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 Since in his classic talk of 1959, Richard P. Feynman pointed out that there was “plenty of room 

at the bottom”, nanotechnology and nanoscience emerged and experienced a strong boom. The 

invention of techniques such STM (1981) and AFM (1986) have allowed us to image and manipulate 

surfaces and molecules. In the context of miniaturisation of devices, nanotechnology, which aims to 

create systems in the nanometre range (0.1-100 nm) might meet the emerging needs of the 

microelectronic industry, which based on Moore’s law will reach soon certain limits applying the 

contemporary techniques. It is therefore necessary to develop methods for the controlled fabrication of 

2D molecular assemblies and their integration into usable macroscopic systems. In this regard, the 

“bottom-up” approach offers considerable advantages over any other methodology (i.e. “top-down”) 

for the construction of functional materials and nanoscale devices. Typically, for the fabrication of 

nanostructures, the hierarchical self-assembly of functional molecules through multiple non-covalent 

interactions represents a powerful approach to obtain long range ordered and defect-free assemblies 

barely accessible through conventional covalent synthesis.  

 The aim of this thesis is to design and synthesise novel molecules, equipped with desired 

molecular functionalities, which by means of hydrogen bonding interactions can self-assemble and 

generate complex nanostructures both in solution and on metallic surfaces that ultimately could find 

applications as optoelectronic devices. Intrinsically, our goal is to obtain a good understanding of the 

recognition and complexation behaviour of the functional molecules either in solution or on surfaces. 

Our approach is based on the preparation of a vast “molecular library” of smart molecules, which can 

self-recognise and organise in a predictable manner. 

 In the first part of Chapter 1, the reader is introduced to the engineering of molecular assemblies 

on metallic surfaces, in particular on the generation of 2D porous networks. In the second part of the 

chapter, some significant and recent examples of recognition, selection and immobilisation of guest 

molecules within the cavities of the networks are reported. 

 The first part of the present doctoral work is described in Chapter 2, where the design and 

synthesis of the components of the “smart molecular library” is reported. The molecular modules 

feature complementary terminal H-bonding sites, namely 2,6-di(acetylamino)pyridil (DAD) and 

uracyl (ADA) moieties, which are connected to different aromatic units through an ethynyl spacer. In 

the first part of the chapter the synthesis of molecular modules (Figure 1) for self-assembly studies on 

metallic surfaces is described.  
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Figure 1. Some synthesised molecular modules for studies on surfaces. 
 

 Such molecules however, showed some solubility limitations in common organic solvents such 

as CHCl3 or CH2Cl2. While these limitations do not represent an obstacle when working on surfaces, 

they become a considerable disadvantage when working in solution. In fact, some of the molecules 

used in our studies could only be characterised in very polar solvents such as dimethylsulfoxide 

(DMSO), which are strong hydrogen bonding acceptor solvents, and therefore unsuitable for 

performing recognition studies in solution. To solve this problem we synthesised a new generation of 

modules based on the former ones, which presented an enhanced solubility in common organic 

solvents and thus more appropriate for recognition studies in solution (Figure 2). This work is reported 

in the second part of Chapter 2. 
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 In Chapter 3 the Spectroscopic characterisation of the supramolecular assemblies in solution is 

reported. In the first part, the supramolecular complexes were characterised by means of 1H-NMR 

titrations and Job plots to determine the association strength and the assemblies’ stoichiometry. As 

expected, the recognition between the uracil and the 2,6-di(acetylamino)pyridine moieties is the 

driving force for the formation of the supramolecular systems. Remarkably, the Job plot between 137 

and 123 showed a 1:1 stoichiometry, which could indicate the formation of triangular assemblies. In 

contrast, titration studies between 142 and 123 did not reveal the formation of discrete assemblies but 

rather the formation of polymeric species. The second part of the chapter, which has been carried out 

in collaboration with the group of Dr. Nicola Armaroli (ISOF Bologna), describes full studies on the 

photophysical properties of the individual modules as well as steady-state UV/VIS absorption and 

emission titration measurements of system [99·111], which was not possible to study under NMR 

techniques. 

 Also in collaboration with the group of Dr. Nicola Armaroli, self-organisation studies in solution 

of molecules 123 and 96 were performed (Chapter 4). Interestingly, we observed that the 

supramolecular adducts [123·(96)2], which are formed in solution, evolve as spherical nanostructures 

under temperature and solvent polarity control. In an apolar environment molecule 123, with 

solvophobic polar end groups, undergoes inhomogeneous aggregation. By contrast, when 123 self-

assemble with molecule 96 via H-bonding, the end functionalities switch from solvophobic to 

solvophilic. This change not only prompts self-organisation into very uniform aggregates, but also 

enables a morphological change from nanoparticles to vesicles. The reversibility of the nanoaggregate 

formation with temperature may allow the use of these vesicles for controlled molecular delivery. 

Another important aspect of our work is the tuning of the optical properties. Even though the self-

assembly of 123 induce the shifting of its absorption and emission bands, when it is combined with 96 

a peculiar pattern of the optical properties is found with a wide emission range covering almost the 

entire Visible spectral window.  

 Finally, in Chapter 5 the “bottom-up” fabrication of patterned surfaces based on the 

supramolecular recognition of the pre-programmed complementary modules is presented. The first 

part on the chapter reports on the self-assembly studies performed at the solid-liquid interface by 

scanning tunnelling microscopy (STM). The experimental work was performed in collaboration with 

the group of Prof. Paolo Samorì at ISIS-ULP (Strasbourg). The STM studies performed on 

monolayers of different molecular modules show that [110·96] and [99·(110)4] self-recognise on 

HOPG substrates forming well-ordered dimeric and pentameric species, respectively (Section 5.2). In 

contrast, the combination of tetratopic 99 with ditopic 111 generates multicomponent discrete 2D 

polygon-like assemblies. The envisaged formation of 2D networks was not possible due to the 

different adsorption energies of the components being the packing of 111 the most thermodynamically 

favoured. Therefore, in order to prevent unfavourable competitive adsorption we opted to operate in a 

kinetically controlled regime (by using a concentration below that needed to form a full monolayer) 
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where a new [(99)m·(111)n] heterogeneous phase appeared (Section 5.3). Such competitive problems 

were solved by combining two modules with similar adsorption energies, 97 and melamine, obtaining 

the foreseen formation of 2D porous networks (Section 5.4).  

 In the second part of Chapter 5 the STM studies performed at the solid-vacuum interface are 

described. This work has been performed in collaboration with the group of Dr. Thomas Jung 

(University of Basel). In the first report (Section 5.5) we show that molecules 111 and 97 self-

assembled complementarily to form periodic wire-like assemblies [(111·97)n] on Ag (111) surfaces. 

The structure, and more importantly the length of such assemblies was modified by the co-deposition 

of a molecular stopper (96), which terminates the wires governing the formation of linear oligomeric, 

pentameric and trimeric miniatures. In the last part of the chapter (Section 5.6) we have described the 

formation of a monocomponent H-bonded porous network based on ditopic 111 that bears two 

terminal 2,6-di(acetylamino)pyridine recognition sites. We observed that upon thermal annealing we 

could induce the formation of quadruple H-bonds between 2,6-di(acylamino)pyridine moieties by 

exploiting the trans-cis conformational equilibrium of amides that is not possible in solution. Such 

trans-cis inversion was able to produce a phase transition of the 2D porous assembly from a hexagonal 

to a rhombic pattern. 

 All the described systems provide an exceptional example for the potential of the supramolecular 

approach in the fabrication of addressable molecular devices, which are hardly imaginable using 

established miniaturizing methods such as the lithographic techniques. 
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 Dal momento in cui, Richard P. Feynman nel suo discorso classico del 1959, sottolineò che c’era 

“molto spazio verso il basso”, le nanotecnologie e le nanoscienze in generale hanno avuto una forte 

crescita. L’invenzione di tecniche quali STM (1981) e AFM (1986) ci hanno permesso di visualizzare 

e manipolare le molecole e le superfici. Nel contesto della miniaturizzazione dei dispositivi elettronici, 

la nanotecnologia, la branca della scienza che mira a creare sistemi su scala nanometrica (0.1-100 nm), 

potrebbe soddisfare i bisogni emergenti del settore della microelettronica, che secondo la legge di 

Moore ben presto raggiungerà i suoi limiti con l’applicazione delle tecniche attuali. Sarà quindi 

necessario sviluppare metodi per la fabbricazione di composti molecolari auto-assemblati su superfici 

e la loro integrazione in sistemi macroscopici utili. In questo senso, l’approccio bottom-up, offre 

notevoli vantaggi rispetto ad altri metodi per la costruzione di materiali funzionali e dispositivi su 

scala nanometrica. In genere, per la fabbricazione di nanostrutture, l’auto-assemblaggio gerarchico di 

molecole organiche attraverso molteplici interazioni non covalenti è un metodo molto efficace per 

ottenere assemblati altamente organizzati e privi di difetti, poco accessibili attraverso la sintesi 

covalente convenzionale. 

 L’obiettivo di questa tesi consiste nel progettare e sintetizzare nuove molecole che, attraverso 

interazioni  di legame ad idrogeno, siano in grado di auto-organizzarsi e generare nanostrutture 

complesse in soluzione e su superfici metalliche, che in futuro potrebbero trovare applicazioni in 

dispositivi optoelettronici. Intrinsecamente, il nostro obiettivo è quello di ottenere una buona 

comprensione dei processi di riconoscimento e di organizzazione delle molecole, in soluzione o su 

superfici. Il nostro approccio si basa sulla preparazione di una grande “biblioteca molecolare” di 

molecole intelligenti, in grado di riconoscersi e auto-organizzarsi in modo prevedibile. 

 Nella prima parte del Capitolo 1, il lettore è introdotto al processo di creazione di auto-

assemblati molecolari su superfici metalliche, in particolare nella generazione di reti porose 

bidimensionali. Nella seconda parte del capitolo vengono riportati alcuni esempi basati sul 

riconoscimento, la selezione e l’immobilizzazione di molecole all’interno della cavità dei reticoli 

porosi. 

 La prima parte di questo lavoro di dottorato è presentata nel Capitolo 2, che descrive la 

progettazione e la sintesi dei componenti della “biblioteca molecolare”. I moduli molecolari 

presentano siti di legame ad idrogeno complementare, in particolare, le porzioni di 2,6-

di(acetilammino)piridina (DAD) e uracile (ADA), che sono collegate a diversi gruppi aromatici 

attraverso tripli legami. Nella prima parte del capitolo viene riportata la sintesi dei moduli molecolare 

(Figura 1) per gli studi di auto-assemblaggio su superfici metalliche. 
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Figura 1. Moduli molecolari per gli studi di auto-assemblaggio su superfici metalliche. 
 

 Tuttavia, queste molecole hanno mostrato alcuni limiti di solubilità nei solventi organici comuni, 

come il CHCl3 o il CH2Cl2. Anche se questi limiti non rappresentano un ostacolo quando si lavora su 

superfici, diventano un notevole svantaggio quando si lavora in soluzione. In realtà, alcune delle 

molecole utilizzate nei nostri studi possono essere caratterizzate solo in solventi altamente polari come 

il dimetilsolfossido (DMSO), che sono forti accettori di legami idrogeno e quindi non adatti per gli 

studi di riconoscimento nella soluzione. Per risolvere questo problema abbiamo sintetizzato una nuova 

generazione di moduli basati sui precedenti, che presentano una maggiore solubilità in solventi 

organici comuni e quindi più adatti per gli studi di riconoscimento supramolecolare in soluzione 

(Figura 2). Questo lavoro è riportato nella seconda parte del Capitolo 2. 

 

OC12H25

C12H25O

N N

HN

O

HN

O

NH

O

NH

O

NH

N

N

NH

O

O

O

O

C18H37O

C12H25O

C12H25O

N NH

NHN

O

O

O

O

N

OC12H25

C12H25OHN

O

HN

O

OC12H25

C12H25O

N

NH

NH

O

O

OC12H25

C12H25O

N

HN

N

NH

O

O

O

O

123 128

131 137 142  
 

Figura 2. Moduli molecolari modificati atti allo studio di riconoscimento supramolecolare in soluzione. 
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 Nel Capitolo 3 si descrive la caratterizzazione spettroscopica degli auto-assemblati 

supramolecolari in soluzione. Nella prima parte, i complessi supramolecolari sono stati caratterizzati 

tramite titolazioni H1-NMR e Job plots per determinare la forza d’associazione e la stechiometria dei 

complessi, rispettivamente. Come previsto, il riconoscimento tra la porzione uracilica e la 2,6-

di(acetilammino)piridinica è la driving force per la formazione dei sistemi supramolecolari. 

Sorprendentemente, il Job plot tra 137 e 123 ha mostrato una stechiometria 1:1, il che potrebbe 

indicare la formazione di complessi supramolecolari triangolari. Al contrario, gli studi di titolazione 

tra 142 e 123 non hanno evidenziato la formazione di complessi supramolecolari regolari, ma la 

formazione di specie polimeriche. Nella seconda parte del capitolo, che è stato realizzato in 

collaborazione con il gruppo del Dr. Nicola Armaroli presso l’ ISOF (Bologna, Italia), vengono 

descritti gli studi sulle proprietà  fotofisiche dei diversi moduli e le titolazioni di assorbimento e di 

emissione del sistema [99·111], che a causa  della sua grande insolubilità non è stato possibile studiare 

con tecniche NMR. 

 Sempre in collaborazione con il gruppo del Dr. Nicola Armaroli sono stati eseguiti studi di auto-

organizzazione in soluzione delle molecole 123 e 96 (Capitolo 4). E’ stato riscontrato che gli addotti 

supramolecolari [123·(96)2], che si formano in soluzione, evolvono come nanostrutture sferiche sotto 

controllo di temperatura e polarità di solvente. In un ambiente apolare, 123 che ha gruppi polari 

solvofobici soffre un’aggregazione disomogenea in forma di particelle. Al contrario, quando 123 è 

complessata con 96 tramite la formazione di ponti idrogeno, i gruppi funzionali finali cambiano da 

solvofobici a solvofilici. Questo cambiamento non solo promuove l’auto-organizzazione uniforme 

degli aggregati uniforme, ma anche permette dei cambiamenti morfologici da nanoparticelle a 

vescicole. La reversibilità della formazione di nanoaggregati con la temperatura potrebbe consentire 

l’uso di queste vescicole per la distribuzione controllata di farmaci a livello molecolare. Un altro 

aspetto importante del nostro lavoro è la capacità di modificare le proprietà ottiche. Anche se l’auto-

assemblaggio di 123 induce lo spostamento delle sue bande di assorbimento e di emissione, quando 

combinato con 96 appare essere un modello peculiare di proprietà ottiche dotato di una vasta gamma 

di emissione, che copre quasi interamente lo spettro del visibile. 

 Infine, il Capitolo 5 descrive la creazione di superfici modellate tramite l’approccio “bottom-up” 

sulla base del riconoscimento supramoleculare dei moduli molecolari preparati. La prima parte del 

capitolo descrive gli studi di self-assembly nell’interfaccia solido-liquido attraverso la microscopia a 

scansione tunnel (STM). Il lavoro sperimentale è stato condotto in collaborazione con il gruppo del 

Prof. Paolo Samorí presso ISIS-ULP (Strasburgo, Francia). Gli studi STM condotti con monostrati di 

diversi moduli molecolari mostrano che [110·96] e [99·(110)4] si auto-riconoscono sulle superfici di 

grafite, formando assemblati dimerici e pentamerici (Sezione 5.2). Tuttavia, la combinazione del 

modulo tetratopico 99 con il ditopico 111 genera complessi con forme geometriche diverse. In tal caso 

la formazione di reti bidimensionali non è stata possibile, a causa delle diverse energie di 

adsorbimento dei componenti, essendo l’adsorbimento di 111 il più favorito termodinamicamente. 
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Pertanto, al fine di evitare competizioni sfavorevoli è stato scelto di operare in un regime controllato 

cineticamente (con una concentrazione inferiore a quella necessaria per formare un monostrato 

completo). In queste condizioni, è apparsa una nuova fase eterogenea costituita dai complessi 

[(99)m·(111)n] (Sezione 5.3). Tali problemi d’adsorbimento competitivo sono stati risolti combinando 

due moduli, 97 e melamina, con simili energie di adsorbimento, formando così reti porose 

bidimensionali (Sezione 5.4). 

 Nella seconda parte del Capitolo 5 si descrivono gli studi di STM nell’interfaccia solido-vuoto. 

Questo lavoro è stato svolto in collaborazione con il gruppo del Dr. Thomas Jung presso l’Università 

di Basilea (Svizzera). La prima relazione (Sezione 5.5) mostra che 111 e 97 si auto-assemblano per 

formare fili molecolari di ([(111·97)n]) nelle superfici di Ag(111). La struttura, e ancora più 

importante, la lunghezza di tali complessi supramolecolari può essere modificata dalla co-deposizione 

di un tappo molecolare (96), che termina  formando specie oligomeriche, pentameriche e trimeriche. 

Nell’ultima parte del capitolo (Sezione 5.6) abbiamo descritto la formazione di reti porose basate sul 

modulo 111 che dispone di due siti di riconoscimento terminali composti da 2,6-

di(acetilammino)piridina. È interessante notare che sotto controllo termico é possibile indurre la 

formazione di quattro legami ad idrogeno tra le subunità  2,6-di(acetilammino)piridiniche tramite 

l’equilibrio trans-cis delle ammidi che non è possibile in soluzione. Questa isomerizzazione trans-cis è 

stata in grado di produrre una transizione di fase da un reticolo poroso esagonale a un modello 

rombico. 

 Tutti i sistemi descritti forniscono un esempio unico del potenziale dell’approccio 

supramolecolare per la fabbricazione di dispositivi molecolari, che sono difficilmente immaginabili 

mediante l’applicazione di metodi di miniaturizzazione attuali quali ad esempio le tecniche 

litografiche. 
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 Des que el 1959 Richard P. Feynman va assenyalar que hi havia "molt espai al fons", la 

nanotecnologia i nanociència han experimentat un fort auge. La invenció de tècniques com l’STM 

(1981) i l'AFM (1986) ens han permès visualitzar i manipular les superfícies i les molècules. En el 

context de la miniaturització de dispositius electrònics, la nanotecnologia -que pretén crear sistemes a 

escala nanomètrica (0.1-100 nanòmetres)- podria satisfer les noves necessitats de la indústria 

microelectrònica, que segons la llei de Moore aviat arribarà als seus límits amb l'aplicació de les 

tècniques contemporànies. Per tant, és necessari desenvolupar mètodes per a la fabricació d’assemblats 

moleculars en superfícies metàl·liques i la seva integració en sistemes macroscòpics útils. En aquest 

sentit, la fabricació bottom-up, és a dir, la fabricació mitjançant l'acoblament de components més 

petits, ofereix considerables avantatges sobre qualsevol altra metodologia per a la construcció de 

materials funcionals i dispositius a escala nanomètrica. Normalment, per a la fabricació de 

nanoestructures, l'auto-acoblament jeràrquic de molècules a través de múltiples interaccions no 

covalents representa un mètode molt eficaç per obtenir assemblatges altament organitzats i sense 

defectes difícilment accessibles a través de la síntesis covalent convencional. 

 L'objectiu d'aquesta tesi és dissenyar i sintetitzar noves molècules que, per mitjà d'interaccions 

de pont d'hidrogen, puguin organitzar-se i generar nanoestructures complexes tant en solució com en 

superfícies metàl·liques que, en un futur, podrien trobar aplicacions com a dispositius opto-electrònics. 

Intrínsecament, el nostre objectiu és obtenir informació dels processos de reconeixement i organització 

de les molècules orgàniques, ja sigui en solució o a les superfícies. El nostre enfocament es basa en la 

preparació d'una gran ‘biblioteca molecular’ de molècules intel·ligents, que es poden reconèixer i 

organitzar d'una manera previsible. 

 En la primera part del Capítol 1, el lector s’introdueix en la creació d'auto-assemblats moleculars 

en superfícies metàl·liques, en particular en la generació de xarxes poroses bidimensionals. La segona 

part del capítol mostra alguns exemples recents basats en el reconeixement, la selecció i la 

immobilització de molècules dins les cavitats de les xarxes poroses. 

 La primera part d’aquest treball doctoral es presenta al Capítol 2, on es descriu el disseny i la 

síntesi dels components de la ‘llibreria molecular’. Els mòduls moleculars presenten unitats de pont 

d’hidrogen complementàries, en particular les fraccions 2,6-di(acetilamino)pyridil (DAD) i uracil 

(ADA), les quals estàn connectades a diferents grups aromàtics a través de triples enllaços. En la 

primera part del capítol s’explica la síntesi de mòduls moleculars (Figura 1) per dur a terme estudis 

d'auto-ensamblament sobre superfícies metàl·liques. 
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Figura 1. Mòduls moleculars per dur a terme estudis en superfícies metàl·liques. 
 

 No obstant això, les esmentades molècules han mostrat algunes limitacions de solubilitat en 

dissolvents orgànics comuns, tals com CHCl3 o CH2Cl2. Si bé aquestes limitacions no representen un 

obstacle per treballar en superfícies, es converteixen en un considerable desavantatge a l'hora de 

treballar en la solució. De fet, algunes de les molècules utilitzades en els nostres estudis només poden 

ser caracteritzades en solvents molt polars com ara dimetilsulfòxid (DMSO), que són forts acceptors 

d'enllaços a pont d'hidrògen i, per tant, inadequats per a la realització d'estudis de reconeixement en 

solució. Per resoldre aquest problema hem sintetitzat una nova generació de mòduls basats en els 

anteriors, que presenten però una major solubilitat en dissolvents orgànics comuns i per tant més 

apropiats per realitzar estudis de reconeixement en solució (Figura 2). Aquest treball es descriu en la 

segona part del Capítol 2. 

 

OC12H25

C12H25O

N N

HN

O

HN

O

NH

O

NH

O

NH

N

N

NH

O

O

O

O

C18H37O

C12H25O

C12H25O

N NH

NHN

O

O

O

O

N

OC12H25

C12H25OHN

O

HN

O

OC12H25

C12H25O

N

NH

NH

O

O

OC12H25

C12H25O

N

HN

N

NH

O

O

O

O

123 128

131 137 142  
 

Figura 2. Mòduls moleculars modificats per dur a terme estudis en solució. 
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 En el Capítol 3 es descriu la caracterització espectroscòpica dels assemblats supramoleculars en 

solució. En la primera part, els complexos supramoleculars s'han caracteritzat per mitjà de valoracions 

de RMN de protó i Job plots per determinar la força d'associació i l'estequiometria dels complexos, 

respectivament. Com era previst, el reconeixement entre les porcions uracilica i la 2,6-

di(acetilamino)piridinica és la força motriu per a la formació dels sistemes supramoleculars. 

Sorprenentment, el Job plot entre 137 i 123 va mostrar una estequiometria 1:1, la qual cosa podria 

indicar la formació de complexos triangulars. En contrast, estudis de valoració entre 142 i 123 no van 

revelar la formació d’assemblats regulars, sinó més aviat la formació d'espècies polimèriques. En la 

segona part del capítol, que s'ha dut a terme en col·laboració amb el grup del Dr. Nicola Armaroli en 

l’ISOF (Bolonya, Itàlia), es descriuen els estudis sobre les propietats fotofísiques dels diferents 

mòduls així com la valoració d'absorció i d'emissió del sistema [99·111], que a causa de la seva gran 

insolubilitat no va ser possible estudiar mitjançant tècniques de RMN. 

 També en col·laboració amb el grup del Dr. Nicola Armaroli es van realitzar estudis d'auto-

organització en solució de les molècules 123 i 96 (Capítol 4). Curiosament, hem observat que els 

adductes supramoleculars [123·(96)2], que es formen en solució, evolucionen com a nanoestructures 

esfèriques sota control de la temperatura i de la polaritat del dissolvent. En un entorn apolar, la 

molècula 123, que presenta grups polars solvofòbics, sofreix una agregació inhomogènia en forma de 

partícules. Al contrari, quan 123 es complexa amb 96 a través de la formació de ponts d'hidrogen, els 

grups finals del sistema que abans eren solvofòbics passen a ser solvofílics. Aquest canvi no solament 

impulsa l'auto-organització uniforme dels agregats, sinó que també permet un canvi morfològic de 

nanopartícules a vesícules. La reversibilitat de la formació dels agregats amb la temperatura podria 

permetre l'ús d'aquestes vesícules per al lliurament controlat de fàrmacs a nivell molecular. Un altre 

aspecte important del nostre treball és la capacitat de modificació de les propietats òptiques. Malgrat 

que l'autoacoblament de 123 indueix el desplaçament de les seves bandes d'absorció i d'emissió, quan 

aquest es combina amb 96 apareix un peculiar patró de les propietats òptiques amb una àmplia gamma 

d'emissió que cobreix gairebé tota la finestra del visible. 

 Finalment al Capítol 5 es descriu la fabricació bottom-up de superfícies basades en el 

reconeixement supramolecular dels mòduls moleculars complementaris preparats. En la primera part 

del capítol es descriuen els estudis d'autoacoblament realitzats en la interfície sòlid-líquid mitjançant 

l'anàlisi de microscopia STM. El treball experimental es va realitzar en col·laboració amb el grup del 

Prof. Paolo Samorí a l’ISIS-ULP (Estrasburg, França). Els estudis de microscopia STM realitzats en 

monocapes de diferents mòduls moleculars mostren que [110·96] i [99·(110)4] s'autoreconeixen en les 

superfícies de grafit formant espècies dimèriques i pentamèriques (Secció 5.2). En canvi, la 

combinació del mòdul tetratòpic 99 amb el ditòpic 111 genera múltiples complexos discrets amb 

diferents formes geomètriques. L’esperada formació de xarxes bidimensionals no va ser possible a 

causa de les diferents energies d'adsorció dels components, essent l'adsorció de 111 la més afavorida 

termodinàmicament. Per tant, a fi d'evitar una adsorció competitiva desfavorable es va optar per operar 
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en un règim controlat cinèticament (amb una concentració inferior a la necessària per formar una 

monocapa completa). Sota aquestes condicions va aparèixer una nova fase heterogènia composta per 

complexos de [(99)m·(111)n] (Secció 5.3). Aquests problemes de competició es van resoldre mitjançant 

la combinació de dos mòduls, 97 i melamina, amb energies d'adsorció similars, obtenint d’aquesta 

manera la formació de xarxes poroses bidimensionals (Secció 5.4). 

 En la segona part del Capítol 5 es descriuen els estudis de microscopia STM realitzats en la 

interfície sòlid-buit. Aquest treball ha estat realitzat en col·laboració amb el grup del Dr. Thomas Jung 

a la Universitat de Basilea (Suïssa). En el primer informe (Secció 5.5) es mostra que les molècules 111 

i 97 s'auto-acoblen per formar fils moleculars periòdics ([(111·97)n]) en superfícies d’Ag(111). 

L'estructura i, fins i tot més important, la longitud de tals complexos supramoleculars pot ser 

modificada mitjançant la codeposició d'un tap molecular (96), que finalitza els fils regulant la 

formació d'espècies oligomèriques, pentamèriques i trimèriques. En l'última part del capítol (Secció 

5.6) hem descrit la formació de xarxes poroses basades en el mòdul 111 que té dos llocs de 

reconeixement terminals compostos per 2,6-di(acetilamino)piridina. Curiosament, vam observar que 

sota control tèrmic era possible induir la formació de ponts d'hidrogen quàdruples entre les fraccions 

de la 2,6-di(acetilamino)piridina mitjançant l'equilibri trans-cis dels grups amídics que no és possible 

en solució. Aquesta inversió trans-cis va ser capaç de produir una transició de fase d'una xarxa porosa 

hexagonal a un patró ròmbic. 

 Tots els sistemes descrits proporcionen una prova excepcional de les possibilitats de 

l'enfocament supramolecular en la fabricació de dispositius moleculars, que són difícilment 

imaginables mitjançant l'aplicació de mètodes de miniaturització actuals tals com les tècniques 

litogràfiques. 
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XV 

 Desde que en 1959 Richard P. Feynman señaló que había “mucho sitio al fondo”, la 

nanotecnología y nanociencia han experimentado un fuerte auge. La invención de técnicas tales como 

el STM (1981) y el AFM (1986) nos han permitido visualizar y manipular las superficies y las 

moléculas. En el contexto de la miniaturización de dispositivos electrónicos, la nanotecnología, que 

pretende crear sistemas a escala nanométrica (0.1-100 nm) podría satisfacer las nuevas necesidades de 

la industria microelectrónica, que según la ley de Moore pronto llegará a sus límites con la aplicación 

de las técnicas contemporáneas. Por lo tanto, es necesario desarrollar métodos para la fabricación de 

ensamblados moleculares en superficies y su integración en sistemas macroscópicos útiles. En este 

sentido, la fabricación bottom-up, es decir, la fabricación mediante el ensamblaje de componentes más 

pequeños, ofrece considerables ventajas sobre cualquier otra metodología para la construcción de 

materiales funcionales y dispositivos a escala nanométrica. Normalmente, para la fabricación de 

nanoestructuras, el auto-ensamblaje jerárquico de moléculas orgánicas a través de múltiples 

interacciones no covalentes representa un método muy eficaz para obtener sistemas altamente 

organizados y sin defectos apenas accesibles a través de la síntesis covalente convencional. 

 El objetivo de esta tesis es diseñar y sintetizar nuevas moléculas, que por medio de interacciones 

de puente de hidrógeno puedan auto-organizarse y generar nanoestructuras complejas tanto en 

solución como en superficies metálicas que, en un futuro podrían encontrar aplicaciones como 

dispositivos opto-electrónicos. Intrínsecamente, nuestro objetivo es obtener información de los 

procesos de reconocimiento y organización de las moléculas orgánicas, ya sea en solución o en las 

superficies. Nuestro enfoque se basa en la preparación de una gran “biblioteca molecular” de 

moléculas inteligentes, que pueden auto-reconocerse y organizarse de una manera predecible. 

 En la primera parte del Capítulo 1, el lector es introducido a la creación de ensamblados 

moleculares en superficies metálicas, en particular en la generación de redes porosas bidimensionales. 

La segunda parte del capítulo muestra algunos ejemplos recientes basados en el reconocimiento, la 

selección y la inmovilización de moléculas dentro de las cavidades de las redes porosas. 

 La primera parte de este trabajo doctoral se presenta en el Capítulo 2, donde se describe el 

diseño y la síntesis de los componentes de la “librería molecular”. Los módulos moleculares presentan 

unidades de puente de hidrogeno complementarias en particular las fracciones 2,6-

di(acetilamino)pyridina (DAD) y uracilo (ADA), las cuales están conectadas a diferentes grupos 

aromáticos a través de triples enlaces. En la primera parte del capítulo se explica la síntesis de los 

módulos moleculares (Figura 1) para los estudios de auto-ensamblaje sobre superficies metálicas.  
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Figura 1. Módulos moleculares para los estudios de auto-ensamblaje sobre superficies metálicas. 
 

 No obstante, dichas moléculas mostraron algunas limitaciones de solubilidad en disolventes 

orgánicos comunes, tales como el CHCl3 o CH2Cl2. Si bien estas limitaciones no representan un 

obstáculo al trabajar en superficies, se convierten en una considerable desventaja a la hora de trabajar 

en la solución. De hecho, algunas de las moléculas utilizadas en nuestros estudios sólo pueden ser 

caracterizadas en solventes muy polares como dimetilsulfóxido (DMSO), que son fuertes aceptores de 

enlaces de hidrogeno, y por tanto, inadecuados para la realización de estudios de reconocimiento en la 

solución. Para resolver este problema sintetizamos una nueva generación de módulos basados en los 

anteriores, que presentan una mayor solubilidad en disolventes orgánicos comunes y por lo tanto más 

apropiados para realizar estudios de reconocimiento en solución (Figura 2). Este trabajo esta descrito 

en la segunda parte del Capítulo 2. 
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Figura 2. Módulos moleculares modificados con cadenas alquílicas para realizar estudios de reconocimiento en 
solución.  
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 En el Capítulo 3 se describe la caracterización espectroscópica de los ensamblados 

supramoleculares en solución. En la primera parte, los complejos supramoleculares se han 

caracterizado por medio de valoraciones de RMN de protón y Job plots para determinar la fuerza de 

asociación y la estequiometría de los complejos, respectivamente. Como era de esperar, el 

reconocimiento entre las porciones uracilica y la 2,6-di(acetilamino)piridinica es la fuerza motriz para 

la formación de los sistemas supramoleculares. Sorprendentemente, el Job plot entre 137 y 123 mostró 

una estequiometría 1:1, lo que podría indicar la formación de complejos triangulares. En contraste, 

estudios de valoración entre 142 y 123 no revelaron la formación de los ensamblados, sino más bien la 

formación de especies poliméricas. En la segunda parte del capítulo, que se ha llevado a cabo en 

colaboración con el grupo del Dr. Nicola Armaroli en ISOF (Bolonia, Italia), se describen los estudios 

sobre las propiedades fotofísicas de los distintos módulos así como la valoración de absorción y de 

emisión del sistema [99·111], que debido a su gran insolubilidad no fue posible estudiar mediante 

técnicas de RMN. 

 También en colaboración con el grupo del Dr. Nicola Armaroli se realizaron estudios de auto-

organización en solución de las moléculas 123 y 96 (Capítulo 4). Curiosamente, hemos observado que 

los adductos supramoleculares [123·(96)2], que se forman en solución, evolucionan como 

nanoestructuras esféricas bajo control de la temperatura y de la polaridad de disolvente. En un entorno 

apolar la molécula 123, que presenta grupos polares solvofóbicos, sufre una agregación inhomogénea 

en forma de partículas. Por el contrario, cuando 123 se compleja con 96 a través de la formación de 

puentes de hidrógeno, los grupos finales del sistema que antes eran solvofóbicos pasan a ser 

solvofílicos. Este cambio no sólo impulsa la auto-organización uniforme de los agregados, sino que 

también permite un cambio morfológico de nanopartículas a vesículas. La reversibilidad de la 

formación de los agregados con la temperatura podría permitir el uso de estas vesículas para la entrega 

controlada de fármacos a nivel molecular. Otro aspecto importante de nuestro trabajo es la capacidad 

de modificación de las propiedades ópticas. A pesar de que el auto-ensamblaje de 123 induce el 

desplazamiento de sus bandas de absorción y de emisión, cuando éste se combina con 96 se encuentra 

un peculiar patrón de las propiedades ópticas con una amplia gama de emisión que cubre casi toda la 

ventana del visible. 

 Por último en el Capítulo 5 se describe la fabricación “bottom-up” de superficies basadas en el 

reconocimiento supramolecular de los módulos moleculares complementarios. En la primera parte del 

capítulo se describen los estudios de auto-ensamblaje realizados en la interfaz sólido-líquido mediante 

el análisis de microscopía STM. El trabajo experimental se realizó en colaboración con el grupo del 

Prof. Paolo Samorí en ISIS-ULP (Estrasburgo, Francia). Los estudios de STM realizados en 

monocapas de diferentes módulos moleculares muestran que [110·96] y [99·(110)4] se auto-reconocen 

en las superficies de grafito formando especies diméricas y pentaméricas (Sección 5.2). En cambio, la 

combinación del módulo tetratópico 99 con el ditópico 111 genera múltiples complejos discretos con 

distintas formas geométricas. La esperada formación de redes bidimensionales no fue posible debido a 
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las diferentes energías de adsorción de los componentes, siendo la adsorción de 111 la más favorecida 

termodinámicamente. Por lo tanto, con el fin de evitar una adsorción competitiva desfavorable se optó 

por operar en un régimen controlado cinéticamente (con una concentración inferior a la necesaria para 

formar una monocapa completa). Bajo estas condiciones apareció una nueva fase heterogénea 

compuesta por complejos de [(99)m·(111)n] (Sección 5.3). Tales problemas de competición se 

resolvieron mediante la combinación de dos módulos, 97 y melamina, con energías de adsorción 

similares, obteniendo así la formación de redes porosas bidimensionales (Sección 5.4).  

 En la segunda parte del Capítulo 5 se describen los estudios de STM realizados en la interfaz 

sólido-vacío. Este trabajo ha sido realizado en colaboración con el grupo del Dr. Thomas Jung en la 

Universidad de Basilea (Suiza). En el primer informe (Sección 5.5) se muestran que las moléculas 111 

y 97 se auto-ensamblan para formar hilos moleculares periódicos ([(111·97)n]) en superficies de 

Ag(111). La estructura, y aun más importante, la longitud de tales complejos supramoleculares puede 

ser modificada mediante la co-deposición de un tapón molecular (96), que finaliza los hilos regulando 

la formación de especies oligomericas, pentamericas y trimericas. En la última parte del capítulo 

(Sección 5.6) hemos descrito la formación de redes porosas basadas en el módulo 111 que tiene dos 

sitios de reconocimiento terminales compuestos por 2,6-di(acetilamino)piridina. Curiosamente, 

observamos que bajo control térmico era posible inducir la formación de puentes de hidrógeno 

cuádruples entre las fracciones de 2,6-di(acylamino)piridina mediante el equilibrio trans-cis de las 

amidas que no es posible en solución. Esa inversión trans-cis fue capaz de producir una transición de 

fase de una red porosa hexagonal a un patrón rómbico. 

 

 Todos los sistemas descritos proporcionan un ejemplo excepcional de las posibilidades del 

enfoque supramolecular en la fabricación de dispositivos moleculares, que son difícilmente 

imaginables mediante la aplicación de métodos de miniaturización actuales tales como técnicas 

litográficas.  
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1.1 Supramolecular Chemistry in Two Dimensions 
 

 The miniaturisation of electronic devices, as well the dramatic increase in the computing power 

over the last five decades has been thanks to new engineering techniques to incorporate ever smaller 

components of circuits (wires, resistors, capacitors, and transistors) on silicon substrates. However, 

using this ‘top-down’ approach has its limitations, even taking into consideration any further 

technological advances in the production of integrated circuits that may occur in the near future. The 

ultimate limits in the miniaturisation of the lithographic methods and also materials will shortly be 

reached since according to Moore’s law, the components will have to be shrink to the molecular 

scale.[1, 2] Based on such considerations, strong hope is now put on the development of hybrid 

electronic devices in which the elementary components are replaced with single molecules or 

molecular assemblies.[3-6] The latter are believed to hold great promise to bring ultimate solutions in 

many applications not only in pure electronics,[7-13] but also in optoelectronics,[14-17] photonics,[18] 

energy storages,[19, 20] and medicine.[21, 22] However, an unsettled issue, pertinent to the construction of 

this new generation of hybrid devices, is the precise localisation and the accessibility of such small 

groups of molecules towards external stimuli. The central challenge in molecular-based devices is the 

control of materials at the nanoscopic level.[23, 24] This could be achieved following the “bottom-up” 

approach. Although the current state of research in the “bottom-up” approach, i.e., preparation of 

macroscopic materials based on the controlled assembly of the molecular modules through non-

covalent interactions, is still far from the fabrication of predictable supramolecular entities usable in 

real-world applications, this methodology offers considerable advantages for the construction of large 

ordered structures with nanometre precision over an extended length scale.[25-27] These include a 

highly convergent preparation protocol based on the simultaneous assembly of the predetermined 

molecules, fast and facile formation of the final structure, long-range order and inherently defect-free 

structures since the equilibrium between the constituents and the final products contribute to the self-

rearrangement of the components within the assembled structure and thus to the self-correction. As a 

consequence, the most popular engineering methodology employed in organic-based devices is to 

deposit the organic molecules onto surfaces of bulk materials such as metals, with the solid support 
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acting either as counter electrode or mechanical support.[5, 28, 29] In this regard, Scanning Probe 

Microscopies (SPM) and in particular Scanning Tunneling Microscopy techniques (STM)[30, 31] enable 

the nanoscale characterisation of these 2D molecule-based architectures in direct space. Although the 

part played by the surface in the formation of self-assembled networks is still far from being fully 

explained, in this report we will limit our discussion to those assemblies in which the structures are 

believed to be solely driven by the intermolecular interactions. Although extensive work has been 

published on the study of the organisation of molecules on metallic surfaces,[5, 29, 32-40] this survey 

mainly deals with bi-dimensional (2D) networks, featuring regular porous domains (controllable both 

in shape and size) that are of particular significance for potential applications because the cavities can 

be used as receptors for the confinement of other remotely controlled functional molecules, which can 

ultimately add the functionality to the material.  

 

 In the first part of this section the main strategies that can be utilised to create porous networks 

on surfaces will be briefly described. Following this, the immobilisation, recognition and selection of 

guest molecules within the cavities of the 2D porous networks will be reviewed. 

