microwave-reactor tube containing a stirring bar, 1,4-bis(dodecyloxy)-2,5-diiodobenzene
3.3-13 (0.20 g, 0.29 mmol), Pd(PPhs), (0.014 g, 0.012 mmol) and Cul (4 mg, 0.023 mmol) were
dissolved in DMF/Et;N/THF (4:2:2 mL) and was purged with Ar. 2,6-Diamido-4-ethynylpyridine
3.3-11 (0.16 g, 0.73 mmol) was added and the reaction vessel was sealed and placed into the
microwave reactor. The temperature heating profile for the reaction mixture was as follows: r.t. > 120
°C over a 2-min period (200-W maximum power), the reaction mixture was held at 120 °C (dynamic,
200-W maximum power) for 30 min. The crude mixture was then filtered over celite (CHCL;),

concentrated under reduced pressure and purified by column chromatography (SiO,, CHX/AcOEt,

1:1 — AcOEt) yielding product as a bright yellow solid (0.171 g, 68 % yield).

m.p. > 250 °C. 'H NMR (500 MHz, Chloroform-d): § 8.02 (s, 4H, Py-H), 7.52 (s, 4H, CH;CONH-
Py), 7.03 (s, 2H, Ar-H), 4.05 (t, J = 6.7 Hz, 4H, Ar- OCH,(CH,),CH3), 2.21 (s, 12H, CH;CONH-
Py), 1.87 (m, 4H, Ar-OCH,CH,(CH,)sCH;), 1.23 (m, 36H, Ar-O(CH,).(CH.)sCH3), 0.87 (t, J =
6.9 Hz,6, Ar-O(CH,),,CH;). *C NMR (50 MHz, Chloroform-d): § 168.28, 153.66, 149.45, 136.13,
117.33, 113.62, 111.49, 92.95, 90.57, 69.83, 32.11, 29.83, 29.56, 29.51, 29.29, 26.14, 24.97, 22.88,
14.32. IR (KBr): cm™ 3285, 2959, 2926, 2220, 2162, 1708, 1685, 1612, 1555, 1419, 1249.8, 869, 843,
759, 642. MS (ES): Found 876.7 (M*), CsxH»nNeOs requires = 876.5S. Characterization in

accordance with literature.>*

3.3-5 N,N-(4-((2,5-bis(dodecyloxy)phenyl)ethynyl) pyridine-2,6-diyl) diacetamide

0]
HN C12H25O
N D=
HN OC12H25

=0

In a 10-mL microwave-reactor tube containing a stirring bar, 1,4-bis(dodecyloxy)-2-iodobenzene 3.3-
14 (50.0 mg, 87.3 umol), Pd(PPh;), (5.0 mg, 4.3 pmol), Cul (1.6 mg, 8.4 pmol) were dissolved in
DMF/Et3N/THF (2:1:1 mL) and was purged with Ar. 2,6-Diacetylamino-4-ethynylpyridine 3.3-11
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(20.0 mg, 92.1 pumol) was added and the reaction vessel was sealed and placed into the microwave
reactor. The temperature heating profile for the reaction mixture was as follows: r.t. » 120 °C over a 2-
min period (200-W maximum power), the reaction mixture was held at 120 °C (dynamic, 200-W
maximum power) for 30 min. The crude reaction mixture was diluted with CHCI3 and washed with
H,O, the organic phase dried (Na,SO,) and removed under reduced pressure. The crude was purified
by preparative TLC (Pet. Et./AcOEt 1:1) to obtain the product as a waxy white solid (16.8 mg, 29 %
yield).

m.p. 61-62 °C. 'H NMR (500 MHz, Chloroform-d): § 8.01 (s, 2H, Py-H), 7.6 (s, 2H, CH;CONH-
Py), 7.03 (d, J= 3.0 Hz, 1H; Ar-H), 6.87 (dd, J= 3.0 Hz, 9.0 Hz, 1H, Ar-H), 6.81 (d, J= 9.0 Hz, 1H,
Ar-H), 4.01 (t, J= 7.5, 2H, Ar-OCH,(CH.)0CH3), 3.92 (t, J = 7.5 Hz, 2H, Ar-OCH,(CH.),0CH3),
2.19 (s, 6H, CH;CONH-Py), 1.83 (m, 2H, Ar-OCH,CH,(CH,)sCH;), 1.76 (m, 2H, Ar-
OCH,CH,(CH,)yCH;), 145 (m, 4H, O(CH,),CH,(CH,)sCH;), 1.36-1.22 (m, 32H, Ar-
O(CH,);(CH,)sCHj3), 0.89-0.85 (m, 6H, Ar-O(CH,),,CH;). *C NMR (125 MHz, Chloroform-d):
5 168.44,154.70,152.98, 149.61, 136.59, 118.60, 118.22, 114.44, 112.66, 111.65,91.29,91.07, 70.12,
69.00, 32.15,29.91, 29.89, 29.88, 29.86, 29.84, 29.83, 29.81, 29.63, 29.59, 29.57, 29.56, 29.54, 29.47,
26.24,26.22,24.96,22.91, 14.34. IR (KBr): cm™ = 3437, 3309, 2920, 2851, 2360, 2211, 1697, 1671,
1614,1159,1504, 1471, 1419, 1374, 1340, 1325, 1308, 1274, 1233, 1207, 1148, 1037, 8634, 795, 720,
695, 630, 596, 542. HRMS: found 662.4886 [M + H]+, C41Hs; N304 requires 661.4891.

3.3-15 (R)-2,2’-Dimethoxy-1,1’-binaphthalene

O
T

To a stirred mixture of (R)-BINOL (3.00 g, 10.5 mmol) and K,COj; (3.18 g, 23.0 mmol) in acetone
(60 mL) at 50 °C under Ar, CH;I (3.27 g, 23.0 mmol) was slowly added, and the mixture was stirred
for 48 h at reflux. The mixture was allowed to cool to r.t. and concentrated under reduced pressure (to

approximately 20 mL) and poured into a flask containing HO (200 mL) and the mixture was left to
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stir for 8 hrs. The solid was recovered by filtration, washed with H,O and dried to obtain product as

white solid (3.27 g, quant.).

m.p. 222-225 °C. [a]®p = +54° (¢ = 1.0, CHCl;). 'H NMR (200 MHz, Chloroform-d): § 7.95 (d,] =
9.0 Hz, 2H, Ar-H,), 7.85 (d,] = 8.1, 2H, Ar-Hs), 7.44 (d,] = 9.0 H, 2H, Ar-H;), 7.30-7.10 (m, 6H, Ar-
Hqys), 3.74 (s, 6H, Ar-OCH;). ®C NMR (50 MHz, Chloroform-d): § 154.92, 133.98, 129.36, 129.19,
127.89,126.26,125.22,123.48, 119.56, 114.21, 56.86. IR (KBr): cm™ 3044, 2933, 2836, 1618, 1590,
1506, 1461, 1354, 1264, 1250, 1091, 1064, 811. MS (ES +): found 314.2 (M*), C»,H,50; requires
314.13.

3.3-15 (8)-2,2"-Dimethoxy-1,1’-binaphthalene

ol
O.
o

To a stirred mixture of (§)-BINOL (3.00 g, 10.5 mmol) and K;COj; (3.18 g, 23.0 mmol) in acetone
(60 mL) at 50 °C under Ar, CH;I (3.27 g, 23.0 mmol) was slowly added, and the mixture was stirred
for 48 h at reflux. The mixture was allowed to cool to r.t. and concentrated under reduced pressure (to
approximately 20 mL) and poured into a flask containing HO (200 mL) and the mixture was left to
stir for 8 hrs. The solid was recovered by filtration, washed with H,O and dried to obtain product as

white solid (3.23 g, quantitative).

m.p. 223-224 °C. [a]*p = -55° (¢ = 1.0, CHCL;). '"H NMR (200 MHz, Chloroform-d): § 7.95 (d, J =
9.0 Hz, 2H, Ar-H,), 7.85 (d, J= 8.1, 2H, Ar-Hs), 7.44 (d, J=9.0 H, 2H, Ar-H;), 7.30-7.10 (m, 6H, Ar-
Hqys), 3.74 (s, 6H, Ar-OCH;). ®C NMR (50 MHz, Chloroform-d): § 154.92, 133.98, 129.36, 129.19,
127.89,126.26,125.22,123.48, 119.56, 114.21, 56.86. IR (KBr): cm™ 3044, 2933, 2836, 1618, 1590,
1506, 1461, 1354, 1264, 1250, 1091, 1064, 811. MS (ES +): found 314.2 (M*), C»,H,50; requires
314.13.
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3.3-16 (R)-3,3"-Diiodo-2,2’-Dimethoxy-1,1’-binaphthalene

A solution of (R)-2,2’-dimethoxy-1,1"-binaphthalene 3.3-15 (2.7 g, 8.6 mmol) in dry THF (150 mL)
was cooled to — 78 °C under Ar, and “BuLi (20.0 mL, 1.6 M solution in hexanes, 31.8 mmol) was added
dropwise. The mixture was stirred at — 78 °C for 1 h before adding I, (8.7 g, 34.3 mmol) in THF (50
mL). After stirring for 1 h, sat. aq. NH,Cl solution was added, and the mixture was allowed to warm to
r.t,, and the organic layer was washed with H,O and brine, dried over Na,SO, and removed under
reduced pressure. The crude was purified by column chromatography (SiO,, CHX/AcOEt 10 :1) that
gave product as on off-white solid (2.2 g, 45 % yield).

m.p. 197 °C. [a]*p = +41° (¢ = 0.5, CHCl;). 'H NMR (200 MHz, Chloroform-d): § 8.70 (s, 2H, Ar-
H,;),7.96 (d, J= 8.0 Hz, 2H, Ar-H;), 7.58 (t, J= 7.5 Hz, 2H, Ar-Hs), 7.43 (t, ] = 7.6 Hz, 2H, Ar-H,),
7.46 (d, J=8.4Hz,2H, Ar-H;), 3.58 (s, 6H, Ar-OCH;). ®C NMR (50 MHz, Chloroform-d): § 180.42,
154.65, 140.09, 134.03, 132.37, 127.30, 125.98, 125.58, 97.33, 92.62, 61.41. IR (KBr): cm™ 2931,
2823, 1619, 1593, 1508, 1464, 1390, 1352, 1262, 1248, 1146, 1089, 1054, 1018, 896, 812, 752. MS
(ES): found: 566.3 (M*), C22H 161,01 requires 565.92.

3.3-16 (8)-3,3"-Diiodo-2,2’-Dimethoxy-1,1’-binaphthalene
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A solution of (R)-2,2’-dimethoxy-1,1"-binaphthalene 3.3-15 (2.7 g, 8.6 mmol) in dry THF (150 mL)
was cooled to — 78 °C under Ar, and “BuLi (20.0 mL, 1.6 M solution in hexanes, 31.8 mmol) was added
dropwise. The mixture was stirred at — 78 °C for 1 h before adding I, (8.7 g, 34.3 mmol) in THF (50
mL). After stirring for 1 h, sat. aq. NH,Cl solution was added, and the mixture was allowed to warm to
r.t,, and the organic layer was washed with H,O and brine, dried over Na,SO, and removed under
reduced pressure. The crude was purified by column chromatography (SiO,, CHX/AcOEt 10 :1) that
gave product as on off-white solid (1.7 g, 35 % yield).

m.p. 197 °C. [a]*p = -42° (¢ = 0.5, CHCL;). '"H NMR (200 MHz, Chloroform-d): § 8.70 (s, 2H, Ar-
H,),7.96 (d, J= 8.0 Hz, 2H, Ar-H;), 7.58 (t, J= 7.5 Hz, 2H, Ar-Hs), 7.43 (t, ] = 7.6 Hz, 2H, Ar-H,),
7.46 (d, J=8.4Hz,2H, Ar-H;), 3.58 (s, 6H, Ar-OCH;). ®C NMR (50 MHz, Chloroform-d): § 180.42,
154.65, 140.09, 134.03, 132.37, 127.30, 125.98, 125.58, 97.33, 92.62, 61.41. IR (KBr): cm™ 2931,
2823, 1619, 1593, 1508, 1464, 1390, 1352, 1262, 1248, 1146, 1089, 1054, 1018, 896, 812, 752. MS
(ES): found: 566.0(M*), CHisl,O, requires 565.92.

3.3-17 (R)-3,3"-Diethynyl-2,2’-dimethoxy-1,1’-binaphthalene

To a degassed solution of (R)-3,3’-diiodo-2,2’-dimethoxy-1,1’-binaphthalene 3.3-16 (1.13 g, 2.0
mmol) and Pd(PPh;),Cl, (144 mg, 0.2 mmol) in PhCH; (10 mL) and Et;N (12 mL) was added
TMSA (4 mL, 328.3 mmol) and Cul (76 mg, 0.4 mmol). After the mixture was heated to reflux
overnight, the reaction mixture was cooled to r.t. The solid was filtered off and the filtrate was
evaporated to dryness. The residue was dissolved in THF (30 mL) and MeOH (30 mL) and to this
solution was added K,COs. After stirring for 1 h at r.t,, the crude was extracted with CH,Cl, and
washed with H,O. The organic layer was dried (Na,SO,) and removed under reduced pressure. The
crude was purified by column chromatography (SiO,, CHX/AcOEt S:1) to yield product as light
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yellow solid (0.47 g, 65 % yield).

[a]¥p = +7.5° (c= 0.5, CHCl;). '"H NMR (200 MHz, Chloroform-d): § 8.20 (s, 2H, Ar-H,), 7.85 (d,

J=8.0,2H, Ar-Hs), 7.40 (t, J = 7.46, 2H, Ar-H;), 7.27 (t, J = 7.40, 2H, Ar-H;), 7.09 (d, J = 8.43, 2H,
Ar-Hy), 3.66 (s, 6H, Ar-OCH,), 3.37 (s, 2H, Ar-C=C-H). ®C NMR (50 MHz, Chloroform-d): §
155.94, 135.29, 134.02, 130.02, 127.78, 127.43, 125.62, 125.35, 124.82, 116.15, 81.55, 80.53, 61.13.
IR (KBr): cm™ 3436, 3292, 3057, 2956, 2917, 2850, 1730, 1588, 1458, 1247, 1099, 842. MS (ES):
found: 362.1 (M*), C26H1sO; requires 362.13.

3.3-17 (8)-3,3"-Diethynyl-2,2’-dimethoxy-1,1"-binaphthalene

To a degassed solution of (S)-3,3"-diiodo-2,2’-dimethoxy-1,1"-binaphthalene 3.3-16 (1.13 g, 2.0
mmol) and Pd(PPh;),Cl, (144 mg, 0.2 mmol) in PhCH; (10 mL) and Et;N (12 mL) was added
TMSA (4 mL, 328.3 mmol) and Cul (76 mg, 0.4 mmol). After the mixture was heated to reflux
overnight, the reaction mixture was cooled to r.t. The solid was filtered off and the filtrate was
evaporated to dryness. The residue was dissolved in THF (30 mL) and MeOH (30 mL) and to this
solution was added K,COs. After stirring for 1 h at r.t,, the crude was extracted with CH,ClL, and
washed with H,O. The organic layer was dried (Na,SO,) and removed under reduced pressure. The
crude was purified by column chromatography (SiO,, CHX/AcOEt 5:1) to yield product as light
yellow solid (0.59 g, 75 % yield).

[a]*p=-7.0° (c= 0.5, CHCl;). 'H NMR (200 MHz, Chloroform-d): § 8.20 (s, 2H, Ar-H.), 7.85 (d, ]
=8.0,2H, Ar-H;s), 7.40 (t, J= 7.46, 2H, Ar-Hg), 7.27 (t, J= 7.40, 2H, Ar-H;), 7.09 (d, J = 8.43, 2H, Ar-
H;),3.66 (s,6H, Ar-OCH;), 3.37 (s, 2H, Ar-C=C-H). *C NMR (50 MHz, Chloroform-d): § 155.94,
135.29,134.02,130.02, 127.78,127.43,125.62, 125.35, 124.82, 116.15,81.55, 80.53, 61.13. IR (KBr):
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cm™ 3436, 3292, 3057, 2956, 2917, 2850, 1730, 1588, 1458, 1247, 1099, 842. MS (ES): found: 362.1
(M), Cy6Hi50; requires 362.13.

3.3-1 (R)-6,6'-(2,2'-Dimethoxy-1,1'-binaphthyl-3,3'-diyl ) bis[ ethyne-2,1-diyl-(1-hexyluracil) ]

To a degassed solution of dry Et;N (2.0 mL) and THF (2.0 mL), 1-hexyl-6-iodouracil 3.3-7 (40.0 mg,
124.2 ymol), Pd(PPhs), (10.0 mg, 8.7 pmol) and Cul (3.3 mg, 17.3 umol) were added and the mixture
degassed a second time. Compound (R)-3,3’-diethynyl-2,2’-dimethoxy-1,1’-binaphthalene 3.3-17
(18.0 mg, 49.7 pmol) was then added, the reaction mixture degassed one last time, and stirred
overnight at r.t., under Ar. The crude mixture was filtered over celite, concentrated under reduced
pressure and purified by column chromatography (SiO,, CHX/AcOEt 7:3) yielding product as a
white powder (22.4 mg, 60 % yield).

m.p. 193 °C. [a]*p = - 182.3 (c = 1.0, CHCL;). 'H NMR (500 MHz, Chloroform-d): § 9.22 (s, 2H,
NH), 8.25 (s, 2H, Ar-H), 7.92 (d, J = 8.5 Hz, 2H, Ar-H), 7.50 (t, J= 7.5 Hz, 2H, Ar-H), 7.37 (t, ] =
7.5,2H, Ar-H), 7.13 (d, J= 8.5, 2H, Ar-H), 6.06 (s, 2H, CH), 4.13 (t, J=7.5,4H, NCH,(CH,),CHs),
3.61 (s, 6H, Ar-OCH;), 1.83-1.80 (m, 4H, NCH,CH,(CH,);CH;), 1.43-129 (m, 12H,
N(CH.),(CH,);CH3), 0.84 (t, J= 7.5, 6H, N(CH,)sCH). ®*C NMR (125 MHz, Chloroform-d): §
162.68, 155.59, 150.90, 138.93, 136.14, 135.00, 130.19, 128.98, 128.58, 126.36, 125.79, 124.95,
114.77, 107.13, 97.70, 84.41, 61.73, 46.99, 31.68, 29.11, 26.52, 22.74, 14.20. IR (KBr): cm 3424,
2956,2917, 2850, 1731, 1620, 1592, 1463, 1380, 1265, 1250, 1180, 1092, 1066, 1020, 897, 811, 747,
542. HRMS: found 751.3489 [M + H]*, C4sHisN4Os requires 750.3490.
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3.3-1 (8)-6,6'-(2,2"-Dimethoxy-1,1'-binaphthyl-3,3"-diyl)bis[ ethyne-2,1-diyl-( 1-hexyluracil ) |

To a degassed solution of dry Et;N (2.0 mL) and THF (2.0 mL), 1-hexyl-6-iodouracil 3.3-7 (40.0 mg,
124.2 ymol), Pd(PPh;), (10.0 mg, 8.7 ymol) and Cul (3.3 mg, 17.3 umol) were added and the mixture
degassed a second time. Compound (5)-3,3’-diethynyl-2,2’-dimethoxy-1,1"-binaphthalene 3.3-17
(18.0 mg, 49.7 ymol) was then added; the reaction mixture degassed one last time, and stirred
overnight at r.t.,, under Ar. The crude mixture was filtered over celite, concentrated under vacuum and
purified by column chromatography (SiO,, CHX/AcOEt 7:3) yielding product as a white powder
(20.5 mg, 55 % yield).

m.p. 193 °C. [a]*p = + 180.4° (¢ = 1.0, CHCl;). 'H-NMR (500 MHz, Chloroform-d): § 9.22 (s, 2H,
NH), 8.25 (s,2H, Ar-H), 7.92 (d, ] =8.0 Hz, 2H, Ar-H), 7.49 (t, ] = 7.5 Hz, 2H, Ar-H), 7.36 (t, ] = 7.5
Hz, 2H,Ar-H), 7.14 (d, J = 8.5 Hz, 2H, Ar-H), 6.06 (s, 2H, CH), 4.13 (t, J = 7.5 Hz, 4H,
NCH,(CH,)4CH3), 3.61 (s, 6H, OCH;), 1.82 (m, 4H, NCH,CH,(CH,);CH3), 1.44-1.25 (m, 12H,
N(CH.),(CH,);CH3), 0.85 (¢ J= 7.5 Hz, 6H, N(CH,)sCH;). *C NMR (125 MHz, Chloroform-d):
§ 162.65, 155.59, 150.88, 138.93, 136.14, 135.00, 130.19, 128.99, 128.59, 126.36, 125.79, 124.96,
114.77, 107.13, 97.71, 84.41, 61.73, 47.00, 31.68, 29.11, 26.52, 22.74, 14.20. IR (KBr): cm 3424,
2956,2917,2850, 1731, 1619, 1591, 1462, 1379, 1264, 1250, 1180, 1091, 1065, 1020, 896, 811, 747,
542. HRMS: found 751.3485 [M + H]*, C4sH4sN4Os requires 750.3490.
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3.3-3 (R)-6,6'-(2,2'-Dimethoxy-1,1'-binaphthyl-3,3'-diyl ) bis[ ethyne-2,1-diyl-(1-hexyl-3- tert-

Butyloxycarbonyluracil) ]

To a degassed solution of dry Et;N (2.0 mL) and THF (2.0 mL), 1-hexyl-3-BOC-6-iodouracil 3.3-8
(140.0 mg, 331.5 pmol), Pd(PPh;), (4.9 mg, 4.3 umol) and Cul (1.6 mg, 8.6 pmol) were added and
the reaction mixture was degassed a second time. Compound (R)-3,3’-diethynyl-2,2’-dimethoxy-1,1’-
binaphthalene 3.3-17 (20.0 mg, 55.2 ymol) was then added, the reaction mixture degassed one last
time, and stirred overnight at r.t., under Ar. The crude mixture was filtered over celite and the solvent
was evaporated. Repeated precipitation cycles from CHCl; with pentane yielded product as a white

powder (21.0 mg, 40 % yield).

m.p. 140 - 142 °C. [a]*p=- 142.6° (c= 1.0 CHCl;). '"H NMR (500 MHz, Chloroform-d): § 8.25 (s,
2H, Ar-H), 7.92 (d, J= 8.0 Hz, 2H, Ar-H), 7.49 (t, J= 7.5 Hz, 2H, Ar-H), 7.36 (t, J= 7.5 Hz, 2H, Ar-
H),7.12 (d, J=8.5Hz,2H, Ar-H), 6.07 (s, 2H, CH), 4.12 (t, J= 7.5 Hz, 4H, NC H,(CH,),CH3), 3.60
(s, 6H, OCH;), 1.85-1.79 (m, 4H, NCH,CH,(CH,);CH;), 1.61 (s, 18H, OCO(CH)3), 1.43-1.29
(m, 12H, N(CH,),(CH.);CH3), 0.83 (t, J = 7.5 Hz, 6H, N(CH,)sCH; ). *C NMR (125 MHz,
Chloroform-d): § 159.82, 155.59, 149.11, 147.91, 138.17, 136.22, 135.05, 130.20, 129.06, 128.62,
126.41, 125.80, 124.97, 114.70, 106.74, 98.14, 87.13, 84.21, 61.74, 47.51, 31.64, 29.03, 27.69, 26.58,
22.76,14.20. IR (KBr): cm™ 3442, 3092, 30SS, 2955, 2933, 2857, 2764, 2679, 2479, 2336.24, 2214,
1786, 1712, 1673, 1619, 1599, 1581, 1491, 1456, 1428, 1390, 1369, 1330, 1252, 1226, 1189, 1147,
1106, 1038, 1018, 1000, 890, 843, 822, 785, 770, 752, 693, 661, 648, 621, 608, 542, 510, 468, 427.
HRMS: found 951.4530 [M + H]*, CssHeN4O1o requires 950.4538.
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3.3-3 (85)-6,6'-(2,2"-Dimethoxy-1,1"-binaphthyl-3,3'-diyl) bis[ ethyne-2,1-diyl-(1-hexyl-3- tert-

Butyloxycarbonyluracil) ]

To a degassed solution of dry Et;N (2.0 mL) and THF (2.0 mL), 1-hexyl-3-BOC-6-iodouracil 3.3-8
(74.0 mg, 175.2 ymol), Pd(PPh;), (4.9 mg, 4.3 umol) and Cul (1.6 mg, 8.6 umol) were added and the
reaction mixture was degassed a second time. Compound ($)-3,3"-diethynyl-2,2’-dimethoxy-1,1’-
binaphthalene 3.3-17 (16.0 mg, 44.1 umol) was then added, the reaction mixture degassed one last
time, and stirred overnight at r.t., under Ar. The crude mixture was filtered over celite and the solvent
was evaporated. Repeated precipitation cycles from CHCl; with pentane yielded product as a white
powder (22.6 mg, 54 % yield).

m.p. 140-142°C. [a]*p = + 140.85° (c = 1.0, CHCl;,)."H NMR (500 MHz, Chloroform-d): § 8.25 (s,
2H, Ar-H),7.92 (d, J= 8.5 Hz, 2H, Ar-H), 7.49 (d, J= 8.0 Hz, 2H, Ar-H), 7.36 (d, = 8.0 Hz, 2H, Ar-
H),7.12 (d, J = 8.5 Hz, 2H, Ar-Hs), 6.07 (s, 2H, CH), 4.12 (t, J = 7.5 Hz, 4H, NCH,(CH,),CH),
3.59 (s, 6H, OCH,), 1.82 (m, 4H, NCH,CH,(CH,);CH,), 1.62 (s, 18H, OCO(CH,)3), 1.31 (m,
12H, N(CH,),(CH);CH;), 0.84 (t, ] = 7.5 Hz, 6H, N(CH,)sCH;). ®C NMR (125 MHz,
Chloroform-d): § 159.57, 155.33, 148.85, 147.66, 137.90, 135.98, 134.79, 129.95, 128.82, 128.37,
126.17, 125.56, 124.72, 114.44, 106.54, 97.88 86.85, 83.96, 61.49, 47.26, 31.40, 28.82, 27.37, 26.31,
22.48,13.90.IR (KBr): cm™ 3435, 2930, 2856, 2679,2345,2214, 1786, 1712, 1672, 1600, 1581, 1456,
1428, 1385, 1370, 1252, 1226, 1147, 1106, 1036, 1018, 889, 843, 822, 752, 693, 608, 542. HRMS:
found 951.4533 [M + H]*, CssHe:N4O1o requires 950.4538.
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3.3-4 6-((3'-Ethynyl-2,2"-dimethoxy-[ 1,1'-binaphthalen]-3-yl)ethynyl)-1-hexyluracil

To a degassed solution of dry Et;N (2.0 mL) and THF (3.5 mL), 1-hexyl-6-iodouracil (29.6 mg, 91.9
umol), Pd(PPh;)s (5.3 mg, 4.6 pmol), and Cul (1.7 mg, 9.2 pmol) were added and the mixture
degassed a second time. Compound (5)-3,3’-diethynyl-2,2’-dimethoxy-1,1’-binaphthalene (200.0
mg, 551.8 pmol) was then added, and the reaction mixture was degassed one last time and stirred for
60 min at r.t., under Ar. The reaction mixture was filtered over celite (CHCI;) and concentrated under
reduced pressure. The crude was purified by column chromatography (SiO,, CHX/AcOEt 7:3) and
finally precipitated from THF with Pet. Et. to obtain product as a white solid (22.3 mg, 44 % yield).

m.p. 124-125 °C. [a]®p = + 13.5 (¢ = 1.0, CHCl;). 'H NMR (500 MHz, Chloroform-d): § 8.23-8.21
(m, 3H, NH + Ar-H), 7.90 (d, ] =8.0 Hz, 1H, Ar-H), 7.87 (d, ] =8.0 Hz, 1H, Ar-H), 7.48 — 7.41 (m,
2H, Ar-H), 7.36-7.27 (m, 2H,Ar-H), 7.14 (d, J = 8.5 Hz, 1H, Ar-H), 7.08 (d, J = 8.5 Hz, 1H, Ar-H),
6.06 (d, J=2.0 Hz, 1H, CH), 4.12 (t, J= 7.5 Hz, 2H, NCH,(CH,),CH3), 3.67 (s, 3H, OCH;), 3.59
(s, 3H, OCH;), 3.39 (s, 1H, CH) 1.81 (m, 2H, NCH,CH,(CH,);CH;), 1.46-1.25 (m, 6H,
N(CH.),(CH,);CH3), 0.84 (t, J= 7.5 Hz, 3H, N(CH,)sCH;). *C NMR (125 MHz, Chloroform-d):
§ 168.44,154.70,152.98, 149.61, 136.59, 118.60, 118.22, 114.44, 112.66, 111.65,91.29,91.07, 70.12,
69.00, 32.15,29.91, 29.89, 29.88, 29.86, 29.84, 29.83, 29.81, 29.63, 29.59, 29.57, 29.56, 29.54, 29.47,
26.24,26.22,24.96,22.91, 14.34. IR (KBr): cm™ 3434, 3051, 2931, 2856, 2212, 1686, 1579, 1491,
1459, 1356, 1247, 1209, 1150, 195, 1008, 892, 820, 783, 753, 472. HRMS: found 557.2435 [M + H]*,
C36H3N,O4requires 556.2362.
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4-3 1,6-Dibromopyrene

Pyrene (1.00 g, 4.94 mmol) was dissolved in CCl; (15.0 mL) and stirred at room temperature until
completely dissolved. Then, Br, (0.54 mL of pure Br, diluted in 20.0 mL of CCl,) was added dropwise.
The mixture was stirred at r.t. overnight. The reaction mixture was filtered to afford a pink precipitate
that was crystallized several times from PhCHj to obtain the product as an off-white solid (0.57 g, 32
% yield).

m.p. 219-222 °C. 'H NMR (500 MHz, Chloroform-d): § 8.46 (d, J= 9.3 Hz, 2H, Pyr-Hs 10), 8.27 (d, J
=8.2 Hz, 2H, Pyr- H;), 8.12 (d, J= 9.2 Hz, 2H, Pyr-H.y), 8.05 (d, J= 8.2 Hz, 2H, Pyr-H;;). *C NMR
(126 MHz, Chloroform-d): § 130.96, 130.66, 129.92, 12891, 126.55, 126.21, 125.47, 121.02. IR
(KBr): cm™ 1598, 1579, 1479, 1451, 1426, 1368, 1284, 1233, 1199, 1161, 1025, 971, 851, 836, 818,
703, 676, 619. MS (ES +) found 360.1 (M*), CisHsBr, requires 360.14. Characterization in

accordance with literature.%

4-5 1,6-Diethynylpyrene
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A mixture of 1,6-dibromopyrene 4-3 (200 mg, 0.56 mmol), TMSA (0.40 mL, 2.80 mmol), Pd(PPh),,
(32 mg, 0.03 mmol) and Cul (S mg, 0.03 mmol) was sealed in a microwaves tube with THF (1.0 mL),
PhCHj; (1.0 mL) and Et;N (1.0 mL). The temperature heating profile for the reaction mixture was as
follows: r.t. » 120 °C over a 2-min period (200-W maximum power ), the reaction mixture was held at
120 °C (dynamic, 200-W maximum power) for 60 min. The mixture was filtered over celite (CHCL;)
and the solvents removed under reduced pressure. The crude was purified over column
chromatography (SiO,, CHX) to yield the TMS protected intermediate 4-4. 'H NMR (500 MHz,
Chloroform-d): § 8.58 (d, /= 9.0 Hz, 2H), 8.17 — 8.11 (m, 6H), 0.39 (s, 18H).