 

 

1.2 Porous Networks  

 
 This section deals with the main strategies for the preparation of well-defined self-assembled 

porous architectures on surfaces, which are based on the use of supramolecular interactions which join 

the molecular components via: i) H-bonding interactions, ii) dipole-dipole interactions iii) van der 

Waals contacts and iv) metal-ligand coordination. Some examples that clearly illustrate the formation 

of mono- and bi-component networks on surfaces will be described. Thereafter, recent advances in the 

construction of porous networks on surface using surface confined covalent reactions will be 

described, as well as the formation of porous networks using macrocycles. 

 
1.2.1 Non-Covalent Interactions 

 

1.2.1.1 Hydrogen Bonding 

 

 A substantial number of systems describing the formation monocomponent[41-46] and 

bicomponent[47-50] 2D porous networks in which the components are held together by H-bonding 

interactions have been published in the last decade. One of the first examples of bicomponent 

networks featuring empty hexagonal domains able host molecular guests, such as fullerenes, was 

reported in 2003 by the groups of Beton, Champness and co-workers.[48] They described the formation 

of hexagonal arrays by the co-deposition of 3,4,9,10-perylenetetracarboxylic diimide (PTCDI) 1 and 
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2,4,6-triamino-1,3,5-triazine (melamine) 2 on a Ag-terminated silicon surface under Ultra-High 

Vacuum (UHV) conditions. As shown by detailed STM images, the two molecular modules organise 

in such way that hexagonal domains are formed. The melamine and PTCDI modules constitute the 

vertices and the straight edges of the hexagonal domains, respectively (Figure 1). The self-assembly is 

driven by intermolecular triple hydrogen-bonding interactions that are established between the 

complementary units of the molecular components.  

 

 
 

Figure 1. Self-assembly of a PTCDI–melamine supramolecular network; a) chemical structure of PTCDI 1 and 
melamine 2; b) STM image of a PTCDI–melamine network (sample voltage –2 V, tunnel current 0.1 nA). Inset, 
high-resolution view of the Ag/Si(111)–√3 × √3R30º substrate surface; c) inverted contrast image (–2 V, 0.1 nA) 
of the network. Scale bar, 3 nm.[48] 
 

 Usually the molecules involved in the formation of the bi-dimensional arrays have defined 

recognition sites and their deposition on the surfaces leads to molecular recognition and auto-

organisation. Yet in some cases, the molecular recognition sites can be activated in situ in order to 

enable hydrogen-bonding interactions, which lead to the formation of highly stable molecular 

networks under UHV conditions as reported by Stöhr and co-workers.[51] In this work, the authors 

report the generation of a supramolecular network by the thermal dehydrogenation of 4,9-

diaminoperylene-quinone-3,10-diimine (DPDI) 3 on a Cu(111) surface (Figure 2). By thermal-induced 

activation, the molecular modules form porous networks via self-assembled H-bond donors/acceptors. 

The periodic honeycomb structure is commensurate with the Cu substrate and is thermally very stable 

(up to > 300 °C) as a consequence of an irreversible chemical transformation and the combination of 

intramolecular H-bonds and strong π-bonding between the organic molecules and the surface metal 

atoms. Due to its structural regularity and stability, the hexagonal cavities in the network hold great 

potential for the local deposition and fixation of guest molecules. This has recently been shown 

through the molecule-by-molecule deposition of optically active, weakly-bonded, supramolecular 

ZnOEP-C60 complexes.[52] 
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Figure 2. a) Schematic representation of the hexagonal assembly of DPDI 3; b) STM image of the self-assembled 
architecture formed by 3 after thermal activation on a Cu(111) surface under UHV conditions.[51]  
 

 Another approach to the formation of porous networks on surfaces is to use a biomimetic 

strategy. Liu et al. have described finite-size DNA arrays wherein the boundaries, and as a 

consequence the size of the array, can be defined and controlled.[53] They constructed two types of 

networks using two different DNA ‘tiles’ bearing different symmetries, C2 and C4. Since both 

assemblies are similarly constructed, only the former will be discussed here. A 5 × 5 tile array was 

constructed using a total 25 DNA tiles bearing C2 symmetry (Figure 3). Only 13 unique tiles were 

required to form the assembly since several tiles could be used in multiple positions in the array. Each 

tile was 16.9 × 14.2 nm and consisted of 8 DNA helices joined together in a plane with two crossovers 

to connect to the adjacent helices (Figure 3a). The same core strand sequences were used in all the 13 

unique tiles; the only difference in the tiles were the sequences of the sticky ends emerging from the 

helical axis of the tiles. These were required for the specific inter-tile H-bonding interactions i.e., they 

acted as the pre-programmed instructions required for the self-assembly of the finite array. The arrays 

were constructed in a stepwise manner. The individual tiles were formed by cooling a stoichiometric 

mixture of the component DNA strands from 90 ºC to 40 ºC. The 13 tiles were then mixed in the 

correct proportions to form a single solution at 40 ºC, and upon cooling the solution to 10 ºC the arrays 

were formed. A sample of the solution was deposited onto a mica surface and was imaged by Atomic 

Force Microscopy (AFM) (Figure 3c, 3d). The total size of the array was 110 × 110 nm. 
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Figure 3. a) The 8-helix tile showing the crossover points; b) the array design utilising 13 unique tiles (each 
bearing different sticky ends) to form the 5 × 5 array in a predictable and controllable manner; c,d) AFM images of 
the 25 tile array.[53] 
 

 In contrast to the above example, He and co-workers have used DNA to construct non-finite 2D 

porous networks that can form extended arrays with domains as large as 1mm in length.[54] The 

individual units used to form the networks resembled a three-point star and were made up of seven 

DNA single strands (Figure 4a). At the apices of the three-point star, palindromic sequences were used 

as the sticky ends. This was done to ensure that the H-bonding interactions between the units in all 

directions would have equal strengths. The DNA strands were mixed in the appropriate proportions in 

a tris-acetic-EDTA-Mg2+ buffer and deposited onto a mica surface. Upon stepwise cooling from 90 ºC 

to 4 ºC, extended, highly ordered, hexagonal 2D crystalline arrays resulted as observed by AFM 

investigation (Figure 4b, 4c). The diameter of the pores observed was of 29.9 ± 0.1 nm. 

 

 
 

Figure 4. a) The three point star motif made up of seven DNA single strands; b,c) AFM images of the self-
assembly showing the hexagonal porous network on a mica surface. 
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1.2.1.2 Dipolar-Dipolar 

 

 One of the first examples of a 2D porous network, prepared using self-assembled porphyrin 

derivatives on a metal surface, was constructed by taking advantage of dipole-dipole intermolecular 

interactions.[55] This supramolecular assembly, described by Spillmann et al., was formed using 4 a 

zinc-porphyrin bearing two 3,5-di(tert-butyl) phenyl groups and two 3-cyanophenyl substituents 

(Figure 5a). Precedently, Yokoyama and co-workers described the formation of trimeric, tetrameric 

and linear polymeric arrays combining different porphyrins bearing cyano substituents.[56]  

 Under UHV conditions, porphyrin 4 self-organised upon vapour deposition onto a Ag(111) 

surface (Figure 5b). The primary driving force for the formation of this porous network was the 

dipole-dipole and van der Waals interactions mainly contributed by the 3-cyanophenyl moieties. As 

shown in Figure 5, trimeric units with a central cavity with a diameter of about 1.2 nm were formed. 

Furthermore, the Ag (111) substrate is thought to direct the formation of the hexagonal pores as the 

cyano functional groups can act as donating ligands, which are well known to strongly bind to silver 

ions. The cavities in this self-assembly were subsequently exploited to host C60 guests. 

 

 
 

Figure 5. a) Chemical structure of the porphyrin derivative 4 studied; b) STM image of the porous network formed 
by the self-assembly of 4 on Ag(111) surface; c) zoom-in of the STM image indicating where the profile scan for 
Figure 5c was performed; d) proposed model of the self-assembled porous network. The small circles indicate 
where the pores are formed i.e., in the centre of the trimeric units formed by the cyano moieties; e) the cross-
section profile of a single pore scanned from A to B in Figure 5c.[55] 

 

 As an extension of the precedent work, Diederich, Jung and co-workers recently reported a 

systematic study on the influence of different alkoxyphenyl substituents on the porosity of porphyrin-

based assemblies on Cu(111) at the solid-vacuum interface.[57] The self-organisation of three different 
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porphyrin derivatives (5, 6 and 7) shown in Figure 6 was analysed. All derivatives present two 4-

cyanophenyl substituents in diagonally opposed meso-positions of the porphyrin core, but differ in the 

nature of the other two meso-alkoxyphenyl substituents. Such dissimilar functionalisation controls the 

dimensionality of the resulting structure and alters the pore-to-pore distance (30.9 ± 2.0 Å, 33.5 ± 1.2 

Å and 48.90 ± 1.4 Å for assemblies 5, 6 and 7 respectively) in the observed networks without 

significantly affecting the pore size. Specifically, at coverages below 0.8 monolayer, porphyrin 5 self-

assemble into a nanoporous hexagonal network (Figure 6a), while molecules 6 and 7 form one-

dimensional wires. At higher coverages (> 0.8 monolayer) the latter porphyrin assemblies evolve into 

two-dimensional porous assemblies at higher coverages (Figure 6b and 6c, respectively). Besides the 

known dimeric and trimeric supramolecular modules involving the dipolar interactions between two or 

three cyanophenyl groups (assemblies a and b in Figure 6), a new trimeric asymmetric non-covalent 

motif was observed in the network shown in Figure 6c with the isopentyloxy substituents. One of two 

cyanophenyl groups of neighbouring porphyrins forms a C–N···H–C H-bond with the ortho polarised 

C-H residue to the electron-withdrawing alkoxy groups of a third neighbour. The different assemblies 

have been discussed in terms of the compensation of entropic losses, due to the increased restriction in 

the flexibility of the alkoxy chains as the length increases (from an isobutyloxy to isopentyloxy chain). 

 

 
 

Figure 6. a-c) STM images (all 15  × 15 nm2) of the nanoporous networks formed on Cu(111) by the three 
porphyrins shown below the respective images. The coverages are close to one monolayer in each case.[57] 
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1.2.1.3 Van der Waals 

 

 In quite a few cases the van der Waals interactions between long alkoxy chains have been 

exploited for the construction of surface-supported porous networks.[58-62] It is possible to tune the 

pore size by changing the length of the alkyl chains. However, the formation of supramolecular 

networks with giant pores is thermodynamically unfavored because of the low surface coverage of the 

molecular networks. As a method to overcome this obstacle, Tahara et al. demonstrated that is 

possible to obtain 2D network featuring giant pores (up to 7 nm) by high dilution of the adsorbate 

concentration.[63] Substituted dehydrobenzo[12]annulene (DBA) 8 (Figure 7a) dissolved 1,2,4-

trichlorobenzene (TCB) at very low concentrations (5.0 × 10–6 mol L–1) was deposited on a HOPG 

surface resulting in porous honeycomb networks (Figure 7b). The hexagonal voids were formed by the 

interdigitation of the alkyl chains (Figure 7c). Exclusively 2D porous networks were not obtained in 

their experiments due to the formation of regions where 8 was densely packed (dark stripes in Figure 

7b), demonstrating that a 7 nm pore size (edge to edge distance, Figure 7d) is near to the upper limit 

for the formation of porous networks utilising van der Waals interactions between long alkyl chains. In 

further experiments, the authors were able to employ the giant pores to host ‘molecular spoke wheels’ 

as guests. In Section 1.3, more examples of supramolecular networks held together by van der Waals 

interactions and their flexibility towards guest recognition will be discussed. 

 

 
 
Figure 7. a) Chemical structure of dehydrobenzo[12]annulene 8 studied; b, c) STM images of the self-assembly of 
8 at the TCB-graphite interface; d) schematic representation of the assembly displaying the interdigitation of the 
alkyl groups. The red arrow indicates the corner-to-corner distance (7.5 nm) and the blue arrow shows the edge-to-
edge distance (7.0 nm).[63] 
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1.2.1.4 Metal coordination 

 

 The coordination of organic molecules by transition metals has also been used for the fabrication 

of surface supported metal-organic coordination networks (MOCNs) as widely reported by Barth, 

Kern and co-workers.[64-68] In one such example, they reported honeycomb nanomeshes with very 

regular size and shape over large areas (of the order of µm2, Figure 8a), in which pore dimensions 

could be varied by changing the ditopic organic linkers.[69] The molecular linkers used were 

polyphenyldicarbonitrile molecules consisting of three, four or five phenyl rings, molecules 9, 10 and 

11, respectively (Figure 8). Cobalt, with its ability to coordinate three nitrile groups at 120º with 

respect to each other, was the transition metal of choice to form the porous networks. The STM 

experiments were performed at low temperature (~10 K) under UHV conditions on Ag(111) surfaces. 

The molecular linkers were deposited onto the silver surface at submonolayer quantities, and were 

then exposed to a beam of Co atoms, allowing the nanomesh structures to form once a balanced 

stoichiometry of the constituents was achieved. Both depositions were carried out at 300 K, after 

which the surface was cooled to 10 K in order to capture the STM images. Extended, highly regular, 

hexagonal arrays were obtained, and depending on the choice of the organic linker, they were able to 

tailor the size of the pores to 10, 15 and 20 nm2 (Figure 8b, c and d respectively) with the latter having 

a pore diameter of 5.7 nm. In subsequent experiments reported in the same article, the authors were 

able to demonstrate that guest molecules were spatially confined within the nanocavities. The lateral 

movement of the guests from one cavity to the next was restricted even upon excitation by an 

increased tunnelling current in the STM tip. 

 

 
 
Figure 8. a) UHV STM image of the extended nanomesh formed using linker 9 and Co atoms on a Ag(111) 
surface; b) a comparison of the arrays formed with the increasing length of the organic linker unit. A schematic 
representation of the chemical structures 9, 10 and 11, along with the respective lengths of the linkers is also 
shown.[69] 
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1.2.2 Porous Networks Formed By Surface Covalent Reactions 

 

 All the networks described in the previous section were assembled taking advantage of 

intermolecular weak interactions, which may lack stability for nanotechnological applications.[70] 

Consequently, a lot of effort has been focused on the engineering of covalently bonded networks on 

surfaces (i.e., surface covalent organic frameworks, SCOFs) displaying higher stability. 

 The first work describing covalently bonded 2D porous networks on surfaces was published by 

Grill et al.[71] Porphyrin building blocks bearing bromophenyl substituent groups were used to form 

the arrays on Au(111) surfaces under UHV conditions. The covalent bonds at predetermined points 

were formed by thermal dissociation (> 590 K). Such dissociation performed by either heating the 

porphyrin modules on the surface after sublimation, or by heating them in the evaporator prior to 

sublimation lead to intermolecular coupling between the monomeric species (Figure 9). Prior to the 

thermal dissociation, a control experiment at lower temperature (sublimation at 550 K) was done. 

Intact tetra(4-bromophenyl)porphyrin 14 units formed highly ordered islands (up to 100nm in 

diameter) with a close-packed structure (Figure 9a). Various nano-architectures could be formed in a 

controlled manner by thermally activating the Br2 groups of mono-, di-, and tetra-bromo-substituted 

tetra(phenyl)porphyrins (TPPs) 12, 13 and 14, respectively. (Figure 9b-d). As expected, porphyrin 12, 

bearing only one Br2, formed dimers upon activation of the reactive sites (Figure 9b). Dibromophenyl 

porphyrin 13 lead to the formation of long, linear chains, whereas tetrabromophenyl porphyrin 14 

formed 2D networks (pore size: 17.2 ± 0.3 Å). 

  

 
 

Figure 9. a) STM image (20 × 20 nm2) of islands formed by unactivated 14 molecules on Au(111) after 
sublimation at 550 K; b)-d) results obtained after the activation of bromophenyl porphyrins 12, 13 and 14, 
respectively. Image size b) 5 × 5 nm2, c) 10 × 10 nm2, d) 8.5 × 8.5 nm2.[71] 
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 In another example, SCOFs formed under UHV conditions were reported by Zwaneveld et al.[72] 

Boronate chemistry was used to form two types of SCOFs on Ag(111) surfaces. The first network was 

formed by the condensation reaction of 1,4-benzenediboronic acid 15 to form six-member B3O3 rings 

as shown in Figure 10a. An ordered hexagonal array with a pore diameter of 15 ± 1 Å was obtained 

upon sublimation of 15 (300-500 K) at surface coverages ranging from <1% to near-complete 

monolayer. The stability of the assembly was tested by annealing at 750 K. No degradation was 

observed after 5 min, however, following prolonged periods (12 h) significant degradation occurred 

and only small islands of the intact assembly were observed. A hexagonal network with a larger pore 

size (29 Å) was also obtained upon co-deposition of 15 and 2,3,6,7,10,11-hexahydroxytripenylene 16, 

and once again, annealing at 750 K did not degrade the network, thus confirming the covalent nature 

of the assembly (Figure 10b). 

 

 
 

Figure 10. a) STM image of a covalent network formed upon deposition of 15 on Ag(111) at near-complete 
monolayer coverage; b) STM image of the SCOF formed upon co-deposition of 15 and 16 on Ag(111). The insets 
in both images show the theoretical pore diameter obtained by DFT calculations.[72] 
 

 Using a different approach Linderoth and coworkers[73] combined the use of surface confined 

reactions to form covalent bonds between the precursor modules with van der Waals interactions of 

the resultant product (18) to form 2D porous networks. In particular, three separate experiments, each 

resulting in a different surface assembly, were performed by condensation of trialdehyde 17 with 

octylamine (Figure 11). The control experiment involved performing the reaction shown in Figure 11 

in solution, and then sublimation of triimine 18 directly onto the Au(111) surface under UHV 

conditions. The close-packed self-assembly obtained consisted of rows of bright protrusions separated 

by a lamellar arrangement (Figure 11b). This corresponds to the molecule having two ‘spokes’ 
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adsorbed on the surface, with the third one protruding upright, i.e., perpendicular to the surface. The 

assemblies obtained when the reaction was performed in situ on the surface were entirely different 

(Figure 11c,d). Two different reaction conditions were investigated and lead to varying assemblies. In 

the first experiment octylamine molecules were dosed with a high flux at low temperature onto a 

substrate pre-covered with 17. In this case, a densely packed structure with complete conformational 

order was obtained (Figure 11c). In the second experiment, when octylamine was sublimed onto the 

pre-covered substrate at room temperature with a lower flux, a porous network that was less 

conformationally ordered was obtained (Figure 11d). In the first case, it is suggested that the low 

temperature did not allow for the disruption of the underlying trialdehyde assembly, and thus the 

reaction product inherited the organisational information of the underlying layer resulting in the close-

packed assembly. In the second experiment the thermal energy was sufficient to render the trialdehyde 

layer unstable, therefore, following the completion of the reaction between the freely diffusing 

reactants on the gold surface, a 2D porous network was formed. Linderoth and co-workers have used 

the same condensation reaction with other molecular modules to construct other surface confined self-

assemblies.[74, 75]  

 

 
 

Figure 11. a) Formation of triimine 18 between condensation of trialdehyde 17 and octylamine; b) STM image 
(120 × 120 Å) of the rectangular structure formed on Au(111) under UHV conditions by the deposition of 18 
prepared previously in solution; c) and d) STM images (850 × 850 Å and 400 × 400 Å, respectively) of the 
different organisation patterns formed by the triimine 18 prepared in situ on the surface by a condensation reaction 
following c) deposition of octylamine at low temperature and high flux on preassembled islands of trialdehyde 17 
or d) deposition of octylamine at room temperature and low flux on preassembled islands of 17.[73]  
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1.2.3 Preorganised Cavities: The Macrocycle Approach 

 

 The construction of porous networks on surfaces utilizing π-conjugated macrocycles is the final 

approach that will be discussed in this section. Many of the arrays, with their large cavities, can be 

used as host systems capable of accommodating guest molecules, however in this section, the host-

guest systems will only be mentioned, omitting details, since they will be discussed in Section 1.3. 

 Freyland, Höger and co-workers[76] reported the formation of 2D supramolecular assemblies 

using the macrocyclic structure 19 bearing long alkyl chains  (Figure 12a) under ambient conditions at 

the liquid-solid interface. The macrocycles were dissolved in TCB and deposited onto a freshly 

cleaved HOPG surface, and the resultant arrays were imaged by STM (Figure 12c). 19 organised into 

rows held together by interdigitation of the alkyl chains forming two types of cavities, A (blue 

octagon, ~1.4 nm) and B (red octagon, ~2.5 nm × 1.8 nm) (Figure 12b). The π-conjugated structure, 

and the extraannular phenyl moieties (circled in green) are clearly visible in the STM image. When 

combined with C60, the fullerenes did not position into the cavities, but rather, they were observed atop 

of the macrocyclic structures. 

 

 
 

Figure 12. a) Chemical structure of the macrocycle 19; b) proposed structural model of the assembly showing the 
two types of cavities, A and B (blue and red octagons respectively); c) STM image of the array formed by 
macrocycle 19 at the HOPG surface under ambient conditions. The four extraannular phenyl moieties are 
highlighted with circles.[76] 
 

 Using spin-coating to introduce an even larger π-conjugated macrocycle (Figure 13a) onto 

HOPG, Müllen and co-workers were able to observe the organisation of 20 at the air-surface 

interface.[77] The STM image (Figure 13b) revealed almost hexagonal packed, highly organised 

monolayers of the ring-shaped carbazole macrocycle spanning over several hundred nm2. The 

macrocycles bear solubilizing alkyl chains only on the exterior side in order to facilitate hosting in the 

cavity. Due to the alkyl chains, each macrocycle is separated from the next by about 0.4 nm in each 

direction, thus close packing is prevented. Furthermore in this assembly, it was observed that 

neighbouring macrocycles are slightly distorted (with an elliptical shape) towards different directions. 
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This was attributed to the increase in flexibility given by the acetylenic bridges joining the rigid 

conjugated conjugated backbone, since the ethynyl bonds can be slightly distorted from the 180° non-

strained angle. Upon the introduction hexa-peri-hexabenzocoronene (HBC) by pulsed laser deposition 

under UHV, the HBC molecules were inserted into the pre-organised cavities. This was the first 

example of a host-guest system in which a π-conjugated macrocycle traps an organic semiconductor in 

its cavity. 

 

 
 

 

Figure 13. a) Chemical structure of the conjugated carbazole macrocycle 20; b) STM image of the self-assembly of 
the 20 following spin coating at the air-HOPG interface. The direction of the elliptical distortion of the 
neighbouring macrocycles is shown by the yellow arrows.[77] 
 

 In the same context, Bäuerle and Osteritz described the organisation of macrocyclic α-

conjugated oligothiophenes.[78, 79] Such structures combine the excellent electronic properties of the 

conjugated thiophene oligomers with the availability of open complexation sites for the 

accommodation of guest molecules such as C60.[80] The cyclic molecules studied (Figure 14), 

spontaneously ordered at the 1,2,4-trichlorobenzene-HOPG interface in a hexagonal pattern on large 

domains (up to 1  × 1 µm2) with diameter cavities of ~0.91 nm and ~1 nm for macrocycles 21 and 22, 

respectively. Each second thiophene constituting the macrocyle was functionalised with two butyl side 

chains at the β-positions. Due to the presence of the alkyl chains, the cyclic structures were not lying 

flat on the surface but rather showing a “spider-like” conformation, with the butyl substituents bent 

downwards with respect to the conjugated ring. The bent butyl side chains are responsible on one hand 

for the interaction of each macrocycle with the surface and on the other hand, they are responsible for 

the interaction with the alkyl side chains of the adjacent molecules via interdigitation, as the driving 

force to form the 2D crystal.  
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Figure 14. a) STM image of the long-range ordering of macrocycle 21 at the TCB-HOPG interface (60 × 60 nm2). 
The inset (bottom left) shows the underlying graphite, including the three main crystallographic. The second inset 
(top right) shows the STM image of an individual macrocycle; b) long-range ordering of 22 adsorbed on HOPG. 
The inset shows the short-range ordering in detail.[79]  

 

 Metallamacrocyclic assemblies are appealing materials for their potential electronic, magnetic, 

optical, and catalytic applications as their properties can be tailored by the coordinated metal.[81, 82] 

The assembly of such compounds on solid supports represents therefore an important step toward 

developing their materials properties. In 2004 Safarowsky et al. reported on the organisation of a self-

assembled metallo-supramolecular square on a Cu(100) surface[83] through an intermediate layer of 

chloride anions, in order to enhance the interactions between the squares and the substrate. It was 

observed that the complexes deposited in a flat orientation, with their open cavities exposed toward the 

solution phase, were able to accommodate guest molecules. 

 In parallel Stang, Wan and co-workers reported the self-organisation of a supramolecular 

rectangle, square and a three-dimensional cage at the HClO4-Au(111) interface.[84] They observed the 

spontaneous self-organisation of the assemblies forming well-ordered 2D adlayers. The STM images 

of both the supramolecular rectangle 23 and square 24 (Figure 15a and 15b, respectively) revealed that 

the molecules lie flat on the surface preserving its shape, with its molecular plane parallel to the 

surface, and an empty cavity in the center of each structure. Specifically, the dimensions of the 

metallamacrocycles were consistent with those measured by X-ray diffraction, the crystal structure 

size, 2.0 nm × 1.2 nm and 2.1 ± 0.1 nm for 23 and 24, respectively, showing that the cages do not 

suffer structural changes upon deposition on Au(111) surface. 
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Figure 15. a) High-resolution STM image of the [1,8-bis(trans-Pt(Et3)2)anthracene)(4,4’-byp)]2(PF6)4 23 
rectangular adlayer and showing the underlying Au(111)-(1 × 1) lattice in the upper right corner; b) high-resolution 
STM image of the [Pt(dppp)(4,4’-byp)]4(CF3SO3)8 24 adlayer. In the upper right corner the underlying Au(111)-(1 
× 1) lattice is shown.[84]  
 
 

1.3 Cavity-confined Host-Gest Recognition 

 
 As anticipated in Section 1.2, the void domains of the 2D porous networks can act as selective 

hosts sites for the preferential accommodation of guest molecules. An increasing number of studies are 

currently focusing on the specificity and guest selectivity of templated networks. Such specific 

recognition is essential for the immobilisation and study of functional molecules at the single molecule 

level of precision. This section, focuses on recent advances in the preparation of 2D porous networks 

that can be regarded as molecular sieves, since they are able to selectively accommodate guest species 

in their cavities depending not only on their size and shape but also, in some cases, on their electronic 

properties. 

 During the last years, several porous networks formed by component of different nature and 

stabilised by means of various interactions have proved to be excellent host for C60 molecules. In a 

recent work Wee, Chen and co-workers presented a strategy to fabricate regular porous nanoarrays 

from pentacene and C60 molecules under UHV on Ag (111), which were used to selectively 

accommodate guest C60 molecules.[85] As shown in Figure 16a after deposition of 0.7 ML pentacene 

on Ag(111) and annealing to 380 K (1 ML corresponds to a close-packed molecular layer) a loosely 

brick-wall-like structure was obtained (interow distance: 1.03 nm). The arrangement of this structure 

was significantly modified by the deposition of 0.7 ML of C60, which after annealing at 360 K gave 

rise to the formation of an extended 2D network with well-ordered cavities. The C60 adsorption 
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induced structural rearrangement of the pentacene array into pentacene pairs surrounded by C60 

molecules (Figure 16b). The new array was constituted by a regular arrangement of C60 molecular 

chains (interchain distance: 1.82 nm) with an intermolecular distance between the nearest neighbor C60 

molecules in the nanomesh of 1.05 nm. The skeleton of the C60 nanomesh was stabilised by the strong 

molecule-metal interfacial interactions [C60-Ag(111) and pentacene-Ag(111)] and was further 

modified by the pentacene-C60 donor-acceptor intermolecular interactions. The generated cavities 

allowed the selective accommodation of C60 guest molecules. Figure 16c-d clearly reveals that C60 

exclusively adsorb in the nanocavities of the nanomesh template, and upon increasing the coverage 

from 0.05 ML (Figure 16c) to 0.2 ML (Figure 16d) almost all cavities were filled.  

 

 
 

Figure 16. a) STM image of long-range ordered pentacene superstructures on Ag(111). Unit cell (a = 2.90 nm, b 
= 1.03 nm); b) detailed image of C60 nanomesh; a proposed model is superimposed on the image, unit cell (a* = 
2.62 nm, b* = 2.10 nm, α = 60º); c-d) STM images of the coverage dependent evolution of C60 assembled on the 
C60 nanomesh (VT = –2.52 V, It = 80 pA): c) 0.05ML, d) 0.2 ML.[85] 

 

 Structural modification of a Zn-porphyrin macrocycle through the introduction of 4-cyanophenyl 

moieties at the 1,10-positions (25), led to the formation of regular homochiral nanoporous domains on 

Cu(111) surfaces (Figure 17).[86] Each pore appears as a chiral windmill-shaped structure consisting of 

six wings, each associated with the two tert-butyl residues of the 3,5-di(tert-butyl)phenyl substituents. 

These networks further displayed self-hosting properties towards unbounded single porphyrin guests, 

which nested atop of each windmill-like cavity (Figure 17 c,d). Since it is not placed directly on the 

surface, the guest could be switched into six different positions. Specifically, in various STM 

sequences at different temperatures it has been observed that the porphyrin guests can thermally 

switch from one stable position to another. The horizontal line in Figure 17c,d indicates that the nested 

molecule switched into a new position. The thermally induced rotation of the guest molecules is faster 

than the time-resolution of the STM, and thus the images shows a superposition of all possible 
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positions that the guest molecule can take on a single pore. As the guest molecule is embedded onto a 

nanoporous network, each device could also be selectively addressed and switched upon applying a 

local voltage by placing the tip above the porphyrin guest under scanning conditions. By applying 

short pulses (~1 second), a single switching event could be triggered. Although this method revealed 

to be successful in inducing a switching event, a preferential direction of rotation (i.e., clockwise or 

counterclockwise) has not been achieved so far. 

 

 
 

Figure 17. a) STM image (50  × 50 nm2) of the self-assembled network of the 4-cyanophenyl substituted porphyrin 
25 on Cu(111). The insets (9.1  × 9.1 nm2) show that two homochiral domains were observed; b,c) STM images 
(6.5  × 6.5 nm2) showing the controlled rotation of the nested guest molecules induced by the STM tip.[86] 
 

 In a recent work from the groups of Attias, Charra and co-workers it has been shown that 

deposition of star-shaped tris-phenylene ethynylene derivative 26, leads to honeycomb structures on 

HOPG generating empty cavities (diameter ~ 1.3 nm) suitable for hosting guest molecules (Figure 

18a).[87] With the aim to test the guest selectivity, the authors studied the confinement of several 

polycyclic aromatic hydrocarbons (PAHs) within the porous network. After deposition of coronene 27, 

benzo[rst]pentaphene 28 and hexabenzocoronene 29 into the host matrix, the appearance of a circular 

bright spot at the center of each pore, confirmed the trapping of the guest molecules (Figure 18b-d). In 

contrast, when pentacene or other stilbenoid derivatives 26 were added, they were never found to 

adsorb inside the cavities due to their larger size in comparison with the pore diameter. This 

demonstrates the size and shape selectivity of such hosting arrays. 
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Figure 18. STM images on HOPG of a) self-assembled monolayer of the matrix formed trough self-assembly of 
(1,3,5-tris[(E)-2-(3,5-didecyloxyphenyl)-ethenyl]benzene 26; the host matrix after addition of b) 27; c) 28; d) 29.[87]  
 

 Another example of selective assembly has been obtained with bis(3,5-diacidic) diazobenzene 

30, which formed 2D porous networks at the liquid–solid interface (solvent: heptanoic acid, surface: 

HOPG, r.t.), with two types of cavities (A and B) of different size (pore diameters: 12.0 and 8.6 Å, 

respectively) and symmetry through double intermolecular H-bonds between frontal carboxyl 

groups.[88] This open Kagomé array offering two different types of binding sites can serve as a two-

dimensional molecular template to accommodate functional molecules with site selectivity. Whereas 

the experimental results indicate that C60 molecules have been hosted in both sites displaying no 

selectivity (Figure 19a-d), larger fullerenes, such as C80 and Sc3N@C80 were exclusively 

accommodated in the larger cavities (i.e., those with 12.0 Å of diameter) as shown in Figure 19e-f. In 

addition, as the metal atoms increase the electronegativity of the carbon cage, endohedral fullerenes 

such as Sc3N@C80 showed enhanced binding to the 30–graphite network compared with C60.  

 

 
 

Figure 19. High-resolution STM view showing the detailed C60–30 host–guest structure with C60 trapped within a) 
the A-type network, c) the B-type network; b), d) suggested molecular models of the assembly structures for a) and 
c), respectively; e) STM image (68  × 68 nm) of the Sc3N@C80 trapped within the A-type of the diazobenzene 30 
network on an HOPG surface; f) plan view of the proposed structural model; g) chemical structure of diazobenzene 
30.[88]  
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 As described in Section 1.2.3, another approach towards the formation of regular hosting 

networks is the use of preformed molecular cavities. By means of this method, Tobe, De Feyter and 

co-workers obtained regular porous networks from the deposition of butadiyne-bridged planar 

macrocylces at the TCB/graphite interface (pore diameter ~1 nm).[89] Three different macrocyles were 

studied: pyridinophane 31 bearing four peripheral octyl esters, and cyclophanes 32 and 33 bearing four 

octyl ester and four (octyloxy)methyl substituents, respectively. Although the aromatic units on the 

macrocycles did not show any difference in the organisation pattern, cyclophane 33 forms a more 

densely packed linear pattern than macrocycles 31 and 32 probably due to the absence of H-bonding 

interactions between adsorbed macrocyles. The site-selective guest inclusion was tested with 

tropylium (Tr) cation 34, which is known to have high binding affinity to pyridine via ion-dipole 

interactions.[90] As expected, “in situ” and “ex situ” complexation experiments on the molecular host 

network 31 with guest 34 (1:13 molar ratio in TCB/CH3CN/CHCl3 10/9/1) showed accommodation of 

34 inside the macrocycle cavities, while similar experiments on networks 32 and 33 did not reveal any 

complexation. Upon mixture of two similar macrocyles (31 and 32) with guest 34 (1:1:13 molar ratio 

in TCB/CH3CN/CHCl3 20/9/1) only some macrocycles showed bright spots inside the cavities 

suggesting that the remaining empty pores where those from cyclophane 32 (Figure 20a). On the other 

hand, mixture of 31, 33 and 34 (1:1:13 molar ratio in TCB/CH3CN/CHCl3 20/9/1) showed in addition 

to pure domains of the complex (Linear A, Figure 20b), a new molecular network (Linear C) formed 

by alternated macrocycles showing bright (31 + 34 complex) and dark cores (guest free 33) (Figure 

20b-d). The driving force for this preferred alternation and alignment on the surface is attributed to 

attractive dipolar interactions between adjacent ester and ether groups along the macrocycle rows. 

 

 
Figure 20. a) STM image of the monolayer formed by a mixture of 32 and the 31 + 34 complex; b) STM image of 
monolayer formed by a mixture of 33 and the 31 + 34 complex; c) high resolution image of the linear C structure; 
d) tentative model of the ideal alternating linear C structure consisting of 31 (blue), 33 (turquoise), and Tr cation 
(orange).[89] 
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1.3.1 Guest-Controlled Non-Covalent Encapsulation 

 

 Given that all the networks described so far constructed via supramolecular interactions are not 

covalently bound to the surface, a certain degree of flexibility regarding the guest recognition is 

expected. In this section the flexibility and structural transformation shown by some networks in order 

to accommodate guest species in their cavities will be discussed. Not only this but also, some 

examples where non-porous networks can be transformed into hosting systems as a response to the 

addition of guest molecules will be illustrated. 

 One of the first examples of structural transformation, from a linear nonporous structure into a 

honeycomb porous network, as a response to the addition of guest molecules was described by De 

Feyter, Tobe and co-workers (Figure 21).[91] Recently, they have studied a series of 

dehydrobenzo[12]annulene (DBA) derivatives which by interdigitation of the alkyl chains generate 

well-ordered arrays on HOPG surfaces. Remarkably, it has been observed that upon increasing the 

length of the alkyl chains present in the DBA cores, a transition from honeycomb networks to linear 

networks occurs.[59] Some of these systems have additionally shown concentration-dependent 

polymorphism.[61] In particular, at low concentrations 2D porous honeycomb networks are formed, 

while at high concentrations, the same systems organise in dense-packed linear patterns. In spite of 

this, in both cases, the dense-packed linear patterns can be transformed into porous networks by 

addition of a proper guest molecule (Figure 21).[60, 91]  

 

 
 

Figure 21. a) Tentative reorganisation model of 35 from a linear DBA network into a honeycomb network after 
addition of coronene 27; b) STM images on HOPG of a linear network 35 without coronene and c) honeycomb 
structure after the addition of 27. Image size (96 × 96 nm2).[91] 
 
 
 Interestingly, and recalling the previous section, they also studied the encapsulation of several 

guest molecules of different symmetry, size and planarity (Figure 22). It was observed that only the 
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planar guest molecules presenting large π-conjugated cores such as coronene (27), 

hexakis(phenylethynyl)benzene (36) and phthalocyanine (37) induced a network transition from a 

linear structure to a hexagonal closed structure of the array formed by dehydrobenzoannulene 35. This 

could be attributed to the adsorption energies, which are larger than the adsorption energies of the 

other nonplanar or small π-conjugated molecules (hexaiodobenzene (38), chrysene (39), 9,10-

diphenylanthracene (40) and C60 (41)).  

 

 
 

Figure 22. Guest molecules tested in order to induce structural changes on the flexible network described in 
reference [91]  

 

 In a very recent work, the same authors reported a hierarchical self-assembly of three-

component 2D crystalline lattices at the liquid-solid interface following a host-guest strategy, which 

involved specific recognition and selection processes.[92] As it can be observed in Figure 23, coronene 

(27) acted as a molecular template directing the assembly of six molecules of isophthalic acid (42) into 

a 2D H-bonded supramolecular network (Figure 23a,c). If no coronene was present, the cyclic 

hexamer organisation of isophthalic acid molecules would not be possible due to the higher adsorption 

energy per unit area that the porous arrangement represent (Figure 23b). Using this heteromolecular 

cluster as a template, the assembly of an alkoxylated dehydrobenzo[12]annulene derivative 43 into a 

honeycomb network stabilised by van der Waals interactions was achieved (Figure 23a,d). Most 

notably, the network formed by 43 can be regarded as a molecular sieve. In fact, in the presence of 

competing guests such as trimesic acid, which is known to form well-defined bimolecular assembllies 

with coronene (identical to those in Figure 23c), arrays of 43 exclusively hosts hetermolecular 

complexes composed by 27·42 in the ratio 1:6.  
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Figure 23. a) Molecular mechanics (MM)-optimised structures of (left) the “zigzag” pattern of 42 and (right) the 
coronene-templated assembly of 42 and model of the three-component hierarchical assembly; b,c) STM images 
recorded at 1-octanoic acid/graphite interface of self-assembled patterns of 42 b) in the absence of coronene and c) 
in the presence of coronene; d) the high-resolution image of the tricomponent architecture shows submolecular 
detail of the 27·42 (1:6) cluster.[92] 
 

 In parallel, another example of dynamic molecular assemblies was described in a systematic 

study performed by Charra, Attias and co-workers.[93] Exploiting the intermolecular packing 

interactions of n-alkanes, they synthesised several building blocks specifically designed in order to 

obtain various topologies at the phenyloctane-HOPG interfaces. In particular, they showed the 

formation of supramolecular dimers (Figure 24a), polymers (Figure 24b), and 2D networks (Figure 

24c) by absorption of mono- (44), di- (45), and trifunctional (46) derivatives, respectively, based on 

the same 2,4,6-tristyrylpyridine central core. The degree of functionalisation, and therefore, the 

number of alkylic chains (clipping functionalities) present in the central core steers the organisation of 

the molecules. 45 and 46 have the same disposition of the alkylic chains and therefore the same 

organisation pattern (cyclic hexamers) was expected. However, as a result of the tendency to minimise 

the free surface energy, the more compact linear polymer conformation shown in Figure 24b was 

preferred. Still, thanks to the flexibility of the system it was possible to induce a reorganisation of such 

linear polymer-like topology into cyclic hexameric blocks by addition of hexabenzocoronene (47) 

(Figure 24d). As expected, the structure of the resulting hierarchical organisation resulted to be the 

same as the honeycomb network using the trifunctional building block 46 (Figure 24c).  
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Figure 24. a-c) STM images corresponding to the monofunctional 44, bifunctional 45 and trifunctional 46 
molecules all based on the same 2,4,6-tristyrylpyridine core. STM image after rearrangement of network b) 
induced by addition of hexabenzocoronene (47). The scanned areas were a) 7.8 × 7.3 nm2, b) 8.1 × 7.5 nm2, c) 8.9 × 
8.3 nm2, d) 25.7 × 18.7 nm2.[93]  
 

 In a study examining the inclusion of metallophthalocyanines (MPc) in the porous network 

formed by self-assembled 1,3,5-tris(10-carboxydecyloxy)benzene (48) on HOPG, it was found that the 

network could adapt its shape to host either one or two MPc molecules per pore.[94] 48 self-assembled 

into homogenous networks with almost tetragonal cavities at the toluene-HOPG interface (Figure 

25a). Following this, the inclusion of different molar ratios of phthalocyanine 37 was investigated. 

While at a molar ratio of 48·37 greater than 2:1, mainly unfilled networks were observed (Figure 25a), 

at a molar ratio lower than 1:1, mainly dimer-entrapped networks were formed (Figure 25c). The 

optimal ratio for obtaining both dimer- and monomer- entrapped network domains was 2:1 48·37. The 

inclusion of a single phthalocyanine in each cavity caused the bending of the flexible aliphatic 

moieties of 48, and therefore a distortion of the shape of the flexible network (Figure 25b). In the 

domains in which dimers were entrapped in each cavity, an altogether different distortion of the 

network was observed (Figure 25c). In this case, two MPc molecules were hosted almost side by side 

in a single cavity that was formed by four 48 molecules (compared to two 48 molecules in the control 

and the monomer-entrapped architecture). Due to the new conformation, the average number of H-

bonds per unit mesh is just one, compared to the two in the monomer-entrapped conformation 

(compare the black ellipses drawn in Figure 25b and 25c). This results in weaker interactions (9.6 kcal 

mol–1) and thus a larger cavity was able to form. This establishes that the porous network formed by 

48 depends on H-bonding interactions for its stability and at the same time the H-bonds endow the 

system with a certain degree of flexibility. Once again, van der Waals interactions are thought to be 

the main contributor for the host-guest inclusion. 
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Figure 25. a) STM image of the self-assembly of 48 on a HOPG surface; STM images of the self-assembled 48 
molecules hosting b) a single 37 molecule per cavity c) a dimer of 37 molecules in each cavity. The white shapes in 
b) and c) indicate the location of 37 as squares and the phenyl groups of 48 as circles; e-f) each STM image is 
accompanied by the proposed molecular model with identified H-bonding locations.[94] 

 

 Along this section the dynamicity that some systems show under solid-liquid conditions has 

been thoroughly demonstrated, however there are very few reports showing flexible networks studied 

under UHV conditions. In 2007 Yokoyama and co-workers reported the formation of a flexible 

network formed by the self-assembly of a porphyrin derivative on a Au(111) surface, which after the 

adsorption of C60 leads to the formation of a nanoporous structure that is able to accommodate the 

guest molecules.[95] In a similar way, Calmettes and co-workers reported the formation of metastable 

open 2D host networks of 2,3,9,10,16,17,23,24-octachlorozinc phthalocyanine (49) on Ag (111) under 

UHV conditions, which can be used as flexible templates for the controlled insertion of guest 

molecules, in particular 1,3,5,7,9-penta-tert-butyl-corannulene (50).[96] The presence of eight chlorine 

atoms in 49, which are able to establish relatively weak H-bonding and van der Waals interactions, 

leads to the kinetic control of the self-assembly process on the substrate. In particular, three different 

networks were obtained depending on the packing density (0.33 mol nm–2, 0.38 mol nm–2, 0.44 mol 

nm–2, respectively) tailored by time and thermal annealing. The low packing density and the flexibility 

of the weak intermolecular interactions of the networks N1 and N2 (Figure 26a,b), allowed the 

accommodation of 50, due to an aperture within the initial organisation. In the case of N1, the self-

assembly of molecules result into a chessboard-like structure (Figure 26c) and in the case of N2, both 

components align in separate parallel lines (Figure 26d). Remarkably, the authors showed that it was 

possible to modify the aforementioned arrays by removing individual 50 molecules by using the STM 

tip, leaving the new phthalocyanine-templated pattern almost undamaged.  
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Figure 26. STM images (5 × 5 nm2) at the liquid-helium temperature (T = 4.6 K) of two 2D packings of 49 on 
Ag(111): a) network 1 (N1), observed immediately after molecule evaporation. z range: 0-0.8 Å; b) network 2 
(N2), after 15 annealing at 230 K; c) STM image a 49-P1 network observed at T = 77 K after evaporation of 50; d) 
bicomponent network obtained from the evaporation of 50 onto a 49-N2 lattice.[96]  
 
 

1.3.2 Towards Biomolecular Recognition 

 
 The organisation and immobilisation of biomolecular systems on surfaces is a requirement for 

the fabrication of bionanodevices.[21] In this section, some examples of controlled organisation of 

peptides on surfaces, which in the near future, could act as surface-supported probes for biological 

applications at the single-molecule level, will be illustrated.  

 In this context, Stepanow et al. reported a remarkable example of surface supported 

nanocavities, which could act as metallosupramolecular receptors to bind fullerenes and biomolecules 

(cystine (52) and diphenylalanine (53)) through non-covalent interactions.[97] The receptor 

nanocavities (1 nm opening) were prepared on Cu(100) substrate in UHV, by hierarchical self-

assembly of Fe atoms and trimesic acid (51) (Figure 27a).[64] Addition of cystine to the nanocavities 

resulted in the appearance of two protrusions, each of them associated to a single cystine anchored to 

the Cu substrate in an upright position, inside the cavities (Figure 27b). The binding of cystine 

molecules was observed to be reversible, since after thermal annealing a progressive removal of the 

trapped molecules occurred (at 430 K one cystine was removed and at 490 K the remaining molecule 

was released), and the empty cavities presented their original structure. The trapping of 

diphenylalanine (53) was also observed (Figure 27c). In contrast to cystine, only one Phe-Phe 

molecule per cavity was found to adsorb, and because of the bulky phenyl rings at both terminals and 

the length (1.3 nm), the complete inclusion of the molecule within the cavity was excluded. The Phe-

Phe guests were also reversibly released at 450 K. Finally, Figure 27d reveals the binding of C60 

molecules. Also in this case, due to the diameter of C60 (van der Waals diameter is ~1 nm) only one 
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molecule per cavity was adsorbed. Binding strength studies, performed by thermal annealing, revealed 

that the spatial confinement of C60 inside the cavities prevents the strong interaction of C60 with Cu 

atoms from the underlying substrate, since the desorption temperature (470 K) was lower than that 

required for desorption from clean Cu surfaces (730 K). Once more, the nanocavities remained 

unchanged after complete desorption of C60, indicating the reversibility of the host-guest binding.  

 

 
 

Figure 27. a) 2D metallosupramolecular nanoarrays of trimesic acid (51) and Fe atoms on a Cu(100) substrate; b) 
binding of cystine (52) in the receptors after deposition at 300 K. Image size 10 nm × 9 nm; c) binding of Phe-Phe 
(53) inside the cavities. Image size 25 nm × 22 nm; d) binding of C60 molecules in the receptors. The apparent size 
of C60 molecules is magnified by imaging effects. Image size 14 nm × 14 nm.[97] 
 

 Under ambient conditions, Wan and co-workers also reported the controlled adsorption of 

peptides within an oligomeric template.[98] By adsorbing an oligo-(phenylene-ethynylene) OPE (54) 

bearing an end-carboxyl functional group on a HOPG surface a regular template was formed. The 

molecules interact with each other via H-bonds through the carboxyl groups and via interdigitation of 

the alkyl chains. It was observed that after the inclusion of coronene (27) on the OPE templated array, 

the guest molecules were trapped within the free spaces available among the alkyl chains. The 

distribution of 27 depended on the concentration ratio. When the molar ratio of 27/54 was adjusted to 

1:1, two coronene molecules were positioned in every space of the template (Figure 28a), on the other 

hand, when the distribution of 27/54 is 2:1, two types of molecular arrays can be distinguished in 

Figure 28b (marked by arrows I and II). In array I, a single coronene molecule is placed within the 

space of the template, while a pair of molecule is found in array II. In a similar way, tripeptide Tyr-

Gly-Gly (55) was uniformly distributed at the vacancies of the OPE template. In Figure 28c an arrow 

indicates the positioning of two peptide molecules between the neighbouring conjugated backbones. A 

careful observation reveals that molecules 55 appear at every other row and are interdigitated into the 

OPE template.  

 



Introduction 

 28 

 
 

Figure 28. a) High-resolution STM image of a 54/27 (2:2) distribution; b) high-resolution STM image of a 54/27 
(2:3) distribution; c) high-resolution STM image of peptide 55 dispersed within OPE template; d) chemical 
structure of the molecules that compose the network: OPE 54, and of the guests: coronene 27 and tripeptide 55.[98] 
 

 
1.3.3 Pore-templated Surface Functionalisation 

 

 As thoroughly discussed in this chapter, in order to obtain useful platforms for biological or 

optical applications the accommodation of functional molecules inside cavities of templated surfaces 

is necessary. However, is not always possible to direct the adsorption of guest molecules inside the 

generated pores. In this last section it will illustrated how the use of covalently modified 2D networks 

could, in principle, help in directing specific species inside surface templated molecular traps. 

 Recently, Beton, Champness and co-workers have shown that the bi-molecular hosting network 

depicted in Figure 1 could also be formed if 1 was replaced by related perylene molecules (R2-PTCDI) 

bearing functional groups in the central aromatic core.[99] In particular, they described the self-

assembly and hosting properties of Br2 56 (Br2-PTCDI) and propylthio 57 (di(propylthio)-PTCDI) 

functionalised perylene derivatives with melamine (Figure 29b). While for unfunctionalised PTCDI, it 

was not possible to observe complete coverage of bimolecular hexagonal arrays when combined with 

melamine, for Br2-PTCDI 56 the existence of only homogeneous bimolecular hexagonal networks was 

found (Figure 29a). The C60-entrapment properties of the new 56·2 network resulted to be the same 

that in former 1·2 system, namely the formation of C60 heptamers within the pores, indicating the 

relatively short steric hindrance of the Br atoms (Figure 29c). Similarly to 56, di(propylthio)-PTCDI 

57 was completely converted into a bimolecular hexagonal array when combined with melamine. 

However, the deposition of C60 onto the hexagonal network did not result in the heptameric clusters 

within the pores as before, instead the fullerenes were adsorbed in an irregular fashion (Figure 29d). 

Such observation was attributed to the presence of the propylthio chains in the cavities, which 

restrained the entrapment of C60 molecules inside the pores. The results obtained confirmed the 
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hypothesis that the formation of bimolecular hexagonal assemblies between functionalised systems 

such as, R2–PTCDI and melamine is possible.  

 

 
 

Figure 29. a) UHV STM image showing hexagonal supramolecular structures formed with Br2-PTCDI and 
melamine on a Ag-Si(111)√3 × √3R30º surface. The protrusion from each Br2 is apparent; b) chemical structure of 
the molecules used for the network formation; c) image showing three captured C60 heptamers within the cavities of 
the 56·2 network; d) STM image after deposition of C60 onto the bimolecular honeycomb network formed after 
sublimation of melamine onto adsorbed 57·2.[99]  
 

 In a very recent work, it has been shown that the same PTCDI-melamine supramolecular 

honeycomb network described by Beton and co-workers in Figure 1 can also be formed at the liquid-

solid interface under ambient conditions. It also demonstrates sufficient robustness to act as a template 

to precisely guide the self-assembly of thiol-based monolayers.[100] In particular, Buck and co-workers 

have shown that different self-assembled monolayers (SAMs) consisting of adamantane 58, dodecane 

59 and ω-(4’-methylbiphenyl-4-yl)propane 59 thiols could be selectively confined inside the 

hexagonally patterned cavities (Figure 30). Remarkably, such SAMs revealed to be so robust in the 

liquid environment that they could even be processed further, as it was demonstrated through 

electrochemical deposition experiments of Cu. Specifically, they have shown that a monolayer of Cu 

can be grown between the Au substrate and the thiol molecules without disrupting the hybrid structure. 

To date, this is the first example in which a non-covalent network has been used to template the 

patterning of SAMs at the molecular level, providing an exact definition of structures in the substrate 

plane. The combination of the 2D network with the SAMs offers considerable design flexibility, with 

the network and the SAM each permitting separate surface modifications. 
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Figure 30. a–c) STM images of the hybrid structures on Au(111)/mica: network filled with 58 a), 59 b) and 60 c). 
The insets at the lower left and upper right corners of the STM images show high- resolution images and Fourier 
transforms, respectively. Scale bars, 20 nm (large-scale images) and 5 nm (insets); d) structures of the thiols 
studied.[100] 
 

 

1.4 Concluding Remarks 
 

 The main challenge in the construction of new hybrid devices is the strict control, location and 

accessibility of the molecular constituents. To achieve this goal, the use of surface nanotemplates 

featuring porous domains in which functional molecules can be precisely confined and studied at the 

single molecular level appears to be the most appealing approach. Several strategies to obtain well-

defined host-guest porous networks on metallic surfaces have been reviewed. The use of 

supramolecular interactions proved to be one of the most used techniques to obtain well-ordered and 

defect-free domains. However, the formation of 2D networks through surface-confined covalent 

reactions or the deposition of pre-formed macrocyclic structures have opened up new avenues for the 

construction of robust functionalised molecular arrays. 

 In this chapter, we have focused first on the main strategies that can be utilised to create surface 

supported host-guest porous networks. Following this, we have described the dynamics, selection, 

recognition and immobilisation of guest molecules inside the cavities of the bidimensional networks. It 

has been then highlighted the confinement of some biomolecular systems since it is believed that it 

represents an important step towards the sensing and recognition of biological species at the single-

molecule level. Finally, some examples of chemical modification of the 2D networks have been also 

described. Those results obtained suggest that such modification of the supramolecular systems could 
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allow further surface modifications through chemical reactions, which would facilitate the covalent 

incorporation of complex functional molecules. 

 Although no final devices for any applications have been created yet, the recent advances in the 

field of functionalised hosting networks described in this chapter demonstrate that the “bottom-up” 

approach is increasing in its complexity and is creeping ever closer to the ultimate goal of producing 

real-world technologies.  
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Synthesis of the Molecular Library 

 

 

 

 

 It is a challenge in the field of materials sciences to obtain macroscopic materials having well-

defined structures based on the controlled assembly of molecules interconnected mainly by non-

covalent interactions. The ease of synthesis of the molecular modules to self-assemble and the 

predictability of the final targeted assemblies is essential in order to obtain reliable and controlled 

structures. In order to achieve this goal, our strategy involved the design and synthesis of a molecular 

library composed of multivalent molecular modules that expose at their peripheries complementary 

recognition moieties. A classical approach for the formation of supramolecular species via 

spontaneous self-assembly of precursor building blocks is the use of hydrogen bonding interactions. In 

particular, aiming at mimicking the complementary base pairing of the DNA structure, we have 

engineered molecular modules featuring 2,6-di(acetylamino)pyridine moieties able to selectively and 

reversibly recognise uracil-bearing substrates.[1-3] Specifically, the hetero-molecular recognition 

between these units is mediated via triple parallel H-bonds established between the NH-N-NH (DAD) 

functions of the 2,6-di(acetylamino)pyridine and the CO-NH-CO (ADA) imidic groups of the uracil 

derivatives. Such hydrogen bonding motifs can then be connected through ethynylene bonds to a 

central aromatic core via carbon-carbon coupling Sonogashira reactions.[4] Depending on the geometry 

and the substitution pattern of the central core, it is possible to obtain a large molecular library 

composed by two types of building units; linear modules with a two-fold symmetry with the reactive 

sites positioned at 180º relative to each other, and angular units equipped with either two-fold or 

higher symmetry axes. The overall formation of the supramolecular systems is driven by the H-

bonding interactions established between the complementary recognition sites linked to the aromatic 

units and by the geometrical molecular constrains. The shape of each assembly will be therefore 

dictated by the angularity of the non-linear components, while the size of the domains will be 

determined by the linear units. For instance, as depicted in Figure 1, the combination of an angular 

module with a two-fold symmetry with the H-bonding sites positioned at 120º relative to each other 

(1,3,5-trisubstituted phenyl derivative) with a linear linker (1,4-diphenyl derivative) should template 

the formation of hexagonal assemblies.  
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Figure 1. Engineering approach towards the preparation of the different porous nanostructures. Changing the angle 
or the length of angular and linear molecular modules, respectively, will modify the shape and the size of the 
supramolecular domains.  
 

 This Chapter, which is divided in three Sections, reports therefore on the synthesis of the 

molecular modules. 

Section 2.1 presents the synthesis of the hydrogen-bonding recognition sites. 

Section 2.2 describes the synthesis of the molecular modules for studies at surfaces. Section 2.2.3 has 

been carried out in collaboration with Laurea student Tomas Marangoni at the group of Prof. 

Maurizio Prato at Dipartimento Scienze Farmaceutiche di Trieste. 

Section 2.3 describes the synthesis of the molecular modules for studies in solution. 
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2.1 Synthesis of the Hydrogen-bonding Recognition Sites 

 
2.1.1 Synthesis of the Uracil Receptors 

 

 As previously introduced, we have decided to use ethynyl linkers to couple the H-bonding 

recognition units to the aromatic cores in order to obtain the desired molecular modules. For this 

reason, it was necessary to modify the uracil scaffold by introducing an I2 atom, which would allow 

performing Sonogashira type C-C coupling reactions (Scheme 1). Notably, we also introduced an 

alkylic chain at the uracil N1 position in order to endow some solubility to the final molecules. 1-

Hexyl-6-ethynyl uracil 65 was prepared in four steps starting from commercial uracil (61). 
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Scheme 1. a) 1-Bromohexane, K2CO3, DMSO, 40 ºC, 20 h, 35%; b) LDA, THF, -78 ºC, 1.5 h, then I2, 2h, then 
AcOH, r.t., 10 h, 72%; c) TMSA, [Pd(PPh3)2Cl2], CuI, Et3N, toluene, r.t., 12 h, 60%; d) 1M aq. KOH, MeOH, 40 
min, quant. 
 

 1-Hexyluracil 62 (35%) was obtained by alkylation at N1 position with 1-bromohexane in the 

presence of K2CO3 and DMSO. Alkylation of uracil at N1 position is not preferential and as a result of 

this reaction also the di-alkylate product (at positions N1 and N3) is obtained. This can be explained 

by the fact that although the proton at N3 position is the most acidic, the proton at N1 position is the 

most nucleophilic, therefore the reaction affords the mono- and the di-alkylate species that can be 

easily separated by several recrystallisation cycles from pure hexane. 62 was then treated with LDA in 

THF at -78 ºC to give C6 lithiated intermediate,[5] which reacted with iodine. The reaction was 

quenched by addition of acetic acid leading to the formation of C6 iodinated derivate 63 in a 72% 

yield. Sonogashira coupling reaction of 1-hexyl-6-iodouracil 63 with trimethylsilylacetylene (TMSA), 

using Et3N and THF as solvents, [Pd(PPh3)4] as catalyst and CuI as co-catalyst afforded protected 1-

hexyl-6-(trimethylsilyl)ethynyluracil 64. During the purification process by column chromatography 

(SiO2, cyclohexane/AcOEt, 7:3), TMS-free derivative 65 was partially obtained. The calculated Rf for 

64 and 65 by TLC (SiO2, cyclohexane/AcOEt, 7:3) were of 0.35 and 0.23 respectively. In order to 

convert quantitatively all 64 into 65, the TMS-protected uracil derivative was stirred in a 1M aqueous 

solution of KOH in MeOH for 30 minutes. At this point, both iodinated derivative 63 and ethynyl 

derivative 65 were ready to be coupled with the aromatic cores (Section 2.2.2.1) via Sonogashira 

coupling reactions. 
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2.1.2 Synthesis of the Diaminopyridine Receptors 

 

 The first synthetic attempts to obtain the desired di(acetylamino)pyridine derivative (72) are 

shown in Schemes 3 and 4. As already described in the literature, we decided to use the 4-

hydroxypyridine-2,6-dicarboxylic acid (chelidamic acid, 66) as a starting material for the synthesis of 

71. As it can be observed in the proposed routes (Scheme 2) two important modifications needed to be 

done in the molecular backbone of the starting material: i. introduction of an halide (bromide or 

iodide) in order to perform metal-catalysed carbon-carbon cross-coupling reactions; ii. conversion of 

the carboxyl groups, which endow the molecule with an AAA nature, into amine or amide groups in 

order to have the desired DAD character. Unfortunately none of the two proposed routes provided us 

the desired final compound. 
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Scheme 2. Retrosynthetic analysis towards the obtention of 2,6-di(acetylamino)-4-bromo-pyridine (72). 

 

 In a first attempt (Scheme 3) we decided to introduce a Br2 atom via bromination of chelidamic 

acid (66) following the conditions described by Kato et al.[6] consisting of P2O5 and a quaternary 

ammonium bromide salt, tetra-butyl ammonium bromide (TBAB) as a bromide-ion source. These mild 

conditions are preferred since bromination of hydroxyheteroarenes has some disadvantages such as the 

handling of harzardous reagents or the evolution of toxic HBr by quenching with EtOH. 

Unfortunately, we were unable to obtain the high conversion yields reported in the article (80%), but 
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the formation of a very insoluble product and the subsequent laborious purification afford us very low 

quantities of 67 (20% conversion yield). Conversion of 67 to the dicarboxylic acid chloride was 

performed by treatment, under dry conditions, with oxalyl chloride refluxed in benzene. After solvent 

evaporation and without further purification, a saturated aqueous solution of NaN3 was added to a cold 

solution (-10 ºC) of the diacid dichloride in CH2Cl2. A nucleophilic substitution of the dicarboxylic 

acid chloride 68 with NaN3 afforded the diacyl azide intermediate 69. Following this, 69 was refluxed 

with dry t-BuOH in order to obtain the desired bis(Boc-protected) diaminopyridine 70. Unfortunately 

the reaction proceeded with a very low yield (25%). Following the procedure described by Wiest et 

al.[7] 70 was treated with TFA in CH2Cl2 and without isolating the deprotected diaminopyridine the 

acetylation reaction was performed. Unfortunately, after several attempts it resulted impossible to 

isolate the desired compound.  
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Scheme 3. Pathway 1: a) P2O5, TBAB, Toluene, 100 ºC, 1 h, 20%; b) C2O2Cl2, DMF, benzene, reflux, 12 h; b) 
NaNO3, 0 ºC, H2O, CH2Cl2; d) t-BuOH, reflux, 12 h, overall yield of steps b-d) 25%; e) TFA, CH2Cl2, r.t., 12 h; f) 
Ac2O, Py, CH2Cl2. 
 

 Since the first route turned out to give very low yields in almost all the steps, we decided to 

follow the second pathway of the retrosynthetic analysis. As shown in Scheme 4, 66 was easily 

converted to the bis-carbonylbromide intermediate using an excess of PBr5 and refluxing with CCl4.[8] 

The reaction was quenched by slow addition of EtOH since the bis-carbonyl reacts exothermically 

with EtOH to form the bis-ester. Addition of an ice/H2O mixture to the crude allowed the precipitation 

of pure para-brominated diethyl ester 73. Following this, the diester 73 was hydrolysed in the presence 

of an aqueous solution of LiOH in THF, followed by acidic treatment (addition of concentrated HCl 

until pH=1) to obtain a white precipitate (para-brominated pyridine dicarboxylic acid 67) that was 

separated from the crude mixture by filtration.[9] At this point a modified Curtius rearrangement[10] of 

the carboxylic functionalities, using the Shiori-Yamada reagent (diphenylphosphorylazide, DPPA)[11] 

in dry t-BuOH (freshly distilled over CaO) was performed[12] attempting the synthesis of di-Boc 

protected pyridine derivative 70, unfortunately, the low conversion yield and the difficult purification 

did not allow us to isolate the final compound.  
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Scheme 4. Pathway 2: a) i. PBr5, CCl4, reflux, overnight; ii. EtOH; b) LiOH, THF, H2O; c) DPPA, Et3N, t-BuOH. 

 

 The difficulties encountered during the synthesis of the desired diaminopyridine (71) 

encouraged us to look for more efficient pathways that could afford our DAD building block in 

reasonable quantities. For this reason we decided to follow a slightly modified procedure of that 

described in the literature[8] (Scheme 5). 
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Scheme 5. a) i. PBr5, CCl4, reflux, overnight; ii. EtOH, 60%; b) N2H4, EtOH, reflux, 83%; c) NaNO2, HCl/H2O, 
80%; d) t-BuOH, toluene, reflux, 76%; e) TFA, CH2Cl2, 96%; f) Ac2O, Py, r.t., 10 h, 68%; g) TMSA, [Pd(PPh3)4], 
CuI, Et3N, DMF, 80 ºC, 12 h, 85%; h) 1M aq. KOH, MeOH, r.t., 40 min, quant. 
 

 Pyridinic derivative 76 was prepared in eight steps from commercially available chelidamic acid 

(Scheme ii). In this case we performed the bromination of chelidamic acid by refluxing it with CCl4 in 

the presence of PBr5 and subsequent quenching of the reaction with EtOH afforded the para-

brominated diethyl ester 73, which was isolated in a 60% yield by precipitation of the crude mixture 

by addition of cold H2O. Heating of 4-bromopyridine-2,6-diethyl ester 73 with hydrazine hydrate in 

EtOH lead to the formation of bis-hydrazide 74 in a classic substitution reaction. 74 was also isolated 

in high yields (83%) by filtration of the insoluble compound formed during the reaction. Subsequently, 

the bis-hydrazide compound underwent a diazotization reaction with HNO2 generated in situ, reacting 

NaNO2 in diluted cold HCl. Treatment with NaHCO3 of the diazonium cation lead to the generation of 

a white precipitate, the bis-acyl azide 69, which was filtered and concentrated under vacuum at 0 ºC. 

(CAUTION: It is extremely important to keep the bath temperature low due to the propensity of acyl 

azides to explode!). At this point the carboxylic functionalities were then converted into carbamides 

by performing a Curtius rearrangement refluxing 69 in anhydrous toluene and t-BuOH (freshly 
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distilled) under dry conditions to avoid hydrolysation of the isocianate intermediate. After purification 

of the crude by column cromatography, carbamate 70 was treated with TFA in CH2Cl2. After 

evaporation of the solvents under vacuum, the crude mixture was suspended in diethyl ether and 

extracted with a 1M NaOH aqueous solution to obtain 2,6-diamino-4-bromopyridine 71. Dissolution 

of 71 in Py and treatment with acetic anhydride afforded di-acetylamino derivative 72 (68%). 

Attempts of performing this reaction in a mixture of Py/CH2Cl2 decreased the yield of the reaction 

down to 20%. Following this, 2,6-diacetylamino-4-bromopyridine was cross-coupled with 

trimethylsilyl acetylene (TMSA) in the presence of [Pd(PPh3)4] and CuI under palladium catalysis to 

yield 75. After purification of the crude by column cromatography, cleavage of the silyl proctecting 

group in the presence of KOH in MeOH afforded 4-ethynyl-2,6-di(acetylamino)pyridine 76. 

 

 

2.2 Synthesis of Molecular Modules for Studies at Surfaces  
 

 Both ADA and DAD recognition units have been linked via C-C coupling reactions to different 

aromatic units with diverse substitution grades, which will in turn determine their physical and optical 

properties and the final geometry of the molecular modules that will be used in our studies. The 

experimental conditions for the preparation of the aromatic units will be described in the following 

section as well as the synthesis of the final modules. 

 

2.2.1  Synthesis of the Functional Aromatic Cores 

 

 All the functional cores synthesised have been carefully selected for the studies that will be 

carried out in solution (Chapter 3) and on surfaces (Chapter 5) with the final molecular modules. The 

first functional core described in this section (Scheme 6) has been chosen due to the long alkylic 

chains present in its backbone, since they are expected to endow the final module with high solubility. 
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Scheme 6. a) CH2Cl2, –78 ºC, BBr3, 3 h and then 25 h at r.t., 73%; b) DMF, K2CO3, 1-bromododecane, 60 ºC, 12 h, 
65%. 
 

 1-Bromo-3,4,5-tri(dodecyloxy)benzene 79[13] was obtained in a two steps synthesis from 

commercially available 3,4,5-trimethoxybromobenzene 77. Trimethoxybromobenzene was 

demethylated by treatment with BBr3 in CH2Cl2 at -78 ºC (3 h) and then stirred at 25 ºC (24 h). 
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Following this, the reaction was quenched by cautious addition of a H2O/ice mixture to give derivative 

78. Extreme caution was taken during the quenching process since BBr3 reacts vigorously with H2O to 

form H3BO3 and HBr. 78 was immediately alkylated with 1-bromododecane to give 1-bromo-3,4,5-

tri(dodecyloxy)benzene 79.  

 The following functional cores 82, 85, 88 and 92, have been specifically chosen due to their 

geometrical characteristics and the possibility to obtain a wide range of substitution patterns and 

therefore a variety of geometrical modules. In their preparation we proceeded following the same 

approach: starting from a iodo- or bromo-benzoid derivative, we introduced via Sonogashira coupling, 

one or several acetylenic bonds which would be in turn coupled with the iodinated or brominated 

hydrogen bonding moities. 

 9-Ethynyl-anthracene (82) was obtained using a slightly modified procedure as that reported in 

the literature[14] (Scheme 7). 
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Scheme 7. a) TMSA, [Pd(PPh3)2Cl2], CuI, Et3N, THF, 85 ºC, 12 h, 40%; b) 1M aq. KOH, MeOH, 40 min, quant. 

 

 Specifically, 9-Bromoanthracene 80 was reacted with TMSA under classic Sonogashira 

conditions ([Pd(PPh3)2Cl2] and CuI as catalysts, Et3N as base and THF as solvent) to obtain 81 (40%) 

in a classic Sonogashira reaction. Cleavage of the TMS protecting group in the presence of KOH in 

MeOH afforded 9-ethynylanthracene 82. 

 1,4-Di(ethynyl)benzene 85 and 1,3,5-tri(ethynyl)benzene 88 were successfully obtained by 

coupling of TMSA under similar Sonogashira conditions as that used above (Scheme 8) with the 

iodinated and brominated (respectively) aromatic precursors. 
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Scheme 8. a) TMSA, [Pd(PPh3)4], CuI, Et3N, THF, 80 ºC, 12 h, 98%; b) 1M aq. KOH, MeOH, 1h, quant. 
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 For the synthesis of the pyrene based core, 90 was prepared by refluxing pyrene in nitrobenzene 

in the presence of Br2.[15] After a few minutes an insoluble precipitate was formed and the 

heterogeneous phase was allowed to react 4h. After the addition of EtOH, 90 was isolated by filtration. 
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Scheme 9. a) Br2, Nitrobenzene, 120 ºC, 4 h, 79%; b) TMSA, [Pd(PPh3)2Cl2], CuI, PPh3, iPr2NH, THF, 80 ºC, 12 h, 
88%; c) 1M aq. KOH, MeOH/CH2Cl2 (1:1), 12 h, quant. 
 

 1,3,6,8-Tetrabromopyrene 90,[16] a pale green solid, resulted to be insoluble in all common 

organic solvents and was only characterised by IR and EI-MS. Surprisingly, when 90 reacted under 

Sonogashira conditions with TMSA in the presence of [Pd(PPh3)2Cl2], CuI, PPh3, iPr2NH and THF, it 

yielded (88%) a highly soluble crystalline orange solid (91). The structure of 91 was by 1H- and 13C-

NMR and EI-MS. Subsequent cleavage of the TMS protecting groups by dispersion of 91 in 

MeOH/CH2Cl2 (2:1) in the presence of 1M aqueous solution of KOH afforded the tetra(ethynyl)pyrene 

92 as a yellow unsoluble solid, which was characterised by 1H-NMR, EI-MS and IR.  

 

 In order to prove the reactivity of terminal tetra(ethynyl)pyrene derivative 92 and study the 

potential applications of such derivatives as organic light emitting species, we introduced peripheral 

anilino donoting groups, which could undergo strong intramolecular charge-transfer interactions with 

the pyrene core. Specifically, 92 was reacted via Sonogashira coupling with 4,4-iodo-N,N-

dihexylaniline (94) in order to obtain 95 as shown in Scheme 10. 4,4-iodo-N,N-dihexylaniline (94) 

was prepared by alkylation of 4-iodoaniline (93) with 1-iodohexane in dry DMF. Subsequent 

purification and coupling with 92 using [Pd(PPh3)4] and CuI as catalysts, Et3N as base and THF as 

solvent, afforded the soluble targeted compound 95. 
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Scheme 10. a) 1-Iodohexane, K2CO3, DMF, 120 ºC, 20 h, 70%; b) 92, [Pd(PPh3)4], CuI, Et3N, THF, 45 ºC, 12 h, 
37%. 
 

 

2.2.2 Synthesis of the Final Molecular Modules 
 

 Finally, the targeted modules were prepared by Sonogashira C-C cross coupling reactions of the 

H-bonding units (Section 2.1) 63 (ADA) and 76 (DAD) with the correspondent aromatic cores 

(Section 2.2.1) as shown in the following sections. Functional units 79 and 82 can only be cross-

coupled with one recognition unit. Ethynyl derivatives 85, 88 and 92, on the other hand, can be linked 

to two, three and four H-bonding units respectively. 

 

2.2.2.1 Preparation of the ADA Molecular Modules 

 

 The targeted modules bearing the uracil recognition sites (ADA) were prepared by reaction of 1-

hexyl-6-iodouracil 63 with the corresponding ethynylated benzoid derivatives, 9-ethynylanthracene 

82, 1,4-bis(ethynyl)benzene 85, 1,3,5-tris(ethynyl)benzene 88 and 1,3,6,8-tetra(ethynyl)pyrene 92 to 

yield modules 96, 97, 98 and 99 respectively, under Sonogashira coupling conditions (Scheme 11). 
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Scheme 11. a) 82, [Pd(OAc)2], CuI, PPh3, iPr2NH, THF, 85 ºC, 12 h, 25%; b) 85, [Pd(PPh3)4], CuI, Et3N, THF, r.t., 
12 h, 73%; c) 88, [Pd(PPh3)4], CuI, Et3N, THF, 45 ºC, 12 h; d) 92, [Pd(PPh3)4], CuI, Et3N, THF, 45 ºC, 12 h; e) 
DMSO, KOH powder, MeI, r.t, 5 h, 46%. 
 

 96 was purified by gravital column chromatography (SiO2, cyclohexane/AcOEt, 8:2→6:4→5:5) 

and characterised by EI-MS and 1H- and 13C-NMR in CDCl3. On the other hand, di- tris- and tetra- 

uracil bearing modules, 97, 98 and 99, respectively, showed a poor solubility in many organic solvents 

due to the extended homomolecular double H-bonding interactions established between the peripheral 

uracil moieties. As a matter of fact, during the coupling reaction with the uracil units a precipitate was 

formed, which indicated the successful formation of the targeted compounds. In these cases, the crude 

mixtures were directly concentrated under reduced pressure and the purification was carried out by 

repeated precipitation cycles from CHCl3 by adding MeOH until the supernatant was clear and 

uncoloured. Unfortunately, in the case of 98, the reaction yielded a mixture of bis- and tris- substituted 

benzene, which was not possible to purify. The structures of the final modules were confirmed by ESI-

MS, 1H- and 13C-NMR, UV-VIS, and IR spectroscopy. In the case of 97 it was possible to characterise 

the final compound with deuterated DMSO, 99 resulted to be poorly soluble in DMSO, therefore 

deuterated Py or deuterated TFA were used for the NMR characterisation. Yet the use of corrosive 

solvents such us bases or acids is not desired, therefore in order to comprehensively characterise the 

compound, we methylated the imidic functionalities reacting tetra-uracil module 99 with MeI in the 

presence of KOH. As expected, the introduction of the methyl groups at the imidic positions afforded 

tetra-methylated derivative 100, which resulted to be extremely soluble in CHCl3, and thus easily 

characterised.  
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 As it will be shown in Chapter 5, the ditopic module 97 will be extensively used as a linear 

linker for our supramolecular assemblies. By changing the length of the linear spacer one could expect 

to obtain, providing that the linker is combined with an angular module, assemblies with different 

cavity size. For that reason we decided to prepare a shorter linker analogous to 97 without the central 

benzenic ring. 101 was prepared via homocoupling of 1-hexyl-6-ethynyl uracil (65) using the 

oxidative coupling of acetylenes known as Glasser or Hay coupling[17, 18] as shown in Scheme 12. 

Before proceeding with the cross-coupling reaction, the Hay catalyst, which consists of a mixture of 

TMEDA and CuCl in CH2Cl2, was prepared. Following this, the catalyst solution was slowly added to 

a solution of uracil ethynyl derivative 65 in CH2Cl2, to yield the final diethynyl 101. It is really 

important to perform this reaction under vigorous stirring in the presence of oxygen, otherwise the 

oxidation step proceeds very slowly. 
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Scheme 12. a) CuCl, TMEDA, CH2Cl2, O2, r.t., overnight, 25%. TMEDA: tetramethylethylendiamine. 
 

 It its also possible to obtain discrete supramolecular assemblies featuring empty cavities by 

using bivalent modules. This can be achieved by reducing the number of recognition sites without 

loosing the geometrical properties (Scheme 13). 
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Scheme 13. Schematic representation of the reduction of the H-bonding sites while the geometry of the molecule is 
preserved. 
 

 We focused our attention towards the obtention of modules bearing two H-bonding sites, in 

particular uracil groups (ADA) positioned at 60º or 120º relative to each other. Specifically, it was 
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decided to synthesise the ethynyl bearing cores (which will determine the total geometry of the final 

molecules) and cross couple them with 1-hexyl-6-iodouracil 63. 
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Scheme 14. a) TMSA, [Pd(PPh3)4], CuI, Et3N, THF, r.t., 12 h, 103 (58%) and 107 (95%); b) 1M aq. KOH, MeOH, 
r.t., 1 h; c) 63, [Pd(PPh3)4], CuI, Et3N, THF, r.t., 12 h, 105 (42%) and 109 (19%). 
 

 The targeted molecules 105 and 109 bear two uracil recognitions sites positioned at 60º and 120º 

relative to each other, respectively. Modules 105 and 109 were prepared starting form commercial 1,2- 

and 1,3-diiodobenzene, respectively, which under classical Sonogashira conditions were cross-coupled 

with TMSA to obtain 103 and 107 (Scheme 14). Cleavage of the TMS protecting groups afforded the 

ortho- and meta- ethynyl benzene derivatives 104 and 108 that resulted to be volatile under vacuum. 

Final cross-coupling reaction between 1-hexyl-6-iodouracil 63 and 104 or 108, yielded the desired 

final modules in low yield. 

 

 

2.2.2.2 Preparation of the DAD Molecular Modules 

 

 As shown in Scheme 15 and Table 1, coupling 4-bromo-2,6-di(acetylamino)pyridine (72) with 

the di- and tri-(ethynyl)benzene 85 and 88 (see table 1) revealed to be unsuccessful and no final 

products were isolated.  
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Scheme 15. Attempted synthesis for coupling 4-bromo-2,6-di(acetylamino)pyridine (72) with the di- and tri-
(ethynyl)benzene 85 and 88. 
 

Entry Catalyst Base[a] Solvent[a] T (ºC) Yield 

1 [Pd(PPh3)4]/CuI Et3N - 70 - 

2 [Pd(PPh3)4]/Zn(OAc)2·2H2O Et3N DMF 80 - 

3 [Pd(PPh3)Cl2]/CuI Et3N DMF 80 - 

4 [Pd(PPh3)4]/CuI Et3N DMF 80 - 

 

Table 1. Several conditions tested for the Sonogashira coupling between 4-bromo-2,6-di(acetylamino)pyridine (72) 
and tri-(ethynyl)benzene 88; [a] anhydrous and deoxygenated. 
 

 Due to the problems encountered with this cross-coupling reaction it was decided to follow an 

alternative synthetic pathway, which would involve the coupling of 2,6-di(acetylamino)-4-

ethynylpyridine (76) with the brominated or iodinated benzoid cores (Scheme 16). 
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Scheme 16. a) 79, [Pd(OAc)2], CuI, PPh3, THF, iPr2NH, 85 ºC, 12 h, 39%; b) 1,4-diiodobenzene, [Pd(PPh3)4], CuI, 
Et3N, THF, 85 ºC, 12 h, 83%; c) 1,3,5-tribromobenzene, [(Pd(PPh3)4], CuI, Et3N, DMF, 85 ºC, 12 h. 
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 Coupling of ethynyldiamopyridine 76 with 1-bromo-3,4,5-tri(dodeyloxy)benzene 79 to obtain 

module 110 was studied under different experimental conditions (Table 2). Only when high 

temperature was applied (around 85 ºC, entries 5 and 6) the formation of the targeted compound was 

observed. This could probably be explained by the fact that aryl bromide 79 is a highly “deactivated” 

substrate, as it is electron-rich, and therefore the Sonogashira coupling is not so favoured and requires 

higher temperatures to proceed. 