The intermediate was dissolved in mixture of THF and MeOH mixture (2.0 mL, 1:1). Thena 1 M aq.
solution of KOH (1.0 mL) was added dropwise. A yellow precipitate immediately appeared and the
solution was stirred for 2 hrs. The product was purified by means of precipitation with MeOH to afford

the product as a yellow solid (102 mg, 73 % over two steps).

m.p. 147 °C decomp. 'H NMR (500 MHz, Chloroform-d): § 8.62 (d, J=9.1 Hz, 2H, Pyr-Hs,10), 8.19
(d, J= 7.9 Hz, 2H, Pyr-H,;), 8.17 — 8.13 (m, 4H, Pyr-H,s,), 3.64 (s, Pyr-C=CH). *C NMR (50
MHz, Chloroform-d): 132.7, 131.6, 130.7, 128.5, 126.5, 125.3, 117.5, 83.3, 82.7. MS (ES +) found

250.1 (M*), CyoHio requires 250.08. Characterization in accordance with literature.*

4-6 Zinc(11) 5,10,15-Trimesityl-20-(4-iodophenyl)porphyrin

Ar

Ar @

Ar
Ar; ---

A solution of 4-iodobenzaldehyde (0.50 g, 2.72 mmol), pyrrole (0.76 mL, 10.88 mmol) and
mesytaldehyde (1.21 mL, 8.16 mmol) in CHCl; (1.0 L, containing 0.75 % EtOH) was degassed by
bubbling Ar for 30 minutes. BF3-Et,O (0.9 mL) was added and the solution was stirred for 1 h, under
dark. DDQ_(1.85 g, 8.16 mmol) was added and all was stirred for 1 h. Finally, Et;N (0.7 mL) was
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added, the reaction mixture was concentrated to about 200 mL and passed through a silica plug
(CHX/CH,Cl, 1:1) to recover a mixture of porphyrins. The overall mixture was then dissolved in
CHCI; (20 mL) and §S mL of sat. MeOH solution of Zn(AcQ),-2H,O was added in the dark and all
was stirred atr.t. for 2 hrs. The reaction mixture was diluted with CHCI; and the organic phase washed
with H,O, brine, dried (Na,SO,) and removed under reduced pressure. The crude was purified by
repetitive column chromatography (8i0,, CHX/CH,Cl, 85:15) to obtain product 4-6 as bright pink
solid (201 mg, 7 % yield).

m.p > 250 °C. 'H NMR (500 MHz, Chloroform-d): § 8.84 (d, J= 4.6 Hz, 2H, Pyr-H), 8.77 (d, J= 4.5
Hz, 2H, Pyr-H), 8.70 (d, /= 12.0 Hz, 4H, Pyr-H), 8.07 (d, J= 7.8 Hz, 2H, Ar-H), 7.96 (d, ] = 7.8 Hz,
2H, Ar-H), 7.31 - 7.25 (m, 6H, Ar-H), 2.65 - 2.61 (m, 9H, Ar-CH;), 1.89 — 1.81 (m, 18H, Ar-CH;).
BC NMR (126 MHz, Chloroform-d): § 150.19, 150.16, 149.98, 149.93, 149.71, 142.77, 139.52,
139.49, 139.48, 139.19, 139.11, 137.66, 137.65, 137.53, 136.28, 135.83, 131.97, 131.45, 131.38,
131.12,131.01, 127.87, 127.82, 119.21, 119.04, 118.66, 93.90, 21.98, 21.92, 21.90, 21.70. IR (KBr):
cm™ 3049.8,2917.1, 2849.1, 1653.6, 1457.9, 1264,1 744.4. MS (HRMS +): found 929.2056 (M+),

Cs3HusIN4Zn requires 929.2053. Characterization in accordance with literature.®®

4-1 1,6-Bis-[ (Zn(I1)S-(1-phen-4-yl)-10,15,20,-trimesitylporphyryl) ethynyl ] pyrene

Ar
Ar

Ar

To a Schlenk tube, a solution of zinc(II) 5,10,15-trimesityl-20-(4-iodophenyl)porphyrin 4-6 (50.0
mg, 53.7 umol) in PhCH;/Et;N (5:1, 15.0 mL) was added and the whole solution was degassed with
a ‘freeze-pump-thaw’ cycle. After this Pd;(dba); (12.3 mg, 13.4 umol) and AsPh; (16.4 mg, 53.6 pmol)

were added and the suspension was subjected to another degassing cycle. Finally, 1,6-diethynylpyrene
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(5.0 mg, 24.4 ymol) was added and all was degassed for the last time. All was stirred at r.t. overnight,
under Ar atmosphere. The reaction mixture was filtered over celite (with the aid of CH,CL),
evaporated and purified by column chromatography (SiO,, CHX/CH,Cl, 85:15) to afford a dark red
solid which was further purified by precipitation from CH,ClL with cold Pet. Et. to obtain the pure
product as dark red solid (28.0 mg, 62 % yield). Crystals suitable for X-ray were obtained from from
CHCl;/MeOH.

m.p. > 250 °C. 'H NMR (500 MHz, Chloroform-d): § 8.97-8.93 (m, 6 H, Ar-H + -pyrrole), 8.82 (d,
J=4.6,4H, B-pyrrole), 8.74 (s, 8 H, B-pyrrole), 8.43 (d, J= 7.7 Hz, 2H, Pyr-H), 8.35-8.30 (m, 8 H,
Ar-H + B-pyrrole), 8.14 (AABB', d, J=7.4,4 H, Ar-H), 7.30 (s, 12 H, Ar-H), 2.65 (s, 18 H, Ar-CH),
1.88 (s, 36 H, Ar-CH;). ®C NMR (126 MHz, Chloroform-d): § 150.23, 150.20, 150.04, 149.90,
143.69, 139.54, 139.29, 139.20, 137.69, 137.67, 134.87, 132.52, 132.15, 131.65, 131.48, 131.41,
131.08, 130.46, 130.18, 128.63, 127.91, 126.80, 125.63, 124.70, 122.74, 119.43, 119.26, 119.06,
118.92, 96.08, 89.78, 22.03, 21.96, 21.74. IR (KBr): cm™ 3446, 2921, 2851, 2337, 2030, 1952, 1639,
1432,1384,1112,1061,876,616. MS (HR-MALDI, DCTAB) found 1850.6505 (M*), C1,6HosNsZn,
requires 1850.6497.

4-2 Zinc(11) 5,10,15-Trimesityl-20-{4-[2-(trimethylsilyl)ethynyl]phenyl}porphyrin

Ar

w o=

Ar

To a Schlenk tube, a solution of zinc(II) 5,10,15-trimesityl-20-(4-iodophenyl)porphyrin 4-6 (50.0
mg, 53.7 pmol) in PhCH3/Et:N (5:1, 15.0 mL) was added and the whole solution was degassed with
a ‘freeze-pump-thaw’ cycle. After this Pd»(dba); (6.2 mg, 6.7 umol) and AsPh; (8.2 mg, 26.7 pmol)
were added and the suspension was subjected to another degassing cycle. Finally, TMSA (7.3 uL,

107.4 pmol) was added and all was degassed for the last time. All was stirred at r.t. overnight, under Ar
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atmosphere. The reaction mixture was filtered over celite (with the aid of CH,Cl,), evaporated and
purified by column chromatography (SiO,, CHX/CH,CL, 85:15) to afford a dark purple solid which
was further purified by precipitation from CH,Cl,with cold Pet. Et. to obtain the pure product as dark
purple solid (45.0 mg, 93 % yield). Crystals suitable for X-ray were obtained by slow evaporation of a
CHCl;/pyridine solution.

m.p. > 250 °C. 'H NMR (500 MHz, Dichloromethane-d:): § 8.86 (d, /= 4.6 Hz, 2H, B-pyrrole), 8.76
(d, J= 4.6 Hz, 2H, B-pyrrole), 8.72 (s, 4 H, B-pyrrole), 8.20 (AA'BB’, d, J= 7.6 Hz, 2H, Ar-H), 7.86
(AA'BB, d, J=7.6 Hz, 2H, Ar-H), 7.31 (s, 6 H, Ar-H), 2.64 (s, 9 H, Ar-CH;), 1.85 (s, 6 H, Ar-CH}),
0.39 (s, 9 H, Si-CH;). *C NMR (126 MHz, Dichloromethane-d,): § 151.83, 151.78, 151.64, 151.51,
145.26, 141.06, 141.02, 140.84, 140.79, 139.44, 136.27, 133.69, 132.97, 132.87, 132.49, 131.91,
129.57,129.49, 124.09, 121.04, 120.80, 120.72, 106.98, 97.01,23.31, 23.24,23.05, 1.62. MS (HRMS)
found 899.3469 (M), CssHsiN,SiZn requires 898.3409. Characterizations were in accordance with

literature.®®

4-7 5,10,15-Tri(4-tert-butylphenyl)-20-(4-carboxymethyphenyl)porphyrin

Ar

Ar @

O_
Ar

Ar:---©—é

@)

To a solution of 4-tert-butylbenzaldehyde (0.37 mL, 2.19 mmol), methyl 4-formylbenzoate (330 mg,
2.19 mmol) and freshly distilled pyrrole (0.30 mL, 4.38 mmol) in CHCl; (1.0 L with 0.75 % EtOH)
was added BF;-OEt; (0.36 mL), at r.t. and under Ar. The solution was stirred for 1 h before adding p-
chloranil (400 mg, 1.63 mmol) and was left stirring for another hour. Finally, Et;N (0.28 mL) was
added and all was stirred for 15 min. The reaction mixture was concentrated under reduced pressure

and passed over a silica plug (CHX/CH,Cl, 1:1) to obtain a dark purple solid as a mixture of TPP and
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porphyrin esters. The crude was purified by column chromatography with product eluting as the
second band (SiO,, CHX » CHX/AcOEt 95:5) and finally crystallized from CH,Cl, with pentane to
obtain the purple product (294 mg, 15 % yield).

m.p.> 250 “C.'H NMR (500 MHz, Chloroform-d): § 8.91 (d, J= 4.9 Hz, 2H), 8.89 (s, 4H), 8.77 (d,
J=4.6Hz,2H), 8.44 (d, J= 8.1 Hz, 2H), 8.32 (d, /= 8.1 Hz, 2H), 8.20 — 8.09 (m, 6H), 7.79 - 7.74
(m, 6H), 4.12 (s, 3H), 1.62 (s, 27H), -2.74 (s, 2H). C NMR (126 MHz, Chloroform-d): § 167.65,
150.82, 147.50, 139.37, 139.31, 134.89, 134.76, 134.71, 129.71, 128.12, 123.88, 123.85, 121.01,
120.72,118.40, 52.65,35.17,31.96.MS (ES +): found 841.5 (M + H*), CssHssN4O: requires = 840.44.

Characterization was in accordance with literature.®”

4-8 5,10,15-Tri(4-tert-butylphenyl)-20-(4-carboxyphenyl)porphyrin

Ar

Ar @

O-H
Ar

To a suspension of 5,10,15-tri(4-tert-butylphenyl)-20-(4-carboxymethyphenyl)porphyrin 4-7 (100
mg, 0.12 mmol) in EtOH (50 mL) was added an excess of aqg. KOH e and the mixture was refluxed
overnight. The reaction mixture was acidified with 2 M aq. HCl and was concentrated under reduced
pressure. The crude was extracted with CHCI; and the organic phase was washed with 1 M agq.
NaHCOj; and brine, dried (Na,SO,) and removed under reduced pressure. The crude was purified by
column chromatography (SiO, CH,Cl, > CH,Cl,/MeOH 9:1) to obtain pure product as purple solid
(86 mg, 89 % yield).

m.p.> 250 °C.’H NMR (500 MHz, Chloroform-d/dimethylsulfoxide-ds 9:1 v/v): § 12.60 (s, 1H, Ar-
COOH), 8.90 (d, J= 4.9 Hz, 2H, Pyr-H), 8.88 (s, 4H, Pyr-H), 8.80 (d, J = 4.7 Hz, 2H, Pyr-H), 8.44
(d, J=7.9 Hz, 2H, Ar-H), 8.29 (d, J= 7.9 Hz, 2H, Ar-H), 8.15 - 8.10 (m, 6H, Ar-H), 7.78 (d, J= 7.8
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Hz, 6H, Ar-H), 1.61 (s, 27H, Ar-(CH;);), -2.82 (s, 2H, Pyr-NH). 3*C NMR (126 MHz, Chloroform-
d/dimethylsulfoxide-ds 9:1 v/v): § 169.52, 151.68, 147.53, 139.87, 139.82, 135.55, 135.49, 135.46,
131.61, 129.13, 124.81, 124.79, 121.73, 121.49, 119.53, 35.96, 32.77. IR (KBr): cm™ 3437, 2957,
1694, 1607, 1474, 1431, 1398, 1362, 1313, 1267, 1231, 1195, 1156, 1108, 1023, 982, 967, 800, 767,
734. MS (ES +): found 827.5 (M + H*), CssHssN4O, requires = 862.42. Characterization was in

accordance with literature.®”!

4-9 5,10,15,20-Tetrakis(4-carboxyphenyl)porphyrin

Ar

Ar Ar

@)

A solution of 4-formylbenzoic acid (0.50 g, 3.33 mmol) in propionic acid (20.0 mL) was heated to 80
°C until the aldehyde was fully dissolved. At this point, pyrrole (0.23 mL, 3.33 mmol) was added and
the temperature was brought to reflux for 2 hrs. The reaction mixture was allowed to cool down to r.t.
and left at — 20 °C overnight. The crystals were collected, washed with CH,Cl, and dried to obtain
product as dark purple solid (0.68 g, 26 % yield).

m.p.> 250 *C. 'H NMR (500 MHz, Dimethylsulfoxide-ds): § 13.19 (s, 4H, Ar-COOH), 8.85 (s, 8H,
Pyr-H), 8.38 (d, J = 8.0 Hz, 8H, Ar-H), 8.33 (d, /= 8.1 Hz, 8H, Ar-H), -2.91 (bs, 2H, Pyr-NH). IR
(KBr): cm™ 3433, 1697, 1605, 1401, 1263, 1177, 1102, 1019, 965, 866, 797, 714.. ES (MS -): 789.2

(M - H), C4sH30N4Os requires 790.21. Characterization in accordance with literature.”
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4-10 5,10,15,20-Tetrakis(4-pyridyl)porphyrin

Ar

Ar Ar

Ar

Ar:---@N

A solution of pyrrole (1.25 mL, 18.00 mmol) and 4-pyridinecarboxaldehyde (1.70 mL, 18.00 mmol)
in propionic acid (50.0 mL) was heated at reflux for 1 h. The mixture was cooled, concentrated under
reduced pressure, diluted with MeOH and left at — 20 °C over weekend to crystalize. Purple crystals

were filtered and washed with cold MeOH to obtain product as purple crystals (0.86 g, 8 % yield).

m.p.> 250 °C. 'H NMR (500 MHz, Chloroform-d): § 9.07 (d, J = 5.8 Hz, 8H, Pyridine-H), 8.87 (s,
8H, Pyrrole-H), 8.17 (d, J= 5.9 Hz, 8H, Pyridine-H), -2.91 (s, 2H, Pyrrole-N H). IR (KBr): cm™ 3435,
1593,1542,1467,1401,1351,1210, 1157, 1069, 1004, 980,971, 882, 843,797,785, 724,659.ES (MS

+):619.3 (M + H"), C40H26Ns requires 618.23. Characterization in accordance with literature.®”

4-11 5,10,15,20-Tetrakis(N-methyl-4-pyridinio)porphyrin tetraiodide

Ar

Ar Ar

Ar

Ar:---@w-

To a suspension of 5,10,15,20-tetrakis(4-pyridyl)porphyrin 4-10 (50 mg, 0.081 mmol) in dry DMF
(5.0 mL) was added an excess of CH;I (100 pL, 1.617 mmol) and the mixture was heated at 150 °C

301



6 Experimental Section

for 2 hrs. The mixture was cooled down to r.t. and diluted with acetone. The precipitate was filtered

and washed with acetone and Et,O to yiled product as dark purple solid (74 mg, 77 % yield).

m.p.> 250 *C.'HNMR (500 MHz, Deuterium Oxide) § 9.21 (d, /= 6.5 Hz, 8H, Pyridinium- H), 9.08
(s, 8H, Pyrrole-H), 8.88 (d, J= 6.7 Hz, 8H, Pyridinium-H), 4.68 (s, 12H, Pyridinium-CH;). IR (KBr):
cm! 3429, 1639, 1561, 1509, 1459, 1401, 1279, 1215, 1185, 1003, 970, 888, 858, 800, 711. ES (MS

+): 678.4 (M"), C44sH3sNs* requires 678.32. Characterization in accordance with literature.”*
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5-4 1,3,6,8-Tetrabromopyrene

Br Br
®
‘O‘
Br Br

A solution of pyrene (2.0 g, 9.9 mmol) in PhNO, (40 mL) was stirred at 120 °C for 30 min. Following
this Br, (2.3 mL, 44.9 mmol) was added dropwise. The mixture was vigorously stirred for 4 hrs and
then EtOH (50 mL) was slowly added and the mixture stirred 1 h at r.t. The precipitate formed was
filtered off, washed with EtOH and dried under reduced pressure yielding product as a pale-green solid

(4.96 g, 96 % yield), insoluble in all common organic solvents.

m.p. > 250 °C. IR (KBr): cm™ 3436, 11741, 1630, 1592, 1466, 1453, 1358, 1279, 1227, 1160, 10SS,
988, 874. MS (ES, TFA): found 518 (M*), C1sHsBr, requires 517.72. Characterization in accordance

with literature.®’

5-5 1,3,6,8-Tetrakis[ (trimethylsilyl)ethynyl]pyrene

H\\//H
‘O‘
e Ny

To a degassed solution of dry /Pr,NH (20 mL) and dry THF (20 mL), 1,3,6,8-tetrabromopyrene 5-4
(1 g 1.93 mmol), Pd(PPh;),Cl, (0.067 g, 0.096 mmol) and Cul (0.018 g, 0.096 mmol) were added
and the resulting solution degassed a second time. Finally, TMSA (1.6 mL, 11.5 mmol) was added,

the reaction mixture degassed one last time and stirred overnight at 80 °C under Ar. Notably, after a
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few minutes the reaction color changed from green to intense orange. The resulting mixture was
filtered over celite (CH,Cl, and MeOH). Removal of the solvents under reduced pressure and
purification of the crude by column chromatography (SiO,, CHX) yielded product as a bright orange
solid (0.96 g, 85 % yield). m.p. > 250 °C. 'H NMR (400 MHz, Chloroform-d): § 8.60 (s, 4H, Pyr-
His9,10), 8.31 (s, 2H, Pyr-H,), 0.39 (s, 36H, Pyr-C=CSi(CH;);).

To a solution of trimethylsilylethynylpyrene intermediate (0.17 g, 0.59 mmol) in CH,Cl,/MeOH (20
mL, 1:1) was added 1 M aq. KOH solution(4 mL). The mixture was stirred overnight at r.t. As the
reaction proceeded a yellow precipitate appeared. H;O (10 mL) was then added to the mixture and
the organic phase extracted multiple times with CHCI;, the organic phases combined and dried
(Na,SO;). Evaporation of the solvent under reduced pressure yielded product as a yellow solid in a

quantitative yield, which resulted insoluble in common organic solvents.

m.p. 182 °C decomp. 'H NMR (200 MHz, Chloroform-d + Methanol-d): § 8.7 (s, 4H, Hiss,10), 8.4
(s, 2H, H,;), 3.7 (s, 4H, Pyr-C=CH). IR (KBr): cm™ 3435, 3280, 2100, 1600, 1468, 1115, 905, 832,
670, 608, 473. MS (ES): found 298 (M*), C2sH,o requires = 298.08. Characterization in accordance

with literature.®’

5-6 1,8-Diiodopyrene

®
‘O‘

Pyrene (5.0 g, 24.7 mmol) was dispersed in AcOH (150.0 mL) and the mixture heated up at 90 °C.
Then, H,O (16.0 mL), I, (6.27 g, 24.7 mmol), KIO;4 (2.11 g, 9.80 mmol) and H,SO, (1.67 mL) were
added carefully. The solution became red. Filtration of the reaction mixture afforded a brown
precipitate that was then purified by crystallization with hot PhCHj to afford pure product (2.8 g, 25
%).
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m.p. 132 °C. 'H NMR (500 MHz, Chloroform-d): § 8.54 (d, J= 8.1 Hz, 2H, Pyr-H,;), 8.39 (s, 2H,
Pyr-H10), 8.06 (s,2H, Pyr-H,s), 7.90 (d, /= 8.1 Hz, 2H, Pyr, Hs). *C NMR (126 MHz, Chloroform-
d): § 137.64,133.26,132.78,131.53, 127.94, 126.91, 125.11,97.19. IR (KBr): cm™ 2916, 2849, 1730,
1637, 1594, 1470, 1264, 1179, 1104, 1048, 990. MS (ES): found 453.9 (M), C1sHsl, requires 453.87.

5-7 1,8-Diethynylpyrene

In a 10 mL microwave-reactor tube containing a stirring bar, 1,8-diiodopyrene 5-6 (0.20 g, 0.44
mmol), Pd(PPh;), (0.04 g, 0.03 mmol), Cul (0.02 g, 0.1 mmol) were dissolved in Tol/THF/Et;N
(2:2:2 mL) and was purged with argon. TMSA (0.20 mL, 1.41 mmol) was added and the reaction
vessel was sealed and placed into the microwave reactor. The temperature heating profile for the
reaction mixture was as follows: r.t. > 120 °C over a 2-min period (200-W maximum power), the
reaction mixture was held at 120 °C (dynamic, 200-W maximum power) for 60 min. The reaction
mixture was filtered over celite (CHCl;) and the filtrates were removed under reduced pressure. The
intermiate was purified by column chromatography (SiO,, CHX/CH,Cl,). The TMS intermediate
fractions were dissolved in THF/MeOH (2.0 mL, 1:1) and 1 M aq. KOH solution (1.0 mL) was added
dropwise and the mixture stirred for 2 hrs. The reaction mixture was purified by means of precipitation

with MeOH to afford the final compound as a brown solid (0.09 g, 84 % yield).

m.p. 131 °C. 'H NMR (400 MHz, Chloroform-d): § 8.68 (s, 2H, Pyr-Hs10), 8.19 (d, J= 7.9 Hz, 2H,
Pyr-H,;), 8.12 (d, J = 8.0 Hz, 2H, Pyr, His), 8.07 (s, 2H, Pyr-H,s), 3.65 (s, 2H). *C NMR (50 MHz,
Chloroform-d): 132.28, 131.55, 130.50, 128.11, 126.39, 125.02, 123.89, 117.33, 83.12, 82.47. MS
(ES): found 250.1 (M*), requires Cz0H1 250.08.
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5-11,3,6,8-Tetrakis(4-pyridylethynyl)pyrene

In a 10 mL microwave-reactor tube containing a stirring bar, 4-iodopyridine (0.121 g, 0.560 mmol),
Pd(PPhs;)4 (0.004 g,0.004 mmol), Cul (0.001 g,0.007 mmol) were dissolved in DMF/Et;N (2:2mL)
and was purged with argon. Tetraethynylpyrene 5-5 (0.022 g, 0.074 mmol) was added and the
reaction vessel was sealed and placed into the microwave reactor. The temperature heating profile for
the reaction mixture was as follows: r.t. » 120 °C over a 2-min period (200-W maximum power ), the
reaction mixture was held at 120 °C (dynamic, 200-W maximum power) for 60 min. The crude
reaction mixture was diluted with MeOH and the dark red solid was filtered and washed extensively
with H,O, acetone and MeOH. The solid was dissolved in boiling C,H,Cl, and filtered over celite to
obtain pure product $-1 as dark red solid (0.036 g, 80 % yield).

m.p. > 250 °C. 'H NMR (500 MHz, 1,1,2,2-Tetrachloroethane-d;, 353 K): § = 8.84 (s, 4H, Pyrene-
His9,10), 8.75 (d, J= 4.9 Hz, 8H, Pyridine-H,), 8.58 (s, 2H, Pyrene-H,;), 7.62 (d, J = 4.9 Hz, 8H,
Pyridine-H;;s). *C NMR (126 MHz, 1,1,2,2-Tetrachloroethane-d, 353 K): & = 149.85, 134.43,
132.20, 130.68, 127.24, 125.35, 120.20, 118.30, 93.75,91.31. IR (KBr): cm™ 22085, 1627, 1601, 1591,
1538, 1471, 1399, 817 cm™. HRMS-MALDI (dctb matrix): found 606.1847 (M)*, 607.1905 (MH)*
857.3168 (M+1dctb)*, 1107.4622 (M+2dctb)*, C4HxN,requires 606.1844.
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5-2 1,6-Bis(4-pyridylethynyl)pyrene

In a 10 mL microwave-reactor tube containing a stirring bar, 4-iodopyridine (0.328 g, 1.600 mmol),
Pd(PPhs;)4 (0.009 g,0.008 mmol), Cul (0.004 g, 0.020 mmol) were dissolved in DMF/Et;N (2:2mL)
and was purged with argon. 1,6-Diethynylpyrene 4-5 (0.100 g, 0.400 mmol) was added and the
reaction vessel was sealed and placed into the microwave reactor. The temperature heating profile for
the reaction mixture was as follows: r.t. » 120 °C over a 2-min period (200-W maximum power ), the
reaction mixture was held at 120 °C (dynamic, 200-W maximum power) for 30 min. The crude
reaction mixture was diluted with MeOH and the yellow solid was filtered and washed extensively
with H,O, acetone and MeOH. The solid was dissolved in boiling C,H,Cl, and filtered over celite to
obtain pure product 5-2 (0.142 g, 88 % yield) as bright yellow solid.

m.p. > 250 °C. '"H NMR (500 MHz, 1,1,2,2-Tetrachloroethane-d:): § = 8.69 (d, J = 5.5 Hz, 4H,
Pyridine-H,), 8.65 (d, J= 9.0 Hz, 2H, Pyrene-Hs 1), 8.29 (d, J= 8.0 Hz, 2H, Pyrene-H,;), 8.23-8.21
(m, 4H, Pyrene-Hsus5), 7.60 (d, J = 6.0 Hz, 4H, Pyridine-H;s). *C NMR (126 MHz, 1,1,2,2-
Tetrachloroethane-d,): §= 149.63, 132.02, 131.50, 131.30, 130.43, 128.50, 126.27, 125.55, 125.50,
123.75,117.17,92.90, 92.75. IR (KBr): cm™ 2203, 1604, 1569, 1483, 1435, 1420, 1215, 1098, 1059,
845, 830, 694 cm™'. HRMS-MALDI (dctb matrix): found 404.1308 (M)*, 405.1369 (M+H)*, 654.3
(M+1dctb)*, 905.5 (M+2dctb)*, C30HisN, requires 404.1313.
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5-3 1,8-Bis(4-pyridylethynyl)pyrene

To a degassed solution of dry Et;N (2.5 mL) and THF (2.5 mL), 4-iodopyridine (0.072 g, 0.35
mmol), Pd(PPh;), (0.010 g,0.008 mmol) and Cul (0.006 g,0.032 mmol) were added and the mixture
degassed a second time. 1,8-Diethynylpyrene 5-7 (0.040 g, 0.16 mmol) was then added, the reaction
mixture degassed one last time, and stirred overnight at room temperature under Ar. After 1 h an
orange precipitate was formed. The precipitate was then separated by centrifugation and washed with
copious amount of MeOH, AcCN and PhCHj; and submitted to column chromatography (SiO,,
PhCH3;/Py 85:15) affording the final compound 5-3 as a light orange powder (0.025 g, 45 % yield).

m.p. > 250°C. '"H NMR (500 MHz, Pyridine-d;): §=9.02 (s, 2H, Pyrene-Hs 1), 8.87 (d, J= 4.5 Hz,
4H, Pyridine-H), 8.39 (d, J= 8.0 Hz, 2H, Pyrene-H,;), 8.28 (d, J = 8.0 Hz, 2H, Pyrene-H;s), 8.19
(s, 2H, Pyrene-H,s), 7.68 (d, J = 4.5 Hz, 4H, Pyridine-H,s). *C NMR (126 MHz, Pyridine-ds): § =
151.11,132.92, 131.74, 131.38, 129.48, 127.47, 126.69, 126.36, 124.82, 123.53, 118.26, 94.21, 93.56.
IR (KBr): cm™ 2202, 1600, 1492, 1443, 1162, 1027, 845, 755, 693, 523 cm™. HRMS-MALDI (dctb
matrix): found 404.1308 (M)*, 405.1369 (M+H)*, 654.3 (M+1dctb)*, 905.5 (M+2dctb)*, C30H N,
requires 404.1313.
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§-1a 1,3,6,8-Tetrakis(phenylethynyl)pyrene

In a 10 mL microwave-reactor tube containing a stirring bar, 1,3,6,8-tetrabromopyrene 5-4 (0.250 g,
0.481 mmol), Pd(PPh;),CL (0.017 g, 0.024 mmol), Cul (0.005 g, 0.026 mmol) were dissolved in
DMF/Et;N (2:2 mL) and was purged with argon. Phenylacetylene (0.317 g, 2.884 mmol) was added
and the reaction vessel was sealed and placed into the microwave reactor. The temperature heating
profile for the reaction mixture was as follows: r.t. > 120 °C over a 2-min period (200-W maximum
power), the reaction mixture was held at 120 °C (dynamic, 200-W maximum power) for 60 min. The
crude reaction mixture was diluted with MeOH and the solid was filtered and washed extensively with

H,O, acetone and MeOH to obtain pure product 5-1a as bright orange solid (0.246 g, 85 % yield).

m.p. > 250 °C. 'H NMR (500 MHz, 1,1,2,2-Tetrachloroethane-d, 353 K): § 8.83 (s, 4H, Pyrene-
His9,10),8.51 (2H, Pyrene-H, ), 7.81-7.78 (m, 8H, Ph-H,), 7.52-7.46 (m, 12H, Ph-H, ;). ®*C NMR
(126 MHz, 1,1,2,2-Tetrachloroethane-d,, 353 K): § 133.63, 131.70, 131.68, 128.60, 128.38, 126.79,
123.99,123.05,118.98,96.34, 87.62. IR (KBr): cm™ 2200, 1599, 1499, 1442, 1069, 885, 830, 754, 687
cm™. MS (ESI): 603 (M)*, 301 (M)**, C4sHs requires 602.2.
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$-2a 1,6-Bis(phenylethynyl)pyrene