 

Entry Catalyst Base[a] Solvent[a] T (ºC) Yield 

1 [Pd(PPh3)4]/CuI Et3N DMF 80 - 

2 [Pd(OAc)2]/CuI/PPh3 iPr2NH THF/DMF 80 - 

3 [Pd(PPh3)Cl2]/CuI Et3N THF 80 - 

4 [Pd(OAc)2]/CuI/PPh3 Et3N THF 60 - 

5 [Pd(PPh3)4]/CuI Et3N THF 85 32% 

6 [Pd(OAc)2]/CuI/PPh3 iPr2NH THF 85 39% 

 

Table 2. Several conditions tested for the Sonogashira coupling between 1-bromo-3,4,5-tri(dodeyloxy)benzene 79 
and ethynyl 76; [a] anhydrous and deoxygenated. 
 

 Coupling of 2,6-di(acetylamino)-4-ethynylpyridine (76) with 1,4-diodobenzene and 1,3,5-

tribromobenzene afforded modules 111 and 112, using in both cases [Pd(PPh3)4] and CuI as catalysts. 

Also in this time a white precipitate appeared during the reaction, which resulted to be the final 

product. Final modules 111 and 112 were purified by several precipitations from CHCl3 by adding 

MeOH until the supernatant was clear and uncoloured. Unfortunately, due to the low solubility in low 

polar organic solvents, it was not possible to isolate 112 from its di-substituted analogous, and 

therefore a 5% of impurity (calculated from the NMR spectra) remained with the compound. The 

structures of the final modules were confirmed by ESI-MS, IR spectroscopy and 1H- and 13C-NMR in 

deuterated DMSO.  

 

 Following the same synthetic methodology we prepared other functional modules that can 

provide a remot control of the molecular configuration and thus the network structure. This can be 

achieved by using an azobenzene cromophore, which can switch its configuration from trans- to cis- 

by photoirradiation/thermal induction. The introduction of such functional system in the backbone of a 

molecular linker could generate switchable two-dimensional porous host networks, which could 

potentially be used as writeable organic-based nanostructures. To this end, we decided to prepare a 
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new linker (114) analogous to 111 bearing an azobenzene as a central core and two 2,6-

di(acetylamino)-4-ethynylpyridine units at the extremities of the molecule (Scheme 17).  
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Scheme 17. a) KMnO4, CuSO4, CH2Cl2, r.t., 3 days, 40%; b) 76, [Pd(PPh3)4], CuI, Et3N, THF, 85 ºC, 12 h, 72%. 

 

 Diiododiazobenzene 113 was prepared by oxidation of 4-iodoaniline with KMO4 in the presence 

of CuSO4·5H2O.[19] Subsequent Sonogashira coupling with 76 under reflux of Et3N and THF in the 

presence of [Pd(PPh3)4] and CuI, afforded 114 as an orange solid. Also in this case the structure of the 

final module was confirmed by EI-MS, IR spectroscopy and 1H- and 13C-NMR in deuterated DMSO. 

 

 

2.2.3 Synthesis of Molecular Modules Bearing Protected Recognition Sites 

 

 Experimentally we have seen that due to the strong H-bonding interactions established between 

the recognition sites of the modules, it is sometimes difficult to purify the synthesised molecules (i.e., 

98 and 112) by common techniques such as column chromatography. With the aim of overtaking such 

limitations we decided to introduce a protecting group at the imidic sites of the ureacil in order to 

avoid homomolecular association. The important requirement when choosing the protecting group is 

that needs to be easily cleaved. To this end, t-butyloxycarbonyl (Boc) resulted to be an ideal candidate 

since its removal can be achieved not only under acidic conditions but also by temperature 

annealing.[20] This would allow, at the same time, to extend our experiments in situ performing surface 

confined deprotection under UHV conditions.[21]  

 The starting point was the synthesis of the Boc-protected uracil unit bearing an I2, which would 

allow a subsequent reaction with the ethynyl aromatic cores via Sonogashira cross-coupling (Scheme 

18).  
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Scheme 18. Attempted synthesis for the obtention of N-Boc protected 1-hexyl-6-iodouracil derivative 116. 
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 In order to achieve this goal, N-Boc-protected 1-hexyl-6-iodouracil 115 was prepared starting 

from 62. This reaction was studied under different experimental conditions shown in Table 3. The best 

results (entry 6) were obtained by reaction of 62 with Boc2O using Py as base, MeCN as solvent and a 

temperature of 55 ºC.[22] After purification of 115 by column chromatography (SiO2, 

cyclohexane:EtOAc 9:1) the iodination reaction was attempted using LDA and I2 in THF at -78 °C. 

Unfortunately, the reaction did not yield the desired intermediate 116 due to the instability of the BOC 

protecting group.  

 

Entry Reagents Solvent[a] T (ºC) Yield 

1 Boc2O, NaH THF r.t. - 

2 Boc2O, NaH THF 50 30% 

3 Boc2O, DMAP DMF 55 - 

4 Boc2O, KOH DMSO 55 25% 

5 Boc2O, BuLi THF -78 - 

6 Boc2O, Py MeCN 55 88% 

 

Table 3. Several conditions tested for the protection reaction between 62 and Boc anhydride; [a] anhydrous. 

 

 In view of the results obtained, we decided to modify the synthetic pathway and introduce the 

Boc protecting group after the iodination reaction. Consequently, 63 was reacted Boc2O and Py in 

MeCN at 55 °C overnight in order to obtain 116 in a 35% yield (Scheme 19). The low conversion 

yield could be attributed to a difference in reactivity between the uracil derivatives 62 and 63. In 63 

the presence of a slightly electronegative atom such I2 can lower the nucleophylicity of the anionic 

intermediate species formed during the protection reaction.  
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Scheme 19. a) Boc2O, MeCN, Py, 55 ºC, 12h, 35%. 
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 The targeted molecules 117, 118 and 119 (Scheme 20) where obtained by Sonogashira coupling 

reactions of 116 with the correspondent ethynyl aromatic cores (Section 2.2.1) 1,4-

bis(ethynyl)benzene 85, 1,3,5-tris(ethynyl)benzene 88 and 1,3,6,8-tetra(ethynyl)pyrene 92. In all cases 

[Pd(PPh3)4] and CuI were used as catalysts, Et3N as base, THF as solvent and the compounds allowed 

to react overnight at 40 ºC, except for 117 where the reaction proceed at room temperature. 
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Scheme 20. a) 85, [Pd(PPh3)4], CuI, Et3N, THF, r.t., 12 h, 70%; b) 88, [Pd(PPh3)4], CuI, Et3N, THF, 40 ºC, 12 h, 
39%; c) 92, [Pd(PPh3)4], CuI, Et3N, THF, 40 ºC, 12 h, 10%. 
 

 In contrast to what happened with the synthesis of unprotected molecular modules 97, 111, 112, 

98 or 99, this time the final protected modules presented a high solubility in common organic solvents 

and therefore they were easily purified by column chromatography (SiO2, cyclohexane/EtOAc 8:2). 

The structure of the final compounds was assessed by 1H- and 13C-NMR in CDCl3, IR spectroscopy 

and EI or ESI mass spectrometry. 
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 2.3 Synthesis of the Molecular Modules for Studies in Solution 
 

 As thoroughly discussed, some of the molecules described up to now present some solubility 

limitations in common organic solvents such as CHCl3 or CH2Cl2. While these limitations do not 

represent an obstacle when working on surfaces, they become a considerable disadvantage when 

working in solution. In fact, such insoluble modules could only be characterised in very polar solvents 

such as dimethylsulfoxide (DMSO), which are strong hydrogen bonding acceptor solvents, and 

therefore unsuitable for performing recognition studies in solution. For this reason we decided to 

prepare new modules bearing long alkylic chains (Scheme 21), which would present an enhanced 

solubility in CHCl3 and thus more appropriate for recognition studies in solution. 
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Scheme 21. Targeted soluble molecular modules.  
 

 As shown in Scheme 21 five different modules bearing long alkylic chains were designed. The 

linear modules bearing the di(acetylamino)pyridine-DAD H-bonding unit, differ from 111 (Section 

2.2.2.2) in the presence of one or more alkyloxylated phenylene ethynylene rings in their backbone. 

Conversely, modules bearing uracil-ADA units have been conceived as geometrical modules in which 

the terminal recognition sites are oriented in a para-, ortho- or meta- position relative to the central 

alkoxylated benzene ring. Such modules, bearing complementary hydrogen bonding sites belong to a 

new molecular library necessary for the formation of discrete supramolecular geometrical species in 

solution. 
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2.3.1 Preparation of Soluble DAD Molecular Modules 

 

 The linear module 123 was prepared via a three-step synthesis starting from 1,4-dihydroquinone 

(Scheme 22). Alkylation of 1,4-dihydroquinone in 1-bromododecane afforded 121. Subsequent 

iodination by reaction with I2 in the presence of Hg(OAc)2 as catalyst [23, 24] afforded the diiodinated 

122, which was purified by recrystallisation from hot EtOH in a 80% yield. Finally, 122 was cross-

coupled with a small excess (2.5 eq) of ethynyl derivative 76 to obtain 123. The improved solubility of 

123 with respect to 111 allowed to purify the compound by column chromatography in SiO2 

(cyclohexane/AcOEt, 1:1) and asses its structure by EI mass-spectrometry, 1H- and 13C-NMR and IR 

spectroscopy. During the course of our investigations it was necessary to prepare a control compound 

that presented the same backbone as module 123 but could not establish hydrogen bonding 

interactions (see Chapter 4). Such compound was obtained by methylation of the amidic 

functionalities of 123 by reacting it with MeI (20 eq.) in the presence of NaH (10 eq.), which yielded 

the tetra-methylated derivative 124. Attempts of performing such reaction under stoichiometric ratio 

or higher excess (> 20 eq.) of MeI resulted unsatisfactory for the obtention of 124. 
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Scheme 22. a) 1-Bromododecane, K2CO3, DMF, 60 ºC, 12 h; b) Hg(OAc)2, I2, CH2Cl2, r.t., 12 h; c) 76, 
[Pd(PPh3)4], CuI, Et3N, THF, 85 ºC, 12 h; d) THF, NaH, MeI, r.t., 12 h. 
 

 128, which can be considered an elongation of 123, is essentially a linear conjugated phenylene 

ethynylene oligomer (OPE) terminated with two DAD hydrogen bonding recognition units (Scheme 

23). The π-conjugated system was achieved by designing an asymmetrical ethynyl compound, which 

allowed selective Sonogashira reaction. Diiodide 122 was cross-coupled with deficiency of TMSA (1 

eq.) under Sonogashira conditions yielding the monoethynylene 125 in a 37% yield. Following this, 

Sonogashira coupling of 125 with 2,6-di(acetylamino)-4-ethynylpyridine 76 afforded the 

asymmetrically substituted oligo phenylene ethynylene 126 in a 63% yield, which successfully 

afforded 127 after treatment with 1M aqueous solution of KOH in the presence of MeOH/CH2Cl2 

(1:1). Finally, ethynyl derivative 127 (2.5 eq) was cross-coupled with 1,4-diiodobenzene affording 128 

(47%). As the reaction proceed a yellow fluorescent precipitate started to appear. The mixture was 

allowed to react overnight, and after the heterogeneous phase was filtered in order to separate the 

precipitate from the liquid phase. The solution was then concentrated under reduced pressure and the 

solid purified by column chromatography on silica gel affording 128. The structure of the final 
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compound was assessed by ESI-MS, 1H- and 13C-NMR and IR spectroscopy. 
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Scheme 23. a) TMSA, [Pd(PPh3)4], CuI, Et3N, THF, r.t., 12 h, 37%; b) 76, [Pd(PPh3)4], CuI, Et3N, THF, r.t., 48 h, 
63%; c) 1M aq. KOH, MeOH/CH2Cl2 (1:1), r.t, 1 h, quant.; d) 1,4-diiodobenzene, [Pd(PPh3)4], CuI, Et3N, THF, r.t., 
12 h, 47%. 
 

 As an extension of this work, in the future it can be envisaged longer and soluble OPEs bearing 

H-bonding recognition units at their by coupling monoiodinated 125 with ethynyl 127. 

 

 

2.3.2 Preparation of Soluble ADA Molecular Modules 
 

 In a similar manner of that described in Section 2.2.2 the geometrical modules with para-, ortho- 

and meta-ethynyl substituted, bearing uracil-ADA units, were prepared as shown in Schemes 24, 25 

and 26, respectively. 

 Linear 131 bearing two uracil-ADA units differs from 97 (Section 2.2.2.1) in the alkyloxylated 

central benzene ring, as analogous to the soluble linear diacetylaminopyridine-DAD module 123. 

Palladium-catalysed coupling of the diiodide 122 with trimethylsilylacetylene afforded 129, which 

was treated with 1M aqueous solution of KOH in a MeOH/THF (1:1) mixture, in order to remove the 

protecting TMS groups. Finally, 131 was obtained under Sonogashira conditions by reacting 

diacetylene 130 with iodouracil derivative 63. 131 was purified by column chromatography with 

gravity (SiO2, cyclohexane/AcOEt, 7:3→5:5→1:9, finally CHCl3) and characterised by EI mass 

spectrometry and 1H- and 13C-NMR in CDCl3. 
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Scheme 24. a) TMSA, [Pd(PPh3)4], CuI, Et3N, THF, r.t., 12 h, 40%; b) 1M aq. KOH, MeOH/THF (1:1), r.t, 1 h, 
quant.; c) 63, [Pd(PPh3)4], CuI, Et3N, THF, r.t., 12 h, 77%. 
 

 Alkylation of 1,2-dihydroquinone with 1-bromohexane in the presence of K2CO3 and DMF 

afforded the bisdodecyloxy benzene 133 that was then iodinated to yield the building block 134 

(85%), which was purified by recrystallisation from hot EtOH (Scheme 25). Cross coupling of 134 

with an excess of trimethylsilylacetylene yielded 135. Removal of the TMS groups with 1M aqueous 

KOH solution in a 1:1 MeOH/THF mixture, gave the terminal bisalkyne 136. The target compound 

137 was finally obtained by coupling of 6-iodouracil derivative 63 with diacetylene 136 under 

classical C-C coupling Sonogashira conditions. 
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Scheme 25. a) 1-Bromododecane, K2CO3, DMF, 60 ºC, 12 h, 70%; b) Hg(OAc)2, I2, CH2Cl2, r.t., 12 h, 85%; c) 
TMSA, [Pd(PPh3)4], CuI, Et3N, THF, r.t., 12 h, 36%; d) 1M aq. KOH, MeOH, r.t, 1 h, quant.; e) 63, [Pd(PPh3)4], 
CuI, Et3N, THF, r.t., 12 h, 51%. 
 

 Finally, meta-ethynyl bis(uracil) 142 was prepared from commercial 3,5-dibromophenol, which 

was alkylated with iodooctadecane in the presence of K2CO3 and DMF to afford 139 (Scheme 26). 

The exchange of Br2 atoms by the ethynyl groups at meta- positions relative to the alkoxy substituted 

benzene ring presented some difficulties (Table 4). Analogous to what happened with the synthesis of 

110 (Section 2.2.2.2), 139 is an electron rich aryl bromide, which is known to be a less reactive 

substrate for Sonogashira coupling reactions. Several catalysts, solvents and temperatures were tested 

in order to obtain 140 (Table 4). In most of the cases the coupling reactions proceed just on one Br2 

atom leading to the mono ethynyl substituted octadecylakoxybenzene. The best results were obtained 

when microwave irradiation[25] was used (entry 5, Table 4) obtaining the diethynyl substituted 140 in a 

79% yield. 
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Scheme 26. a) 1-Iodoctadecane, K2CO3, DMF, 60 ºC, r.t., 12 h, 80%; b) TMSA, [PdCl2(PPh3)2], CuI, iPr2NH, 
DMF, 5 min., 120 ºC, MW, 79%. 
 

 

Entry Catalyst Base[a] Solvent[a] T (ºC) [b] Compound 

1[26]  
[Pd(PhCN)2Cl2]/CuI/ 

P(t-Bu)3 
iPr2NH dioxane r.t. - 

2 [Pd(PPh3)2Cl2]/CuI Et3N THF 60 º 140’ 

3 [Pd(PPh3)4]/CuI Et3N THF 70 º 140’ 

4 [Pd(PPh3)Cl2]/CuI Et3N THF 85 º 140’ 

5  [Pd(PPh3)Cl2]/CuI iPr2NH THF/DMF MW, 120 º 140 

 

Table 4. Conditions tested for the Sonogashira coupling between 139 and TMSA; [a] anhydrous and 
deoxygenated; [b] stirred overnight except entry 5, which was irradiated for 5 minutes. 
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Scheme 27. a) 1M aq. KOH, MeOH:THF (1:1), r.t, 1 h, quant.; b) 63, [Pd(PPh3)4], CuI, Et3N, THF, r.t., 12 h, 46%. 

 

 The targeted compound 142 was finally obtained by cleavage of the TMS in the presence of 

KOH in a MeOH/THF solution and subsequent C-C coupling with 6-iodouracil 63 (Scheme 27). 
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Spectroscopic Characterisation of Hydrogen 

Bonded Supramolecular Assemblies  
 

 

 

 

 In this chapter the spectroscopic characterisation in solution of the molecular modules described 

in Chapter 2 and their supramolecular assemblies are reported. In particular, 1H-NMR and UV 

titrations are used to study the complexation via hydrogen bonding of the geometrical molecular 

modules. This Chapter is divided in two main Sections: 

Section 3.1 describes de NMR investigations (Job Plot and Titration studies) carried out with the 

supramolecular assemblies.  

Section 3.2 presents comprehensive photophysical investigations of the molecular modules as well as 

the steady-state UV/Vis absorption and emission titration of supramolecular system [99·111]. This 

work has been carried out in collaboration with Abdelhalim Belbakra, Andrea Listorti and Dr. Yoosaf 

Karuvath from the group of Dr. Nicola Armaroli at the Istituto per la Sintesi Organica e la 

Fotoreattività (ISOF), Bologna, Italy. 
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3.1 NMR Investigations of H-bonded Supramolecular Assemblies  
 

3.1.1 Determination of Association Constants 

 
 Several detailed association studies in order to quantify the hydrogen bonding strength of the 

di(acetylamino)pyridine (DAD) – uracil (ADA) pair can be found in the literature.[1-5] However, in our 

case, the influence of the units directly attached to the recognition moieties (aromatic derivatives) 

could strongly influence the self-assembly behavior (i.e., Ka) of the supramolecular pair. In order to 

exclude any secondary interactions derived from the functionalisation we have investigated the 

association properties of complementary silylated precursors 75 and 64 ([75·64]) and of silylated 2,6-

(diacetylamino)pyridine precursor 75 with 1-hexyl-6-[(anthracen-9-yl)ethynyl]uracil 96 ([75·96]) 

showed in Figure 1. Finally, the complexation between the complementary pair 110 and 96 ([110·96]) 

has also been studied. 
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Figure 1. Structure of the molecules bearing complementary di(acetylamino)pyridine (DAD) – uracil (ADA) units. 
 

 The supramolecular complexes have been characterised in CDCl3 by means of 1H-NMR based 

titrations (Figure 2) to determine the association strength. For the titration studies the concentration of 

the host (uracil derivatives) has been kept constant (5 mM) and the change of the chemical shift of the 

imide NH protons has been recorded as a function of the increase of the guest concentration (i.e., the 

2,6-(diacetylamino)pyridine derivatives). As expected, a significant downfield shift of the imidic 

protons due to the complexation of the uracil function has been observed. The association constants 

have been extrapolated from the binding isotherms as created from the NMRTit HG software for 

Apple Mac OS X operative system.[6] The associations constant values (Table 1), 8.94 × 102 M–1 for 

[75·64], 2.01 × 103 M–1 for [75·96], and 1.21 × 103 M–1 for [110·96], revealed to be in the same order 

as those reported in literature for other systems,[3, 4, 7] suggesting that the functionalisation of the uracil 

and of the 2,6-di(acetylamino)pyridyl groups did not alter the H-bonding recognition properties. Also 

from the data obtained it is possible to determine the free enthalpy of complexation (ΔG0) (Equation 

1), which affords the complexation energy and some information about the thermodynamics of the 

system. 
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   ΔG0 = –RTlnKa = ΔH0 – TΔS0  (1) 

 

Complex Ka [M–1] –ΔGº [kJ mol–1] 

75 + 64 ⇔ [75·64] 8.94 × 102 16.6 

75 + 96 ⇔ [75·96] 2.01 × 103 18.7 

110 + 96 ⇔ [110·96] 1.21 × 103 17.4 

 

Table 1. Calculated association constants (Ka) for the H-bonded dimers in CDCl3 at 295 K. The reported values are 
the average of at least two consecutive experiments. 

 

 
Figure 2. Titration plot of complexes [75·64], [75·96], [110·96]. 

 

 

3.1.2 Determination of the Assemblies’ Stoichiometry 
 

 The evaluation of the complex stoichiometry in CDCl3 of binary mixtures can be performed 

using the Job’s method. This method consists on the preparation of a series of samples containing a 

constant initial concentration of host (A) and guest (B) with variable ratios of both components. The 

association of both molecules can be monitored by controlling the position of the proton signals HA 

and HB. Then the complex concentration ([HG]) is plotted against the molar fraction (XH = 

[H]0/([H]0+[G]0). The concentration of a 1:1 host-guest complex ([HG]) will reach a maximum value 

when [H]0 = [G]0 or XH = 0.5. In the case that the Job plot shows some asymmetry (XH = 0.33 or 0.67) 

it means that the stoichiometry is greater that 1:1, namely 1:2 or 2:1, respectively. 

 The stoichiometry of complexes [75·64], [75·96], [110·96] (Figure 3), was studied by means of 
1H-NMR Job plots in CDCl3. The plots showed, as expected, that the three binary supramolecular 

systems form 1:1 complexes (Figure 4). 
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Figure 3. Structures of the 1:1 complexes studied a) [75·64], b) [75·96], c) [110·96]. 
 

 
Figure 4. 1H NMR Job plots for the binary mixtures a) [75·64], b) [75·96], c) [110·96]. 
 

 As anticipated, one goal of our research was to study complex supramolecular assemblies 

formed in solution. Therefore, following the detailed study performed on the self-assembly of the H-

bonding recognition sites, other more complex binary systems were studied. In particular, and as a 

result of the combination of the soluble molecular modules described in Chapter 2, Section 2.3 

discrete linear and geometrical assemblies, such as triangles or hexagons, could be expected. In a first 

step, we focused our attention on the formation of linear discrete trimeric assemblies shown in Figure 

5. 
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Figure 5. Complexation between 96 and 123. 

 

 The results obtained during the study of this system are not simple. To start with, during the 

preparation of the solutions containing different ratios of 96 and 123, it was observed a phase 

separation (Figure 6 right) instead of an homogenous solution as expected. 
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Figure 6. Left: 96 (A) and 123 (B) mother solutions [A] = [B] = 5 x 10–3 M in CDCl3. Right: NMR tubes 
containing different ratios of both components. 
 

 The formation of such new phase, could be attributed to an aggregation initially promoted by H-

bonding recognition that further induces intermolecular π-π stacking between the non-covalent 

adducts [123·(96)2], as also determined by UV and fluorescence titrations (Chapter 4). Using this 

rationale, it is possible to explain the discontinuity appeared in the Job plot shown in Figure 7a. In 

fact, when the solution concentration is reduced from 5 mM to 2.5 mM, the plot obtained is continuous 

and the maximum is shifted from XH = 0.5 to XH > 0.6 (Figure 7b). Such an asymmetry of the Job plot 

curve indicates that the stoichiometry of the new complex is greater than 1:1. This shift in the 

maximum can be attributed to the formation of 1:2 complexes. However, the displacement of the 

maximum of the curve from 0.67 to 0.6 could likely indicate that the two binding sites are slightly 

different because of further self-organisation, which can induce changes in the chemical shifts and 

therefore in the association constant.[6] 

    
Figure 7. 1H NMR Job plots for the [123·(96)2] system, being 96 (A) and 123 (B); a) [A]0 + [B]0 = 5  × 10–3M; b) 
[A]0 + [B]0 = 2.5 × 10–3 M. 
 

 From this point onwards the working concentration range was held constant at 2.5 mM. Once 

determined the possibility to generate trimeric assemblies, we focused our attention towards the 

possibility to generate discrete supramolecular triangles or hexagons. Thus, we decided to study the 

A B 
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molecular modules involved in the formation of the geometrical assemblies and after this, to study the 

final complexation processes. 

 To begin with, a binary mixture presenting an angular geometry was studied. In particular it has 

been investigated the recognition between ditopic module 137 bearing two uracil groups and 2,6-

di(acetylamino)pyridine monotopic module 110 (Figure 8). 
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Figure 8. Complexation of 137 (B) and 110 (A). 

 

 The association process in CDCl3 of a 1:2 mixture of 137 and 110 is shown in Figure 9. The 

upper and lower 1H NMR spectra show the uncomplexed species 110 (A) and 137 (B) respectively. 

During the experiment, the total concentration of A and B was kept constant at 2.5 mM and the ratio 

of each component was varied, increasing the quantity of A from the lowest spectrum to the highest 

one. The association of both molecules can be monitored by controlling the position of the signals for 

Ha and Hb protons. The signals for the imidic protons H137 are observed at 8.4 ppm when the molecule 

is uncomplexed, by increasing the quantity of 110 protons H137 suffer a significant downfield shift up 

to 11.3 ppm. At the same time also protons H110 suffer and upfield shift from 10 ppm when they are 

totally complexed up to 7.5 ppm when they are uncomplexed. When both Ha and Hb meet in one 

single signal, the stoichiometric [137·(110)2] complex is formed. Also in this case when plotting the 

complex concentration ([HG]) against the molar fraction X110 or X137, the maximum is slightly 

displaced from 0.67 and 0.33 (Figure 10), respectively, indicating that the binding sites are slightly 

different. 
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Figure 9. 1H-NMR spectra of the titration experiment between 137 (B) and 110 (A). 

 

 
Figure 10. Job plot [137·(110)2]; a) X 110, b) X 137. 

 

 Once determined that the 60º angularity present in module 137 was not preventing the 

recognition of both uracyl moieties with the complementary units of 110, we tested the recognition 

capabilities with the linear linker 123. Module 123 presents a central benzenic ring functionalised with 

two long alklylic chains, which might interfere with the recognition process for the formation of the 

supramolecular triangles ([(137)3·(123)3]). In order to exclude such possibility, we performed another 

titration study with the same angular module 137 and with a precursor of the linear linker bearing only 
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di(acetylamino)pyridine moiety (126, Figure 11). After plotting the complex concentration ([HG]) 

against the molar fraction of X126 the maximum found is around 0.3 (Figure 12), which indicates a 

complex stoichiometry of 1:2, ruling out at the same time any steric effect caused by the long alkylic 

chains. 
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Figure 11. Complexation of 137 (A) and 126 (B). 

 
 

   
 

Figure 12. 1H-NMR spectra of the titration experiment between 137 and 126.  

 

 As shown in Figure 13, the recognition of three ditopic 60º modules, acting as corners, with 

three linear modules should theoretically yield supramolecular triangles with a final 1:1 stoichiometry.  
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Figure 13. Theoretical complexation of 137 (A) with 123 (B). 

 

 As it can be appreciated from the Job plot showing a precise maximum at 0.5 (Figure 14b), the 

stoichiometry of the complex [(137)3·(123)3] is, as expected 1:1. From the 1H-NMR spectra (Figure 

14a) it can be excluded that polymeric arrays are formed since all the peaks remain clear during the 

entire titration process and no broadening has been observed. During the titration (Figure 14a) it has 

been possible to follow the chemical shifts of the protons H137 (black squares) and H123 (empty 

circles). Also in this case it is possible to observe an upfield shift of the protons when they go from 

uncomplexed to complexed. 

 

 

  
 

Figure 14. a) Left: 1H-NMR spectra of the titration experiment between 137 (A) and 123 (B). b) Right: Job plot of 
[(137)3·(123)3]. 
 

 In parallel, we also studied the complexation of a ditopic angular module bearing two uracil 

groups positioned at 120º respective to each other, 142, with the linear ditopic module 123. The 

association of these modules should theoretically yield hexagonal assemblies [(142)6·(123)6]. 



Chapter 3 

 68 

 Unfortunately, the 1H-NMR spectra obtained during the Job plot titration did not reveal any 

characteristic peak from the assembly as it can be distinguished from Figure 15b. Figure 15a shows 

the spectrum of 123 alone and Figure 15c shows the spectrum of 142 alone, however when they are 

combined, most of the peaks disappear and only the signals in the alkylic region (the most intense 

signals) remain in the spectrum. 

 

 
 

Figure 15. a) 1H NMR (CDCl3) of 123; b) 1H NMR (CDCl3) of 142·123 (2:3); c) 1H NMR (CDCl3) of 142. 

 

 These results most probably support the formation of a supramolecular polymer as represented 

in Figure 16. In fact, when some drops of CD3OD were added to a CDCl3 solution containing a 1:1 

mixture of 142 and 123, the spectrum of the initial components is completely recovered as it can be 

appreciated in Figure 17b. In such conditions, all the characteristic signals of both components (except 

the NH peaks) can be identified. 
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Figure 16. Theoretical complexation of 142 (A) with 123 (B). 
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Figure 17. a) 1H NMR (CDCl3) of 142·123 (1:1); b) 1H-NMR (CDCl3+CD3OD) of 142·123 (1:1).  = residual 
solvent peaks.  = 142,  = 123. 
 

 In order to study the formation of polymeric arrays, we have investigated the system constituted 

by complentary modules 131 and 132, which presumably form linear arrays (Figure 18). As expected, 

the 1H-NMR spectrum resulting from the 1:1 combination of the molecules (Figure 19b) did not show 

any characteristic peak of the assembly, which confirmed the formation of polymeric species as it for 

the combination of 142 with 123. 
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Figure 18. Complexation of 131 (A) with 123 (B). 
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Figure 19. a) 1H NMR (CDCl3) of 123; b) 1H NMR (CDCl3) of 131·123 (2:3); c) 1H NMR (CDCl3) of 131. 

 

 In summary, in this section we have described the detailed analysis performed on the association 

behaviour of several molecular modules. We have started by studying the recognition properties of the 

hydrogen bonding units. We have then studied the formation of trimeric assemblies, and finally, we 

have looked into the self-assembly of angular modules that should generate geometrical assemblies in 

solution. From the obtained results with the combination of the two complementary linear modules 

131 and 123 it is possible to conclude that the association of 142 and 123 generates polymeric 

structures. On the other hand, studies performed on angular module 137 and its complementary linear 

123 appeared to yield the formation of assemblies as displayed by Job plot titrations. 

 Although these evidences are good indications of the formation of discrete supramolecular 

triangular assemblies, they are not enough to unequivocally confirm its formation and it is necessary to 

perform more experiments. NMR diffusion experiments (DOSY), mass spectrometry and X-ray 

analysis are currently in process in order to determine the formation of the presumed assemblies. 
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3.2 Photophysical Characterisation of the Molecular Modules 

 
3.2.1 UV/Vis Absorption and Emission Measurements 

 
 To further understand the behaviour in solution of the synthesised molecular modules for their 

utilisation as luminescent materials, their photophysical properties were studied and are presented 

below. For the sake of clarity molecules are classified into two different groups; one bearing 

di(acetylamino)pyridyl residues (Figure 20) and the other one having uracyl units. 
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Figure 20. Molecular structure of molecular modules bearing di(acetylamino)pyridyl moieties. 
 

 The normalised absorption spectra of the modules bearing di(acetylamino)pyridyl moieties are 

presented in Figure 21a. The absorption spectrum of the shortest molecule (110) shows a major peak 

at around 317 nm with a molar absorptivity ε = 27 300 M–1cm–1. The other three systems show a 

progressive spectral red-shift, in accordance with either increase in conjugation length or the presence 

of alkoxy substituents. Their spectra are found to be quite similar to phenyleneethynylene analogues 

with the same conjugation length.[8] The molecule without any alkoxy substitution (111) shows a 

major absorption peak at 325 nm and a shoulder at 345 nm with molar absorptivities of 44 000 and 28 

500 M–1cm–1 respectively. On the contrary, the molecule with two alkoxy substituents (123) shows a 

more red-shifted absorption band with a peak around 380 nm (ε = 28 200 M–1cm–1), a higher energy 

absorption peak at 312 nm (ε = 43 900 M–1cm–1) and a shoulder at 322 nm (ε = 42 300 M–1cm–1). The 

longest molecule (128) shows a further red shift with the highest energy band at 328 nm (ε = 49 300 

M–1cm–1) and the lowest band at 400 nm (ε = 69 800 M–1cm–1), due to the increase in conjugation 

length. In the present case, the presence of either alkoxy groups or the increase in π-conjugation results 

in decrease of the HOMO-LUMO gap, which is reflected in the red-shifting of the absorption 

spectrum. 
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Figure 21. a) Normalised extinction and b) fluorescence spectra of 110 (ε × 1; blue), 111((ε × 1; green), 123 ((ε × 
1; magenta) and 128 ((ε × 0.4; red) in CH2Cl2. Emission spectra were recorded upon excitation at 308 nm. 
 

 Quite similar trends were observed for the emission spectra of the same systems. For example, 

the linear linker 111 exhibits an emission maximum at 374 nm, which undergoes bathochromic shift in 

123 (λmax = 435 nm) and further in 128 (λmax = 440 nm). It is interesting to note that, in CH2Cl2, 111 

shows a high luminescence quantum yield of 0.43 with an excited state singlet lifetime (τf) of 1.2 ns 

and a quantum yield of ~1 is observed for 123 (τf = 2.5 ns) and 128 (τf = 1.1 ns). On the contrary, 110 

showed a red-shifted (λemmax = 435 nm) broad emission spectrum in CH2Cl2 and has a very low 

quantum yield of 0.09 (τf = 1.3 ns). 

 As already introduced, the photophysical properties of the molecules equipped with 

complementary H-bonding uracil units were also investigated. The absorption spectrum of 96 is 

depicted in Figure 22a and shows the characteristic vibronic features of the anthracene unit. The 

lowest energy absorption band is peaked at 437 nm (ε = 10 300 M–1cm–1), i.e., ~ 60 nm red-shifted 

compared to the pristine anthracene molecule. This indicates that the introduction of the uracil unit 

through an acetylene bridge increases the effective conjugation length and causes a decrease in the 

HOMO-LUMO energy gap. The emission spectrum of 96 in CH2Cl2 shows two peaks at 468 nm and 

488 nm. The fluorescence emission is characterised by a high quantum yield (Φ = 0.52) and an excited 

state lifetime of 3.1 ns. 

 
Figure 22. a) Absorption and b) emission spectra of 96 in CH2Cl2. The fluorescence spectrum was recorded upon 
excitation at 308 nm. 
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The absorption and emission properties of the pyrene derivative 99 equipped with four uracil 

units and their precursors (Figure 23) are presented in Figure 24.  
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Figure 23. Molecular structure of pyrene 99 and its precursors. 

 

When compared to the parent silylated derivative (91) and pristine pyrene, the absorption 

spectrum of 99 exhibits less pronounced vibronic features. The lowest energy absorption band is 

peaked at 474 nm (ε = 27 600 M–1cm–1) with two shoulders at 445 nm (ε = 23 600 M–1cm–1) and 510 

nm (ε = 7 900 M–1cm–1). The fluorescence band profile of 99 is quite similar but red-shifted compared 

to 91. The emission maximum in centered at 494 nm (i.e., ~ 50 nm red-shifted compared to 91) with a 

quantum yield of 0.44 and an excited state lifetime of 1.5 ns. It is interesting to note that silyl 

derivative, 91, exhibit a fluorescence quantum yield of ~1, showing great potential as highly 

luminescent material in the visible region. 

 

 
 

Figure 24. a) Absorption and b) emission spectra of pyrene (89) (blue), 91 (green) and 99 (red). Emission spectra 
were recorded upon excitation at 308 nm. 
 

 In order to study the effect of the molecular geometry on the photophysical properties, we have 

selected three systems where the substitution varies with respect to a central phenylene ring. In 

particular, the uracil units are connected to the central core through phenyleneethynylene bridges at 
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the ortho (137), meta (142) and para (ALL 272) positions (Figure 25). Figure 26 shows a comparison 

of the absorption and fluorescence spectra of these molecules in CH2Cl2. It is interesting to note that 

137 and 131 are isomers, exhibiting the same molecular formula and a different geometry.  
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Figure 25. Molecular structure of the molecular modules 137, 142 and 131 bearing uracil recognition sites. 
 

 The para derivative 131 exhibits an absorption maximum at 398 nm (ε = 26 600 M–1cm–1) 

which is red-shifted compared to the ortho derivative 137 (λmax = 353 nm, ε = 15 800 M–1cm–1). The 

meta analogue 142 shows the absorption maximum at the highest energy (λmax = 320 nm, ε = 29 100 

M–1cm–1) and a shoulder at 348 nm (ε = 15 300 M–1cm–1). This finding suggests that 142 cannot 

undergo extended π-conjugation, as expected for meta substitution. For 137 (ortho), it has to be noted 

that its structure may imply a higher dipole moment since the polar and non polar part of the molecule 

are nearly at opposite sides. In addition, stronger steric constraints may arise for this molecule also 

affecting the electronic properties. On the contrary the absorption spectrum of the para derivative 131 

shows unambiguously the highest extent of conjugation, i.e., the smallest HOMO-LUMO gap. In this 

molecule polar groups are placed at opposite ends and the dipole-moment is expected to be low. 

 

 
 
Figure 26. a) Absorption and b) emission spectra of 137, 142 and 131 in CH2Cl2. Emission spectra were collected 
upon excitation at 308 nm. 
 
 As far as the emission properties are concerned, the para derivative has the lowest energy 

emission spectrum (Figure 26b) and exhibits the highest quantum yield (Φf = 0.78; τf = 1.9 ns) 
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compared to the other molecules. The ortho derivative has a moderately high quantum yield of 0.24 (τf 

= 1.4 ns) and the meta derivative is the weakest luminophore of the series (Φf = 0.002). These 

observations indicate that not only the presence of substituents but also their relative position has a 

pronounced effect on the electronic properties and leads to tuning of the spectral features. It is quite 

interesting to note that molecule with extended conjugation at para positions (131) exhibits the highest 

fluorescence quantum yield and this is in line with the behaviour of 123 and 128 (vide supra). More 

detailed experimental and theoretical investigations are required to prove these aspects; these studies 

are under progress. 

 

 

3.2.1 Self-Recognition Behavior of 2D Oligomers in Solution 

 

 The poor solubility of the H-bonding modules 99 and 111 (Figure 27) in aprotic solvents did not 

allow us to study the self-assembly process in solution by 1H NMR spectroscopy. Nevertheless, the 

low concentration (∼10–6 M) required by the spectroscopic analysis allowed a titration study of the 

self-assembly process in solution using UV/Vis and fluorescence spectroscopies.  

 

HN

N

NHN

NH

N

HN N

O

O O

O

O

OO

O

99

N

N

NN

N

N

N N

O

O O

O

O

OO

O

100

N N

HN

HN

NH

NH

O

O O

O

111  
 

Figure 27. Molecular modules studied. 

 

 Molecules 99 and 111 are strong absorbers in the UV region, with maxima at 345 nm (ε = 37 

500 M–1cm–1) and 324 nm (ε = 40 600 M–1cm–1), respectively, in DMSO (Figure 28). 1,3,6,8-

Tetrasubstituted pyrene 99 also exhibits an extended absorption envelope in the visible spectral region 

peaked at 481 nm (ε = 37 700 M–1cm–1)[9] that does not overlap with the spectral features of linear 

module 111. This mismatching proved to be of crucial importance for performing optical titrations 

because it enabled excitation selectivity and easy attribution of spectral changes. Both 99 and 111 are 

relatively strong emitters, with fluorescence bands exhibiting maxima at 503 nm (Φfluor = 0.26) and 

423 nm (Φfluor = 0.10), respectively, in DMSO (Figure 28). The related singlet lifetimes are 1.5 ns for 

99 and 1.2 ns for 111. 
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Figure 28. a) Absorption spectra of 99 (gray line) and 111 (black line) in DMSO; b) normalised fluorescence 
spectra of 99 (gray line) and 111 (black line) in DMSO using λexc = 308 nm. 
 

 The H-bonding-based molecular recognition process between modules 99 and 111 can be 

monitored in solution by taking advantage of the strong chromophoric and emissive character of the 

two molecules, provided that a solvent that does not compete with formation of H-bond is utilised. 