To a degassed solution of dry Et;N (2.5 mL) and THF (2.5 mL), 4-iodobenzene (0.071 g, 0.350
mmol), Pd(PPh;), (0.010 g,0.008 mmol) and Cul (0.006 g,0.032 mmol) were added and the mixture
degassed a second time. 1,6-Diethynylpyrene 4-5 (0.040 g, 0.160 mmol) was then added, the reaction
mixture degassed one last time, and stirred overnight at room temperature under Ar. The precipitate
was then filtered over celite (CHCL;), the solvent was removed under reduced pressure. The crude
was purified with column chromatography (SiO,, CHX/DCM 85:15) affording the final compound
5-2a (0.046 g, 78 % yield) as a yellow powder.

m.p. > 250 °C. 'H NMR (500 MHz, Chloroform-d): § 8.70 (d, J= 9.0 Hz, 2H, Pyrene-Hs,10), 8.23 (d,
J=8.0 Hz, 2H, Pyrene-H,), 8.19-8.16 (m, 4H, Pyrene-Hs455), 7.74 (m, 4H, Ph-H,), 7.46-7.71 (m,
6H, Ph-H,5). *C NMR (126 MHz, Chloroform-d): 132.27, 131.95, 131.40, 130.19, 128.76, 128.73,
128.38, 126.53, 125.39, 124.48, 123.65, 118.71, 95.75, 88.72. IR (KBr): cm™ 2201, 1600, 1492, 1442,
1161, 1071, 1027, 845,755,693 cm™. MS (ESI): found 402.1 (M)*, requires Cs,H s 402.1.
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§-3a 1,8-Bis(phenylethynyl)pyrene

To a degassed solution of dry Et;N (2.5 mL) and THF (2.5 mL), 4-iodobenzene (0.071 g, 0.350
mmol), Pd(PPh;), (0.010 g,0.008 mmol) and Cul (0.006 g,0.032 mmol) were added and the mixture
degassed a second time. 1,8-Diethynylpyrene 5-7 (0.040 g, 0.160 mmol) was then added, the reaction
mixture degassed one last time, and stirred overnight at r.t. under Ar. The precipitate was then filtered
over celite (CHCL;), the solvent was removed under reduced pressure. The crude was purified with
column chromatography (SiO,, CHX/DCM 85:15) affording the final compound $-3a as a yellow
powder (0.046 g, 72 % yield).

m.p. > 250 °C. "H NMR (500 MHz, Chloroform-d): § 8.78 (s, 2H, Pyrene-Hs 1), 8.22 (d, J= 8.0 Hz,
2H, Pyrene-H,;), 8.13 (d, J = 8.0 Hz, 2H, Pyrene-Hsg), 8.06 (s, 2H, Pyrene-H,s), 7.75-7.73 (m, 4H,
Ph-H¢), 7.46-7.41 (m, 6H, Ph-H; 45). *C NMR (126 MHz, Chloroform-d): 132.08, 131.95, 131.56,
130.11, 128.73,128.71, 128.17, 126.67, 125.32, 124.44, 123.68, 118.74, 95.85, 88.74. IR (KBr): cm*
2200, 1601, 1495, 1442, 1176, 1159, 1069, 1026, 845, 749, 686 cm™. MS (ESI): found 402.1 (M)*,
requires C3,His 402.1.
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5-8 Pyrene-2,7-bis(4,4,5,5-tetramethyl-[ 1, 3, 2]dioxaborolane)

A Schlenk flask, under Ar, was charged with pyrene (1.00 g, 4.94 mmol) and B;pin, (2.70 g, 10.62
mmol) in dry THF (5.0 mL) and the solution was degassed with a ‘freeze-pump-thaw’ cycle. To this
mixture was added a degassed solution of [Ir(u-OMe)cod)], (33 mg, 0.05 mmol), 4,4’-di-tert-butyl-
2,2"-bipyridine (29 mg, 0.10 mmol) and B;pin; (55 mg, 0.21 mmol) in dry THF (2.5 mL). The tube
was sealed, degassed one last time with ‘freeze-pump-thaw’ cycle and the reaction mixture was stirred
at 80 °C for 16 h. The reaction mixture was left to cool to r.t. and then passed through a silica plug
(CH.CL,) and the solvent was removed under reduced pressure. The crude was purified by column

chromatography (SiO., hexane/CH,Cl, 7:3) to obtain product as white solid (1.81 g, 81 % yield).

m.p. > 250 °C. '"H NMR (400 MHz, Chloroform-d): § 8.62 (s, 4H, Pyr-Hi;4s), 8.08 (s, 4H, Pyr-
Hiso,0), 1.46 (s, 24H, -BO,C2(CH;),). MS (ES +): found 454 (M*), CysH3,B,0; requires 454.28.

Characterization in accordance with literature.®'
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5-92,7-Dibromopyrene

To a solution of 2,7-bis(pinacolborano)pyrene 5-8 (0.35 g, 0.75 mmol) in THF/MeOH (10 mL, 1:3)
was added a solution of CuBr, (1.04 g, 4.64 mmol) in H,O (7.5 mL). The mixture was heated at 90
°C overnight and concentrated under reduced pressure. H,O was added and the white precipitate
collected by filtration and washed with H,O, Et,O and hexane. The product was extracted in hot
PhCHj; and the solvent was removed under reduced pressure. Finally, the product was obtained as an

off-white solid by crystallization from boiling acetone (0.17 g, 64 % yield).

m.p. > 250 °C. 'H NMR (400 MHz, Chloroform-d) § 8.31 (s, 4H, Pyr-Hi;es), 8.01 (s, 4H, Pyr-
H,s0,10). MS (ES +): found 360 (M*), C16HsBr; requires 357.90. Characterization in accordance with

literature.®'

5-10 Pyrene-2,7-dicarboxylic acid
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To a solution of 2,7-dibromopyrene 5-9 (0.10 g, 0.28 mmol) in dry THF (25 mL) under Ar and at -
78 °C an excess of "BuLi (1.4 mL of a 1.6 M hexane solution, 2.26 mmol) was added dropwise. The
mixture was stirred at -78 °C for 30 minutes under Ar. At this point, excess CO, gas was added (dry
ice in a 1 L round-bottom flask was bubbled into the solution by cannula). The mixture was left to
warm up to room temperature and left stirring overnight. H,O was added and the mixture was
concentrated under reduced pressure. The residual aqueous phase was treated with 1 M aq. HCl
solution to yield a precipitate that was collected by filtration and washed with H,O, hexane, EtOAc

and finally Et,O. The solid was dried to obtain product as bright yellow solid (74 mg, 91 % yield).

m.p. > 250 °C. 'TH NMR (400 MHz, Dimethylsulfoxide-ds): § 13.39 (s, 2H, Pyr-COOH), 8.91 (s, 4H,
Pyr-Hi;6s), 840 (s, 4H, Pyr-Hiso1). MS (ES +): found 290 (M*), CisH10O4 requires 290.06.

Characterization in accordance with literature.®*
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PXX Peri-xanthenoxanthene

To a Schlenk flask was added 1,1"-bi-2-naphthol (0.50 g, 1.75 mmol), Cul (1.00 g, 5.25 mmol), PivOH
(0.36 g, 3.52 mmol) and DMSO (20 mL). The resulting mixture was stirred open to air at 140 °C for
2 hrs. The mixture was cooled down, diluted with EtOAc and the organic phase washed with a sat. aq.
solution of NH4,OH and brine. The aqueous phases were extracted with EtOAc. The combined
organic layers were dried (Na,SO4) and evaporated under reduced pressure. The residue was purified
by column chromatography (SiO,, CHX/CH,CL, 8:2) affording product as a bright yellow powder
(0.38 g, 77 % yield).

'H NMR (500 MHz, Benzene-ds): § 6.88 (d, /= 9.0 Hz, 2H), 6.81 (d, J= 2.1 Hz, 2H), 6.80 (s, 2H),
6.68 (d, J=9.0 Hz, 2H), 6.56 (dd, J= 5.2, 3.3 Hz, 2H). *C NMR (126 MHz, Benzene-d;): § 153.18,
144.70, 131.76, 127.35, 126.55, 122.12, 120.36, 117.49, 112.00, 108.95. HRMS (EI+): found
Ca0H100; requires 282.0681, found 282.0682.

5-119,10-Bis(bromomethyl)anthracene

To a mixture of anthracene (1.9 g, 10.5 mmol), (HCHO), (1.2 g, 40.0 mmol) and AlICl; (catalytic
amount) was added a solution of HBr (15 mL, 33 % HBr in CH;COOH). The reaction mixture was

heated to 50 °C for S hrs. The mixture was cooled down to r.t., the solid collected by filtration and
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washed with H,O. The product was obtained from crystallization from hot PhCHj as a bright yellow
solid (2.3 g, 59 % yield).

m.p. > 250 °C."H NMR (500 MHz, Chloroform-d): § 8.38 (dd, /= 7.1, 3.3 Hz, 4H, Ant-H, 455), 7.68
(dd,J=7.1,3.3Hz,4H, Ant-H,357), 5.52 (s, 4H, Ant-CH,Br). MS (ES +): found 364 (M*), C16H,Br»

requires 361.93. Characterization in accordance with literature.®’®

5-12 9,10-Bis(diethylphosphorylmethyl)anthracene

HaCH,CO.2
HaCH,CO'

p:OCH,CH;
& OCH,CHg

9,10-Bis(bromomethyl)anthracene 5-11 (1.2 g, 3.3 mmol) was added to triethyl phosphite (10 mL)
and the resulting suspension was carefully heated up to 150 °C and heated overnight. The solution

was left to cool down and the yellow solid was filtered and washed with water to afford an off-white
solid in (1.2 g, 76 % yield)

'H NMR (500 MHz, Chloroform-d): § 8.38 (dd, J= 6.8, 3.3 Hz, 4H, Ant-H 455), 7.57 (dd, /= 6.8,3.3
Hz, 4H, Ant-H,367), 4.24 (d, J=20.3 Hz, 4H, Ant-C H,-P), 3.94-3.76 (m, 8H, -POCH,CH3), 1.06 (t,
J=7.1Hz, 12H, -POCH,CH;). MS (ES +): found 501.1 (M + Na*), requires 478.5. Characterization

in accordance with literature.®”¢
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5-1329,10-Bis(( E)-2-(pyridin-4-yl)vinyl)anthracene

N\~

CCC

7
N

To a solution of 9,10-bis(diethylphosphorylmethyl)anthracene $-12 (91 mg, 0.19 mmol) and 4-
pyridinecarboxyaldehyde (60 mg, 0.56 mmol) in dry THF (15.0 mL) was added ‘BuONa (137 mg,
1.43 mmol) at r.t. under Ar. The color of the solution changed from yellow to orange and the reaction
mixture was left stirring overnight. The solvent was removed under reduced pressure and the crude
purified by column chromatography (SiO,, CHX/AcOEt 1:1) to obtain the pure product as a bright
yellow solid (47 mg, 64 % yield).

m.p. > 250 °C. 'H NMR (500 MHz, Chloroform-d): § 8.70 (d, /= 6.1 Hz, 4H, Pyr-H,), 8.33 (dd, /=
6.7,3.3 Hz, 4H, Ant-H, 455), 8.17 (d, J= 16.5 Hz, 2H, Pyr-CH=CH-Ant), 7.55 (d, J= 6.2 Hz, 4H, Pyr-
H;),7.52(dd, J=6.9,3.2 Hz, 4H, Ant-H,367), 6.91 (d, J= 16.5 Hz, 2H, Pyr-CH=CH-Ant). ®*C NMR
(126 MHz, Chloroform-d): § 150.72, 144.42, 135.50, 132.29, 130.11, 129.59, 126.36, 126.01, 121.18.
MS (ES +): found 385.0 (M*), C2sH2N, requires 384.5.
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5-13b 9,10-Bis((E)-2-(pyridin-3-yl)vinyl)anthracene

To a solution of 9,10-bis(diethylphosphorylmethyl)anthracene $-12 (91 mg, 0.19 mmol) and 3-
pyridinecarboxyaldehyde (60 mg, 0.56 mmol) in dry THF (15.0 mL) was added ‘BuONa (137 mg,
1.43 mmol) at r.t. under Ar. The color of the solution changed from yellow to orange and the reaction
mixture was left stirring overnight. The solvent was removed under reduced pressure and the crude
purified by column chromatography (SiO,, CHX/AcOEt 1:1) to obtain the pure product as a bright
yellow solid (42 mg, 57 % yield).

m.p. > 250 °C.*H NMR (500 MHz, Chloroform-d): § 8.89 (d, J= 1.9 Hz, 2H, Pyr-H,), 8.61 (dd, J=
4.8, 1.6 Hz, 2H, Pyr-Hy), 8.37 (dd, J= 6.7, 3.3 Hz, 4H, Ant-H, 4 55), 8.06 — 7.99 (m, 4H, Pyr-H, + Pyr-
CH=CH-Ant), 7.52 (dd, J= 6.9, 3.2 Hz, 4H, Ant-H, 35,), 7.41 (dd, J= 7.8, 4.9 Hz, 2H, Pyr-H;), 6.95
(d, J = 16.6 Hz, 2H, Pyr-CH=CH-Ant). 3C NMR (126 MHz, Chloroform-d): § 149.36, 148.82,
134.25, 133.11, 133.01, 132.54, 129.70, 127.63, 126.46, 125.82, 123.91. MS (ES +): found 385.0
(M*), C3sH20N; requires 384.5.
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5-13¢ 9,10-Bis(( E)-2-(pyridin-2-yl)vinyl)anthracene

To a solution of 9,10-bis(diethylphosphorylmethyl)anthracene $-12 (91 mg, 0.19 mmol) and 2-
pyridinecarboxyaldehyde (60 mg, 0.56 mmol) in dry THF (15.0 mL) was added ‘BuONa (137 mg,
1.43 mmol) at r.t. under Ar. The color of the solution changed from yellow to orange and the reaction
mixture was left stirring overnight. The solvent was removed under reduced pressure and the crude
purified by column chromatography (SiO,, CHX/AcOEt 1:1) to obtain the pure product as a bright
yellow solid (51 mg, 70 % yield).

m.p. > 250 °C. "H NMR (500 MHz, Chloroform-d): § 8.77 - 8.72 (m, 2H, Pyr-Hs), 8.56 (d, /= 16.1
Hz, 2H, Pyr-CH=CH-Ant), 8.44 (dd, J = 6.8, 3.3 Hz, 4H, Ant-Hy4ss), 7.75 (td, J= 7.8, 1.6 Hz, 2H
Pyr-H,), 7.52 - 7.45 (m, 6H, Pyr-Hs + Ant-H, 367), 7.04 (d, J= 16.2 Hz, 2H, Pyr-CH=C H-Ant); two
protons missing due to overlap with chloroform. *C NMR (126 MHz, Chloroform-d): § 155.50,
150.13, 136.95, 132.74, 129.97, 129.68, 126.67, 125.62, 122.73, 122.72. MS (ES +): found 385.0
(M*), C3sH20N; requires 384.5.
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5-13d 9,10-Bis((E)-styryl)anthracene

®

A

L

NS

J

To a solution of 9,10-bis(diethylphosphorylmethyl)anthracene 5-12 (50 mg, 104 pmol) in dry THF
(5.0 mL) under Ar was added BuONa (22 mg, 230 pmol) and the yellow solution turned brown.
Finally, benzaldehyde (28 pL, 260 pmol) was added and the solution became bright yellow. The
reaction mixture was stirred under Ar at r.t. overnight. The solvent was removed under reduced
pressure and the crude was purified by column chromatography (SiO,, CHX) to obtain the pure

product as a bright yellow solid (22 mg, 55 % yield).

m.p. > 250 °C.'H NMR (500 MHz, Chloroform-d): § 8.41 (dd, J= 6.8, 3.3 Hz, 4H, Ant-H, 455), 7.94
(d,J=16.5Hz,2H),7.72 - 7.68 (m, 4H, Ph-H,), 7.51 — 7.45 (m, 8H, Ph-H; + Ant-H,347), 7.43 - 7.33
(m, 2H, Ph-H,), 6.95 (d, J = 16.5 Hz, 2H, Pyr-CH=C H-Ant). *C NMR (126 MHz, Chloroform-d):
§ 137.70, 137.53, 132.92, 129.80, 129.07, 128.26, 126.83, 126.69, 125.47, 125.40. MS (ES +): found
382.2 (M*), C3oHa, requires 382.17.

5-14 9,10-Dibromoanthracene

Br

Br
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To a solution of anthracene (2.50 g, 14.03 mmol) in CHCl; (50 mL) was added dropwise a solution
of Br, (1.40 mL, 28.10 mmol) in CHCl; (25 mL). The mixture was stirred for 4 hrs. The solvent was
removed under reduced pressure and the crude solid was purified by re-crystallization from CH,CL,

yielding the product as yellow needles (4.43 g, 94 % yield).

m.p. 217-219 °C. '"H NMR (500 MHz, Chloroform-d): § 8.59 (dd, J = 6.8, 3.2 Hz, 4H, Ant-His5s),
7.64 (dd, J = 6.8, 3.2 Hz, 4H, Ant-H,34;). *C-NMR (125 MHz, Chloroform-d): § 131.05, 128.27,
127.4S5, 123.52. MS (ES +): found 336.0 (M*), Ci4sHsBr, requires 333.90. Characterization in

accordance with literature.®””

5-15 9,10-Diethynylanthracene

T

e

T

To a degassed solution of 9,10-dibromoanthracene $-14 (0.50 g, 1.49 mmol) in THF/iPr,NH (10
mL, 1:1) was added Pd(PPh;),CL (53 mg, 0.08 mmol) and Cul (29 mg, 0.15 mmol) and finally
TMSA (0.86 mL, 6.00 mmol). The mixture was heated to 80 °C and stirred overnight. The mixture
was filtered over celite (CH,CL,), the solvent removed under reduced pressure and the crude product
was further purified by column chromatography (SiO,, CHX) to obtain the TMS protected

intermediate as dark red solid.

To a degassed solution of the TMS-protected intermediate (0.34 g,0.92 mmol) in THF (15 mL) was
added a solution of KOH (0.11 g, 1.932). After 1 h, the mixture was diluted (CH,Cl,) and the organic
phase was washed with H,O and dried (Na,SO.). The solvents were removed under reduced pressure

to obtain product as yellow-brownish solid (0.22 g, 56 % yield over two steps).

321



6 Experimental Section

'H NMR (500 MHz, Chloroform-d): § 8.62 (dd, J= 6.6, 3.3 Hz, 4H, Ant-H 455), 7.63 (dd, J= 6.7, 3.2
Hz, 4H, Ant-H,357), 4.08 (s,2H, Ant-CCH). *C NMR (126 MHz, Chloroform-d): § 132.45, 127.02,
127.00, 117.78, 89.85, 80.17. MS (ES +): found 226.1 (M*), C1sHo requires 226.08. Characterization

in accordance with literature.®”®

5-16a 9,10-Bis(pyridin-4-ylethynyl)anthracene

To a degassed solution of dry Et;N (2.0 mL) and THF (2.0 mL), 9,10-diethynylanthracene 5-15 (100
mg, 442 pmol), Pd(PPh;), (13 mg, 11 pmol) and Cul (4 mg, 22 pmol) were added and the mixture
degassed a second time. 4-Iodopyridine (271 mg, 1326 pmol) was then added, the reaction mixture
degassed one last time and stirred overnight, atr.t. under Ar. The crude mixture was filtered over celite
(CHCL;), concentrated under reduced pressure and purified by column chromatography (SiOs,
CH,Cl,/MeOH 99:1) yielding product as a dark red solid (80 mg, 48 % yield).

m.p. > 250 °C. 'H NMR (500 MHz, Chloroform-d): § 8.73 (d, /= 5.5 Hz, 4H, Pyr-H,), 8.65 (dd, J=
6.5, 3.1 Hz, 4H, Ant-Hy45s), 7.70 (dd, J = 6.7, 3.2 Hz, 4H, Ant-H,357), 7.63 (d, J= 5.7 Hz, 4H, Pyr-
H;). ®C NMR (126 MHz, Chloroform-d): § 150.27, 132.47, 131.43, 127.66, 127.24, 125.69, 118.42,
99.92,90.82. MS (ES +): found 191.1 (M?*), 381.1 (M), C2sH 6N, requires 380.1.
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5-16b 9,10-Bis(pyridin-3-ylethynyl)anthracene

To a degassed solution of dry Et;N (2.0 mL) and THF (2.0 mL), 9,10-diethynylanthracene 5-15 (100
mg, 442 pmol), Pd(PPh;), (13 mg, 11 pmol) and Cul (4 mg, 22 pmol) were added and the mixture
degassed a second time. 3-Iodopyridine (271 mg, 1326 pmol) was then added, the reaction mixture
degassed one last time and stirred overnight, atr.t. under Ar. The crude mixture was filtered over celite
(CHCL;), concentrated under reduced pressure and purified by column chromatography (SiOs,
CH,Cl,/MeOH 95:5) yielding product as a dark red solid (55 mg, 33 % yield).

m.p. > 250 °C. *H NMR (500 MHz, Chloroform-d): § 9.02 (s, 2H, Pyr-H,), 8.70 - 8.62 (m, 6H, Ant-
Hy 55+ Pyr-Hg), 8.05 (dt, J="7.8, 1.8 Hz, 2H, Pyr-H,), 7.68 (dd, J= 6.6, 3.2 Hz, 4H, Ant-H, 3;), 7.40
(dd, J= 7.4, 5.3 Hz, 2H, Pyr-Hs). *C NMR (126 MHz, Chloroform-d): § 152.46, 149.26, 138.68,
132.33, 127.43,127.31, 123.48, 120.74, 118.44, 99.18, 89.79. MS (ES +): found 191.1 (M*"), 381.1
(M*), C3sHi6N; requires 380.1.
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5-16¢ 9,10-Bis(pyridin-2-ylethynyl)anthracene

To a degassed solution of dry Et;N (2.0 mL) and THF (2.0 mL), 9,10-diethynylanthracene 5-15 (100
mg, 442 pmol), Pd(PPh;), (13 mg, 11 pmol) and Cul (4 mg, 22 pmol) were added and the mixture
degassed a second time. 2-Iodopyridine (271 mg, 1326 pmol) was then added, the reaction mixture
degassed one last time and stirred overnight, at rt under Ar. The crude mixture was filtered over celite
(CHCL;), concentrated under reduced pressure and purified by column chromatography (SiOs,
CH,Cl,/MeOH 95:5) yielding product as a dark red solid (87 mg, 52 % yield).

m.p. > 250 °C. "TH NMR (500 MHz, Chloroform-d): § 8.78 — 8.74 (m, 6H, Pyr-Hs + Ant-Hi 455), 7.82
—7.77 (m, 4H, Pyr-Hs,), 7.67 (dd, J = 6.7, 3.2 Hz, 4H, Ant-H,34;), 7.36 — 7.31 (m, 2H, Pyr-H,). 3C
NMR (126 MHz, Chloroform-d): § 150.64, 143.81, 136.51, 132.64, 127.83, 127.48, 123.31, 118.44,
101.85, 86.33. MS (ES +): found 191.1 (M?*), 381.1 (M*), C2sH1sN, requires 380.1.
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5-16d 9,10-bis(phenylethynyl)anthracene

\_/

|

See
|

g

To a degassed solution of dry Et;N (2 mL) and THF (2 mL), 9,10-diethynylanthracene §-15 (100
mg, 442 pmol), Pd(PPh;), (13 mg, 11 pmol) and Cul (4 mg, 22 pmol) were added and the mixture
degassed a second time. lodobenzene (270 mg, 1326 pmol) was then added, the reaction mixture
degassed one last time and stirred overnight, at rt under Ar. The crude mixture was filtered over celite
(CHCL;), concentrated under reduced pressure and the crude purified by column chromatography
(SiO,, CHX) yielding product as a yellow solid (106 mg, 64 % yield).

m.p. >250°C.'HNMR (500 MHz, Chloroform-d): § 8.74 - 8.67 (dd, /= 6.5,3.1 Hz, 4H, Ant-H, 455),
7.79 (d, J = 7.3 Hz, 4H, Ph-H.), 7.65(dd, J = 6.7, 3.2 Hz, 4H, Ant-H,5), 7.50 — 7.40 (m, 6H, Ph-
H;H,). BC NMR (126 MHz, Chloroform-d): § 132.44, 131.95, 128.92, 128.81, 127.53, 127.04,
123.80, 118.80, 102.70, 86.82. MS (ES +): 378.2 (M*), C30H; requires 378.14.
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5-17 Meso-(mesityl)dipyrromethane

To a degassed solution of mesitaldehyde (1.47 mL, 9.97 mmol) and pyrrole (27.8 mL, 0.40 mol)
BF;.OEt; (0.369 mL, 3.0 mmol) was added. The light brown mixture was stirred for 30 min at r.t., then
diluted with CH,Cl,, washed with 0.1 M aq. NaOH solution. The organic phase was washed with H,O
and dried (Na;SO;). Evaporation of the solvent under reduced pressure resulted in a brown oil.
Unreacted pyrrole was removed by further evaporation to yield a light brown solid. The crude was
purified by column chromatography (SiO,, CHX/AcOEt 4:1) to yield the product as a light yellow
solid (1.04 g, 39 % yield).

m.p. 165-167 °C. 'H NMR (200 MHz, Chloroform-d): § 7.95 (bs, 2H, Py-NH), 6.88 (s, 4H, Ar-H),
6.67 (t,2H, Py-H), 6.19 (q, 2H, Py-H), 6.03 (t, 2H, Py-H), 5.92 (s, 1, meso-H). MS (ES): found 264.3

(M*), C1sH20N; requires 264.16. Characterization in accordance with literature.®”

5-18 Zn(1I) S,15-Dimesityl-10,20-bis(4-iodophenyl) porphyrin

Mes

&, O

Mes

Mes = ---
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A solution of 4-iodobenzaldehyde (232 mg, 1.0 mmol) and meso-(mesityl)dipyrromethane 5-17 (264
mg. 0.1 mmol) in CHC15 (100 mL) was purged with Ar for 10 min, then BF;.OEt, (42 pL, 0.33 mmol)
was added. The solution was stirred for 1 h at r.t. and then DDQ (172 mg, 0.76 mmol) was added.
The mixture was stirred at r.t. for an additional 1 h and then the mixture was concentrated under
reduced pressure and then filtered through a silica plug. The purple solid was redisolved in CHCl; (10
mL) and sat. methanolic solution of Zn(OAc),-2H,O and left stirring under dark for 4 hrs. The
organic phase was washed with 0.1 M aq. NaHCO; solution, H,O, dried (Na,SO4) and eliminated
under reduced pressure. Purification by column chromatography (SiO,, CHX/CH,Cl, 85:15)
afforded the porphyrin as the first moving band (323 mg, 32% yield).

m.p. > 250 °C. 'H NMR (200 MHz, Chloroform-d): § 8.83 (dd, 8H, J=4.6 Hz), 8.10 (dd, 8H, J=8.2
Hz), 7.29 (s, 4H, partial overlap with solvent), 2.64 (s, 6H), 1.82 (s, 12H). MS (ES+): found 1012.1,

CsoH3sLN4Zn requires 1012.05. Characterization in accordance with literature.””

5-19 Zn(1I) 5,15-Dimesityl-10,20-bis(4-[{2,2"-bipyridin}-S-ylethynyl]phenyl ) porphyrin

A 10 mL microwave-reactor tube containing a stirring bar was charged with Zn(II) S,15-dimesityl-
10,20-bis(4-iodophenyl)porphyrin 5-18 (85 mg, 0.084 mmol) and Pd(PPh;), (17 mg, 0.015 mmol)
and was purged with argon. DMF/Et;N (2:1 ml) were added by syringe, S-ethynyl-2,2"-bipyridine S-
23 (32 mg, 0.176 mmol) was added and the reaction vessel was sealed and placed into the microwave
reactor. The temperature heating profile for the reaction mixture was as follows: r.t. » 120 °C over a 2-
min period (200-W maximum power), the temperature was held at 120 °C (dynamic, 200-W

maximum power) for a set amount of time (60 min). The crude reaction mixture was diluted with
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CHCI; and washed with H,O, dried (Na,SO.) and concentrated. The crude was purified by column
chromatography (SiO,, CHX/AcOEt 7:3) to afford the product as a purple solid (67 mg, 71% yield).

m.p. > 250 °C. 'H NMR (500 MHz, Dimethylsulfoxide-ds): § 9.02 (d, 2H, = 1.0 Hz), 8.76 (m, 6H),
8.61 (d,4H, J=5Hz), 8.53 (d, 2H, J= 8.0 Hz), 8.28-8.25 (m, 6H), 8.02-7.99 (m, 6H), 7.53-7.50 (m,
4H), 7.32 (s, 4H), 2.58 (s, 6H), 1.79 (s, 12H). *C NMR was not performed due to low solubility of
the compound. MS (ES): found 1118.9 (M+2H*), 1141.9 (M+Na*), C7sHs;NsZn requires 1116.36.

5-20 4-Formylphenyl trifluoromethanesulfonate

Q Q
O %8

To a solution of 4-hydroxybenzaldehyde (1.21 g, 10 mmol) in pyridine (10 mL) at 0 °C and was added
triflic anhydride (1.85 mL, 11 mmol) was added dropwise at 0 °C and stirred for 10 minutes at 0 °C.
The reaction was then allowed to stir atr.t. for 12 hrs. The solution was diluted with Et,O and extracted
with a 1 M aq. K,CO; solution. The organic layer was then washed with H,O, dried (Na,SO4), and
concentrated under reduced pressure. The crude product was purified via column chromatography
(SiO,, 4:1 CHX/EtOACc) and the desired product was obtained as a colorless liquid (2.16 g, 85 %
yield).

'H NMR (500 MHz, Chloroform-d): § 10.05 (s, 1H), 8.00 (d, /= 8.7 Hz, 2H), 7.46 (d, J = 8.7 Hz,
2H). *C NMR (126 MHz, Chloroform-d): § 190.05, 153.18, 135.89, 131.71, 118.66, 109.99. MS
(ES): found 254.0 (M*), CsHsF;0.S requires 253.99. Characterization in accordance with

literature.%*°
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§-21 §,10,15-Trimesityl-20-(4-triflylphenyl) porphyrin

Mes
Q
Mes ¢ 05+«
O

Mes

Mes = --

A solution of 4-formylphenyl trifluoromethanesulfonate 5-20 (0.68 g, 2.66 mmol), mesitaldehyde
(1.18 mL, 7.98 mmol) and pyrrole (0.74 mL, 10.64 mmol) was purged with Ar for 15 minutes before
BF;.OEt; (0.50 mL, 3.54 mmol) was added. After 1 hatr.t., p-chloranil (2.04 g, 8.13 mmol) was added
in and the reaction mixture was left stirring. After 1 h, Et;N (490 pL, 3.54 mmol) was added, and the
solution was evaporated to dryness. The crude product was scraped from the flask, placed on a filter,
and washed with methanol until the filtrate was clear. The porphyrin mixture was dissolved in CHCl3
(50 mL) and metalated with a methanolic solution of Zn(OAc),-H,O (438, 2.00 mmol) and left
stirring overnight under dark. The reaction mixture was washed with 0.1 M aq. NaHCO; solution,
dried (Na,SO.), and concentrated under reduced pressure, affording the zinc chelate as a purple solid.
A fraction of the porphyrin mixture was purified by column chromatography (SiO,, CHX/AcOEt9:1)
to obtain the product as a purple solid (80 mg, 8 % yield).

m.p. > 250 °C.'H NMR (200 MHz, Chloroform-d): § 8.77 (m, 8H), 8.08 (AA'BB’, 2 H), 7.94
(AA’BB’, 2H), 7.29 (s. 6H), 2.64 (s, 8H), 1.82 (s, 18H). MS (ES): calculated for Cs;H4sF3N,O3SZn
950.25, found 950.4 (M*).