This turned out to be particularly challenging because of the poor solubility of 1,3,6,8-tetrasubstituted 

pyrene 99 in many organic solvents. Indeed, attempts made in mixtures of CCl4 or CH2Cl2 with 

DMSO, in which molecule 99 is soluble, gave no evidence of association. Finally, a clear proof of 

molecular recognition was obtained in a 1:50 DMSO/TCB solution. Under these conditions, addition 

of increasing amounts of linear module 111 to a 8.4 × 10–6 M solution of pyrene 99 caused dramatic 

changes in the absorption and fluorescence spectra. Two different stages can be traced: 0-1 eq. (Figure 

29a) and 1-2.4 eq. (Figure 29c) of compound 111. Upon addition of 1 eq. of molecule 111, the visible 

absorption spectrum of pyrene 99 undergoes significant changes, and clean isosbestic points are found 

at 435 and 497 nm (Figure 29a). The former is slightly shifted to 427 nm upon further addition of 

molecule 111 (up to 2.4 eq., Figure 29c). At 2.5 eq. or higher, extensive formation of suspended 

aggregates occurs. Parallel to the changes in the absorption spectra, substantial variations of the 

fluorescence profiles occur during the titration. During the initial stage (Figure 29b) the strong green 

fluorescence signal of the pyrene derivative is decreased by 80% and a novel emission band, peaked at 

∼570 nm, grows in with an isoemissive point at 593 nm. During the second titration step, the pyrene-

centered fluorescence signal is further decreased to less than 4% of its initial value, whereas the 

intensity of the new emission band is affected only slightly or not at all (Figure 29d). Notably, the 

isoemissive point observed during the first stage of the titration is lost, pointing to the formation of 

more than one emissive species. 
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Figure 29. Changes of the absorption (left) and fluorescence (left) spectra of a 8.4 × 10–6 M solution of module 99 
in 1:50 DMSO/TCB upon addition of increasing amounts of linker 111 (from 0 to 2.0 × 10–5 M): a, b) stage 1; c, d) 
stage 2. Dashed arrows in a) and b) indicate isosbestic and isoemissive points, respectively. λexc = 430 nm, at which 
the absorbance value is virtually constant throughout the entire titration. 
 

 The interpretation of these data in solution is not straightforward since tetratopic (1) and ditopic 

(2) assembling modules are involved, with the H-bonding recognition sites rather distant from each 

other, thus favoring independent complexation of four complementary DAD binding units. During the 

initial stage of the titration, the substantial decrease in the pyrene-centered fluorescence intensity 

(∼80%, Figure 29b) suggests that a large majority of the pyrene derivatives are bound to at least one 

unit of the linear module[10] (Figure 30). This likely occurs through a variety of associations between 

molecules 99 and 111 that give rise to clean isosbestic points because the binding sites are independent 

of each other.[11] The supramolecular adducts are soluble up to the addition of ∼2 eq. of the linear 

ditopic module 111. However, when larger amounts of 111 are added to a solution of pyrene 99, the 

progressive formation of a solid suspension is observed. Starting from 2.5 eq. of molecule 2, the 

aggregation process becomes so extensive that the optical transparency of the solution is no longer 
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suitable for performing reliable spectroscopic measurements, and precipitation also occurs. This 

finding underpins the progressive formation of large supramolecular oligomers/networks that are 

insoluble in solution. 

 

 
 
Figure 30. Tentative interpretation of the H-bonding recognition process during the titration studies and formation 
of noncyclic dimeric 99·111 and trimeric 99·(111)2 assemblies. 
 

 The red-shifted, weaker emission band that grows up during the titration could be assigned to H-

bonded structures in solution. It could be argued, however, that its shape and position are reminiscent 

of excimer-type bands, which are normally observed for pyrene derivatives in solution at relatively 

high concentration (>10–4 M).[12] This excimer assignment can be ruled out because the excitation 

spectrum recorded at the end of the titration at 585 nm (Figure 31) matches the features observed in 

the absorption spectrum (e.g., the 515 nm peak), supporting the hypothesis that the novel emitting 

species are also found in the electronic ground state and not only in the excited state, as would be 

observed for excimers. 
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Figure 31. Reversibility of the adduct formation between molecules 99 and 111 (red line vs. green line). Excitation 
spectrum of pyrene 99 at λem = 585 nm (blue line) compared to the spectrum at the end of the titration (black line). 
 

 As far as excited-state lifetimes are concerned, the singlet lifetime of the residual pyrene-

centered signal during the first titration stage (0-1 eq. of 111) is unchanged relative to the initial value 

(1.5 ns), whereas the new red-shifted signal exhibits a multiexponential emission decay. The related 

lifetime values are slightly dependent on the monitored emission wavelength but are never longer than 

6.5 ns; thus, they are shorter than the lifetime of the intrinsic excimer emission of pyrene derivative 99 

recorded at 10–3 M (29 ns). These results indicate that the H-bonded complexes, albeit exhibiting 

identical absorption spectra (see above), do show slightly different excited-state properties. This trend 

is confirmed at the end of stage 2 (at ∼2 eq.), where it is possible to selectively excite the 

supramolecular assemblies at their new absorption features, e.g., at 515 nm (Figure 32). The wide, 

irregular emission profile suggests the formation of multiple H-bonded oligomeric species with 

slightly modulated fluorescence spectra, reflecting the presence of various aggregates between the two 

polytopic receptors that exhibit different electronic delocalisation as a function of the aggregate size. 

The presence of multiple species is confirmed by luminescence lifetime decays that are fitted as 

double/multiple exponentials with wavelength-dependent amplitudes (Figure 32). 
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Figure 32. a) Fluorescence spectrum (λexc = 515 nm) of a solution containing pyrene derivative 99 (8.4 × 10–6 M) 
and linker 111 (2.0 × 10–5M) in 1:50 DMSO/TCB at the end of the titration experiment (2.4 eq. of 111 added); b) 
luminescence decays as a function of the emission wavelength; c) emission decays recorded at three selected 
wavelengths: (red) 520, (magenta) 600, and (orange) 700 nm. 
 

 The noticeable red shift of the pyrene-centered absorption and emission features suggests 

substantial electronic delocalisation in the supramolecular structures formed upon titration. This might 

occur via either H-bonding interactions between molecules 99 and 111 or π-π stacking between the 

1,3,6,8-tetrasubstituted pyrene moieties belonging to different oligomeric assemblies. The sharp bands 

of the absorption spectrum at the end of the second stage tend to support the former hypothesis. On the 

other hand, π-π stacking aggregates of aromatic molecules usually give weak and broad absorption 

tails on the red edge of the spectrum,[13] which, in our case, could be masked by the absorption 

background tail caused by the formation of a solid suspension (see above). It cannot be excluded that 

insoluble aggregates could be generated by the combined formation of larger and larger H-bonded 

oligomers that also undergo intermolecular stacking between the pyrene units.[14] At any molar ratio, 

the H-bonding interactions are essential for inducing the formation of supramolecular assemblies, as 

evidenced by a control experiment carried out with the methyl-capped 1,3,6,8-tetrasubstituted pyrene 

derivative 100, which cannot undergo triple H-bonding interactions with linker 111. Upon titration of 

100 with linear module 111 under the same conditions as described in Figure 29 for molecules 99 and 

111, neither absorption/emission spectral changes nor formation of insoluble aggregates are observed, 

also ruling out the possibility of stacking interactions between the two different molecules (Figure 33). 

 Very importantly, all of the spectral changes observed during the titrations are fully reversible. 

By addition of a few drops of DMSO, which disrupts the intermolecular H-bonds, a full recovery of 

the pyrene-centered absorption and fluorescence features is observed, and the precipitated assemblies 

are promptly and completely dissolved (Figure 31). 
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Figure 33. Changes of the absorption (left) and fluorescence spectra (right) of a 2.8 × 10–6 M solution of molecule 
100 in DMSO/TCB(1:50) with increasing amounts of linker 111. 
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Self-Organisation in Solution Through 

Hydrogen Bonding Recognition 
 

 

 

 

 Self-assembly of organic π-conjugated molecules, which subsequently self-organise into 

macroscopic organic materials is gaining attention as a potentially facile and effective route towards 

the development of functional substrates for electronic and biological applications.[1-5] The optical and 

electronic properties of organic-based materials are highly dependent on the molecular organisation 

and thus on their size and shape.[6-9] Hence, fine control of their functionalities, is essential.[10, 11] In 

this context, due to their directionality and spatial arrangement, complementary multiple H-bonding 

interactions are attractive candidates for engineering well-defined supramolecular structures,[12-15] 

which might undergo further self-organisation promoting the formation of controlled organic 

nanoparticles.[16-18] 

 In this chapter we describe the supramolecular recognition and self-organisation into complex 

supramolecular nanostructures of two π-conjugated molecules bearing complementary hydrogen 

bonding sites. Under temperature and solvent polarity control, we show that the supramolecular 

adducts between the complementary molecules are formed in solution and further evolve as spherical 

nanostructures resembling micellar structures (Scheme 1). Most notably, the nanoparticle size 

distribution and shape can be tuned by the stoichiometry ratio of the two molecular components. This 

behaviour is interpreted as a consequence of the specific solvophobic/solvophilic interactions that are 

established in binary or ternary supramolecular adducts. 

 

 
Scheme 1. Schematic representation of the self-assembly and self-organisation process. 
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This chapter is divided in two sections: 

Section 4.1 describes the spectroscopic characterisation of the supramolecular aggregates in solution. 

Section 4.2 describes the microscopic characterisation of the aggregates by Atomic Force Microscopy 

(AFM) and Transmission Electron Microscopy (TEM) measurements. 

This work has been carried out in collaboration with Dr. Yoosaf Karuvath and Abdelhalim Belbakra, 

from the group of Dr. Nicola Armaroli at the Istituto per la Sintesi Organica e la Fotoreattività 

(ISOF), Bologna, Italy. 
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4.1 Recognition and Self-Organisation in Solution: Spectroscopic 

Measurements 
 

  The molecular modules used in this study are depicted in Figure 1. Molecule 123 consists 

of a para-disubstituted central benzenic ring that is connected at both sides to two 2,6-

di(acetylamino)pyridyl terminations through ethynyl spacers, while module 96 bears only one 

uracil unit equipped with an anthracenyl tailing group. These molecular units are known to 

undergo self-assembly through triple H-bonds with very high association constants in apolar 

solvents such as toluene or CCl4, i.e., of the order of 104-105 M–1.[19] On the other hand, 124, 

which has been prepared to act as control molecule, presents the same backbone as module 123 

but the amidic functionalities have been methylated. 
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Figure 1. Chemical structure of the molecular modules studied. 
 

 Molecules 123 and 96 exhibit intense absorption bands in the UV region and are strong 

luminophores in cyclohexane solution, with fluorescence bands exhibiting maxima at 460 nm 

(Φfluor = 0.09) and 440 nm (Φfluor = 0.63), respectively at room temperature (Figure 2).  

 

 
Figure 2. Absorption and emission spectra of 123 (in black) and 96 (in gray) in cyclohexane. λexc = 355 nm. 
 

 The absorption and fluorescence bands of 123 in cyclohexane exhibit fully reversible 

temperature-dependent profiles in the range 10-80 °C (Figure 3). Noteworthy, new blue shifted 

absorption bands grow up by increasing the temperature up to 80 ºC, with the formation of clean 
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isosbestic point at 330, 340 and 390 nm. These findings suggest that molecule 123 undergoes 

self-aggregation which might be driven by a combination of weak homomolecular H-bonding, 

dipolar, and π-π stacking interactions.  

 

 
 

Figure 3. Variable-temperature absorption spectra of 123 in cyclohexane. 
 

 In order to determine the role of the H-bonds in the aggregation process, the control 

compound 124 was used (Chapter 2). Since the H-bonding sites are now methylated, 124 is not 

able to establish hydrogen bonding interactions, and therefore not able to self-associate. A 

temperature dependent test experiment with tetramethylated molecule 124 evidences negligible 

spectral changes (Figure 4) confirming that the di(acetylamino)pyridyl moieties are essential to 

promote self-aggregation of 123. We can reasonably assume that the terminal units of the linear 

ditopic module 123 initially foster aggregation that further induces π-π stacking and therefore the 

formation of aggregates. 

 
Figure 4. Changes with temperature in absorption (left) and emission spectra (right) of molecule 124 in 
cyclohexane; λexc = 333 nm. 
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 The absorption spectrum of [123·(96)2] turns out to be rather different from that obtained 

with the algebric sum of the separated components (Figure 5a). In particular, the observed red-

shift of the lower energy absorption band of anthracene derivative 96 (not observed for 96 alone) 

points to the presence of π-π stacking interactions, most likely promoted by the preliminary 

formation of triple H-bonds between complementary uracyl and 2,6-di(acetylamino)pyridyl 

moities. This rationale is supported by a control experiment carried out with molecules 96 and 

124, where the experimental spectrum is identical to the algebric sum of the components (Figure 

5b) indicating that the formation of new species does not take place due to the impossibility of 

124 to establish H-bonding interactions with the module 96. 

 

 
 

Figure 5. a) Absorption spectrum of 123, 96 and of their molecular adduct (1:2 ratio) experimental and 
calculated; b) absorption spectra of 124, 96, 1:2 molecular adduct between 124 and 96 and the algebric sum 
of 124 and 96. 
 

 Furthermore, only the sample containing both molecules 123 and 96 (1:2) exhibits a 

fluorescence spectrum with a broad tail on the low energy side (Figure 6b). This finding further 

supports the formation of supramolecular complexes driven by triple H-bonds, as also confirmed 

by the Job plot via 1H-NMR titration studies (Chapter 3), which leads to intermolecular π-π 

stacking interactions between adducts [123•(96)2].  
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Figure 6. a) absorption and b) emission variable-temperature spectral changes of molecular adduct of [123•(96)2]. 

 

 Figures 6a and 6b show that the novel absorption and emission features of [123•(96)2] in 

cyclohexane formed at r.t. are progressively lost upon increasing the temperature up to 80 °C and 

are reversibly recovered by cooling down the sample to 10 °C, also with the observation of clean 

isosbestic (at 325, 350 and 390 nm) and isoemissive (at 525 nm) points. These observations are 

consistent with the reversible formation/decomposition of the supramolecular adducts, namely 

vesicles, observed by AFM and TEM (Figures 9 and 10). 

 

 

4.2 Microscopic Characterisation of the Supramolecular Aggregates by AFM 

and TEM Measurements 
 

 The morphology of the self-organised structures was characterised using AFM and TEM 

microscopic techniques. The samples for microscopic studies were prepared by heating 

cyclohexane solutions to 80 ºC to break any kind of aggregates formed and were then slowly 

cooled down to r.t. to induce the formation of the most thermodynamically-favoured structures. 

AFM and TEM images of 123 recorded in different areas of the same sample (Figures 7 and 8, 

respectively) showed the presence of both spherical micro and nanoparticles with the size 

ranging typically from ~10 nm to over 1 µm. Structurally, molecule 123 has a solvophilic (with 

respect to cyclohexane) aromatic and aliphatic central part and solvophobic polar end groups. 

Hence, in cyclohexane, molecule 123 tends to self-organise through electrostatic or weak H-

bonding interactions involving the terminal moieties, as well as π-stacking interactions 

concerned with the central part of its structure. The occurrence of these combined aggregation 

phenomena is supported by the bathochromic shift (red shift) of the absorption and emission 

maxima in solution upon temperature lowering (Figure 3).[20] 
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Figure 7. Tapping mode AFM images of self-organised structures of 123 in cyclohexane recorded from 
different areas of the sample. 
 

 

 
 
Figure 8. TEM images of self-organised structures of 123 in cyclohexane recorded from different areas of 
the sample. 
 

 

 Contrary to what observed for molecule 123, both AFM and TEM images of a drop casted 

solution of 123 and 96 (1:2 molar ratio) showed the presence of vesicles of highly uniform size 

distribution, which are spherical in shape and with a narrower diameter range of 80-180 nm 

(Figures 9 and 10, respectively). By passing from 123 to the self-assembled molecular species 

[123•(96)2], the change of the end functionality, being now an anthracenyl moiety, from 

solvophobic to solvophilic increases the solute/solvent interaction, prompting the formation of 

more thermodynamically-favoured nanostructures with narrow size distribution. Since the 

[123•(96)2] adduct has both ends solvophilic, the vesicular-like structure[21] will be more 

favoured as its formation further help to minimise the solvophobic interaction of the polar 

di(acetylamino)pyridyl units. Under these specific conditions, it is reasonable to assume that p-

stacking of the anthracenyl moeities in J fashion[22] occurs, or what is the same, the anthracenyl 

moieties organise head to tail fashion to each other. This is corroborated by the marked red shift 

of the absorption spectrum of the anthracenyl moiety when self-organisation occurs (Figure 6a).  
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Figure 9. Tapping mode AFM images of self-organised structures of the molecular adduct between 123 
and 96 in the ratio 1:2 in cyclohexane, recorded form different areas of the sample. 
 

 

 
 
Figure 10. TEM images of self-organised structures of the molecular adduct between 123 and 96 in the 
ration 1:2 in cyclohexane, recorded from different areas of the sample. 
 

 

 The above interpretation was further confirmed by investigating the self-organisation 

between 123 and 96 in cyclohexane at the 1:1 stoichiometric ratio. AFM and TEM micrographs 

showing the morphology of self-organised structures are presented in Figures 11 and 12, 

respectively. The analysis of these images showed that the 1:1 complexes also form spherical 

nanoparticles, but with larger size distribution compared the nanoparticles formed with the 1:2 
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adducts. Interestingly, these nanoparticles have an average bigger size, with a diameter in the 

range 150-500 nm. In line with the above proposed rationale, this is explained considering that, 

under these conditions, there is a mixture of adducts of different stoichiometry exhibiting both 

solvophilic and solvophobic terminal functionalities.  

 

 
 

Figure 11. Tapping mode AFM images of self-organised structures of the molecular adduct between 123 and 
96 in the ratio 1:1 in cyclohexane, recorded from different areas of the sample. 
 

 
 

Figure 12. TEM images self-organised structures of the molecular adduct between 123 and 96 in the ratio 
1:1 in cyclohexane recorded from different areas of the sample. 
 

 In order to rule out self-organisation of the anthracenyl derivative 96 alone, we have 

carefully checked its behaviour in solution. Absorption and emission spectra of 96 alone in 

cyclohexane as a function of temperature did not evidence any clue of aggregation/self-

organisation. This was further confirmed by AFM experiments following drop casting of 96 onto 

a freshly cleaved mica surface. The images recorded from different areas of the sample (Figure 

13) showed the presence of particles of different shapes with sizes ranging widely from 10 nm to 

over 2 µm. This is due to uncontrolled aggregation of the molecules during solvent evaporation 

and confirms that only the H-bonding interactions between 123 and 96 drive the formation of 

organised and controlled nanosystems.  
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Figure 13. Tapping mode AFM images of a solution of 96 in cyclohexane drop-casted on to a freshly 
cleaved mica surface. 
 

 

 In summary, in this chapter we have shown that by tuning the solvophilicity of organic 

systems through the formation of complementary hydrogen bonds it is possible to promote the 

formation of spherical nanostructures with controlled optical and morphological properties, 

which depend on their molecular structure.  
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Patterning of Surfaces Driven by H-Bonding 

Recognition of Molecular Modules 
 

 

 

 

In this chapter we describe the engineering molecular-scale H-bonded assemblies on surfaces that 

have been studied at the solid-liquid interface and under ultra-high vacuum (UHV) conditions. 

 

Chapter 5 is divided in six Sections, each of them based in different STM studies performed with the 

combination of several modules of our molecular library: 

Section 5.1 is an introductory section giving a general description of the STM technique. 

Section 5.2 presents a self-assembly study of bicomponent discrete functional arrays on HOPG at the 

solid-liquid interface. 

Section 5.3 describes the H-bonding recognition of supramolecular nanopolygons on HOPG surfaces. 

Section 5.4 describes the formation of hexagonal bimolecular networks at the solid-liquid interface. 

Section 5.5 presents the engineering of supramolecular oligomeric, pentameric and trimeric assemblies 

under ultrahigh vacuum (UHV) conditions. 

Section 5.6 describes a chemically induced phase transition also under UHV conditions.  

The work presented in sections 5.2-5.4 has been carried out in collaboration with Carlos-Andres 

Palma and Dr. Luc Piot from the group of Prof. Paolo Samorì at Institut de Science et d'Ingénierie 

Supramoléculaires (ISIS), Strasbourg, France. 

The work presented in sections 5.5-5.6 has been carried out in collaboration with Manfred Matena and 

Dr. Meike Stöhr from the group of Dr. Thomas Jung at NCCR Nanoscale Science, Basel, Switzerland. 
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5.1 General Introduction on STM 
 

 The invention of Scanning Tuneling Microscopy (STM) by Gerd Binning and Heinrich Rohrer[1] 

(Nobel Prize in Physics in 1986) in the early 1980’s represented a breakthrough in nanoscale science 

and nanotechnology. STM allowed for the first time to produce real-space images of electrically 

conductive surfaces with sub-nanometre scale resolution. This invention was quickly followed by the 

development of a whole family of related techniques, which together with STM, can be classified in 

the general category of Scanning Probe Microscopy (SPM) techniques. A major advantage of 

Scanning Probe Microscopies (SPMs) is that they can operate under different media such as air, liquid, 

and gas streams, expanding in this way the studies to environments that are more easily accessible and 

less expensive than ultra-high vacuum (UHV).[2] UHV conditions provide on the other hand, a well-

defined environment with control of the substrate coverage. In addition, temperature control gives a 

handle to regulate the mobility of the molecules and as such individual molecules, clusters, one-

dimensional (1D) rows and 2D patterns can be deposited. However, not all species can be adapted to 

UHV conditions, such as those with relatively low thermal stability. The technical challenges are less 

severe under ambient conditions and in-situ imaging is possible.[3]  
 The basic principle of STM is based on the tunnelling current between a metallic tip, which is 

sharpened to a single atom point, and a conducting material. If the STM tip is close enough to the 

surface (≤ 10 Å) the presence of a bias voltage (pA to nA) between the tip and sample will cause the 

electrons to tunnel through the vacuum barrier separating the tip and sample (Figure 1). The tunneling 

current is then the result of the overlapping wavefunctions between the tip atom and surface atoms. 

 

 
 

Figure 1. a) Schematic representation of a STM microscope (http://wikipedia.org); b) left: negatively biased tip 
(electrons tunnel from the tip to the sample); right: positively biased tip (electrons tunnel from the sample to the 
tip). 
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 The magnitude of tunneling current is extremely sensitive to the gap distance between the tip 

and sample, the local density of electronic states of the sample and the local barrier height. The local 

density of states (LDOS) represents the amount of electrons that exist at a specific energy level. By 

keeping the gap distance constant, a measure on the current change with respect to the bias voltage can 

probe the LDOS of the sample. Moreover, changing the polarity of bias voltage it is possible get local 

occupied and unoccupied states. As it is shown in Figure 1 when the tip is negatively biased, electrons 

tunnel from the occupied states of the tip to the unoccupied states of the sample. If the tip is positively 

biased, electrons tunnel from the occupied states of sample to the unoccupied states of the tip. STM 

microscopy therefore does not probe the nuclear position directly, but rather it is a probe of the 

electron density, so STM images do not always show the position of the atoms, and it depends on the 

nature of the surface and the magnitude and sign of the tunneling current. 

 Currently there are two different setups in order to study adsorbed molecules on conductive 

substrates in the STM: under atmospheric conditions at room temperature by imaging at the solid-

liquid interface or under ultra-high vacuum conditions (UHV). In the studies performed at the solid–

liquid interface the STM tip is immersed in an almost saturated organic solution in a poorly polar 

solvent (Figure 2). Interfacial interactions govern the self-assembly at surfaces, that is in competition 

with solvation in the 3D supernatant solutions. Exploiting this method, ordered monolayers can be 

easily formed and studied with a sub-molecular resolution. This makes possible to gain insight into 

different types of physico-chemical properties that span from the thermodynamics of physisorption at 

the solid–liquid interface, which is driven by an interplay between the enthalpy gain and the loss in 

entropy upon adsorption, to the 2D behaviour of molecules at surfaces. 

 

   
 

Figure 2. Left: Veeco® STM. Right: Schematic representation of a STM tip working under solid-liquid conditions. 

 

 When working under ultra-high vacuum environment the sample preparation requires the 

sublimation of the molecules onto flat and clean conductive substrates. The molecules are evaporated 

from a quartz crucible and the microscope is placed into an ultra-high vacuum environment (typically 



Chapter 5 

 96 

10–10 mbar), which allows for controlled surface preparation and to work in a “clean” atmosphere 

(Figure 3). Operation at cryogenic temperatures (77 K) reduces electronic noise and eliminates free 

movement of the molecules.  

 

 
 

Figure 3. Left: Low Temperature Scanning Tunneling Microscopy LT-STM (Omicron®). Right: glass crucible 
where the sample is deposited and evaporator placed inside the instrument. 
 

 

5.2 Selective Formation of Bicomponent Arrays Through H-bonding of 

Multivalent Molecular Modules  
 

 STM measurements have then been performed in order to provide a visual proof of the 

formation of H-bonded complexes on atomically flat surfaces. Molecular modules 110 and 96 and 99 

(Figure 4), bearing complemantary H-bonding sites, have been designed to undergo physisorption on 

HOPG into highly ordered monolayers at the solid-liquid interface. Physisorption on graphite has been 

promoted by the presence of alkyl chain side groups in the molecular structures. Moreover, molecule 

96 and 99 also incorporate an anthracenyl and a pyrene moiety, respectively, which are known to 

exhibit a good affinity for graphite. This enhanced affinity of the molecules for the HOPG can be 

expected to lead to a lowering of the molecules mobility on the surface facilitating the sub-molecularly 

resolved characterisation of the patterned surface by STM. Alongside, the alkyl chains grafted on the 

three molecules promote a good solubility in different highly apolar organic solvents (i.e., 1-

phenyloctane or n-tetradecane), which are typically employed for STM measurements at the solid-

liquid interface. Finally, all molecules have two chemical structures which can be expected to give 

rather different STM contrasts when physisorbed on HOPG. Thus, in the case of co-adsorption, this 

should facilitate the differentiation of one type of molecules from the others, since the long alkyl-

chains provide in many cases a lower tunnelling contrast than the aromatic moieties.[4] 
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Figure 4. Chemical structure of the molecular modules studied. 

 

 96 and 110 have been first characterised as mono-component monolayers. A solution of 

molecule 96 dissolved in n-tetradecane has been deposited on the surface. The STM images in Figure 

5a,b display the formation of a highly ordered crystalline monolayer; in view of the resonant 

tunnelling between the Fermi level of the substrate and the frontier orbitals of the ad-molecule, the 

brighter features can be ascribed to the anthracene moieties, whereas the darker parts of the image can 

be attributed to the alkyl chains.[4] The corresponding packing motif shown in the cartoon reveals the 

occurrence of homo-association, i.e., the formation of double N–H···O bonds among adjacent 

molecules thus forming (96)2 dimers. Similarly, molecule 110 was deposited from a 1-phenyloctane 

solution on the HOPG surface, resulting in the formation of a monolayer with a lamellar structure 

displayed in Figure 5c,d.  
 

 

Figure 5. STM images recorded at the graphite-solution interface; a) height image of mono-component monolayers 
of molecule 96 and b) its proposed packing model. Unit cell parameters: a = 1.3 ± 0.1 nm, b = 2.2 ± 0.1 nm, α = 87 
± 2°, leading to an area A = 2.9 ± 0.2 nm²; c) current image of monolayer of 110, and d) its proposed packing motif. 
Unit cell parameters: a = 1.1 ± 0.1 nm, b = 8.8 ± 0.1 nm, α = 94 ± 2°, A = 9.7 ± 0.2 nm². Tunneling parameters: a) 
average tunneling current (It) = 5 pA; bias voltage (Ut) = 750 mV and c) It  = 10 pA; Ut = 1000 mV. 
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 Three different types of tunnelling contrasts can be observed in the STM image: i) dark gray 

parallel lines, which can be ascribed to the alkoxy side-chains, ii) brighter rod-like features, that can be 

attributed to the conjugated moieties, and iii) darkest contrast region between two rows of molecules. 

The arrows superimposed in Figure 5c indicate the underlying <100> HOPG orientation, which in turn 

matches the alignment of the aliphatic chains. In this case, the self-assembly is mostly governed by 

commensurability of the aliphatic chains with the HOPG substrate.[5, 6] The high resolution achieved in 

the STM image, clearly shows the characteristic linear signature of the individual alkyl chains, 

providing unambiguous evidences that one alkyl chain per molecule is not adsorbed on the surface but 

is rather back-folded in the supernatant solution, similarly to other organic systems physisorbed at the 

HOPG-solution interface.[7] Moreover, a kink occurs in the central alkyl chain, meaning that the first 

and fourth CH2 (starting from the oxygen atom) are in an eclipsed conformation, with a dihedral angle 

of ~15 degrees. Finally, the STM image also reveals that the molecules facially expose the 2,6-

di(acetylamino)pyridine moiety separated by a gap featuring a dark contrast which hinders the 

formation of H-bonds between the molecules; such a gap may either be uncoated or covered with 

solvent molecules featuring a high dynamics on a timescale faster than the STM scanning.  
 Given the previously described associating propensity of molecules 110 and 96 in solution, as 

proved by NMR measurements (Chapter 3), we extended our investigation to the co-adsorption of the 

modules at the solid-liquid interface. The solutions of molecules 110 and 96 were prepared in a 

mixture of 1-phenyloctane and toluene in order to increase the solubility of both components and to 

thus obtain homogeneous phases. The drop-casting of a 1:1 molar solution of 110 and 96 led to the 

adsorption of only molecule 96 on the basal plane of graphite. This has been evidenced by STM 

measurements showing the presence of a packing motif identical to that observed for the mono-

component monolayers of molecule 96 in Figure 5a. Such a finding can be ascribed to a greater 

affinity of molecule 96 for HOPG. Because of this reason, under these experimental conditions 

molecule 110 remains in the 3D supernatant solution. We ascribe this result mostly to the stabilisation 

of the monolayer of molecule 96 through homo-association forming supramolecular (96)2 dimers. 

Making use of a solution with a 1:10 molar ratio where molecule 110 is in excess (i.e., 0.4 mM of 96 

and 4 mM of 110), the equilibrium can be shifted to favour the formation of inter-molecular 

supramolecular assemblies on the surface (Figure 6a).  
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Figure 6. a) STM current image of the monolayers formed by mixing molecule 110 and 96 on the HOPG-solution 
interface. Each dimer is composed by one molecule 110 (blue) and one molecule 96 (yellow); a) the unit cell is 
depicted in black; b) proposed model of the assembly. Unit cell parameters: a = 1.3 ± 0.1 nm, b = 2.2 ± 0.1 nm, α = 
87 ± 2°, leading to an area A = 2.6 ± 0.2 nm². Tunneling parameters: It = 55 pA; Ut = 400 mV. 

 

 The STM image reveals bright rods, the length of which is in good accordance with the 

cumulative contour lengths of molecule 96 and the conjugated fragment of molecule 110, whereas the 

darker areas correspond to the adsorbed alkoxy chains of molecule 110. In Figure 6b a molecular 

pattern of the molecules 110 (in blue) and 96 (in yellow) is proposed. In combination with the 

underlying STM image, it provides strong evidences for the existence of [110·96] dimers on the 

surface. In the proposed model one can also notice that half of the central alkoxy chains of molecule 

110 are adsorbed in the inter-row space whereas the other half remains in the supernatant solution. 

Given that such a dimerisation through H-bonding interactions has been also detected in solution by 

NMR measurements, it is most likely that the dimers are formed in solution and then transferred to the 

graphite surface as bi-component entities. 

 To prove the general applicability of this approach for the co-deposition of two or more 

components at the solid-liquid interface, we have extended our study to a multitopic molecular 

module, pre-programmed to generate more complex geometries. In this view, the multitopic molecule 

99 has been choosen in order to use a tetrasubstituted pyrene module as a cornerstone for the self-

assembly. According to its geometry, one can expect that the recognition and the combination of each 

uracil unit at the four extremities of molecule 99 with one 2,6-di(acetylamino)pyridine of molecule 

110 results in the generation of pentameric species [(110)4·99] displaying a “Saint Andrew” cross-like 

shape.  
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Figure 7. a) STM height image of the monolayer formed with molecules 110 and 99. The addition of a solution of 
molecule 99 on top of an already existing monolayer of 110 is followed by the formation of complexes; b) 
proposed model showing that each complex is composed by one molecule 99 surrounded by four molecules 110. 
Unit cell parameters: a = 4.7 ± 0.1 nm, b = 4.2 ± 0.1 nm, α = 117 ± 1° leading to an area A = 17.6 ± 0.2 nm². a) 
Tunneling parameters: It = 10 pA; Ut = 500 mV. 

 

Upon physisorption of only molecule 99 on HOPG, large ordered domains, have been observed 

(Section 5.3, Figure 9a,b). The molecules were found to interact with their four neighbours through 

double H-bonding interactions. The resulting unit-cell is rhombic and contains one molecule. 

Surprisingly, by using the previous procedure for the formation of dimers, it was not possible to obtain 

any hybrid complexes based on molecule 110 and 99 on the surface. In fact it was found that only 

molecule 110 adsorbed on the surface, even at different molar ratios (ranging from 1:1 up to 1:10 of 

adduct 110·99). We have therefore opted to employ a different procedure based on two deposition 

steps. First a monolayer of molecule 110 has been formed upon deposition of a drop of a 0.5 mM 

solution in 1-phenyloctane to HOPG, and the resulting structure has been thoroughly characterised by 

STM measurements. Then, an additional drop of a solution containing molecule 99 in 1-phenyloctane 

(conc. 0.2 mM) has been deposited on the surface. After an overnight annealing at r.t., the wet film has 

been studied in-situ by STM. Figure 7a exhibits a STM image of the resulting monolayer where three 

main contrasts can be distinguished, the brighter one being mainly attributed to the aromatic cores of 

both molecule 99 and 110, whereas the medium and lower contrast regions correspond to the alkyl 

chains and to possible vacancies of the monolayer or to unpacked solvent molecules. 

 The proposed molecular model is showed in Figure 7b, and it is composed of discrete self-

assembled complexes, each of them comprising one molecule 99 surrounded by four molecules 110 

through triple H-bonds, thereby forming pentameric supramolecular structures [(110)4·99]. The 

resulting unit-cell area is 17.6 nm², which is bigger than the area of 13.9 nm² occupied by one 

pentameric complex indicating that some parts of the surface either remain uncoated or covered with 

highly dynamic solvent molecules. 
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5.3 Self-recognition Behaviour of 2D Supramolecular Oligomers at Solid-

Liquid Interface 
 

 As introduced in the previous chapter, a strategy based on concentration control can be 

employed to accurately visualise the formation of bicomponent 2D supramolecular oligomers at an 

interface and compare them to the 2D supramolecular oligomeric motifs nucleated in solution. Given 

the difference in adsorption energies of the components and the tendency to minimise the occupied 

area, it is possible to set a threshold of concentration in which there cannot be competitive adsorption, 

thus operate in a regime where the packing is only ruled by the intermolecular interactions and neglect 

the role of substrate-molecule interactions.[8, 9] This approximation holds as long as the molecule-

solvent interactions are negligible. By setting the concentration around or below that necessary to form 

a densely packed monolayer of the different molecular patterns, we can assure that the minimisation of 

the global interfacial energy depends only on the intermolecular energies between assemblies homo- 

and hetero-molecular assemblies present in Figure 8. 

 

 
 

Figure 8. a-c) Possible polygonal networks obtained combining tetratopic and ditopic modules 99 (red) 111 
(green), respectively; d) chemical structures and representative cartoons of the modules. 
 

 This approach is somewhat analogous to that used for ultra-high vacuum STM experiments, 

where polymorphism in multicomponent networks is avoided through a careful control of the 

stoichiometry of the components deposited on the surfaces.[10] In order to prove this concept, we have 

imaged the constitutive components of the supramolecular 2D oligomers at sub-monolayer 

concentrations. For the sake of comparison, the patterns at high concentration have been also imaged 

and reported. Figures 9a-b display the surface-confined pattern of a monolayer of pyrene-conjugate 

99, prepared by depositing 5 µL of a diluted solution (concentration <10 µM). In the high-resolution 
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image (Figure 9b) individual molecules within the ordered pattern can be identified by their 

characteristic cross-shape: the central bright spot corresponds to the pyrene aromatic core and the 

lateral protrusions correspond to the uracil aliphatic chains. The contrast is ruled by resonant tunneling 

between the Fermi level of the HOPG substrate and the frontier orbitals of the adsorbed molecules.[4] 

From the proposed model, it clearly appears that neighbouring molecules interact with each other 

through the formation of homo-molecular coupling that occurs via the co-existence of two parallel H-

bonds between their peripheral uracil moieties. The same packing was obtained from more 

concentrated solutions (> 100 µM) (image not shown). In view of the area of the unit cell occupied by 

a single molecule of 99, which amounts to 4.95 ± 0.06 nm2, and the fact that the crystalline domains 

are extended over several hundreds of square nanometers, it is possible to estimate that 5 µL of a 10 

µM solution contains ca. 1.5 times the molecules needed to form a densely packed monolayer on 1 

cm2 of HOPG. The molecules in excess (i.e., those not adsorbed at the solid-liquid interface) are 

solvated in the 3D supernatant solution. On the other hand, molecule 111 was found to physisorb from 

diluted (< 10 µM) solutions on HOPG into two different and coexisting self-assembled networks 

(Figure 9c1-2). In the same STM image (Figure 9d), individual molecules 111 can be identified in 

view of their characteristic linear shape, where three aligned bright lobes can be discerned (Figure 

9d1). Each lobe can be attributed to an aromatic core: the central one corresponds to the 1,4-

disubstituted phenyl moiety, whereas the peripheral functions correspond to the 2,6-

di(acylamino)pyridyl substitutents. The first network (Figures 9c1 and 9d1, unit cell: a = (1.0 ± 0.2) 

nm, b = (2.5 ± 0.1) nm, α = (65 ± 4)°) shows a lamella-type motif. While molecule-molecule 

interactions at the intralamellar level are of van der Waals type, at the interlamellar level they consist 

of H-bonding. In the second network (Figures 9c2 and 9d2), the molecules arrange in a distorted 

hexagonal structure. The self-assembly is likely to be driven by the interplay of van der Waals and H-

bonding interactions, but the exact packing could not be elucidated from the STM images. Statistical 

grain analysis on the STM constant-current images reveals that the apparent pores possess a projected 

surface area of 2.2 nm2. Notably, the same two patterns were also observed by applying to the surface 

highly concentrated solutions (> 100 µM). 
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Figure 9. Constant current STM images of mono-component monolayers of physisorbed molecules a,b) 99 and 
c,d) 111. The detail shows the unit cells b): a = (2.3 ± 0.1) nm, b = (2.2 ± 0.1) nm, α = (80 ± 4)°, d1): a = (1.0 ± 
0.2) nm, b = (2.5 ± 0.1) nm, α = (65 ± 4) ° and d2): a = (3.3 ± 0.2) nm, b = (3.9 ± 0.1) nm, α = (47 ± 2)°. Average 
tunneling current It = 20 pA and sample bias (Ut) between 400 and 800 mV. 
 

 Significantly, STM images of the self-assembled pattern obtained from films prepared 

depositing equimolar mixtures of modules 99 and 111 on HOPG from concentrated solutions 

(concentration > 100 µM), exactly matches the one obtained for neat films composed of linear unit 

111 (Figure 9c2), featuring a unit cell: a = (3.1 ± 0.2) nm, b = (3.7 ± 0.2) nm, α = (50 ± 3)°. This 

indicates that the formation of molecule 111-based monolayer is thermodynamically favoured. It 

should be noted that no co-existing structured domains containing molecule 99 have been imaged from 

over 100 survey images (i.e., mapping an area of 104 nm2). Therefore, under these conditions, 

molecule 99 remains in the supernatant solution. To avoid such a fractionation, we opted to operate in 

a kinetically controlled regime, i.e., by using a concentration below that the one needed to form a full 

monolayer.[11] The use of very low-concentrated solutions (< 10 µM) allowed the simultaneous 

physisorption of the solutes at the solid-liquid interface, preventing unfavourable thermodynamically-

driven competitive adsorption between modules 99 and 111. As expected, for concentrations below 10 

µM, a new 99·111 heterogeneous hybrid phase appears (Figure 10). Such a heterogeneous phase was 

also found to coexist with the two packing modes of molecule 111, which, in this case, remain 

minority. We remark that the different phase coverages of the 99·111 phase varied for different 

experiments and a trend could not be established. This is true even when employing ratios of 1:1 1:2, 

1:4 and 1:6 at different concentrations (from ~0.02 µM to ~6 µM) of molecules 99 and 111, 

respectively. Upon annealing of some samples (~50°C, ~2 minutes) phases of molecule 111 were only 

encountered. This further confirms that a monocomponent assembly is the thermodynamically stable 
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phase and that the imaging of the heterogeneous phase is kinetically controlled. This kinetic control at 

low concentrations further extends the hypothesis that the 2D oligomeric species are created in 

solution and then directly transferred to the surface. 

 

 
 

Figure 10. a) Sub-molecularly resolved supramolecular aggregates featuring discrete oligomeric species. 
(99)m·(111)n prepared from diluted equimolar solutions. Yellow circle identifies a single molecule of tetra-
substituted 1,3,6,8-pyrene derivative 99 whilst red rectangle a single molecule of 111; b) model assembly of a 
hexameric hybrid complex (99)2·(111)4 showing the distance values as estimated by MM2-based computational 
geometry optimisation; c,d) heterogeneous 99·111 phase images highlighting the presence of rectangular and 
rhomboidal nanopolygons as consequence of complementary H-bonding. The inset in d) shows the underlying 
graphite. All STM constant current images where recorded at It = 20 pA and Ut = 400 mV. 
 

 Only when high-resolution images of the 99·111 heterogeneous phase (Figure 10) are obtained, 

modules 99 and 111 can be unequivocally assigned after close inspection. The images reveal several 

polygonal-like oligomeric species featuring hollow structures in line with the geometries shown in 

Figure 8. The high adsorption energies of the modules are also evidenced: polygons featuring large 

pore areas (Figure 10c) contain adsorbed molecules of 111. Pores featuring small areas appear empty 

of any solute molecule (Figure 10d). The structures of the supramolecular complexes are dictated by 

the pre-designed geometry of the constituting molecular modules. In particular, the structural 

fingerprints of the single modules can be easily discerned within the formed oligomers. Tetratopic-

pyrene 99 is imaged as a bright spot exposing four arms (yellow circles) whereas ditopic-linker 111 

features three aligned bright lobes (red rectangles). The formation of polygonal assemblies composed 

by complementary molecules 99 and 111 indicates that the H-bonding interactions are established. 

However, STM image analysis revealed a low percentage of molecules forming the H-bonded 
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pentamers (i.e., one molecule 99 surrounded by four H-bonded molecules 111) as that depicted in 

Figure 10b, namely about 0.08 pentamers/nm2 as estimated on ten different images from different 

samples. The average angles γ and β in the pentamers relative to the pyrene centers, as determined 

from the STM images, amount to 71 ± 8° and 110 ± 7°, respectively. Indeed, there is some slight 

discrepancy from the theoretical angles defined relatively to the uracil groups of 60° and 120° because 

of the elongated pyrene unit. Furthermore, the average distance between two pyrene units in a linear 

99·111·99 oligomer was found to be 4.3 ± 0.4 nm, which is in good agreement with the theoretical 

value of 4.2 nm estimated by MM2-based geometry optimisation (Figure 10b). Noteworthy, once 

formed, the supramolecular oligomeric motifs revealed to be stable for several minutes, thus no self-

healing phenomena were observed in the experiment time scale. Notably, some homo-molecular 99·99 

and 111·111 complexes were also observed as co-existing phases.  

 These STM studies provided fundamental information on the design and engineering of 

supramolecular discrete patterns at interfaces. Even when preventing competitive adsorption by using 

low concentrations, the supramolecular (99·111) oligomers cannot ripe into a thermodynamically-

stable self-assembled 2D crystalline pattern because of two reasons: i) module 99 is not centro 

symmetric, i.e., exists competing phenomena between the different nucleating nanopolygons in Figure 

10, ii) the monocomponent phase formed by 111 intrinsically appears to be the thermodynamically-

favoured assembly. We revealed that it is possible to resolve sub-molecularly amorphous 2D phases, 

which can serve as a strong tool for the studying crystallisation phenomena.  

 

 

5.4 Pre-programmed Bicomponent Porous Networks at the Solid-Liquid 

Interface 
 

 Also at the solid-liquid interface it has been possible to study the controlled formation of 

bicomponent porous networks. In particular, hexagonal porous networks have been tailored through 

the co-deposition of solutions containing melamine and a bis-functionalised uracyl-bearing linear 

module (97) (Figure 11) on HOPG surfaces.  
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Figure 11. Chemical structures of the investigated molecular modules 97 and melamine 2. 

 

STM images of mono-component self-assembled arrays obtained by depositing solutions of 
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molecular modules 97 (29 ± 19 µM) and 2 (40 ± 25 µM) in 1,2,4-trichlorobenzene (TCB) on HOPG 

surfaces are displayed in Figures 12a and b, respectively. Both systems form highly crystalline 

monolayers. In the lower part of Figure 12a, the contrast in the STM image reveals three bright lobes 

coinciding with the three aligned aromatic rings of molecule 97. The unit cell amounts to a = 0.87 ± 

0.03 nm, b = 1.79 ± 0.08 nm and α = 65 ± 1º with an area (A) of 1.4 ± 0.2 nm2. As expected, melamine 

forms a hexagonal pattern with unit cell a = 1.1 ± 0.1 nm, b = 1.0 ± 0.2 nm, α = 61 ± 3º and A = 0.9 ± 

0.1 nm2, in very good agreement with that observed under UHV conditions.[12]  

 

 
 

Figure 12. STM height images of the mono-component assembly of a) 97 and b) 2 on HOPG. Alkyl chains are not 
shown in the model; a) average tunnelling current (It) = 16 pA and bias voltage (Vt) = 400 mV; b) It = 15 pA and Vt 
= – 400 mV. 
 

 The two aforementioned solutions have been mixed and diluted with TCB to yield 

concentrations of 3 ± 2 µM and 2 ± 1 µM of 97 and 2, respectively. By applying 5 µL of this new 

solution to the HOPG surface, a porous network has been obtained at the solid–liquid interface, as 

visualised by in situ STM imaging at r.t. (Figure 13). The unit cell parameters are a = 3.9 ± 0.2 nm, b 

= 3.9 ± 0.2 nm, α = 60 ± 3º and A = 13.4 ± 0.6 nm2. Figure 13b shows a close-up of the ordered 

assembly, evidence of the presence of hexagonal pores. Although we cannot resolve at the sub-

molecular level both components in the images, the shape and size of the hexagonal pores are in 

perfect agreement with the models depicted in Figure 13d. However, the combination of these two 

compounds at the graphite–TCB interface also leads to the generation of other polygonal pores 

ranging from pentagons to octagons (Figure 13a). This can be explained taking into account the 

geometrical flexibility brought into play by the H-bonding interactions. In particular, a deviation of –

8º or +12º from the ideal value of 120º for the angle 97–2–97 is sufficient to generate heptagons or 

pentagons, respectively. Yet it is not clear if the distribution of the different geometrical shapes is 

stochastic or phenomenological. The arrow in Figure 13a indicates a linear structure germinating from 

an edge of a polygon. Given that these types of architectures have always been found to nucleate from 

a melamine edge and that they resemble the arrays of 97 at the same magnification, we can ascribe 

such a structure to a supramolecular assembly composed of molecules 97 linearly arranged through 

homo-coupling H-bonds. It is worth noting that porous networks have not been observed on films 
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prepared using concentrated solutions, i.e., having a concentration higher than 20 µM. Due to the 

emergence of competitive physisorption between 97 and 2 at the solid–liquid interface, at high 

concentrations only melamine molecules were found to be physisorbed on HOPG because of its high 

interaction energy per unit area. In fact, the observed porous architectures displayed in Figure 13 have 

been obtained with rather diluted solutions, i.e., featuring a sub-monolayer coverage.  

 

 
 

Figure 13. STM height images of the self-assembled {[(97)3·(2)2]n} pattern; a) polygonal structure, an arrow 
indicates the formation of a 1D assembly; b) a close-up of an ordered hexagonal assembly; c) detail of a 
supramolecular hexagon and d) the proposed assembly model; a) It = 5 pA and Vt = 400 mV; b) It = 30 pA and Vt = 
–600 mV; c, d) It = 0.5 pA and Vt = –500 mV.  

 

 

5.5 Trimodular Engineering of Linear Supramolecular Miniatures under UHV 
 

 We have also studied the supramolecular engineering of miniaturised assemblies in which three 

conjugated molecular modules (Figure 14), are linearly assembled via complementary triple H-bonds. 

By using low-temperature (LT) STM under ultrahigh vacuum (UHV) conditions we show that 

modules 111 and 97 form periodic wire-like assemblies [(111·97)n] on Ag(111). The structure and the 

length of the assembly can be changed by the co-deposition of a molecular stopper (96), which 

terminates the wires governing the formation of linear oligomeric miniatures. 
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Figure 14. Chemical structures of the molecular modules bearing complementary H-bonding recognition sites with 
their corresponding schematic cartoons. 
  

 In a first step, the homomolecular organisation of molecule 97 on Ag(111) surfaces was 

investigated under UHV conditions. At submonolayer coverages, di-uracil 97 was found to assemble 

in well-ordered patterns as displayed in Figure 15. In high-resolution STM images, individual 

molecules within the ordered pattern can be identified by their characteristic linear shape, defined by 

three aligned lobes and two bright protrusions at each end of 97. Each lobe can be attributed to an 

aromatic core: the central one corresponds to the 1,4-disubstituted phenyl moiety whereas the 

peripheral ones correspond to the uracil functions. The two lateral protrusions correspond to the hexyl 

chains attached to the uracil moieties. Depending on the relative spatial disposition of the hexyl 

chains, molecule 97 can display two configurations: a cis (cis-97) or a trans (trans-97) one, in which 

the alkyl chains lye either on the same or on opposite sides of the molecular backbone. Along the 

high-symmetry direction (see white arrow in Figure 15a), the molecules interact with each other 

through double H-bonds forming linear assemblies, which additionally interact between themselves 

via van der Waals forces. Two different organisational motifs (Figure 15b and 15d) could be identified 

within the self-assembled network of 97. In the first one (Figure 15b and 15c), two adjacent rows 

composed of molecule cis-97 are laterally interacting via van der Waals forces through directional 

interdigitation of the hexyl chains,[13] resulting in double-row wires. In the second one (Figure 15d and 

15e), two lateral rows are linked through sandwiched modules of trans-97, which are non-covalently 

interacting via their N–H functions with the free CO groups of cis-97 molecules within the rows. 
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Figure 15. a) STM image of 97 on Ag(111) (scan range: 16 × 16 nm2, Vbias = –0.8 V, It = 20 pA); b), d) STM 
images of the two zoomed regions indicated in a), b) scan range: 4 × 4 nm2, Vbias = –0.8 V, It = 20 pA, and d) scan 
range: 4.5 × 4.5 nm2, Vbias = –0.8 V, It = 20 pA; c), e) proposed corresponding H-bonding patterns. 

 In order to probe the recognition properties between the different molecular modules, we have 

studied the hybrid assemblies resulting from the co-deposition of 97 and 96, 111 and 97, and 111-97-

96, respectively. As expected, the uracil-bearing molecules 97 and 96 do not assemble in an ordered 

layer but instead disordered phases consisting of only 96 as well as mixed but disordered 97·96 

assemblies were observed. In contrast to this, the subsequent deposition of linear modules 111 and 97 

resulted in the formation of extended linear bi-molecular wires, [(111·97)n], where the two modules 

alternate within the linear assembly (Figure 16). Since both modules are geometrically symmetric and 

bear complementary recognition groups (DAD and ADA for 111 and 97, respectively), the 

development of the wires unambiguously confirms the formation of the expected intermolecular triple 

H-bonds. The two different molecules can be easily distinguished within the wires since bis-DAD 111 

is visualised as three aligned lobes and two lateral spokes, the latter corresponding to the acetyl 

residues, whereas bis-ADA 97 features two lateral protrusions in a cis or a trans configuration 

corresponding to the hexyl chains. The large unit cell (3.7 ± 0.4 nm × 2.4 ± 0.2 nm, α ≈ 58 ± 4°) 

measured for this arrangement derives from the fact that the distance between the bimolecular wires is 

alternating (marked by i, ii, and iii in Figure 16b). In general, molecules adsorbed on surfaces try to 

pack as dense as possible in order to minimise the occupied area and thus, to reduce the free-surface 

energy. As a consequence, shorter inter-wire distances should be preferred. However, since molecule 

97 is functionalised with two lateral hexyl chains, densely packed arrangements are limited by the 

space requirements of such aliphatic chains. Therefore, the observed pattern is a compromise between 

both requirements. In most cases, the linear module 97 adopts a cis-97 configuration (e.g., see hexyl 
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chains of row iii pointing towards ii), whereas the trans-configuration, trans-97 (white dotted circle, 

Figure 16b), is rarely found. 

 

Figure 16. STM images for a mixture of molecules 111 and 97 on Ag(111) after annealing at 383 K: a) scan range: 
41.5 × 41.5 nm2, Vbias = –1.3 V, It = 12 pA; b) scan range: 30 × 30 nm2, Vbias = –1.3 V, It = 12 pA; c) proposed 
model for the observed [(111·97)n] assembly, in which molecules 111 and 97 are alternately arranged in a linear 
fashion through triple H-bonds. The intra- and inter-row distances between two neighboring central 1,4-
disubstituted phenyl rings are 1.7 ± 0.2 nm and 1.2 ± 0.1 nm, respectively. The two different representations for 
molecule 97 reflect the trans and cis configurations adopted by the hexyl chains as clearly displayed in the inset of 
b). The numbered lines (i-iii) exemplarily show the different distances between neighboring rows. 

 Sequential sublimation of molecules 111, 97, and 96 on Ag(111) yielded the linear assemblies 

shown in the STM images of Figure 17. In contrast to the almost endless wire-like assemblies 

[(111·97)n] observed for the mixture of 111 and 97, in this case the supramolecular structures are 

terminated with the mono-uracil conjugate 96, exposing the anthracenyl moiety as the end point of the 

assembly ([96·111·(97·111)m·96]). The structural fingerprints of molecule 96 can be easily 

distinguished in the STM images of Figure 17a. Each molecule 96 exhibits a characteristic mushroom-

like shape with the anthracenyl group as cap and the hexyl chain as lateral protrusion. Conjugate 96 

terminates the supramolecular linear assembly [(111·97)n] by complementary interaction with a 111-

derived free DAD site, ultimately acting as a molecular stopper. Besides the long oligomers, short 

linear pentameric and trimeric miniatures have also been observed by STM as displayed in Figures 

17b-c. While in the trimeric structures ([96·111·96], Figure 17c), two molecular stoppers are H-bonded 

to one central bis-DAD unit 111, in the pentameric architectures ([96·111·97·111·96], Figure 17b and 

18) one central bis-ADA module 97 axially interacts with two units of 111 through one of their two 

DAD sites while the other DAD recognition site is H-bonded to the molecular stopper 96. 

 Assemblies between 111 and 97 rely on the same H-bonding motif as those between 111 and 96; 

consequently molecules 97 and 96 are expected to equally compete for binding to the 2,6-
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di(acylamino)pyridyl sites of module 111. However, long oligomeric [96·111·(97·111)m·96] 

assemblies are clearly dominating over the shorter linear miniatures due to the tendency of filling 

empty spaces to minimise the free surface energy. The latter observation hints for an intrinsic property 

during the formation of these wires, for which large cohesive islands are found as a probable 

consequence of additional inter-wire van der Waals interactions that further contribute to reduce the 

free surface energy. Thus, the assembling behaviour of molecule 97 aids this tendency since its end 

groups allow the construction of long, polymeric-like, linear assemblies. This minimises the occupied 

area per assembly and consequently induces the formation of densely packed 2D islands (Figure 16). 

On the contrary, molecular stopper 96 does not allow minimising the occupied area per assembly as 

effectively as molecule 97. The reason is that it bears only one uracil unit capable of establishing 

energetically favoured H-bonding contacts whereas the anthracenyl unit can only originate van der 

Waals interactions that lead to energetically less-favoured assemblies. This assumption is supported by 

the observation of voids within the intermixed regions (Figure 17a, left dotted rectangle) and the 

aggregation of molecular stopper 96 in small disordered islands (Figure 17a, right dotted rectangle).  

 

 
Figure 17. STM images of multicomponent submonolayers constructed by a sequential sublimation of molecules 
96, 97, and 111 on Ag(111) surfaces; a) STM image (scan range: 50 × 40 nm², Vbias = –1.7 V, It = 20 pA, T = 77 K) 
of the anthracene-terminated supramolecular wires. The inset in the upper left (13 × 6.5 nm²) highlights how 
molecule 96 interrupts the self-assembly of 111 and 97 while the surroundings still show the closed-packed 
[(111·97)n] assemblies thus creating energetically disfavoured voids. Inset in the upper right (7.7 × 7.7 nm²): 
Aggregate of 96; b) left: proposed model for the assembly of pentameric [96·111·97·111·96] miniatures; right: 
zoomed STM image of the assembly; c) left: proposed model for the assembly; right: zoomed STM image of some 
trimeric [96·111·96] miniatures. 
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 Notably, for the three-component phase, molecular stopper 96 is also often found at the 111·97 

junctions (Figure 18, dotted circles), most probably interacting through single H-bonds with the C=O 

group of the acetyl residues of 111. This observation could account for a “pre-recognition” event that 

organises the anthracene derivatives at the triply H-bonded 111·97 junctions. Consequently, if the 

molecules obtain enough energy (e.g., by thermal annealing) molecule 96 will equally compete with 

97 for the formation of a triple H-bond with molecule 111 terminating the long linear assembly.  

 

 
 
Figure 18. STM image (scan range: 44 × 29 nm2, Vbias = –1.7 V, It = 20 pA, T = 77 K) of two pentameric 
miniatures in which four molecules 96 (dotted circle) have “pre-recognised” the complementary DAD unit. 
 
 Although a strict control of the length of the linear assemblies has not yet been achieved, our 

findings suggest that by controlling the ratio of the molecular modules as well as the post-annealing 

treatment of the sample the preparation of monodisperse auto-assembling architectures on surfaces 

could be achieved. Additionally, further control over the resulting H-bonded structures could be 

gained by a slight modification of the molecular building blocks, e.g. by varying the length or the 

chemical nature of the alkyl moieties for 97 or/and 96 or by attaching other functional groups to 111. 

This could lead to a large library of versatile molecular modules that could be ultimately used as 

single-molecule components for a new generation of molecular-based devices. 

 

 

5.6 Conformation-controlled Networking of H-bonded Assemblies on Ag(111) 

Surfaces 
 

 Tailor-made molecules engineered for the creation of supramolecular structures[14] via molecular 

self-assembly[15] may feature conformational degrees of freedom, which allow for the tuning of their 

pre-programmed intermolecular interactions. So far, only a few studies addressed the investigation of 

the conformational flexibility of adsorbed organic molecules[16-23] or the influence of the substrate on 

the conformational state.[24-26] However, networks that can undergo phase transition through a 

thermally-induced inversion of the molecular conformation leading to a variation of the intermolecular 
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interactions have not yet been reported. In order to prepare such networks,[27, 28] directional 

intermolecular forces, such as H-bonding interactions, are promising candidates since their 

intermolecular interaction strength and geometry can be controlled by the number and arrangement of 

available H-bonding donor (D) or acceptor (A) moieties.[29] In this section, we describe the formation 

of an H-bonded porous network that, upon thermally-induced trans-cis inversion of the conformation 

of the amidic groups, evolves into a close-packed rhombic pattern. 

 For our studies a conjugated molecular module 111 bearing two terminal 2,6-

di(acetylamino)pyridine recognition sites, which are connected to a 1,4-disubstituted central phenyl 

ring (Figure 19d), was used. The terminal group is well-known to be involved in H-bonding 

interactions featuring a DAD conformation.[30] In principle, both the trans and cis conformation of the 

amides (around the CO–NHR bond) are possible but, due to the hyperconjugation between the N–H σ 

and C–O σ* bonding orbitals, the trans conformation is preferred[31] (the calculated ∆H° of the DADA 

and ADAD conformers are 18.9 and 41.8 kJ/mol higher than that of the reference DAD unit, Scheme 

1). 

 In a first step, the self-organisation of 111 on Ag(111) was investigated under UHV conditions 

with STM for coverages ≤ 1 monolayer. For samples prepared at r.t., the molecules arrange in a 

porous hexagonal network (Figures 19a-b). In high-resolution STM images each molecule is displayed 

as three aligned lobes and four terminal spokes that correspond to the aromatic rings and the acetyl 

residues, respectively. In addition, low-energy electron diffraction (LEED) measurements were 

performed to determine the size of the unit cell with respect to the underlying Ag(111) substrate. A 

commensurate superstructure has been found with the molecules arranged in a rhombic unit cell with 

dimensions of 30.4 × 30.4 Å2 and an angle of 60°. In the proposed structure (Figure 19c), for each 

molecule the four amides are in the trans conformation (i.e., DAD), as observed in the solid state 

(Figure 19d).[30] 
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Figure 19. a), b) STM images of 111 on Ag(111) showing the porous network (a: 34 × 34 nm², b: 7 × 7 nm²; Vbias = 
–1.7 V, It = 20 pA, T = 77 K); c) proposed model. The red rhombus indicates the unit cell, the black circles 
highlight the pores, and the arrow the high symmetry direction of Ag(111); d) X-ray structure of molecule 111. 
 

 Each 2,6-di(acetylamino)pyridine residue interacts via two weak H-bonds with two 

neighbouring moieties, which results in the formation of hexameric units. Consequently, each 

pore is surrounded by three molecules exhibiting an angle of 60º relative to each other, (Figure 

19c) and is internally decorated by the 1,4-disubstituted phenyl spacers and the carbonyl groups. 

A value of 2.0 Å for the CO…H distance was measured, which closely resembles the 

corresponding estimate from the computational simulations (2.05 Å). Remarkably, after 

annealing the sample at 420 K, the hexagonal network was transformed into the close-packed 2D 

rhombic pattern shown in Figures 20a-b.Notably, the intensity corresponding to the two acetyl 

units of the terminal 2,6-di(acetylamino)pyridine groups varies: one acetyl unit appears always 

brighter than the other one (white arrows in Figure 20a), indicating a conformational difference 

between the two acetyl groups. Both STM and LEED measurements support the arrangement of 

111 in a commensurate superstructure with dimensions of 20.2 × 10.0 Å2 with an angle of 68.2°. 

In the proposed model, each molecule interacts with two neighbouring modules along the long 

axis of the unit cell via quadruple H-bonds, i.e., in a head-to-head fashion over their terminal 2,6-

di(acetylamino)pyridine groups (Figure 20c). This intermolecular interaction is equivalent to the 

one for the (DADA)2 dimers (Scheme 1), where the cis-conformation adopted by two of the four 

amidic bonds strongly promotes frontal H-bonding interactions favouring an unidirectional 

anisotropy.  
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Scheme 1. Influence of the cis and trans conformers on the dimerisation processes. Calculated ΔH° for 
conformational changes and dimerisation in the vacuum using MP2/6-311G** level of approximation on 
B3LYP/6-311G**-optimised geometries as implemented in Gaussian 03. 

 

 Theoretical simulations for single 2,6-di(acetylamino)pyridine units, having one amidic group in 

the cis-conformation, show that the new conformer displays a linear DADA arrangement with the 

possibility of forming four H-bonds in dimeric (DADA)2 species, which is in noticeable contrast to the 

DAD conformers. Quadruple H-bonding interactions can be also extended to ADADA conformers via 

the formation of (ADADA)2 complexes, in which all amidic groups are in cis-conformation, as 

observed for acylated 2,4-diamino-s-triazines.[30] As estimated from theoretical calculations, starting 

from two DADA conformers, the H-bonded (DADA)2 dimer is stabilised by 72.9 kJ/mol (H-bonding 

distances/angles amount to 1.85 Å/132° for CO…H–N and to 2.41 Å/124° for C–N…H), which 

corresponds to a stabilisation enthalpy of 35 kJ/mol with respect to two free DAD units. The ADADA 

conformers can also self-assemble into dimers (ADADA)2, but the resulting ∆H° of dimerisation 

remains 19.4 kJ/mol higher than that of a DAD pair, which makes this arrangement 

thermodynamically disfavoured.  

 The amide unit in cis conformation displays some flexibility due to a unique type of interplay to 

control the delicate balance between attractive (H-bonds) and repulsive (steric demands) interactions. 

Depending on which interaction is better minimised, the conformation of the amidic group is slightly 

distorted and thus, the lateral position of the methyl group is affected. In other words: if the NH…O H-

bond lengths are minimised, O…O and Me…Me repulsions between neighbouring COMe groups are 

increased and vice versa (black arrows in Figure 20c). It follows that the methyl group in cis 

conformation has to be lifted from the surface. This explains the differences in brightness observed in 

the STM images: the methyl fragments of the amidic groups in cis conformation exhibit bright 

contrast. 
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Figure 20. a), b) STM images (a: 10 × 10 nm², Vbias = –2 V, It = 12 pA, T = 77 K; b: 39 × 39 nm², Vbias = –1.5 V, It 
= 12 pA, T = 77 K) of 111 on Ag(111) after thermal annealing at 420 K. The black and white bars represent areas 
with optimised O–O distance and H-bond length, respectively; c) proposed model for the close-packed assembly. 

 
 Since both structures are commensurate to the Ag(111) substrate it can be ruled out that the 

molecule-substrate interactions are responsible for the transition. Hence, the transition from the 

porous network to the close-packed assembly is mainly governed by the temperature induced 

trans-cis inversion, as the system tends to minimise its free surface energy. Moreover, both 

theoretical and experimental results suggest that the formation of the hexagonal network is 

kinetically controlled while the rhombic assembly represents the thermodynamically stable 

phase. 

 

 



Supramolecular Patterned Surfaces 

 117 

5.7 References 
 

[1] G. Binning and H. Rohrer, Helv. Phys. Acta 1982, 55, 726. 
[2] P. Samori, J. Mat. Chem. 2004, 14, 1353-1366. 
[3] S. De Feyter and F. C. De Schryver, Chem. Soc. Rev. 2003, 32, 393-393. 
[4] R. Lazzaroni, A. Calderone, J. L. Brédas and J. P. Rabe, J. Chem. Phys. 1997, 107, 99-105. 
[5] G. C. McGonigal, R. H. Bernhardt and D. J. Thomson, Appl. Phys. Lett. 1990, 57, 28. 
[6] J. P. Rabe and S. Buchholz, Science 1991, 253, 424-427. 
[7] K. Perronet and F. Charra, Surface Science 2004, 551, 213-218. 
[8] L. Kampschulte, T. L. Werblowsky, R. S. K. Kishore, M. Schmittel, W. M. Heckl and M. Lackinger, J. Am. 
Chem. Soc. 2008, 130, 8502. 
[9] C. A. Palma, M. Bonini, T. Breiner and P. Samori, Adv. Mater. 2008, in press. 
[10] J. V. Barth, Annu. Rev. Phys. Chem. 2007, 58, 375-407. 
[11] S. B. Lei, K. Tahara, F. C. De Schryver, M. Van der Auweraer, Y. Tobe and S. De Feyter, Angew. Chem. Int. 
Ed. 2008, 47, 2964-2968. 
[12] W. Xu, M. D. Dong, H. Gersen, E. Rauls, S. Vazquez-Campos, M. Crego-Calama, D. N. Reinhoudt, I. 
Stensgaard, E. Laegsgaard, T. R. Linderoth and F. Besenbacher, Small 2007, 3, 854-858. 
[13] S. Yin, C. Wang, X. Qiu, B. Xu and C. Bai, Surf. Interface Anal. 2001, 32, 248-252. 
[14] J. M. Lehn, Supramolecular chemistry: concepts and perspectives, WILEY-VCH, Weinheim, New York, 
1995. 
[15] G. M. Whitesides, J. P. Mathias and C. T. Seto, Science 1991, 254, 1312. 
[16] D. Bonifazi, H. Spillmann, A. Kiebele, M. de Wild, P. Seiler, F. Y. Cheng, H. J. Guntherodt, T. Jung and F. 
Diederich, Angew. Chem. Int. Ed. 2004, 43, 4759-4763. 
[17] S. Weigelt, C. Busse, L. Petersen, E. Rauls, B. Hammer, K. V. Gothelf, F. Besenbacher and T. R. Linderoth, 
Nat. Mater. 2006, 5, 112-117. 
[18] F. Klappenberger, M. E. Cañas-Ventura, S. Clair, S. Pons, U. Schlickum, Z. R. Qu, H. Brune, K. Kern, T. 
Strunskus, C. Woll, A. Comisso, A. De Vita, M. Ruben and J. V. Barth, ChemPhysChem 2007, 8, 1782. 
[19] S. Furukawa, K. Tahara, F. C. De Schryver, M. Van Der Auweraer, Y. Tobe and S. De Feyter, Angew. Chem. 
Int. Ed. 2007, 46, 2831. 
[20] M. Lingenfelder, G. Tomba, G. Costantini, L. C. Ciacchi, A. De Vita and K. Kern, Angew. Chem. Int. Ed. 
2007, 46, 4492. 
[21] D. Bleger, D. Kreher, F. Mathevet, A. J. Attias, G. Schull, A. Huard, L. Douillard, C. Fiorini-Debuischert and 
F. Charra, Angew. Chem. Int. Ed. 2007, 46, 7404. 
[22] N. Henningsen, K. J. Franke, G. Schulze, I. Fernandez-Torrente, B. Priewitsch, K. Ruck-Braun and J. I. 
Pascual, ChemPhysChem 2008, 9, 71. 
[23] T. Samuely, S. X. Liu, N. Wintjes, M. Hass, S. Decurtins, T. A. Jung and M. Stöhr, J. Phys. Chem. C 2008, 
112, 6139. 
[24] M. C. Blüm, M. Pivetta, F. Patthey and W.D.Schneider, Phys. Rev. B 2006, 73, 195409. 
[25] D. Käfer, L. Ruppel, G. Witte and C. Woll, Phys. Rev. Lett. 2005, 95, 166602. 
[26] T. A. Jung, R. R. Schlittler and J. K. Gimzewski, Nature 1997, 386. 
[27] S. De Feyter and F. C. De Schryver, Chem. Soc. Rev. 2003, 32, 393. 
[28] J. V. Barth, Annu. Rev. Phys. Chem. 2007, 58, 375. 
[29] R. P. Sijbesma and E. W. Meijer, Chem. Commun. 2003, 9, 5. 
[30] F. H. Beijer, R. P. Sijbesma, J. A. J. M. Vekemans, E. W. Meijer, H. Kooijman and A. L. Spek, J. Org. Chem. 
1996, 61, 6371. 
[31] A. R. Katritzky and I. Ghiviriga, J. Chem. Soc., Perkin Trans. 2 1995, 1651. 
 
 



 



Chapter 6 

119 

 

 

 

Experimental Part 
 

 

 

 

6.1 Instrumentation 
 

 Thin layer chromatography (TLC) were conducted on pre-coated glass plates with 0.25mm 

Macherey-Nagel silica gel with fluorescent indicador UV254 . 

 Column chromatography (CC) were carried out with Merck silica gel 60 (particle size 40-63 

mm). 

 Melting Points (m.p.) were measured on a Büchi SMP-20. 

 Nuclear magnetic resonance (NMR) 200 MHz 1H-NMR and 50 MHz 13C-NMR spectra were 

obtained on a Varian Gemini 200 spectrometer. 400 MHz 1H-NMR spectra were obtained on a Jeol 

JNM-EX400. Chemical shifts are reported in ppm using the solvent residual signal as an internal 

reference (CDCl3: δH = 7.26 ppm, δC = 77.16 ppm, CD3OD: δH = 3.31 ppm, δC = 49.00 ppm, Me2SO-

d6: δH = 2.50 ppm, δC = 39.52 ppm, C5D5N: δH = 7.19, 7.55, 8.71 ppm, δC = 123.5, 135.5, 149.5 ppm). 

Coupling constants (J) are given in Hz. The resonance multiplicity is described as s (singlet), d 

(doublet), t (triplet), q (quartet), dd (doublet of doublets), m (multiplet), br (broad signal). 

 Infrared spectra (IR) in KBr were recorded on a Perkin Elmer 2000 spectrometer by Paolo de 

Baseggio.  

 Mass spectrometry measurements (MS) Electrospray Ionization (ESI) performed on a Perkin-

Elmer API1 at 5600 eV and Electron Impact (EI) performed on a Ion trap GCQ Finnigan Thermoquest 

at 70 eV were recorded at Università degli Studi di Trieste by Dr. Fabio Hollan. 

 

 

6.2 Materials and General Methods 
 

 Chemicals were purchased from, Aldrich, Fluka and Riedel and used as received. Solvents were 

purchased from JTBaker and Aldrich, and deuterated solvents from Cambridge Isotope Laboratories. 

 General solvents such as CH2Cl2, EtN3, Toluene, THF and were distilled from CaH2, Na and 

Na/benzophenone, respectively. Other solvents used were of synthetic grade. 
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 Low temperature baths were prepared using different solvent mixtures depending on the desired 

temperature: - 78 ºC: acetone/liquid N2; -10 ºC: ice/NaCl; 0 ºC: ice/H2O. 

 When anhydrous conditions were required, reaction flasks were dried with a heating gun (300-

500 ºC), placed under vacuum (aprox. 1 mmHg) using a Schlenk line and purged with N2 or Ar. To 

adjust the reaction flask’s necks silicon stoppers were used, and ballons filled with Ar where used to 

keep the inert atmosphere. The addition of reagents was done by means of plastic or crystal syringes. 

 For all the Sonogashira reactions it was necessary to work with an oxygen free atmosphere, to 

achieve so, the “Freeze-Pump-Thaw” technique was used. Such technique involves freezing (using 

liquid N2) the reaction material under high vacuum in a reaction flask that is connected to the vacuum 

line under Ar atmosphere. The frozen sample is then thawed until it liquefies and is kept in this form 

for some time (ca. 10-15 min) without interrupting the vacuum. 

 

 

6.3 Specific Instrumentation and Techniques 

 
6.3.1 Chapter 3 

 
 Determination of the association constants Ka. The non-covalent association between two 

molecules, a host (H) and a guest (G), generating a supramolecular complex (HG) can be represented 

by the equilibrium in Equation 1. The corresponding association constant (Ka) is described by 

Equation 2, where k1 is the rate of complex formation, k-1 the corresponding rate of complex 

dissociation, and [HG], [H], [G] represent the concentrations of the different species. 

    
H G HG

k1

k-1

+ (1)

 

    

! 

Ka =
k1

k " 1

=
[HG]

[H][G ]
 (2) 

 

 The mass balance relationships are described in Equations 3 and 4. 

 

    

! 

[H] = [H]0"[HG]   (3) 

    

! 

[G ] = [G ]0"[HG]   (4) 

 

 Combination of Equations 2, 3, 4 and 7 establishes the dependence between the variables [H]0 

and ∆δ. This is expressed in Equation 5, which allows the evaluation of the unknown constants Ka and 

∆δsat using a nonlinear least-squares curve-fitting procedure. The third constant [G]0 is a known 

parameter. The plot obtained from Equation 5 is termed the binding isotherm. 
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 1H-NMR titrations were performed at 295 K on a Jeol JNM-EX400 (400 MHz) in CDCl3. The 

host concentration was kept constant at 5mM and a solution of guest (50 mM) was added in 

increments of 25 µL or 50 µL by syringe into the NMR tube (average 12-14 additions). The sample of 

host was dissolved in deutherochloroform (typically 2 mL were prepared). 500µL of this solution were 

used as the host NMR sample and 1 mL of the remaining solution was used to dissolve a sample of the 

guest, so that the host concentration remained constant throughout the titration. After each addition, 

the 1H-NMR spectra were recorded. The changes in the chemical shift (δ) of the host signals as a 

function of the guest concentration ([G]) defined by Equation 6 were plotted and analysed using 

NMRTit HG software on an Apple Macintosh computer.[1][2] 

 

    

! 

[G ] =
VG "[H]0

VT

  (6) 

 

 Determination of the binding stoichiometry by Job plot analysis. The binding stoichiometry 

of the host-guest complexes was determined as it follows. Two stock solutions were prepared, solution 

A containing 5 mM or 2.5 mM (depending on the solubility of the molecules) of host in CDCl3 and 

solution B containing the same concentration of guest in CDCl3. Then, eleven NMR tubes were filled 

with solutions A and B in the following volume ratios (maximum volum 500 µL): 0:500, 50:450, 

100:400, 150:350, 200:300, 250:250, 300:200, 350:150, 400:100, 450:50 and 500:0 µL. 1H-NMR 

were recorded for each mixture and then the complex concentration ([HG]) defined by Equation 7 

plotted against the host or guest molar fraction XH or XG. 

 

    

! 

[HG] = [H]0 "
#$

#$sat
 (7) 

 

The observed change in chemical shift (∆δ) of the host signals is defined as the absolute difference 

between the chemical shift observed at a given host-guest complex concentration and the chemical 

shift of the free host. The difference in chemical shift at saturation is expressed by ∆δsat. 

The host molar fraction is defined by Equation 8: 

 

    

! 

XH =
[H]0

[H]0 +[G ]0
  (8) 
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 Spectrometric Characterisation. Electronic absorption and emission measurements, 

respectively, were carried out on a Lambda 950 UV/vis/NIR spectrophotometer (PerkinElmer) and an 

Edinburgh FLS920 spectrofluorometer equipped with a continuous 450 W Xe lamp and a Peltier-

cooled Hamamatsu R928 photomultiplier tube (185-850 nm). Emission quantum yields were 

determined according to the approach described by Demas and Crosby[3] using quinine sulfate as the 

standard (Φem = 0.546 in air-equilibrated 1 N H2SO4 solution).[4] Emission lifetimes were determined 

with the time-correlated single-photon counting technique using an Edinburgh FLS920 spectrometer 

equipped with a laser diode head as the excitation source (1 MHz repetition rate, λexc = 337 nm, 200 ps 

time resolution upon deconvolution) and a Hamamatsu R928 PMT as the detector (details of the setup 

are reported elsewhere).[5]  

 Section 3.2.1 Solutions containing molecule 99 were prepared by dissolving a weighed amount 

of sample (1 mg) in a few drops of DMSO, in which it is soluble. Next, a much larger volume of 1,2,4-

trichlorobenzene was added, in order to achieve a 1:50 volume ratio of the two solvents. The fitting of 

the experimental data to single- or multiple-exponential decays was carried out with the software 

provided by the instrument manufacturer. Phosphorescence spectra and related long-lived decay 

signals were recorded with a PerkinElmer LS-50B spectrofluorimeter equipped with a Hamamatsu 

R928 PMT. The solvents used were 1,2,4-trichlorobenzene (Sigma-Aldrich, 99+% spectrophotometric 

grade) and DMSO (Carlo Erba for UV-Fluo spectroscopy, 99.8%).  

 

6.3.2 Chapter 4 

 

 Spectrometric Characterisation: The solutions for spectroscopic studies were prepared by 

injecting microlitre amounts (10/20 µL) of 1 mM solutions in THF of each compound into 3 mL of 

cyclohexane. Electronic absorption and emission measurements were carried out, respectively, on a 

Lambda 950 UV/VIS/NIR spectrophotometer (Perkin Elmer) and on a Edinburgh FLS920 

spectrofluometer (continuous 450 W Xe lamp), equipped with a Peltier-cooled Hamamatsu R928 

photomultiplier tube (185-850 nm). The temperature of the solutions was varied with HAAKE F3-C 

digital heated/refrigerated water bath (Haake Mess-Technik GmbH u.Co., Germany) which can be 

manually connected to cuvette holder and controlled externally. Emission quantum yields were 

determined according to the approach described by Demas and Crosby[3] sing Ruthenium (Φem = 0.028 

in air-equilibrated acid/H2O solution, 1 N H2SO4) as standard. All the solvent (THF and cyclohexane) 

are spectrophotometric grade Sigma-Aldrich, (99+%) and were used as received.  

 AFM and TEM microscopic Characterisation. The samples for microscopic studies were 

prepared by heating cyclohexane solutions to 80 ºC to break any kind of aggregate formed; the 

samples were then slowly cooled down to room temperature to induce the formation of the 

thermodynamically favoured nanostructures. For TEM analysis, a drop (10 µl) of each solution was 

placed on a carbon coated nickel grid (3.00 mm, 200 mesh). After drying at r.t., the samples were 
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observed with a TEM Philips EM 208 microscope (accelerating voltage of 100 kV). The samples for 

AFM imaging were prepared by drop-casting each solution (10 µl) onto a freshly cleaved mica piece 

(0.5 cm × 0.5 cm), allowed to dry for a few minutes and then investigated by using Digital Instruments 

(Veeco) Nanoscope IIIa (Tapping Mode) with Veeco RTESP7 Tips. TEM measurements were 

performed together with Mr. Claudio Gamboz at Centro Servizi Polivalenti di Ateneo, Università di 

Trieste. 