5-22 5-Bromo-2,2"-bipyridine
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To a solution of 2-bromopyridine (2.0 g, 12.6 mmol) in dry THF (10.0 mL) was added dropwise
“BuLi (10.0 mL, 1.6 M in hexane, 15.8 mmol) at =78 °C and the mixture was stirred for 1 h. Bu;SnCl
(4.3 mL, 15.9 mmol) was added to the solution at =78 °C, and stirring continued for 3 hrs at —78 °C,
and 30 mins at room temperature. The reaction was quenched with sat. aq. NH,Cl solution (10 mL)
and extracted with EtOAc. The organic phase was washed with H,O, brine, dried (Na,SO,) and
removed under reduced to give 2-(tributylstannyl) pyridine as a dark brown liquid. The resulting

intermediate was used in the following reaction without any further treatment.

To a degassed solution of 2,6-dibromopyridine (2.6 g, 11.0 mmol) and 2-(tributylstannyl)pyridine
(3.8 g, 10.3 mmol) in PhCH; (5.0 mL) was added Pd(PPhs), (608 mg, 0.53 mmol). The reaction was
refluxed overnight. The reaction mixture was cooled to r.t.,, 2 M aq. NaOH was added, the mixture
extracted with PhCHj; and dried (Na,SO,). The solvent was removed under reduced pressure and the
crude solid product was purified via column chromatography (SiO,, CHX/EtOAc S:1) to yield
product as white crystalline powder (2.1 g, 87 % yield).

m.p. 70-72 °C."H NMR (500 MHz, Chloroform-d): § 8.72 (dd, J= 2.4, 0.7 Hz, 1H), 8.67 (ddd, J =
4.8,1.8,0.9 Hz, 1H), 8.37 (dt, J= 8.0, 1.1 Hz, 1H), 8.32 (dd, /= 8.5, 0.8 Hz, 1H), 7.94 (dd, = 8.5, 2.4
Hz, 1H), 7.82 (td, J= 7.8, 1.8 Hz, 1H), 7.33 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H). *C NMR (126 MHyz,
Chloroform-d): § 155.38, 150.42, 149.44,139.72,137.26,124.22,122.57,121.37,121.21. MS (ES +):

found 234.9 (M + H*), C10H;BrN; requires 233.98. Characterization in accordance with literature.®®!

5-23 5-Ethynyl-2,2"-bipyridine
Y \\_(‘—>_—
O\ el

To a degassed solution of S-bromo-2,2"-bipyridine (600 mg, 2.55 mmol), TMSA (0.73 mL, 5.10
mmol) and PPh; (15 mg, 0.06 mmol) in Et;N (30 mL) was added Pd(PPh;).Cl, (20 mg, 0.028 mmol)
and the solution was further degassed, finally Cul (11 mg, 0.06 mmol) was added. After stirring, was

added via syringe. The mixture was then heated to 80 °C overnight. The solvent was removed under
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reduced pressure, the crude dissolved in CH,Cl,, the organic phase was washed with H,O and dried
(Na,SO;). After removal of the solvent, the crude product was purified with column chromatography
(Si0,, CHX/EtOAc 5:1) to obtain a colorless oil. 'H NMR (500 MHz, Chloroform-d): § 8.74 (dd, J
=2.1,0.9 Hz, 1H), 8.69 (ddd, J= 4.8, 1.8,0.9 Hz, 1H), 8.41 (dt, J= 8.0, 1.0 Hz, 1H), 8.37 (dd, /= 8.3,
0.9 Hz, 1H), 7.88 (dd, /= 8.2,2.1 Hz, 1H), 7.86 — 7.79 (m, 1H), 7.32 (ddd, J= 7.4, 4.8, 1.2 Hz, 1H),
0.30 (s, 9H).

To a solution of the above TMS-protected intermediate (480 mg, 1.90 mmol) in MeOH (25 mL) was
added K,COj; (26 mg, 0.19 mmol) and the solution was stirred at room temperature for 3 hrs. CH,Cl,
and H,O were added, the organic layer was separated, and the aqueous layer was extracted with
CH,ClL. The combined organic layers were washed with brine, dried (Na,SO.) and the solvent was
removed under reduced pressure to yield the product as white solid (340 mg, 74% yield over two

steps).

'H NMR (500 MHz, Chloroform-d): § 8.77 (dd, J=2.2,0.9 Hz, 1H), 8.69 (ddd, J= 4.8, 1.8, 0.9 Hz,
1H), 8.42 - 8.38 (m, 2H), 7.90 (dd, J = 8.2, 2.1 Hz, 1H), 7.83 (ddd, J = 8.0, 7.5, 1.8 Hz, 1H), 7.32
(ddd, J=7.5,4.8, 1.2 Hz, 1H), 3.29 (s, 1H). *C NMR (126 MHz, Chloroform-d): § 155.65, 155.55,
152.42,149.51,140.23, 137.21, 124.26, 121.63, 120.49, 119.32, 81.52, 80.91. MS (ES +): found 202.9

(M + H"), C12HsN, requires 180.07. Characterization in accordance with literature.**

5-24 Zn(11) 5,10,15-Trimesityl-20-(4-[{2,2"-bipyridin}-S-ylethynyl]phenyl) porphyrin

Mes

Mes

Mes

Mes = ---

In a 10 mL microwave-reactor tube containing a stirring bar, §,10,15-trimesityl-20-(4-

triflylphenyl)porphyrin 5-21 (30.0 mg, 0.031 mmol), Pd(PPh;), (5.1 mg, 4.41 pmol) and LiCl (10.5
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mg, 0.248 mmol) were dissolved in DMF/Et;N (2:1 ml) and was purged with argon. 5-Ethynyl-2,2"-
bipyridine 5-23 (7.0 mg, 0.038 mmol) was added and the reaction vessel was sealed and placed into
the microwave reactor. The temperature heating profile for the reaction mixture was as follows: r.t. »
120 °C over a 2-min period (200-W maximum power), the reaction mixture was held at 120 °C
(dynamic, 200-W maximum power) for a set amount of time (60 min). The crude reaction mixture
was diluted with CHCl; and washed with H,O, dried (Na,SO,) and concentrated. The crude was
purified by column chromatography (SiO,, CHX/AcOEt 9:1) to afford the product as a purple solid
(21 mg, 68 % yield).

m.p. > 250 °C.’H NMR (500 MHz, Dimethylsulfoxide-d): § 9.02 (s, 1H), 8.76 (m, 1H), 8.72 (dd,
2H, J= 4.5 Hz), 8.57 (dd, 2H, J = 72.7, 8.0 Hz), 8.53 (m, 3H), 8.47 (d, 1H, J = 8.47), 8.31 (s, 6H),
8.28-8.23 (m, 2H), 8.02-8.00 (m, 2H), 7.54-7.51 (m, 1H), 7.31 (s, 6H), 2.58 (s, 9H), 1.79 (m, 18H).

3,5-Di-tert-butylbenzaldehyde

A mixture of 3,5-di-tert-butyltoluene (10.0 g, 48.8 mmol), N-bromosuccinimide (17.4 g, 97.6 mmol)
and benzoyl peroxide (0.1 g, 0.5 mmol) in CCL (90 mL) was refluxed for 4 hrs. The solution was
cooled, filtered and concentrated under reduced pressure to afford a yellow oil that was used directly
in the next step. The crude material (17.7 g, 48.8 mmol) and hexamethylenetetraamine (28.5 g, 203.0
mmol) in MeOH/H,O (80 mL, 1:1) was refluxed for S hrs. At this point, conc. HCI (25 mL of 37 %
ag. soln.) was added dropwise and the mixture refluxed for 30 min. The mixture was cooled down and
extracted with CH,CL, the organic phase dried (Na,SO.) and concentrated under reduced pressure.

Crystallization from hot MeOH/H,O (1:1) gave white crystals as product (9.3 g, 87 % yield).

m.p. 85-88 °C. 'H NMR (500 MHz, Chloroform-d): § 10.01 (s, 1H), 7.75 - 7.68 (m, 3H), 1.37 (s,
18H). *C NMR (126 MHz, Chloroform-d): § 193.40, 152.0S, 136.42, 129.09, 124.36, 35.19, 31.54.

332



6 Experimental Section

MS (ES +): found 241.0 (M + Na*), CisH,0 requires 218.17. Characterization in accordance with

literature.®®

5-24 5,15-Bis[3,5-di( tert-butyl)phenyl Jporphyrin

Ar

Ar Ar=--

Method A®**: A solution of dipyrromethane 3-2 (1.2 g, 8.3 mmol) and 3,5-di- tert-butylbenzaldehyde
(1.9 g, 8.5 mmol) in CH,Cl, (2.0 L) was degassed by bubbling Ar through for 1 h. TFA (145 pL, 1.8
mmol) was added dropwise, and the mixture was vigorously stirred in the dark at r.t. for 16 hrs. p-
Chloranil (6.2 g, 25.1 mmol) was added, and the mixture was heated to reflux for 2 hrs. The mixture
was then concentrated, and stirred with 0.1 M aq. Na,$,0; soln. and MeOH (100 mL) until all p-
chloranil was consumed. The org. phase was separated and washed with H,O, dried (Na,SO.), and
the solvent was removed under reduced pressure. The crude was purified by column chromatography

(Si0,, CHX/CH,ClL; 1:1) and precipitation from CH,Cl,/MeOH yielded product (1.1 g, 38 % yield).

Method B®*: A solution of 3,5-di-tert-butylbenzaldehyde (1.79 g, 8.21 mmol) and dipyrromethane 3-
2 (1.20 g, 8.21 mmol) in CH,Cl, (1.6 L) was degassed three times by evacuation and purging with Ar.
TFA (0.37 mL, 4.9 mmol) was added and the reaction mixture stirred in the dark for 3 hrs. DDQ (2.42
g, 10.7 mmol) was added and stirring continued for 30 min. After quenching of the acid by addition
of Et;N (8 mL) the mixture was passed over a short silica plug (CH,CL). The crude was purified by
column chromatography (SiO,, CHX/CH,Cl, 1:1) and finally crystallized from CH,Cl,/MeOH to
yield product (1.52 g, 54 % yield).

m.p.> 250 °C. 'H NMR (500 MHz, Chloroform-d): § 10.32 (s, 2H, meso-H), 9.41 (d, J= 4.5 Hz, 4H,
Pyr-H),9.15 (d, J= 4.5 Hz, 4H, Pyr-H), 8.16 (d, J= 1.8 Hz, 4H, Ar-H), 7.85 (t, /= 1.9 Hz, 2H, Ar-H),
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1.59 (s, 36H, Ar-C(CHs)3), -2.99 (s, 2H, Pyr-NH). MS (ES +): found 686.4 (M), C4sHs;N, requires

686.43. Characterization in accordance with literature.®3%

5-29 5,15-Bis(pentafluorophenyl)porphyrin

Ar

A solution of dipyrromethane 3-2 (0.44 g, 3.00 mmol) and pentafluorobenzaldehyde (0.59 g, 3.00
mmol) in CHCl; (0.30 L) was degassed with Ar for 15 min before being treated with BF;.OEt, (0.12
mL, 0.97 mmol). The reaction vessel was shielded from ambient light and stirred under Ar for 3 hrs.
DDQ (2.04 g, 8.99 mmol) was added to the reaction mixture and was stirred for 1 h. After
concentration of the mixture, silica gel was added and the resulting slurry was concentrated to dryness
and dry-loaded on a column chromatography (SiO,, CHX/CH,Cl,4:1) to afford a purple solid (0.11
g, 6 % yield).

m.p.> 250 °C. 'H NMR (500 MHz, Tetrahydrofuran-ds): § 10.54 (s, 2H, meso-H), 9.59 (d, J = 4.6
Hz, 4H, Pyr-H), 9.18 (d, J = 4.6 Hz, 4H, Pyr-H), -3.22 (s, 2H, Pyr-NH). MS (ES +): found 642.2

(M*), Cs2H12F 10N, requires 642.09. Characterization in accordance with literature.**
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5-30 5-Phenyldipyrromethane

NN HHN-Z

A solution of benzaldehyde (0.44 mL, 4.32 mmol) and pyrrole (30 mL, 412.22 mmol) was degassed
with Ar for 15 min. MgBr; (0.40 g, 2.16 mmol) was added and the mixture stirred at r.t. for 1.5 hrs.
The reaction mixture was treated with powdered NaOH (0.86 g, 21.6 mmol), stirred for 1 h and

filtered. The filtrate was concentrated to dryness and the crude purified by column chromatography
(SiO,, CHX/AcOEt 9:1) to yield product as white powder (0.65 g, 66 % yield).

m.p. 98-100 °C. 1H NMR (500 MHz, Chloroform-d): § 7.92 (bs, 2H), 7.35 - 7.29 (m, 2H), 7.25 -
7.20 (m, 2H), 6.72 - 6.68 (m, 2H), 6.16 (g, J = 2.9 Hz, 2H), 5.95 - 5.89 (m, 1H), 5.49 (s, 1H). *C
NMR (126 MHz, Chloroform-d): § 132.67, 132.30, 128.87, 128.62, 127.21, 117.40, 108.67, 107.43,
44.23.MS (ES +): found 223.2 (M + H*), C1sHuN, requires 222.12. Characterization in accordance

with literature.%?