 

6.3.3 Chapter 5 

 

 STM Studies at the Solid-Liquid Interface. STM imaging at the solid-liquid interface was 

performed using a commercial apparatus (multimode Nanoscope III, Veeco) equipped with a low-

current amplifier. First, the lattice of a freshly cleaved HOPG (001) surface (ZYH grade, Advanced 

Ceramics) was examined until thermal equilibrium was reached, after which a drop of the solution of 

interest was applied to the basal plane of the substrate. STM measurements have been carried out both 

in constant height and in constant current modes. The STM tips are mechanically cut from a Pt/Ir 

(80:20) wire. Samples have been prepared by depositing a droplet of solution on HOPG. Unit cells 

were averaged over a minimum of three images after correction for the piezo drift, which was 

performed using the underlying graphite as reference and applying the correction to the image by 

means of the Scanning Probe Image Processor (SPIP) version 2.0 software (Image Metrology ApS, 

Lyngby, Denmark). All images with superimposed molecular models were also corrected by the 

underlying graphite and the models were minimised with Chem3D at the MM2 level. Unit cell errors 

correspond to the standard deviation multiplied by a factor of 2. 
 Section 5.1 The first solution containing molecule 96 (0.5mM) is prepared by mixing few 

droplets of CHCl3 with 5 ml of ultra pure n-tetradecane while the solution containing molecule 110 

(0.6 mM), as well as the solution containing the [110·96] dimers (4 mM of molecule 110 and 0.4mM 

of molecule 96), are obtained from few droplets of toluene mixed with 5 ml of 1-phenyloctane. The 

preparation of the pentamer monolayer is done first by forming one monolayer of 110 on HOPG 

followed by the consecutive deposition of molecule 99 from a solution made of 300 µl of toluene, few 

droplets of DMSO and 3 ml of 1-phenyloctane. The raw STM data are processed by the application of 

background flattening and the drift is corrected using the underlying graphite lattice as a reference. 

The latter lattice is imaged underneath the molecules by lowering the bias voltage to 20 mV and 

raising the average tunnelling current to 65 pA. All molecule models were corrected by cycles of 

geometrical minimisation with the MM2 force field with a conversion gradient of 0.5 rms kcal/mol. 

 Section 5.2. Solutions were prepared by dissolving ∼0.2 mg of 99 (1075 g/mol) or 111 (508 

g/mol) in 50 µL of DMSO and 450 µL of trichlorobenzene (99% spectrometric grade, Alpha-Aesar). 

The solutions were heated at 90 °C to achieve complete dilution. The solutions were then diluted 5 × 
in trichlorobenzene to obtain the high-concentration solutions (>100 µM) and 100 × to obtain the low-
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concentration solutions (<10 µM). To prepare the high-concentration (>100 µM) 99·111 solutions, 

100 µL of the starting solution of 99 was mixed with 50 µL of the 111 solution, and the volume was 

taken to 500 µL. To prepare the low-concentration (<10 µM) 99·111 solutions, 100 and 10 µL of the 

corresponding <10 µM solutions of 99 and 111, respectively, were mixed. Next, 5 µL of the solutions 

were dropcast onto HOPG. It was possible to visualise either the first organic layer physisorbed on the 

basal plane of the substrate or the HOPG lattice underneath by varying the tunneling parameters. All 

of the phases were imaged within the first 10 min of scanning and remained stable until complete 

solvent evaporation (∼3 h). Submolecularly resolved images were recorded with a scan rate between 

0.6 and 0.8 µm/s. Other image treatment included plane correction, contrast change, and low-weight 

low- pass filtering.  
 Section 5.3 Melamine (>99.0%) was obtained from Sigma-Aldrich and used without further 

purification. Mother solution of melamine was dissolved in DMSO and diluted with trichlorobenzene 

(TCB) to give solutions 40±25 and 2±1 µM respectively. 97 was readily soluble in DMSO, diluted 

with TCB and used with concentration of 29±19 and 3±2 µM. Pattern formation was achieved by 

applying 5 µL of a vigorously shaked and warm (40-50º) solution 3±2 µM of 97 and 2±1 µM of 

melamine in TCB, onto freshly cleaved HOPG. STM tip was approached and the solution imaged for 

several hours. Imaging of the patterns occurred within minutes. Over 200 images from at least three 

different experiments were obtained for each monolayer pattern. Unit cells were corrected by the 

underlying graphite, except for unit cell of the porous network [(97)3·(2)2]n pattern in which the unit 

cell was just averaged over six images.  

 STM Studies under UHV conditions. The experiments were performed in a standard UHV 

system, consisting of different chambers for sample preparation and characterisation (base pressure of 

10–10 mbar). As metal substrate, a Ag(111) single crystal was prepared by subsequent cycles of Ar+ 

sputtering and thermal annealing at 500°C. All molecules were deposited onto flat Ag(111) surfaces 

(kept at 298 K) by organic beam deposition from a glass crucible that was heated inside a commercial 

evaporator (Kentax UHV equipment) with a deposition rate controlled by a quartz crystal 

microbalance. In the case of co-deposition of different modules, the individual molecular components 

were evaporated consecutively. The samples were analyzed with a commercial LT-STM (Omicron 

NanoTechnology GmbH) at 77K. The tunneling current and voltages for the different samples are 

given in the text while the bias voltage is specified with respect to a grounded tip. The free software 

WSxM[6] was used for data processing of the STM images. LEED (Low Energy Electron Diffraction) 

experiments were performed at room temperature. 

 X-ray crystal structure determinations. Single crystals of 111 crystallised from DMF solution 

have been obtained in a sealed tube after 10 days. Empirical formula = C28 H24 N6 O4, 2(C3 H7 N 

O), M = 654.7 g.mol–1, Monoclinic, C2/c (No. 15), a = 27.586(5) Å, b = 11.284(5) Å, c = 11.317(5) 

Å b = 109.164(5)°, V  = 3507(2) Å3, T  = 298(2) K,  Z = 3, Dcalc = 1.240 g.cm–3, µ (Mo) = 0.087 mm–1, 

F(000) = 1384, 3043 unique reflections (Rint = 0.0209). Final R = 0.0610 for 2278 reflections with I > 
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2 σ(I) and ωR2 = 0.2048 for all data. Intensity data were collected on a Gemini R Ultra diffractometer 

equipped with CCD detector using Mo radiation 0.71073 Å. The images were interpreted and 

integrated with the program CrysAlisPro from Oxford Diffraction. The structure was solved by direct 

methods and refined by full-matrix least-squares on F2 using the SHELXL program package. Non-

hydrogen atoms were anisotropically refined, and the hydrogen atoms in the riding mode with 

isotropic temperature factors fixed at 1.2 times U(eq) of the parent atoms (1.5 times for methyl 

groups). CCDC-709109 contains the supplementary crystallographic data for this molecule and can be 

obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge 

Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: +44–1223–336033; or 

deposit@ccdc.cam.ac.uk). The crystal structure determinations were performed at FUNDP (Namur, 

Belgium) by Dr. Johan Wouters. 

 Computational studies. Full geometry optimisations were carried out using the B3LYP/6-

311G** method. All structures are characterised by 3N-6 real vibrational frequencies. The electronic 

energies were then determined, on the B3LYP geometries, performing single point energy calculations 

at the MP2/6-311G** level of approximation while basis set superposition errors were corrected using 

the counterpoise scheme. Then, thermal corrections were evaluated at the B3LYP/6-311G** level to 

obtain the enthalpy and Gibbs free enthalpy at 77 K. The efficiency of the scheme was tested against 

MP2 geometry optimisations and CCSD(T) single point energy calculations by considering the 

formation of the NHMe-CO-Me dimer. All calculations were performed using the Gaussian 03 

quantum chemistry package.[7] The calculations have been performed on the Interuniversity Scientific 

Computing Facility (ISCF) installed at FUNDP (Namur, Belgium) by Dr. Benoît Champagne. 
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6.4 Experimental Procedures 
 

1-Hexyluracil (62) 

 

HN

N

O

O

 
 

 

To a suspension of uracil (2.8 g, 25 mmol) in DMSO (30 mL), dry K2CO3 (3.8 g, 27.5 mmol) was 

added and the suspension stirred for some minutes (15-20 min). 1-Bromohexane (3.5 mL, 25 mmol) 

was then added and the reaction mixture stirred for 20 h at 40 ºC. The suspension was diluted with 

CHCl3, washed with a 0.1M HCl aq. solution (20 mL × 3), H2O (20 mL × 2), brine (20 mL), and dried 

over Na2SO4. The organic layer was concentrated and poured in cold hexane under vigorous stirring. 

The resulting precipitate was filtered and washed with cold hexane to afford compound 62 (1.79 g, 

35%) as a white solid. m.p. 91-95 ºC; 1H-NMR (200 MHz, CDCl3): δ 10.1 (br, 1H; CONHCO), 7.1 (d, 
3J(H,H) = 7.9 Hz, 1H; COCH), 5.7 (d, 3J(H,H) = 7.9 Hz, 1H; NCH), 3.7 (t, 3J(H,H) = 7.4 Hz, 2H; 

NCH2(CH2)4CH3), 1.7 (t, 3J(H,H) = 7.4 Hz, 2H; NCH2CH2(CH2)3CH3), 1.3 (m, 6H; 

N(CH2)2(CH2)3CH3), 0.9 (t, 3H; N(CH2)5CH3); 13C-NMR (50 MHz, CDCl3): δ 164.14, 150.93, 144.37, 

101.92, 48.78, 31.24, 28.92, 25.98, 22.39, 13.91; IR (cm−1): ν 3417.2, 3155.1, 3098.2, 3044.9, 2951.0, 

2931.8, 2862.1, 2821.1, 1975.3, 1694.0, 1646.9, 1467.1, 1420.6, 1368.8, 1250.3, 1179.3, 989.5, 887.7; 

816.5, 761.0, 726.0, 558.5; MS (70 eV, EI): Found 196 (M+), C10H16N2O2 requires = 196.09. 

 

1-Hexyl-6-iodouracil (63) 

 

HN

N

O

O I

 
 

 

To a solution of 1-Hexyluracil 62 (1.7 g, 8.7 mmol) in THF (55 mL), LDA (24 mL of a 1.8 M 

solution, 43.5 mmol) was added dropwise and the resulting solution stirred under Ar at -78 ºC for 1.5 

h. I2 (11 g, 43.5 mmol) was added and the reaction mixture stirred for 2 h. The solution was then 

treated with AcOH (1.2 mL), and allowed to warm to r.t. The organic phase was diluted with CHCl3 

(30 mL), washed with sat. aq. NaHCO3 solution (30 mL × 3), sat. aq. Na2SO3 solution (30 mL × 3), 
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brine (30 mL), and dried over Na2SO4. Evaporation of the solvents in vacuo and purification of the 

crude by CC (AcOEt/cyclohexane 5:5) yielded compound 63 (2.02 g, 72%) as a white solid. m.p. 123-

125 ºC; 1H-NMR (200 MHz, CDCl3): δ 8.6 (br, 1H; CONHCO), 6.4 (s, 1H; COCH), 4.0 (t, 3J(H,H) = 

8.1 Hz, 2H; NCH2(CH2)4CH3), 1.7 (t, 3J(H,H) = 8.1 Hz, 2H; NCH2CH2(CH2)3CH3), 1.3 (m, 6H; 

N(CH2)2(CH2)3CH3), 0.9 (t, 3H; N(CH2)5CH3); 13C-NMR (50 MHz, CDCl3): δ 161.04, 148.02, 115.73, 

113.92, 53.84, 31.46; 28.85; 26.14; 22.69, 14.17; IR (cm−1): ν 3173.7, 3043.6, 1953.7, 2932.6, 2917.1, 

2855.1, 1684.9, 1567.8, 1431.0, 1394.5, 1353.7, 1220.4, 1169.4, 1071.9, 1002.7, 827.4, 792.1, 750.9, 

720.9, 635.4, 572.8, 537.0; MS (70 eV, EI): Found 322 (M+), C10H15IN2O2 requires = 322.14. 

 

1-Hexyl-6-[(trimethylsilyl)ethynyl] uracil (64) 

 

HN

N

O

O

Si(CH3)3

 
 

 

Dry Et3N (45 mL) and toluene (45 mL) were added to a Schlenk tube, and the solution degassed by 

one “freeze-pump-thaw” cycle. 6-Idoduracil derivative 63 (1.22 g, 4.65 mmol), [(Ph3P)2PdCl2] (0.16 

g, 0.23 mmol) and CuI (0.1 g, 0.47 mmol) were then added and the solution degassed a second time. 

Finally, TMSA (2.5 mL, 18.63 mmol) was added, the reaction mixture degassed one last time and the 

whole mixture stirred overnight at r.t. under Ar. The resulting dark mixture was filtered over celite and 

washed with toluene (50 mL). Removal of the solvents under vacuum and purification of the crude by 

CC (cyclohexane/AcOEt 9:1, then 8:2, then 7:3) yielded 64 (0.66 g, 60%) as a white solid. m.p. 100-

104 ºC; 1H-NMR (200 MHz, CDCl3): δ 9.1 (br, 1H; CONHCO), 5.9 (s, 1H; COCH), 4.0 (t, 2H; 

NCH2(CH2)4CH3), 1.7 (m, 2H; NCH2CH2(CH2)3CH3), 1.3 (m, 6H; N(CH2)2(CH2)3CH3), 0.9 (t, 3H; 

N(CH2)5CH3), 0.3 (s, 9H; Si(CH3)3); 13C-NMR (50 MHz, CDCl3): δ 163.12, 150.92, 137.88, 108.06, 

107.19, 94.67, 46.54, 31.46, 28.72, 26.34, 22.57, 14.03, 0.73; IR (cm−1): ν 3422.2, 3149.1, 3096.6, 

3018.6, 2959.4, 2929.2, 2860.0, 2798.0, 1715.2, 1682.6, 1584.2, 1462.9, 1416.6, 1362.6, 1248.8, 

1185.8, 856.8, 825.4, 760.1, 563.1; MS (70 eV, EI): Found 292 (M+), C15H24N2O2Si requires = 292.45. 

 

1-Hexyl-6-ethynyl uracil (65) 

 

HN

N

O

O

H
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Uracil derivative 64 (0.3 g, 1.03 mmol) was dissolved in MeOH (10.8 mL) and a 1M KOH aq. solution 

added. The mixture was stirred at r.t. for 30 min. H2O (10 mL) was then added and the organic phase 

extracted with CHCl3  (10 mL × 5) and dried over Na2SO4. Evaporation of the solvent under vacuum 

yielded 65 as a white solid in a quantitative yield. m.p. 137-140 ºC; 1H-NMR (200 MHz, CDCl3): δ 

10.08 (br, 1H; CONHCO), 5.9 (s, 1H; COCH), 3.9 (t, 2H; NCH2(CH2)4CH3), 3.7 (s, 1H; acetylene-H), 

1.7 (m, 2H; NCH2CH2(CH2)3CH3), 1.3 (m, 6H; N(CH2)2(CH2)3CH3), 0.9 (t, 3H; N(CH2)5CH3); 13C-

NMR (50 MHz, CDCl3): δ 162.54, 150.65, 137.50, 108.37, 88.60, 74.59, 46.77, 31.44, 28.83, 26.30, 

22.64, 14.14; IR (cm−1): ν 3194.7, 3083.3, 2957.8, 2931.6, 2858.4, 2210.7, 1723.1, 1691.1, 1591.8, 

1457.3, 1415.6, 1373.5, 1180.2, 816.1, 755.9; MS (70 eV, EI): Found 219 (M+), C12H16N2O2 requires 

= 220.27. 

 

[4-Bromopyrid-2,6-diyl]-dicarboxylic Acid diethyl Ester (73) 

 

N

Br

OEt

O

EtO

O  
 

 

Chelidamic acid (2.7 g, 14.5 mmol) and PBr5 (25 g, 58 mmol) were dissolved in CCl4 (40 mL) and 

heated to reflux for 12 h. EtOH (20 mL) was cautiously added to the mixture and the reaction stirred at 

80 ºC for 1h. The solvent was then concentrated under reduced pressure and the residue poured in a 

mixture of ice-H2O (130 mL). The turbid pale pink mixture was vigorously stirred for 1h. The white 

precipitate formed was filtered off, washed with H2O (20 mL) and dried under high vacuum yielding 

73 (2.7 g, 60%) as a white solid. m.p. 90 ºC; 1H-NMR (200 MHz, CDCl3): δ 8.4 (s, 2H; Py-H), 4.5 (q, 
3J(H,H) = 7 Hz, 4H; COOCH2CH3), 1.4 (t, 3J(H,H) = 7 Hz, 6H; COOCH2CH3); 13C-NMR (50 MHz, 

CDCl3): δ 163.57, 149.52, 135.03, 131.18, 62.89, 14.40; IR (cm−1): ν 3421.0, 3071.8, 2977.8, 1719.4, 

1567.2, 1370.9, 1327.7, 1263.5, 1245.4, 1177.5, 1151.4, 1021.0, 781.6, 728.6, 518.5; MS (70 eV, EI): 

Found 302 (M+), C11H12BrNO4 requires = 302.12. Spectral data agree with that previously reported.[8] 

 

[4-Bromopyrid-2,6-diyl]-dicarboxylic Acid dihydrazide (74) 

 

N

Br

NHNH2

O

H2NHN

O  
 

 

Pyridine derivative 73 (1 g, 3.3 mmol) was dissolved in EtOH (18 mL), treated with 3.8 mL of a 24% 

aq. solution of hydrazine and stirred at 80 ºC for 12 h. The precipitate formed was filtered off and 
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dried under vacuum yielding 74 (0.76 g, 83%) as a white solid. m.p. >270 ºC; 1H-NMR (200 MHz, 

DMSO-d6): δ 10.7 (br, 2H; CONHNH2), 8.2 (s, 2H; Py-H), 4.7 (br, 4H; CONHNH2); 13C-NMR (50 

MHz, DMSO-d6): δ 160.09, 149.27, 134.49, 125.92; IR (cm−1): ν 3341.4, 3307.05, 3188.4, 3074.0, 

1689.7, 1652.0, 1577.1, 1556.9, 1508.8, 11121.7, 976.3, 903.4, 743.6, 707.4, 637.7, 521.9; MS (70 

eV, EI): Found 273 (M+), C7H8BrN5O2 requires = 274.07. Spectral data agree with that previously 

reported.[8] 

 

2,6-Di(acyl azide)-4-bromo-pyridine (69) 

 

N

Br

N3

O

N3

O  
 

 

Dihydrazide 74 (0.76 g, 2.77 mmol) was suspended in 24 mL of H2O and treated with 1.2 mL of an 

aq. solution of HCl (37%) at r.t. The mixture was cooled to 0 ºC and 1.8 mL of an aq. solution of 

NaNO2 (0.4 g) slowly added. A saturated NaHCO3 aq. solution was then added to the stirred mixture 

till pH~8 was reached. The obtained precipitate was filtered off, dissolved in CHCl3 (20 mL), dried 

over Na2SO4 and concentrated under vacuum keeping the bath temperature below 10 ºC (CAUTION: 

acyl azides are very explosive!) yielding 69 (0.65 g, 80%) as a white solid. 1H-NMR (200 MHz, 

CDCl3): δ 8.5 (s, 2H; Py-H); 13C-NMR (50 MHz, CDCl3): δ 170.29, 148.94, 135.79, 131.59; IR 

(cm−1): ν 3372.2, 3076.9, 2203.8, 2144.2, 1685.4, 1563.7, 1432.2, 1331.8, 1222.7, 1186.9, 1166.3, 

761.8, 741.1; MS (70 eV, EI): Found 296 (M+), C7H2BrN7O2 requires = 296.04. 

 

2,6-Di(tert-butoxycarbonylamino)-4-bromo-pyridine (70) 

 

N

Br

N
H

N
H

OO

O O

 
 

 

Diazide 69 (0.6 g, 2 mmol) was suspended in a solution of toluene (7 mL) and t-BuOH (1.5 mL, 16 

mmol) and stirred for 12 h allowing the mixture to reach 90 ºC. Solvent evaporation and purification 

of the crude by CC (cyclohexane/AcOEt 9:0.5) yielded 70 (0.61g, 76%) as a yellow solid. m.p. 175-

180 ºC; 1H-NMR (200 MHz, CDCl3): δ 8.5 (br, 2H; NHCOOC(CH3)3), 7.8 (s, 2H; Py-H), 1.5 (s, 18H; 

NHCOOC(CH3)3); 13C-NMR (50 MHz, CDCl3): δ 152.13, 150.91, 136.31, 110.45, 82.12, 28.29; IR 

(cm−1): ν 3374.1, 3216.3, 3126.9, 2981.5, 2932.3, 1736.3, 1598.4, 1578.3, 1505.9, 1433.9, 1392.9, 
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1367.8, 1272.7, 1238.1, 1222.0, 1150.3, 1110.8, 871.6, 844.3, 757.2, 566.9; MS (70 eV, EI): Found 

388 (M+), C15H22BrN3O4 requires = 388.26. Spectral data agree with that previously reported.[9] 

 

2,6-Diamino-4-bromo-pyridine (71) 

 

N NH2H2N

Br

 
 

 

Di-Boc protected pyridine 70 (0.5 g, 1.29 mmol) was dissolved in 0.14 mL of a 1:1 mixture of 

CH2Cl2/TFA and stirred for 7 h at r.t. After evaporation of the solvents under vacuum, the crude 

mixture was suspended in diethyl ether (10 mL) and extracted with a 1M NaOH aq. solution. Solvent 

evaporation yielded 71 (0.23 g, 96%) as a white solid. m.p. 130-135 ºC; 1H-NMR (200 MHz, 

CD3OD): δ 5.9 (s, 2H; Py-H), 4.9 (s, 4H; NH2-Py-NH2); 13C-NMR (50 MHz, CD3OD): δ 160.43, 

135.53, 100.16, 29.77; IR (cm−1): ν 3410.2, 3323.6, 3199.7, 1626.1, 1579.2, 1430.8, 1285.1, 1237.6, 

1106.9, 841.5, 804.9; MS (70 eV, EI): Found 187 (M+), C5H6BrN3 requires = 188.03. Spectral data 

agree with that previously reported.[8] 

 

2,6-Di(acetylamino)-4-bromo-pyridine (72) 

 

N

Br

N
H

N
H

OO

 
 

 

To a solution of pyridine (1.4 mL, 17.5 mmol) and Ac2O (2.5 mL, 26.4 mmol), 71 (0.45 g, 2.14 mmol) 

was dissolved and the reaction mixture stirred overnight at r.t. The mixture was then diluted with 

CHCl3 (10 mL), washed with H2O (10 mL × 5), brine (20 mL), and dried over Na2SO4. Solvent 

evaporation and precipitation with Et2O yielded compound 72 (0.44 g, 68%) as a yellow solid. m.p. 

210-215 ºC; 1H-NMR (200 MHz, CD3OD/CDCl3, 1:1): δ 7.7 (s, 2H; Py-H), 4.3 (s, 2H; CH3CONH-

Py), 1.9 (s, 6H; CH3CONH-Py); 13C-NMR (50 MHz, CD3OD/CDCl3, 1:1): δ 171.08, 151.20, 135.53, 

112.67, 23.93; IR (cm−1): ν 3311.5, 3124.7, 1685.7, 1577.9, 1538.1, 1415.5, 1367.2, 1280.8, 1237.7, 

1199.7, 1035.0, 996.7, 861.4, 777.4, 746.9, 693.0, 603.0, 561.3, 549.1; MS (70 eV, EI): Found 273 

(M+), C9H10BrN3O2 requires = 272. Spectral data agree with that previously reported.[9] 
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2,6-Di(acetylamino)-4-[(trimethylsilyl)ethynyl]pyridine (75) 

 

N N
H

O

N
H

O

Si(CH3)3

 
 

 

To a degassed solution of dry Et3N (40 mL), dry THF (6 mL) and and dry DMF (1 mL), 72 (0.44 g, 

1.6 mmol), [(Pd(PPh3)4] (0.074 g, 0.06 mmol), and CuI (0.024 g, 0.128 mmol) were added and the 

solution degassed a second time. TMSA (0.44 mL, 3.2 mmol) was then added and the reaction mixture 

degassed one last time, and stirred overnight at 85 ºC under Ar. The resulting dark mixture was filtered 

over celite and washed with toluene (10 mL), CH2Cl2 (20 mL), and MeOH (20 mL). Removal of the 

solvents under vacuum and purification of the crude by CC (cyclohexane/AcOEt 5:5) yielded 

compound 75 (0.4 g, 85%) as a yellow crystalline solid. m.p. 85-90 ºC; 1H-NMR (200 MHz, CDCl3): δ 

8.4 (br, 2H; CH3CONH-Py), 7.8 (br, 2H; Py-H), 2.0 (s, 6H; CH3CONH-Py), 0.2 (s, 9H; Si(CH3)3); 

13C-NMR (50 MHz, CDCl3): δ 168.36, 149.49, 135.88, 111.91, 102.44, 99.97, 24.83, 0.11; IR (cm−1): 

ν 3422.9, 3276.1, 2960.2, 2161.9, 1681.5, 1611.9, 1557.9, 1416.0, 1370.0, 1276.1, 1249.7, 1206.9, 

1145.0, 1033.4, 996.7, 983.5, 953.7, 848.1, 760.2, 705.1, 640.7, 625.8, 569.6, 539.3; MS (70 eV, EI): 

Found 289 (M+), C14H19N3O2Si requires = 289.41. Spectral data agree with that previously 

reported.[10] 

 

2,6-Di(acetylamino)-4-ethynylpyridine (76) 

 

N N
H

N
H

H

O O

 
 

  

To a solution of TMS-protected ethynylpyridine derivative 75 (0.4 g, 1.38 mmol) in MeOH (15 mL), a 

1M KOH aq. solution was added and the mixture stirred at r.t. for 40 min. H2O (10 mL) was added and 

the organic phase extracted with CHCl3  (10 mL × 5) and dried over Na2SO4. Evaporation of the 

solvent under vacuum yielded compound 76 as a yellow crystalline solid in a quantitative yield. m.p. 

208-213 ºC; 1H-NMR (200 MHz, CD3OD/CDCl3, 1:1): δ 7.8 (br, 2H; Py-H), 4.3 (br, 2H; CH3CONH-

Py), 3.2 (s, 1H; acetylene-H), 2.0 (s, 6H; CH3CONH-Py); 13C-NMR (50 MHz, CD3OD/CDCl3, 1:1): δ 

169.79, 149.79, 134.16, 111.72, 81.31, 24.09; IR (cm−1): ν 3319.0, 3253.2, 3124.4, 2115.1, 1715.6, 

1669.5, 1612.1, 1561.0, 1518.5, 1415.9, 1365.6, 1278.1, 1235.7, 1202.7, 1037.5, 998.8, 949.9, 876.0, 
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853.6, 724.9, 703.3, 673.7, 636.7, 562.4; MS (70 eV, EI): Found 217 (M+), C11H11N3O2 requires = 

217.22. Spectral data agree with that previously reported.[10] 

 
1-Bromo-3,4,5-trihydroxybenzene (78) 
 

HO

OH

OH

Br  
 

 

To a solution of 1-bromo-(3,4,5-trimethoxy)benzene (1.5 g, 6 mmol) in CH2Cl2 (12 mL) at -78 ºC, 

BBr3 was slowly added. (CAUTION: BBr3 is very toxic, the addition must be done with precaution). 

The mixture was allowed to reach r.t. over 3 h and stirred for 25 h. The reaction mixture was slowly 

poured in a ice/H2O mixture (150 mL) (CAUTION: HBr is formed during the quenching) and stirred 

for 3 h. The organic layer was extracted with ethyl acetate (200 mL × 3), dried over Na2SO4. Removal 

of the solvents under vacuum yielded 78 (0.9 g, 73%) as a white solid. 1H-NMR (200 MHz, CDCl3): δ 

6.5 (s, 2H; Ar-H), 5 (br, 3H; Ar-OH); MS (70 eV, EI): Found 204 (M+), C6H5BrO3 requires = 204.9. 

No further characterisation was performed. 

 

1-Bromo-3,4,5-tri(dodecyloxy)benzene (79) 

 

C12H25O

OC12H25

OC12H25

Br  
 

 

Trihydroxybenzene derivative 78 (0.9 g, 4.4 mmol) was dissolved in DMF (21 mL) and the solution 

degassed by Ar bubbling for 15 min. K2CO3 was then added and the mixture stirred at r.t. for 15 min. 

1-Bromododecane (4.2 mL, 17.6 mmol) was then added and the mixture stirred overnight at 60 ºC. 

After cooling to r.t., the organic phase was extracted with CHCl3 (50 mL × 3) and dried over Na2SO4. 

Removal of the solvents under vacuum yielded 79 (2.01 g, 65%) as a white solid. m.p. 45-47 ºC; 1H-

NMR (200 MHz, CDCl3): δ 6.8 (s, 2H; Ar-H), 3.9 (m, 6H; Ar-OCH2(CH2)10CH3), 1.8 (m, 6H; Ar-

OCH2CH2(CH2)9CH3), 1.3 (br, 54H; Ar-O(CH2)2(CH2)9CH3), 0.9 (t, 9H; Ar-O(CH2)11CH3); 13C-NMR 

(50 MHz, CDCl3): δ 153.83, 137.37, 115.64, 110.09, 73.56, 69.35, 32.11, 30.43, 29.91, 29.87, 29.84, 

29.80, 29.55, 29.41, 26.27, 26.21, 22.88, 14.32; IR (cm−1): ν 3436.0, 2918.3, 2848.9, 1585.2, 1499.4, 

1468.1, 1422.1, 1380.8, 1309.8, 1223.8, 1119.2, 810.9, 799.3, 720.3; MS (70 eV, EI): Found 709 

(M+), C42H77BrO3 requires = 709.96. Spectral data agree with that previously reported.[11] 
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9-[(Trimethylsilyl)ethynyl]-anthracene (81) 

 
Si(CH3)3

1
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9-Bromoanthracene (0.5 g, 1.9 mmol), [Pd(PPh3)2Cl2] (0.02 g, 0.06 mmol), CuI (0.01 g, 0.12 mmol), 

Et3N (10 mL) and THF (10 mL) were added to a Schlenk tube. The solution was degassed twice, and 

then TMSA (0.3 mL, 2.3 mmol) added. The reaction mixture was degassed one last time and the 

whole stirred overnight at 85 ºC under Ar. The resulting dark mixture was filtered over celite and 

washed with toluene (10 mL), CH2Cl2 (20 mL) and MeOH (20 mL). Removal of the solvents under 

vacuum and purification of the crude by CC (heptane) yielded 81 (0.212 g, 40%) as an orange 

crystalline solid. m.p. 79-82 ºC; 1H-NMR (400 MHz, CDCl3): δ 8.6 (d, 3J(H,H) = 8.4 Hz, 2H; H1,H8), 

8.4 (s, 1H; H10), 8.0 (d, 3J(H,H) = 8.4 Hz, 2H; H4,H5), 7.65(dd, 3J(H,H) = 8.4 Hz, 2H; H2,H7), 7.4 (dd, 
3J(H,H) = 8.4 Hz, 2H; H3,H6), 0.4 (s, 9H; Si(CH3)3); 13C-NMR (50 MHz, CDCl3): δ 132.94, 131.09, 

128.69, 127.95, 126.83, 126.75, 125.71, 117.16, 106.26, 101.59, 0.49; IR (cm−1): ν 3434.3, 3049.7, 

2955.3, 2146.6, 1940.7, 1622.0, 1517.0, 1438.5, 1411.1, 1346.6, 1247.2, 1069.2, 1052.9, 841.7, 781.1, 

757.0, 732.2, 653.0, 618.2, 551.4, 439.4; MS (70 eV, EI): Found 274 (M+), C19H18Si requires = 

274.43. Spectral data agree with that previously reported.[12] 

 

9-Ethynyl-anthracene (82) 

 
H
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Ethynylanthracene derivative 81 (0.17 g, 0.59 mmol) was dissolved in MeOH (6 mL) and a 1M KOH 

aq. solution was added. The mixture was stirred at r.t. for 40 min. H2O (10 mL) was then added to the 

mixture and the organic phase was extracted with CHCl3  (10 mL × 5) and dried over Na2SO4. 

Evaporation of the solvent under vacuum yielded 82 as a red oil in a quantitative yield. 1H-NMR (200 

MHz, CDCl3): δ 8.6 (d, 3J(H,H) = 8.4 Hz, 2H; H1,H8), 8.4 (s, 1H; H10), 8.0 (d, 3J(H,H) = 8.4 Hz, 2H; 

H4,H5), 7.7-7.4 (m, 4H; H2,H3,H6,H7), 4.0 (s, 1H; acetylene-H); 13C-NMR (50 MHz, CDCl3): δ 132.94, 

131.09, 129.15, 128.73, 127.32, 127.03, 126.16, 88.74, 80.85; IR (cm−1): ν 3433.7, 3297.0, 3051.6, 
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2924.8, 2852.8, 1623.0, 1441.4, 1343.9, 1248.4, 1111.9, 914.0, 884.7, 841.5, 734.7, 621.0, 474.9; MS 

(70 eV, EI): Found 202 (M+), C16H10 requires = 202.25. 

 

1,4-Bis[(trimethylsilyl)ethynyl)]benzene (84) 

 

(H3C)3Si Si(CH3)3 
 

 

To a degassed solution of dry Et3N (8 mL) and dry THF (8 mL), 1,4-diiodobenzene (1 g, 3.03 mmol), 

[Pd(PPh3)4] (0.137 g, 0.12 mmol), and CuI (0.05 g, 0.24 mmol) were added and the mixture degassed 

a second time. TMSA (1.3 mL, 9.09 mmol) was added, the reaction mixture degassed one last time, 

and stirred overnight at 80 °C under Ar. The crude was filtered over celite, concentrated under vacuum 

and purified by CC (cyclohexane) yielding compound 84 (0.8 g, 98%) as a white solid. m.p. 107-110 

ºC; 1H-NMR (200 MHz, CDCl3): δ 7.3 (s, 4H; Ar-H), 0.25 (s, 18H, Si(CH3)3);  13C-NMR (50 MHz, 

CDCl3): δ 131.84, 123.24, 104.68, 96.42, 0.14; IR (cm−1): ν 2956.4, 2898.8, 2365.5, 2156.2, 1492.2, 

1412.9, 1245.8, 1215.5, 845.7, 759.0, 698.1, 628.0, 551.5; MS (70 eV, EI): Found 270 (M+) C16H22Si2 

requires = 270.52. 

 

1,4-Diethynylbenzene (85) 

 

H H 
 

 

To a solution of TMS-protected ethynylpyridine derivative 84 (0.7 g, 2.6 mmol) in MeOH (20 mL), a 

1M KOH aq. solution was added and the mixture stirred at r.t. for 40 min. H2O (10 mL) was added and 

the organic phase extracted with CHCl3  (10 mL × 5) and dried over Na2SO4. Evaporation of the 

solvent under vacuum yielded compound 85 as a white crystalline solid in a quantitative yield. m.p. 

86-89 ºC; 1H-NMR (200 MHz, CDCl3): δ 7.4 (s, 4H; Ar-H), 3.2 (s, 2H; acetylene-H); 13C-NMR (50 

MHz, CDCl3): δ 132.04, 122.59, 83.12, 79.21 ;IR (cm−1): ν 3435.3, 3264.6, 2925.5, 2854.2, 2346.2, 

2366.5, 1628.4, 1412.5, 1263.5, 835.6, 707.1, 676.8, 640.4, 547.2;MS (70 eV, EI): Found 126 (M+) 

C10H6 requires = 126.15. 
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1,3,5-Tris[(trimethylsilyl)ethynyl]benzene (87) 

 

Si(CH3)3(H3C)3Si

Si(CH3)3

 
 

 

To a degassed solution of dry Et3N (10 mL), 1,3,5-tribromobenzene (1 g, 3.17 mmol), [Pd(PPh3)4] 

(0.150 g, 0.13 mmol), and CuI (0.048 g, 0.25 mmol) were added and the mixture degassed a second 

time. TMSA (10 mL, 12.70 mmol) was added, the reaction mixture degassed one last time, and stirred 

overnight at 80 °C under Ar. The crude was filtered over celite, concentrated under vacuum and 

purified by CC (cyclohexane) yielding compound 87 (1.19 g, 98%) as a brown solid. m.p. 64-67 ºC; 

1H-NMR (200 MHz, CDCl3): δ 7.5 (s, 3H; Ar-H), 0.2 (s, 27H; Si(CH3)3);  13C-NMR (50 MHz, 

CDCl3): δ 134.94, 123.69, 103.19, 95.63, 0.02; IR (cm−1): ν 3435.9, 2959.2, 2899.3, 2857.8, 2165.3, 

1579.5, 1410.8, 1250.5, 1162.4, 1108.8, 980.7, 882.5, 843.1, 760.6, 700.7, 680.5, 652.2; MS (70 eV, 

EI): Found 366.72 (M+) C21H30Si3 requires = 366.72. 

 

1,3,5-Triethynylbenzene (88) 

 

HH

H

 
 

 

To a solution of TMS-protected ethynylpyridine derivative 87 (0.09 g, 0.25 mmol) in MeOH (3.3 mL), 

a 1M KOH aq. solution was added and the mixture stirred at r.t. for 40 min. H2O (5 mL) was added, 

the organic phase extracted with CHCl3  (5 mL × 5), and dried over Na2SO4. Evaporation of the 

solvent under vacuum yielded compound 88 as a brown crystalline solid in a quantitative yield. m.p. 

95-97 ºC; 1H-NMR (200 MHz, CDCl3): δ 7.6 (s, 3H; Ar-H), 3.1 (s, 3H; acetylene-H); 13C-NMR (50 

MHz, CDCl3): δ 135.68, 122.95, 81.68, 78.79; IR (cm−1): ν 3436.4, 3296.2, 3280.6, 2925.7, 1788.3, 

1580.4, 1413.4, 1250.9, 884.5, 677.8, 663.7, 612.7; MS (70 eV, EI): Found 149 (M+) C12H6 requires = 

150.18. 
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1,3,6,8-Tetrabromopyrene (90) 

 
Br Br

Br Br 
 

 

A solution of pyrene (2 g, 9.8 mmol) in nitrobenzene (40 mL) was stirred at 120 ºC for 30 min. 

Following this, Br2 (2.3 mL, 44 mmol) was added dropwise. The mixture was vigorously stirred for 4 

h 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 vacuum yielding 90 (4 g, 79%) as a pale-green 

solid insoluble in all common organic solvents. m.p. > 220 ºC; IR (cm−1): ν 3436.3, 1592.0, 1466.2, 

1453.1, 1227.2, 1054.7, 987.8, 873.8, 839.3, 811.9, 691.5, 674.4, 495.5; MS (70 eV, EI, TFA): Found 

518 (M+), C16H8Br4 requires = 519.85. Spectral data agree with that previously reported.[13] 

 

1,3,6,8-Tetrakis[(trimethylsilyl)ethynyl]pyrene (91) 

 
(H3C)3Si Si(CH3)3
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To a degassed solution of dry iPr2NH (20 mL) and dry THF (20 mL), tetrabromopyrene derivative 90 

(1 g, 1.93 mmol), [Pd(PPh3)2Cl2] (0.067 g, 0.096 mmol) and CuI (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 the final mixture stirred overnight at 80 °C under Ar. 

Notably, after a few minutes the reaction colour changed from green to intense orange. The resulting 

mixture was filtered over celite and extensively washed with CH2Cl2 (30 mL) and MeOH (30 mL). 

Removal of the solvents under vacuum and purification of the crude by CC (heptane) yielded 91 (1.16 

g, 88%) as a bright orange solid. m.p. > 220 ºC; 1H NMR (200 MHz, CDCl3): δ 8.7 (s, 4H; H4, H5, H9, 

H10), 8.4 (s, 2H; H2, H7), 0.5 (s, 36H; Si(CH3)3); 13C-NMR (50 MHz, CDCL3): δ 134.55, 131.99, 

126.98, 123.5, 118.64, 102.93, 101.46, 0.32; IR (cm−1): ν 3436.1, 2959.3, 2151.7, 1417.7, 1249.1, 

1105.0, 890.6, 842.9, 759.8, 641.9; MS (70 eV, EI): Found 586 (M+), C36H42Si4 requires = 587.06. 

Spectral data agree with that previously reported.[13] 
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1,3,6,8-Tetraethynylpyrene (92) 

 
H H

HH
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Trimethylsilylethynylpyrene derivative 91 (0.17 g, 0.59 mmol) was dissolved in a 1:1 MeOH/CH2Cl2 

mixture (20 mL) and 4 mL of a 1M KOH aq. solution added. The mixture was stirred overnight at r.t. 