5-31 5,15-Bis(trimethylsilylethynyl)-10,20-diphenylporphyrin

A solution of dipyrromethane $-30 (0.40 g, 1.80 mmol) and TMS-propynal (0.26 mL, 1.80 mmol) in
CH,Cl, (150 mL) was degassed with a stream of Ar, at 0 °C. BF;.OEt, (0.04 mL, 0.32 mmol) was

added and the reaction allowed to stir for S min. DDQ (0.42 g, 1.86 mmol) was added and the reaction
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was stirred at r.t. for 30 min. Upon addition of Et;N (1 mL), the mixture was filtered through a silica
plug (CH,CL) and concentrated under reduced pressure. The crude was purified by column
chromatography (SiO,, CHX/ CH,Cl, 4:1) and finally precipitated from CH,Cl,/MeOH to yield the
final product (0.31 g, 26 % yield)

m.p.> 250 °C. 'H NMR (500 MHz, Chloroform-d): § 9.60 (d, J = 4.7 Hz, 4H), 8.82 (d, J= 4.7 Hz,
4H), 8.18 (dd, J = 7.7, 1.6 Hz, 4H), 7.83 — 7.71 (m, 6H), 0.60 (s, 18H). *C NMR (126 MHyz,
Chloroform-d): § 141.50, 134.71, 128.17, 127.09, 121.96, 107.02, 102.90, 101.03, 0.50. MS (ES +):

found 654.3 (M *), C4H3sN.Si; requires 654.26. Characterization in accordance with literature.®®’

5-32 5-Bromo-1-naphthaldehyde

Os-H

e

Br

To a flask containing 1-naphthaldehyde (4.3 mL, 32.0 mmol) was added a solution of Br, (1.7 mL,
32.0 mmol) in CHCI; (7.5 mL) and the reaction mixture was refluxed for 4 hrs. The mixture was
cooled down and filtered. The filtrate was washed with H,O, brine and dried (Na,SO.). The pale

yellow solid was crystallized from hot ethanol to give product as white solid (3.1 g, 41 % yield).

m.p. 97-99 °C. '"H NMR (500 MHz, Chloroform-d): § 10.41 (s, 1H), 9.28 (dd, /= 8.6, 1.0 Hz, 1H),
8.59 (dd, J=8.5, 1.1 Hz, 1H), 8.05 (dd, J= 7.0, 1.2 Hz, 1H), 7.90 (dd, J= 7.5, 1.0 Hz, 1H), 7.75 (dd,
J=8.5,7.1Hz, 1H), 7.53 (dd, J = 8.6, 7.5 Hz, 1H). 3C NMR (126 MHz, Chloroform-d): § 193.15,
137.42, 134.45, 132.50, 132.17, 131.80, 131.47, 129.56, 126.47, 124.93, 123.61. MS (ES +): found

234.1 (M*), C1;iH,BrO requires 233.97. Characterization in accordance with literature.®*
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5-33 Zn(11) S,15-Bis(S-bromo-1-naphthyl)porphyrin

Br
() W),
Br

To a solution of dipyrromethane 3-2 (0.57 g, 3.87 mmol) and S-bromo-1-naphthaldehyde 5-32 (1.00
g, 4.25 mmol) in dry CH,Cl, (0.57 L) was degassed for 10 min and shielded from light. TFA (68 pL,
0.89 mmol) was added and the reaction mixture was stirred at r.t. overnight. DDQ (2.63 g, 11.61
mmol) was added and the mixture was stirred for 1 h. Et;N (1.0 mL) was added to terminate the
reaction, the mixture was then concentrated under reduced pressure and passed over a silica plug
(CH,CL). The crude was re-dissolved in CHCl; (20 mL) and sat. methanolic Zn(OAc),-2H,0 was
added and the mixture refluxed, shielded from light, for 3 hrs. The mixture was diluted with CHCl;
and washed with H,O, the organic phase dried (Na,SO4) and eliminated under reduced pressure. The
crude was purified by column chromatography (SiO,, CHX/CH,Cl, 7:3) to yield the product as
bright violet solid (0.21 g, 7 % yield).

m.p. > 250 °C. 'H NMR (400 MHz, Tetrahydrofuran-ds): § 10.26 (s, 2H), 9.32 (d, J = 4.4 Hz, 4H),
8.76 (d, J=8.7Hz,2H), 8.69 (d, J= 4.5 Hz,4H), 8.42 (dd, J= 6.9, 1.1 Hz, 2H), 8.07 (dd, /= 8.7, 6.9
Hz, 2H), 7.83 (d, J= 7.2 Hz, 2H), 7.18 — 7.04 (m, 2H), 6.96 — 6.81 (m, 2H). *C NMR (126 MHyz,
Tetrahydrofuran-ds): 8 151.46, 150.75, 142.28, 139.39, 134.38, 132.71, 132.54, 132.54, 132.47,
130.54, 129.98, 128.16, 126.87, 126.37, 123.88, 117.04. MS (HRMS): found 779.9504,
C40H2:Br.N4Zn requires 779.9503.
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5-34 Nickel(II) S,15-diphenylporphyrin

Ph

Ph

A solution of 5,15-diphenylporphyrin 3-3 (200 mg, 0.43 mmol) and Ni(acac), (122 mg, 0.48 mmol)
in PhCH; (30 mL) was refluxed for 3 hrs. The mixture was concentrated under reduced pressure and
the crude purified by column chromatography (SiO,, CHX/CH,CL 3:2) to yield product as dark red
solid (207 mg, 93 % yield).

m.p.> 250 °C. 'H NMR (400 MHz, Chloroform-d): § 9.94 (s, 2H), 9.19 (d, /= 4.8 Hz, 3H), 8.94 (d,
J=4.8Hz,3H),8.07 (dd, J= 7.7, 1.8 Hz, 3H), 7.77 — 7.72 (m, 4H). MS (ES +): found 518.2 (M*),

C3H0NuNi requires 518.10. Characterization in accordance with literature.®

5-35 Nickel(II) S,15-dibromo-10,20-diphenylporphyrin

Ph
Br Br

Ph

To a solution of Ni (II) S,15-diphenylporphyrin 5-34 (150 mg, 0.29 mmol) in CH,Cl,/MeOH (15
mL, 5:1 v/v) was added N-bromosuccinimide (115 mg, 0.65 mmol) amd the reaction mixture was
stirred at r.t. for 20 minutes before being quenched with acetone (1 mL). The mixture was brought to
dryness under reduced pressure. The crude was purified by column chromatography (SiO,,
CHX/CH,Cl, 2:1) to yield the final product (135 mg, 90 % yield).
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m.p.> 250 °C. 'H NMR (400 MHz, Chloroform-d): § 9.42 (d, J= 5.0 Hz, 4H), 8.70 (d, J= 5.0 Hz,
SH), 8.04 - 7.87 (m, 4H), 7.79 - 7.61 (m, 6H). MS (ES +): found 518.2 (M*), C3H2N,Ni requires

518.10. Characterization in accordance with literature.®°

5-36 9-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)anthracene

0,0

To a degassed solution of 9-bromoanthracene (500 mg, 2.33 mmol), B;pin, (685 mg, 2.85 mmol),
KOAc (467 mg, 4.75 mmol) in toluene (8.0 mL) was added PACL,(PPh;), (165 mg, 0.20 mmol) and
the mixture was degassed. The reaction mixture was heated to 90 °C overnight. H,O was added to the
mixture and was extracted with EtOAc, the organic phases collected, dried (Na,SO,) and removed
under reduced pressure. The crude was purified by column chromatography (SiO,, CHX/CH,CL +
0.1 % Et;N) to yield the product as an off-white solid (367 mg, 52 % yield).

m.p. 133-136 °C. '"H NMR (500 MHz, Methylene Chloride-c.): § 8.50 (s, 1H), 8.47 — 8.39 (m, 2H),
8.04 — 7.99 (m, 2H), 7.53 — 7.41 (m, 4H), 1.57 (s, 12H). MS (ES +): found 305.2 (M + H*),

C20H,1BO; requires 304.16. Characterization in accordance with literature.®’

5-37 Ni(II) 5,15-Dianthracenyl-10,20-diphenylporphyrin
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My oy O
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To a stirred slurry of Cs,CO3 (176 mg, 0.5 mmol) in dry THF (10 mL), Ni(1I) S,15-dibromo-10,20-
diphenylporphyrin 5-35 (67.7 mg, 0.1 mmol), borylanthracene $-36 (304 mg, 1.0 mmol),
PdCL(PPhs); (14 mg, 0.02 mmol) and AsPh; (12 mg, 0.04 mmol) were added and the mixture was
degassed by two ‘freeze-pump-thaw’ cycles. The reaction mixture was shielded from light and heated
to reflux overnight under Ar. The mixture was diluted with CHCl; and washed with sat. aq. NaHCO;
solution, H,O, dried (Na,SO4) and eliminated under reduced pressure. Purification by preparative
TLCs (CHX/CH,Cl, 4:1) and crystallization from CH,ClL,/MeOH yielded product as dark red
crystals (56 mg, 64 % yield).

m.p.> 250 °C. 'H NMR (500 MHz, Chloroform-d) § 8.87 (s, 2H), 8.61 (d, J= 5.0, 4H), 8.25 (d, J =
8.7 Hz,4H), 8.22 (d, /= 5.0 Hz, 4H), 8.02 - 7.97 (m, 4H), 7.66 — 7.53 (m, 8H), 7.50 — 7.41 (m, 4H),
713 - 7.03 (m, 6H). MS (ES +): found 871.3 (M + H*), CsHiNuNi requires 870.23.

Characterization in accordance with literature.®?
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6.4. Appendix

6.4.1. Crystal Structures

Figure $6.2. Asymmetric unit content for 3-1 (2C4sH3N40,.C,HsO; S0% probability ellipsoids).
THF molecules have been modelled with alternative conformations (hidden for clarity).

Figure S6.3. Ellipsoid representation of 3-1-Zn ASU content (2C4H3N40,Zn+4C,H;0+H,0;
50% probability). Two different zinc coordination environments have been found for the two
crystallographically independent porphyrins.
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Data collections were performed at the X-ray diffraction beamline (XRD1) of the Elettra
Synchrotron, Trieste (Italy), with a Pilatus 2M image plate detector. Complete datasets were
collected at 100 K (nitrogen stream supplied through an Oxford Cryostream 700) with a
monochromatic wavelength of 0.700 A through the rotating crystal method. The crystals of 3-1
and 3-1.Zn were dipped in N-paratone and mounted on the goniometer head with a nylon loop.

The diffraction data were indexed, integrated and scaled using XDS.%

For each sample,
complete datasets have been obtained merging two data collections obtained from different
orientations of the same crystal. The structures were solved by direct methods using SIR2014,%*
Fourier analyzed and refined by the full-matrix least-squares based on F* implemented in
SHELXL-2014.%° The Coot program was used for modeling.* Anisotropic thermal motion
was then applied to all atoms excluding disordered THF solvent molecules, in 3-1 model.
Hydrogen atoms were included at calculated positions with isotropic Ugctors = 1.2 Ueq 0F Ufactors
= 1.5 U, for methyl and hydroxyl groups. Restrain on bond lengths, angles and thermal motion
(DFIX, DANG, SIMU and/or DELU) have been applied for poorly defined THF solvent

molecules.

Both 3-1 and 1-3-Zn crystal forms obtained showed twinning: 2-component inversion twin for
3-1 and 4-component inversion twin for 3-1-Zn. Enantiomorphic domains in 1 model show a

‘not perfect’ 70%:30% population.

Pseudo-merohedral twin law has been identified in 3-1-Zn data, using COSET program,*” as a
90° roto-inversion about (010) direct lattice direction. This relation is consistent with a
monoclinic unit cell with tetragonal supergroup's symmetry metrically available (a= cand =
90°). Population of the four domains has been refined, using Shelxl BASF command, and
appear to be evenly distributed (~20-30%).

One full and two half porphyrin molecules have been found in crystal 3-1 asymmetric unit
(ASU) (Figure 1S): crystallographic inversion centres lying in the middle of the partial moieties
generate the complete molecules. A chiral helicoidal arrangement of hydrogen bonds connects
32 neighbour porphyrins (do.o = 2.749(8) A). Two THF molecules with partial occupancies

(50%) lies on 2-fold crystallographic axis, occupying crystal channels parallel to unit cell a axis.

3-1.Zn model shows two crystallographically independent porphyrin molecules with different
coordinated ligand: one bound to a THF, while the other is bound to a water molecule (Figure

2S). As previously seen for molecule 1 packing, neighbour porphyrins show intermolecular
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hydrogen bonds connections (average do.o = 3.126(7) A). Interstitial voids are filled by three
additional THF molecules tightly connected to exposed hydroxyl groups (from porphyrins and

water). Essential crystal and refinement data (Table $6.2) are reported below.

Table $6.2. Crystallographic data and refinement details for compound 3-1 and 3-1.Zn

3-1 3-1.Zn
CCDC Number 1442721 1442722
Moiety Formula C4H34N,0,00.5C,H:O 2C4H34N,0,Zn«4C,HsOH,O
Sum Formula C4sH3sN4O3 5 Ci0sHosNsOoZn,
Formula weight (Da) 710.82 1782.68
Temperature (K) 100(2) 100(2)
Wavelength (A) 0.700 0.700
Crystal system Monoclinic Triclinic
Space Group P2/c P1
a(A) 32.628(7) 11.311(2)
b(A) 6.9070(14) 14.100(3)
c(A) 32.568(7) 14.556(3)
a(®) 90 102.09(3)
/) 90.64(3) 98.80(3)
y(°) 90 99.49(3)
V (A% 7339(3) 2196.2(8)
Z 8 1
p (g-cm'3) 1.287 1.348
F(000) 2992 934
u (mm™) 0.077 0.588
0 min,max (°) 0.6,24.6 1.4,29.1
Resolution (A) 0.84 0.72
Total refl. collctd 25205 74269
Independent refl. 13431 [R(int) = 0.0275] 23000 [R(int) = 0.0158]
Obs. Refl. [Fo>40(Fo)] 12616 22806
1/0 (1) (all data) 31.57 75.57
I/o (1) (max resltn) 13.42 38.39
Completeness (all data) 0.99 0.98
Completeness (max resltn) 0.99 0.96
Rmerge (all data) 0.0200 0.0267
Rmerge (max resltn,) 0.0421 0.0528
Multiplicity (all data) 1.8 6.0
Multiplicity (max resltn) 1.8 S.1
Data/restraint/parameters 13431/245/1155 23000/26/1128
Goof 1.063 1.017
Ry’ [1>2.00(1) ], wR," [1>2.00(1)] 0.1274,0.3324 0.0486, 0.1319
R, (all data), wR,? (all data) 0.1374,0.3453 0.0489,0.1323

R, =3 | Fol-| Fell /2|F0|, wR, = [Z w(Fo* - F* )* / Zw (Fo* )?]".
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Figure S6.4. X-Ray structure of compound 4-1. Ellipsoid at 50 % probability.

Table $6.3. Crystallographic data for 4-1.

CCDC Number 1432475
Formula [(C126H98N3024S4).(CH4O)2], 2CHCl,
Crystal system Monoclinic
Space group P2,/n
Z 2

a=10.969(1) ; b=22.632(1); c = 23.491(1);

Unit cell dimensions (A, °) B=101.771(5)

V(A?) 5709.0

Peiea (g/cm™) 1.254

¢ (mm™) 0.993
Resolution (A) 50.00-0.94
Reflecs. coll./unique 12205/6459

GooF 1.699

R, (I>20(1)) 0.1384

wR, (I>20(1)) 0.395
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Figure $6.5. X-Ray structure of compound 5-2a.

Figure $6.6. X-Ray structure of compound 5-3a.
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Figure $6.7. Emission properties of prepared anthracene derivatives 5-13 and $-16: a) solid state

fluorescence (under 365 nm irradiation) and aggregation induced emission in a of
pyridylethenylanthracene derivative in THF solution (left) THF/1M aq. HCl solution (1:9 v/v) and
THF/H,O (1:9 v/v). In solid-state they show bright emission in a range of colors. In solution,
especially the ethenyl series showed low emission properties. However, by inducing aggregation (with
H,O for example) the emission is enhanced, as expended in aggregation-induced emission (AIE)
enhancement phenomenom. The aryl-ethenyl groups dissipate the excited-state energy via
intramolecular rotations when the molecules are molecularly dissolved. However, the aryl-ethenyl
groups also are able to prevent 7-7 staking interactions and therefore block the non-radiative decay
channels resulting in the AIE effect. Additionally, the pyridyl groups can be involved in acid-base
equilibria and there is no surprise that by changing the pH of the water, we can induce aggregation of

the pyridium anthracene derivatives (figure on the right).
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6.4.2. Selected Characterizations
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Figure $6.8. "H NMR (500 MHz, 298 K, CDCl;) of compound 2-1.
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Figure $6.9. *C NMR (126 MHz, 298 K, CDCl;) of compound 2-1.
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Figure $6.15. '"H NMR (500 MHz, 298 K, CDCl;) of compound 3.3-(R)-1.
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Figure $6.19. '"H NMR (500 MHz, 298 K, CDCl;) of compound 3.3-(R)-3.
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Figure $6.21. 'H NMR (500 MHz, 298 K, CDCl;) of compound 3.3-()-3.
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Figure $6.25. '"H NMR (500 MHz, 298 K, CDCl;) of compound 3.3-5.
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Figure $6.29. *C NMR (126 MHz, 298 K, CDCl;) of compound 4-1.
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