As the reaction proceeded a yellow precipitate appeared. H2O (10 mL) was then added to the mixture 

and the organic phase extracted with CHCl3  (10 mL × 5) and dried over Na2SO4. Evaporation of the 

solvent under vacuum yielded 92 as a yellow solid in a quantitative yield, which resulted insoluble in 

all common organic solvents. m.p.: the compound burns at 190 ºC; 1H-NMR (200 MHz, 

CDCl3:CD3OD): δ 8.7 (s, 4H; H4, H5, H9, H10), 8.4 (s, 2H; H2, H7), 3.7 (s, 4H; acetylene-H); IR 

(cm−1): ν 3435.7, 3280.8, 2100.5, 1600.7, 1468.6, 1115.8, 905.5, 831.9, 670.0, 608.8, 473.2; MS (70 

eV, EI): Found 298 (M+), C24H10 requires = 298.34. NOTE: The low solubility of the compound did 

not allow to perform the 13C-NMR. Spectral data agree with that previously reported.[13] 

 

4-iodo-N,N-dihexylaniline (94)  

 

I N

 
 

 

To a solution of 4-iodoaniline (2 g, 9.1 mmol) in dry DMF (25 ml), 1-iodohexane (4.5 ml, 30.1 mmol) 

and Na2CO3 (1.7 g, 16 mmol) were added, and the mixture stirred for 20 h at 120°C. After cooling to 

r.t., the mixture was poured into H2O and extracted with AcOEt. The organic layer was washed with 

H2O (15 mL × 2), brine (25 mL) and dried over Na2SO4. Evaporation of the solvent under reduced 

pressure and purification of the crude by CC (cyclohexane) yielding 94 (2.48 g, 70%) as a yellow oil. 
1H-NMR (200 MHz, CDCl3): δ 7.45 (d, 3J (H,H) = 8 Hz, 2H; Ar-H), 6.45 (d, 3J (H,H) = 8 Hz, 2H; Ar-

H), 3.24 (t, 4H, NCH2(CH2)4CH3), 1.57 (m, 4H, NCH2CH2(CH2)3CH3), 1.33 (s, 12H; 

N(CH2)2(CH2)3CH3), 0.93 (t, 6H, N(CH2)5CH3). NOTE: For 13C-NMR, IR, and Mass fragmentation 

see [14] 
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1,3,6,8-Tetrakis[4-(N,N-dihexylamino)phenylethynyl]pyrene (95) 

 

N N
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To a degassed solution of dry THF (2 mL) and Et3N (6 mL), 4-iodo-N,N-dihexylaniline 94 (0.240 g, 

0.85 mmol), [Pd(PPh3)4] (40 mg, 0.034 mmol), and CuI (13 mg, 0.068 mmol) were added and the 

resulting mixture degassed a second time. 1,3,6,8-Tetraethynylpyrene 92 (0.05 g, 0.17 mmol) was 

added, the solution degassed one last time, and stirred overnight at 45 °C under Ar. Notably, already 

after a few minutes the reaction colour changed to red. The resulting red mixture was filtered over 

celite and filter washed with CH2Cl2. Removal of the solvents under vacuum and purification of the 

crude by CC (cyclohexane/CH2Cl2 2:1) yielded 95 (0.082 g, 37%) as a dark red solid. m.p.: 101-104 

ºC; 1H-NMR (200 MHz, CDCl3): δ 8.69 (s, 4 H; H4, H5, H9, H10), 8.32 (s, 2 H; H2, H7), 7.55 (d, 3J 

(H,H) = 8.7 Hz, 8H; Ar-H), 6.64 (d, 3J (H,H) = 8.7 Hz, 8H; Ar-H), 3.31 (t, 16H, NCH2(CH2)4CH3), 

1.57 (m, 16H, NCH2CH2(CH2)3CH3), 1.33 (s, 48H; N(CH2)2(CH2)3CH3), 0.91 (t, 24H, N(CH2)5CH3); 
13C-NMR (50 MHz, CDCl3): δ 148.18, 133.16, 131.07, 128.55, 126.45, 124.57, 119.58, 111.4, 108.94, 

97.55, 86.25, 51.17, 31.90, 27.41, 27.01, 22.89, 14.26; IR (cm–1): ν 3434.8, 2924.5, 2853.8, 2364.6, 

2189.9, 1605.9, 1591.8, 1519.3, 1466.2, 1404.1, 1369.7, 1292.9, 1253.1, 1184.0, 1138.7, 1065.5, 

809.3; MS (5600 eV, ESI): Found 1337 (M)+, C96H126N4 requires = 1336.05. 

 

9-[(1-Hexylurac-6-yl)ethynyl]anthracene (96) 
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To a degassed solution of dry iPr2NH (5 mL) and dry THF (5 mL), 6-iodouracil derivative 63 (0.160 

g, 0.5 mmol), [Pd(OAc)2] (2 mg, 0.01 mmol), CuI (4 mg, 0.015 mmol) and PPh3 (8 mg, 0.025 mmol) 

were added and the solution degassed a second time. Finally, 9-Ethynylanthracene 82 (0.120 g, 0.6 

mmol) was added, the reaction mixture degassed one last time and the whole mixture stirred overnight 

at 85 °C under Ar. The resulting dark mixture was filtered over celite and extensively washed with 

toluene (10 mL), CH2Cl2 (20 mL) and MeOH (20 mL). Removal of the solvents under vacuum and 

purification of the crude by CC (cyclohexane/AcOEt 6:4) and reprecipitation with cyclohexane 

yielded 96 (50 mg, 25%) as an orange solid. m.p. 215-220 ºC. 1H-NMR (400 MHz, CDCl3): δ 8.6 (s, 

1H; H10), 8.45 (br, 1H; CONHCO), 8.35 (d, 3J(H,H) = 8.4 Hz, 2H; H1,H8), 8.05 (d, 3J(H,H) = 8.4 Hz, 

2H; H4,H5), 7.65 (dd, 3J(H,H) = 8.4 Hz, 2H; H2,H7), 7.55 (dd, 3J(H,H) = 8.4 Hz, 2H; H3,H6), 6.27 (s, 

1H; COCH), 4.25 (t, 2H; NCH2(CH2)4CH3), 1.9 (m, 2H; NCH2CH2(CH2)3CH3), 1.5 (m, 2H; 

N(CH2)2CH2(CH2)2CH3), 1.3 (m, 4H; N(CH2)3(CH2)2CH3), 0.8 (t, 3H; N(CH2)5CH3); 13C-NMR (50 

MHz, CDCl3): δ 162.16, 150.58, 139.08, 133.47, 131.02, 129.27, 128.05, 126.19, 125.57, 113.48, 

106.93, 98.45, 90.99, 83.96, 47.28, 31.65, 29.26, 26.61, 22.74, 14.11; IR (cm−1): ν 3422.9, 3164.0, 

3042.6, 2929.2, 2854.3, 2193.1, 1678.1, 1587.6, 1446.8, 1409.0, 1349.5, 1323.1, 1177.9, 1014.6, 

887.5, 845.0, 756.4, 736.3, 612.5, 550.3; MS (70 eV, EI): Found 396 (M+), C26H24N2O2 requires = 

396.48. 

 

1,4-Bis[(1-hexylurac-6-yl)ethynyl]benzene (97) 

 

HN

N N

NH

O

O

O

O

 
 

 

To a degassed solution of dry Et3N (5 mL) and dry THF (5 mL), 1-hexyl-6-iodouracil 63 (0.1 g, 0.3 

mmol), [Pd(PPh3)4] (6 mg, 0.005 mmol) and CuI (2 mg, 0.01 mmol) were added and the solution 

degassed a second time. 1,4-bis(ethynyl)benzene 85 (0.02 g, 0.12 mmol) was added, the reaction 

mixture degassed one last time and stirred overnight at r.t. under Ar. After 1 hour of reaction a white 

precipitate appeared. The solvent was concentrated under vacuum and the crude purified by several 

precipitations from CHCl3 upon addition of MeOH yielding 97 (0.013 g, 73%) as a white solid. m.p. 

275-280 ºC; 1H-NMR (400 MHz, DMSO-d6): δ 11.52 (br, 2 H; CONHCO), 7.76 (s, 4 H; Ar-H), 6.05 

(s, 2 H; COCH), 3.9 (t, 4 H; NCH2(CH2)4CH3), 1.6 (m, 4 H; NCH2CH2(CH2)3CH3), 1.3 (m, 12 H; 

N(CH2)2(CH2)3CH3), 0.9 (t, 6 H; N(CH2)5CH3); 13C-NMR (50 MHz, DMSO-d6): δ 162.11, 150.48, 

136.92, 132.37, 121.60, 106.69, 97.60, 82.93, 45.65, 30.85, 28.22, 25.70, 22.00, 13.84; IR (cm−1): ν 
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3445.9, 3019.3, 2928.1, 2857.6, 2214.2, 1720.2, 1674.8, 1582.4, 1509.0, 1466.9, 1418.2, 1392.5, 

1364.8, 1325.1, 1276.0, 1169.5, 1122.1, 835.7, 814.1, 756.1, 579.4, 543.3; MS (70 eV, EI): Found 514 

(M+), C30H34N4O4 requires = 514.62. 

 

1,3,6,8-Tetrakis[(1-hexylurac-6-yl)ethynyl]pyrene (99).  
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To a degassed solution of dry THF (5 mL) and Et3N (5 mL), 1-hexyl-6-iodouracil 63 (0.270 g, 0.84 

mmol), [Pd(PPh3)4] (4 mg, 0.034 mmol), and CuI (13 mg, 0.068 mmol) were added and the resulting 

mixture degassed a second time. 1,3,6,8-Tetraethynylpyrene 92 (0.05 g, 0.17 mmol) was added, the 

solution degassed one last time, and stirred overnight at 45 °C under Ar. Notably, after some minutes 

the reaction colour changed and a red precipitate appeared. The suspension was then concentrated in 

vacuo and the crude purified by several precipitations from CHCl3 upon addtion of MeOH yielding 

compound 99 (0.082 g, 46%) as a dark red solid. 1H-NMR (400 MHz, C5D5N): δ 9.03 (s, 4 H; H4, H5, 

H9, H10), 8.90 (s, 2 H; H2, H7), 6.64 (s, 4 H; COCH), 4.37 (br, 8 H; NCH2(CH2)4CH3), 2.01(m, 8 H; 

NCH2CH2(CH2)3CH3), 1.53 (m, 8 H; N(CH2)2CH2(CH2)2CH3), 1.31 (m, 16 H; N(CH2)3(CH2)2CH3), 

0.81 (t, 12 H, N(CH2)5CH3), four imidic protons are missing due to the exchange with pyridine; 13C-

NMR (50 MHz, C5D5N): δ 169.67, 152.14, 137.85, 133.64, 131.88, 126.68, 121.41, 118.21, 109.09, 

96.41, 88.86, 47.09, 32.13, 27.16, 26.32, 23.26, 14.53; IR (cm–1): ν 3442.6, 3164.0, 3034.1, 2954.8, 

2919.3, 2850.8, 2202.9, 1690.2, 1600.0, 1581.9, 1456.2, 1243.3, 1170.5, 1114.1, 825.2, 618.7; MS 

(5600 eV, ESI): Found 1075.4 (M)+, 1098.3 (M + Na)+; C64H66N8O8 requires = 1075.26, 

C64H66N8O8Na requires = 1098.26. 
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1,3,6,8-Tetrakis[(1-hexyl-3-methylurac-6-yl)ethynyl]pyrene (100) 
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To a suspension of 99 (0.03 g, 0.028 mmol) in DMSO (1 mL), KOH powder (0.1 g, 1.78 mmol) was 

added and the resulting mixture stirred at r.t. for 15 minutes. MeI (0.04 mL, 0.64 µmol) was then 

added and the whole allowed to stir at r.t. for 5 h. The resulting red solution was diluted with CHCl3 (5 

mL) and copiously washed with H2O (5 mL × 5), brine (5 mL × 2), and dried over Na2SO4. Removal 

of the solvent under vacuum and purification of the crude by CC (CH2Cl2/MeOH 9.8:0.2) yielded 

compound 100 (0.015 g, 48%) as a red-orange oil. 1H-NMR (200 MHz, CDCL3): δ 8.67 (s, 4 H; H4, 

H5, H9, H10); 8.45 (s, 2 H; H2, H7); 6.28 (s, 4 H; COCH); 4.23 (t, 8 H; NCH2(CH2)4CH3); 3.41 (s, 12 

H; N-CH3); 1.89 (m, 8 H; NCH2CH2(CH2)3CH3); 1.6 (m, 8 H; N(CH2)2CH2(CH2)2CH3); 1.33 (m, 16 

H; N(CH2)3(CH2)2CH3); 0.82 (t, 12 H, N(CH2)5CH3); 13C-NMR (50 MHz, CDCL3): δ 161.90, 151.37, 

135.59, 134.95, 133.11, 127.86, 123.75, 117.51, 107.46, 95.97, 87.71, 48.00, 31.62, 29.16, 28.21, 

26.64, 22.72, 14.15; IR (cm−1): ν 3404.1, 2858.8, 2363.8, 2207.5, 1707.0, 1664.3, 1452.7, 1369.9, 

1265.8, 1104.7, 810.7; MS (5600 eV, ESI): Found 1131.5 (M+), 1153.5 (M + Na)+, C68H74N8O8 

requires = 1131.36, C68H74N8O8Na requires = 1154.36. 

 

Bis-[1-hexyl-6-yl]ethynyl-uracil (101) 

 

HN

N

O

O

N

NH

O

O

 
 

 

The Hay catalyst solution was prepared by dissolving TMEDA (0.18 mL, 1.17 mmol) and CuCl (0.37 

g, 3.8 mmol) in CH2Cl2 (18 mL) and stirring for 20 minutes. Following this the mixture was filtered 

trough celite. To the resulting catalyst, a solution of 65 (0.02 g, 0.09 mmol) in 6 mL of dry CH2Cl2 

was added dropwise and the whole mixture stirred overnight in the presence of air. Finally, H2O was 
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added (solution colour changed from dark green to blue) and the organic phase extracted with CHCl3 

(10 mL × 2) and MeOH (10 mL × 2). Drying of the organic phase with Na2SO4 and CC (AcOEt) 

afforded 101 (10 mg, 25%) as a grey solid. m.p. > 220 ºC; 1H-NMR (200 MHz, CDCl3): δ 9.2 (s, 2H, 

CONHCO), 6.1 (s, 2H, COCH), 4.0 (t, 4H, NCH2(CH2)4CH3), 1.75 (m, 4H, NCH2CH2(CH2)3CH3), 

1.35 (br, 12H, N(CH2)2(CH2)3CH3), 0.9 (t, 6H, N(CH2)5CH3); 13C-NMR (50 MHz, CDCl3): δ 161.68, 

150.13, 136.24, 110.53, 81.15, 76.05, 47.09, 31.43, 28.94, 26.34, 22.65, 14.16; IR (cm−1): ν 3422.6, 

3179.2, 3084.8, 3033.0, 2958.1, 2916.2, 2856.3, 2362.4, 2154.5, 1694.4, 1581.4, 1456.4, 1424.4, 

1393.8, 1362.4, 1178.4, 841.1, 478.4; MS (70 eV, EI): Found 438, C24H30N4O4 requires = 438.52. 

 

1,2-Bis[(trimethylsilyl)ethynyl]benzene (103) 

 

Si(CH3)3

Si(CH3)3

1

2

 
 

 

To a degassed solution of dry Et3N (6 mL) and THF (6 mL), 1,2-diiodobenzene (0.8 g, 2.42 mmol), 

[Pd(PPh3)4] (0.11 g, 0.097 mmol), and CuI (0.036 g, 0.19 mmol) were added and the mixture degassed 

a second time. TMSA (1 mL, 7.26 mmol) 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, the solvent 

concentrated under vacuum and the precipitate purified by CC (cyclohexane) yielding 103 (0.562 g, 

58%) as a yellow oil. 1H-NMR (200 MHz, CDCl3): δ 7.5 (dd, 3J(H,H) = 5.8 Hz, 2H; Ar-H1), 7.2 (dd, 
3J(H,H) = 5.8 Hz, 2H; Ar-H2), 0.2 (s, 18H; Si(CH3)3); 13C-NMR (50 MHz, CDCl3): δ 132.37, 128.12, 

125.85, 103.33, 98.52, 0.24; IR (cm−1): ν 3423.0, 2961.1, 2161.9, 1474.9, 1249.9, 1229.0, 869.8, 

758.9, 642.5; MS (70 eV, EI):Found 270, C16H22Si2 requires = 270.52. Spectral data agree with that 

previously reported.[15] 

 

1,2-Bisethynylbenzene (104) 

 

1

2

H

H

 
 

 

To a solution of 103 (0.363 g, 1.34 mmol) in 8 mL of CH2Cl2/MeOH (1:1), 1 mL of 1 M KOH aq. 

solution was added and the whole stirred 1 h at r.t. H2O (10 mL) was added to the mixture and the 

organic phase extracted with CHCl3 (10 mL × 5) and dried over Na2SO4. Evaporation of the solvent 
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under vacuum yielded 104 as a yellow volatile oil. 1H-NMR (200 MHz, CDCl3): δ 7.5 (dd, 3J(H,H) = 

5.8 Hz, 2H; Ar-H1), 7.2 (dd, 3J(H,H) = 5.8 Hz, 2H; Ar-H2), 3.2 (s, 2H; acetylene-H); 13C-NMR (50 

MHz, CDCl3): δ 132.69, 128.58, 125.11, 81.94, 81.29; IR (cm−1): ν 3284.3, 2924.8, 2854.1, 1707.7, 

1459.4, 1261.8, 1096.2, 1023.0, 802.4, 757.8; MS (70 eV, EI): Found 126, C10H6 requires = 126.15. 

Spectral data agree with that previously reported.[15] 

 

1,2-Bis[(1-hexylurac-6-yl)ethynyl]benzene (105) 

 

N NH

NHN

O

O

O

O

1

2

 
 

 

To a degassed solution of dry Et3N (2 mL) and THF (2 mL), 1-hexyl-6-iodouracil (63) (0.1 g, 0.31 

mmol), [Pd(PPh3)4] (6 mg, 0.005 mmol), and CuI (2 mg, 0.01 mmol) were added and the mixture 

degassed a second time. 104 (0.016 g, 0.12 mmol) 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, the solvent 

concentrated under vacuum and the precipitate purified by CC (cyclohexane/AcOEt 5:5) yielding 105 

(0.027 g, 42%) as a white solid. m.p. 205-207 ºC; 1H-NMR (200 MHz, CDCl3): δ 9.45 (s, 2H; 

CONHCO), 7.6 (dd, 3J(H,H) = 5.8 Hz, 2H; Ar-H1), 7.5 (dd, 3J(H,H) = 5.8 Hz, 2H; Ar-H2) 6.0 (s, 2H; 

COCH), 4.0 (t, 4H; NCH2(CH2)4CH3), 2.7 (m, 4H; NCH2CH2(CH2)3CH3), 1.3 (br, 12H; 

N(CH2)2(CH2)3CH3), 0.9 (t, 6H; N(CH2)5CH3); 13C-NMR (50 MHz, CDCl3): δ 162.27, 150.59, 137.88, 

133.09, 130.59, 123.15, 107.62, 97.22, 84.29, 46.83, 31.54, 28.99, 26.45, 22.66, 14.10; IR (cm−1): ν 

3423.6, 3151.7, 3087.3, 3027.1, 2920.2, 2854.9, 2804.8, 2215.9, 1715.6, 1663.5, 1578.0, 1459.8, 

1412.5, 1393.8, 1173.4, 781.6; MS (70 eV, EI): Found 514, C30H34N4O4 requires = 514.62. 

 

1,3-Bis[(trimethylsilyl)ethynyl]benzene (107) 

 

(H3C)3Si Si(CH3)3

3

2

1  
 

 

To a degassed solution of dry Et3N (10 mL) and THF (10 mL), 1,3-diiodobenzene (1 g, 3.03 mmol), 

[Pd(PPh3)4] (0.14 g, 0.12 mmol), and CuI (0.045 g, 0.24 mmol) were added and the mixture degassed 
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a second time. Trimethylsilylacetylene (1.25 mL, 9.09 mmol) 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, the solvent concentrated under vacuum and the precipitate purified by CC (cyclohexane) 

yielding 107 (0.78 g, 95%) as a white crystalline solid. m.p. 55-57 ºC; 1H-NMR (200 MHz, CDCl3): δ 

7.65 (s, 1H; Ar-H1), 7.5 (dd, 3J(H,H) = 8.6 Hz, 2H; Ar-H2), 7.3 (dd, 3J(H,H) = 8.6 Hz, 2H; Ar-H3), 0.2 

(s, 18H; Si(CH3)3); 13C-NMR (50 MHz, CDCl3): δ 135.51, 131.82, 128.26, 123.42, 104.15, 94.99, 0.1; 

IR (cm−1): ν 3436.0, 2957.2, 2154.3, 1251.6, 947.6, 843.2, 761.1, 686.3; MS (70 eV, EI): Found 270, 

C16H22Si2 requires = 270.52. 

 

1,3-Bis(ethynyl)benzene (108) 

 

H H 
 

 

To a solution of 107 (0.609 g, 2.25 mmol) in 10 mL of CH2Cl2/MeOH (1:1), 1 mL of 1 M KOH aq. 

solution was added and the whole was stirred 1 h at r.t. H2O (10 mL) was then added to the mixture 

and the organic phase was extracted with CHCl3 (10 mL × 5) and dried over Na2SO4. Evaporation of 

the solvent under vacuum yielded 108 as a yellow volatile oil. 1H-NMR (200 MHz, CDCl3): δ 7.65 (s, 

1H; Ar-H), 7.5 (dd, 3J(H,H) = 8.6Hz, 2H; Ar-H2), 7.3 (dd, 3J(H,H) = 8.6Hz, 2H; Ar-H3), 3.15 (s, 2H; 

acetylene-H); 13C-NMR (50 MHz, CDCl3): δ 135.67, 132.41, 128.47, 122.54, 82.70, 78.12; IR (cm−1): 

ν 3434.2, 2925.3, 2854.4, 1369.8, 1736.0, 1459.1, 1261.9, 1152.8, 1102.0, 1024.3, 802.7; MS (70 eV, 

EI): Found 126, C10H6 requires = 126.15. 

 

1,3-Bis[(1-hexylurac-6-yl)ethynylbenzene (109) 

 

N

HN NH

NO

O O

O

 
 

 

To a degassed solution of dry Et3N (2 mL) and THF (2 mL), 1-hexyl-6-iodouracil (63) (0.01 g, 0.3 

mmol), [Pd(PPh3)4] (6 mg, 0.005 mmol), and CuI (2 mg, 0.01 mmol) were added and the mixture 

degassed a second time. 108 (0.016 g, 0.12 mmol) 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, the solvent 
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concentrated under vacuum and the precipitate purified by CC (cyclohexane/AcOEt 5:5) yielding 109 

(0.012 g, 19%) as a white solid. 1H-NMR (200 MHz, CDCl3): δ 8.7 (s, 2H, CONHCO), 7.4 (m, 4H, 

Ar-H), 6.0 (s, 2H, COCH), 4.1 (t, 4H, NCH2(CH2)4CH3), 2.75 (m, 4H, NCH2CH2(CH2)3CH3), 1.35 

(br, 12H, N(CH2)2(CH2)3CH3), 0.9 (t, 6H, N(CH2)5CH3); 13C-NMR (50 MHz, CDCl3): δ 162.19, 

150.55, 138.14, 135.06, 133.81, 129.61, 121.40, 107.51, 98.13, 81.53, 46.92, 31.65, 29.01, 26.57, 

22.76, 14.22; IR (cm−1): ν 3423.3, 3161.6, 3033.8, 2927.2, 2219.0, 1701.9, 1598.8, 1453.6, 1396.3, 

1262.0, 1110.7, 802.3; MS (70 eV, EI): Found 514, C30H34N4O4 requires = 514.62. 

 

2,6-Di(acetylamino)-4-{[3,4,5-tri(dodecyloxy)phenyl]ethynyl}pyridine (110) 

 

N

OC12H25

OC12H25C12H25O

N
H

N
H

O O

 
 

 

To a degassed solution of dry THF (15 mL) and iPr2NH (15 mL), 79 (0.5 g, 0.71 mmol), [Pd(OAc)2] 

(0.081 g, 0.36 mmol), CuI (0.093 g, 0.49 mmol) and PPh3 (0.149 g, 0.57 mmol) were added and the 

solution degassed a second time. Finally, 4-ethynyl-2,6-di(acetylamino)pyridine 76 (0.190 g, 0.92 

mmol) was added, the reaction mixture degassed one more time and the resulting mixture stirred 

overnight at 85 °C under Ar. The resulting brown mixture was filtered over celite and washed with 

CH2Cl2 (30 mL). Removal of the solvents under vacuum and purification of the crude by CC 

(cyclohexane/AcOEt 7:3 first and then 5:5) yielded 110 (0.29 g, 39%) as a pale orange solid. m.p. 78-

80 ºC; 1H-NMR (400 MHz, CDCl3): δ 8.0 (s, 2H; Py-H), 7.7 (br, 2H; CH3CONH-Py), 6.7 (s, 2H; Ar-

H), 3.9 (t, 6H; Ar-OCH2(CH2)10CH3), 2.2 (s, 6H; CH3CONH-Py), 1.8 (m, 6H; Ar-

OCH2CH2(CH2)9CH3), 1.3 (br, 54H; Ar-OCH2CH2(CH2)9CH3), 0.8 (t, 9H; Ar-O(CH2)11CH3);  13C-

NMR (50 MHz, CDCl3): δ 168.71, 152.88, 149.19, 138.56, 136.8, 116.27, 111.09, 110.28, 94.71, 

86.16, 73.522, 69.08, 31.91, 30.28, 29.69, 29.63, 29.57, 29.38, 29.34, 29.29, 26.06, 24.68, 22.67, 

14.10; some peaks in the aliphatic region are missing probably due to overlap; IR (cm−1): ν 3466.7, 

3332.0, 2955.7, 2919.2, 2850.5, 2210.9, 1690.4,1630.1, 1553.9, 1522.2, 1502.6, 1467.4, 1426.6, 

1374.4, 1334.5, 1262.2, 1236.3, 1197.0, 1120.1, 1042.1, 994.2, 848.9, 822.8, 721.1, 626.8, 541.8; MS 

(70 eV, EI): Found 846 (M+) C53H87N3O5 requires = 846.27. 
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1,4-Bis[(2,6-Di(acetylamino)pyridine-4-yl-)ethynyl]benzene (111) 

 

N N

HN

HN

NH

NH

O

O O

O

 
 

 

To a degassed solution of dry Et3N (10 mL) and THF (10 mL), 1,4-diodobenzene (0.07 g, 0.22 mmol), 

[Pd(PPh3)4] (0.01 g, 0.009 mmol), and CuI (3 mg, 0.018 mmol) were added and the mixture degassed 

a second time. Ethynylpyridine derivative 76 (0.120 g, 0.55 mmol) was then added, the reaction 

mixture degassed one last time, and stirred overnight at 85 °C under Ar. After 1 hour a white 

precipitate appeared. The solvent was then concentrated under vacuum and the solid purified by 

several precipitations from CHCl3 upon addition of MeOH yielding compound 111 (0.9 g, 83%) as a 

pale yellow solid. m.p. > 260ºC; 1H NMR (400 MHz, DMSO-d6): δ 10.25 (s, 4 H; CH3CONH-Py), 7.9 

(s, 4 H; Py-H), 7.7 (s, 4 H; aryl-H), 2.1 (s, 12 H; CH3CONH-Py); 13C-NMR (50 MHz, DMSO-d6): δ 

169.53, 150.69, 132.82, 132.13, 122.10, 110.26, 91.63, 89.54, 24.09; IR (cm−1): ν 3296.7, 2217.3, 

1672.3, 1612.1, 1557.6, 1416.4, 1370.3, 1278.8, 1239.6, 1205.7, 1026.9, 1002.3, 859.8, 629.3, 568.3; 

MS (5600 eV, ESI): Found 531.2 (M + Na)+, C28H24N6O4Na requires = 531.53. 

 

1,3,5-Tris-[(2,6-Di(acetylamino)pyridine-4-yl-)ethynyl]benzene (112) 

 

N

N

N

H
N

H
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To a degassed solution of dry Et3N (5 mL) and dry DMF (2 mL), 1,3,5-tribromobenzene (0.03 g, 0.09 

mmol), [(Pd(PPh3)4] (0.005 g, 0.004 mmol) and CuI (0.005 g, 0.007 mmol) were added and the 

mixture degassed a second time. Ethynylpyridine derivative 76 (0.08 g, 0.37 mmol) was then added, 

the reaction mixture degassed one last time and stirred overnight at 85 ºC under Ar. The resulting 

white mixture was filtered over celite and copiously washed with toluene (20 mL), CH2Cl2 (30 mL), 

THF (30 mL) and MeOH (30 mL) yielding 112 (0.034 g, 50%) as a white solid, which contained 5% 

impurity of difunctionalised bis-[(2,6-Di(acetylamino)pyridine-4-yl-)ethynyl]benzene. m.p > 240 ºC; 
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1H-NMR (400 MHz, DMSO-d6): δ 10.3 (br, 6H; CH3CONH-Py), 8.1 (s, 3H, Ar-H), 7.8 (br, 6H; Py-

H), 2.1 (s, 18H; CH3CONH-Py); 13C-NMR (50 MHz, DMSO-d6): δ 169.55, 150.72, 132.71, 122.78, 

110.49, 90.07, 88.89, 24.13; IR (cm−1): ν 3262.0, 2925.6, 1676.7, 1612.3, 1558.9, 1414.0, 1370.2, 

1275.1, 1236.0. 860.7; MS (5600 eV, ESI): Found 724.3 (M+) 746.2 (M + Na)+, C39H33N9O6 requires 

= 723.74, C39H33N9O6Na requires = 746.74. 

 

4,4’-Diiodoazobenzene (113)  

 

N

N

I

I

 
 

 

To a degassed solution of CH2Cl2 (25 mL), 4-iodoaniline (1 g, 4.56 mmol), KMnO4 (1.66 g, 10.49 

mmol) and CuSO4·5H2O (1.69 g, 6,84 mmol) were added. The reaction mixture was stirred at room 

temperature for 3 days under Ar atmosphere. Following, the crude mixture was filtered over celite, the 

solvent concentrated under vacuum and the precipitate purified by CC (cyclohexane/CH2Cl2, 8:2) 

yielding 113 (0.8 g, 40%) as an orange solid. 1H-NMR (200 MHz, CDCl3): δ 7.89 (d, 3J (H,H)= 8.8 

Hz, 4 H; Ar-H), 7.67 (d, 3J (H,H)= 8.8 Hz, 4 H; Ar-H). For 13C-NMR, IR, and Mass fragmentation 

see[16] 

 

4,4’- Bis[(2,6-Di(acetylamino)pyridine-4-yl-)ethynyl]azobenzene (114) 

 

N
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To a degassed solution of dry Et3N (5 mL) and THF (5 mL), 4,4’-diodoazobenzene 113 (0.048 g, 0.11 

mmol), [Pd(PPh3)4] (5 mg, 0.004 mmol), and CuI (2 mg, 0.008 mmol) were added and the mixture 

degassed a second time. Ethynylpyridine derivative 76 (0.06 g, 0.28 mmol) was then added, the 

reaction mixture degassed one last time, and stirred overnight at 85 °C under Ar. After one hour a 

coloured precipitate appeared. The solvent was then concentrated under vacuum and the precipitate 

purified by several precipitations from CHCl3 upon addition of MeOH yielding compound 114 (0.048 

g, 72%) as an orange solid. m.p. > 220 ºC; 1H-NMR (200 MHz, 80 ºC, DMSO-d6): δ 9.95 (s, 4 H; 

CH3CONH-Py); 7.97 (d, 3J(H,H) = 8.6 Hz, 4 H; Ar-H), 7.85 (s, 4 H; Py-H), 7.84 (d, 3J(H,H) = 8.6 Hz, 

4 H; Ar-H), 2.15 (s, 12 H; CH3CONH-Py); 13C-NMR (50 MHz, DMSO-d6): δ 169.56, 151.61, 150.73, 
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133.14, 132.77, 124.39, 123.09, 110.28, 91.74, 89.99, 24.09; IR (cm−1): 3291.8, 2361.5, 2215.2, 

1667.4, 1613.9, 1558.6, 1415.4, 1370.3, 1288.1, 1240.0, 1207.8, 999.6, 869.5, 566.3; MS (70 eV, EI): 

Found 612 (M)+, C34H28N8O4 requires = 612.64. 

 

1-Hexyl-3-(tert-butyloxycarbonyl)uracil (115) 

 

N

N

O

O

O

O

 
 

 

To a solution of 62 (0.100 g 0.5 mmol) in anhydrous MeCN (1.0 mL), 0.2 mL of Py were added. After 

stirring the solution for 10 min at 55°C, BOC2O (0.270 g, 1.50 mmol) was added and the whole 

solution stirred overnight at 55°C. H2O (20 mL) was added to the mixture and the organic phase 

extracted with CH2Cl2 (30 mL × 3) and dried over Na2SO4. Concentration of the organic layer under 

vacuum and purification of the crude by CC (cyclohexane/AcOEt 9:1) yielded 115 (0.12 g, 88%) as a 

dark red oil. 1H-NMR (200 MHz, CDCl3): δ 7.10 (d, 3J(H,H) = 8 Hz, 1H; COCH), 5.71 (d, 3J(H,H) = 

8 Hz, 1H; NCH), 3.69 (t, 3J(H,H) = 7.5 Hz, 2H; NCH2(CH2)4CH3), 1.68 (t, 3J(H,H) = 7.5 Hz, 2H; 

NCH2CH2(CH2)3CH3), 1.59 (s, 9H; COC(CH3)3), 1.40 (m, 6H; N(CH2)2(CH2)3CH3), 0.87 (t, 3H; 

N(CH2)5CH3); 13C-NMR (50 MHz, CDCl3): δ 160.8, 148.9, 147.9, 143.7, 101.7, 86.7, 49.5, 31.3, 29.0, 

27.5, 26.2, 22.6, 14.1; IR (cm–1): ν 3423.4, 3089.8, 2957.9, 2932.9, 1784.7, 1718.8, 1677.7, 1444.2, 

1371.9, 1255.9, 1149.8, 845.0, 801.0; MS (ESI 5600 eV): Found 319.0 (M+Na)+, C15H24N2O4Na 

requires = 319.17. 

 

1-Hexyl-3-(tert-butyloxycarbonyl)-6-iodouracil (116) 

 

N

N

O

O

O

O

I

 
 

 

To a solution of 63 (1.60 g, 4.9 mmol) in anhydrous MeCN (10.0 mL), 1.3 mL of Py were added. 

After stirring the solution for 15 min at 55°C, BOC2O (2.03 g, 14.3 mmol) was added and the whole 

solution stirred overnight at 55°C. H2O (20 mL) was added to the mixture and the organic phase 
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extracted with CHCl3 (30 mL × 3) and dried over Na2SO4. Concentration of the organic layer under 

vacuum and purification of the crude by CC (cyclohexane/AcOEt 9:1) yielded 116 (0.68 g, 35%) as a 

dark brown oil. 1H-NMR (200 MHz, CDCl3) δ 6.43 (s, 1H; COCH), 4.04 (t, 2H; NCH2(CH2)4CH3), 

1.68 (m, 2H; NCH2CH2(CH2)3CH3), 1.58 (s, 9H; COC(CH3)3), 1.33 (m, 6H; N(CH2)2(CH2)3CH3), 0.88 

(t, 3H; N(CH2)5CH3); 13C-NMR (50 MHz, CDCl3): δ 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; IR (cm–1) 3406.8, 2957.1, 2932.4, 1778.6, 1709.6, 1673.8, 1570.5, 

1371.4, 1255.0, 1108.8, 845.3, 739.3; MS (ESI 5600; eV) Found 444.9 (M+Na)+, C15H23IN2O4Na 

requires = 445.26. 

 

1,4-Bis[(1-hexyl-3-tert-butyloxycarbonyl)-6-ethynyl-uracil]benzene (117) 
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To a degassed solution of dry Et3N (2.5 mL) and THF (2.5 mL), 116 (0.19 g, 0.35 mmol), [Pd(PPh3)4] 

(0.013 g, 0.013 mmol) and CuI (0.004 g, 0.026 mmol) were added and the mixture degassed a second 

time. 85 (0.020 g, 0.16 mmol) was then added, the reaction mixture degassed one last time, and stirred 

overnight at r.t. under Ar. The crude mixture was then filtered over celite, concentrated under vaccum 

and purified by CC (cyclohexane/AcOEt 8:2) yielding 117 (0.023g, 70%) as a white solid. 1H-NMR 

(200 MHz, CDCl3): δ 7.57 (s, 4H; Ar-H), 6.05 (s, 2H; COCH), 4.03 (t, 4H; NCH2(CH2)4CH3), 1.77 

(m, 4H; NCH2CH2(CH2)3CH3), 1.60 (s, 18H; COC(CH3)3) 1.33 (m, 12H; N(CH2)2(CH2)3CH3), 0.86 (t, 

6H; N(CH2)5CH3); 13C-NMR (50 MHz, CDCl3): δ 159.5, 148.6, 147.6, 137.3, 132.3, 122.3, 107.1, 

98.9, 87.1, 82.8, 47.4, 31.5, 28.8, 27.5, 26.6, 22.7, 14.1; IR (cm–1): ν 3442.8, 2958.5, 2929.1, 2860.7, 

2363.5, 2220.7, 1779.9, 1714.4, 1682.7, 1596.2, 1447.6, 1370.6, 1257.9, 1150.2, 843.4; MS (70 eV, 

EI): Found 514 (M+ − 2 BOC), C40H50N4O8 − 2 BOC requires = 514.62. 
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1,3,5-Tris[(1-hexyl-3-tert-butyloxycarbonyl)-6-ethynyl-uracil]benzene (118) 

 

N

N

N

N

N N

O O

O

OO

O

O O

OO

OO

 
 

 

To a degassed solution of dry Et3N (3 mL) and THF (3 mL), 116 (0.24 g, 0.13 mmol), [Pd(PPh3)4] 

(0.012 g, 0.011 mmol) and CuI (0.005 g, 0.022 mmol) were added and the mixture degassed a second 

time. 88 (0.020 g, 0.44 mmol) was then added, the reaction mixture degassed one last time, and stirred 

overnight at 40 ºC under Ar. The crude mixture was then filtered over celite, concentrated under 

vaccum and purified by CC (cyclohexane/AcOEt 7:3) yielding 118 (0.055g, 39%) as a white solid. 1H-

NMR (200 MHz, CDCl3): δ 7.71 (s, 3H; Ar-H), 6.04 (s, 3H; COCH), 4.01 (t, 6H; NCH2(CH2)4CH3), 

1.76 (br, 6H; NCH2CH2(CH2)3CH3), 1.60 (s, 27H; COC(CH3)3), 1.33 (m, 18H; N(CH2)2(CH2)3CH3), 

0.85 (t, 9H; N(CH2)5CH3); 13C-NMR (50 MHz, CDCl3): δ 159.1, 149.2, 147.9, 136.9, 136.0, 122.5, 

107.9, 96.2, 87.2, 82.2, 47.5, 31.9, 29.2, 28.0, 27.1, 20.3, 14.0; IR (cm–1): ν 3379.9, 3092.1, 2957.2, 

2928.8, 2222.7, 1785.4, 1715.9, 1678.3, 1598.9, 1432.5, 1389.0, 1370.8, 1256.1, 1147.7, 842.9, 816.9. 

MS (5600 eV, ESI): Found 733.4 (M+ − 3 BOC), 755.4 (M + Na+ − 3 BOC), C57H72N6O12 − 3 BOC 

requires = 732.87, C57H72N6O12Na − 3 BOC requires = 755.87. 

 

1,3,6,8-Tetrakis[(1-hexyl-3-tert-butyloxycarbonyl)-6-ethynyl-uracil]pyrene (119) 

 

N

N
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N

N

N N

O

O O

O

O

OO

O

O O

OO

O O

OO
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6
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To a degassed solution of dry Et3N (2.5 mL) and THF (2.5 mL), 116 (0.16 g, 0.29 mmol), [Pd(PPh3)4] 

(0.010 g, 0.008 mmol) and CuI (0.003 g, 0.016 mmol) were added and the mixture degassed a second 

time. 92 (0.015 g, 0.042 mmol) was then added, the reaction mixture degassed one last time, and 
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stirred overnight at 40 ºC under Ar. The crude mixture was then filtered over celite, concentrated 

under vaccum and purified by CC (cyclohexane/AcOEt 8:2) yielding 119 (0.010g, 10%) as an orange 

powder. 1H-NMR (200 MHz, CDCl3): δ 8.66 (s, 4H; H4, H5, H9, H10), 8.45 (s, 2H; H2, H7), 6.26 (s, 

4H; COCH), 4.20 (t, 8H; NCH2(CH2)4CH3), 1.91 (m, 8H; NCH2CH2(CH2)3CH3), 1.58 (s, 36H; 

COC(CH3)3), 1.32 (m, 24H; N(CH2)2(CH2)3CH3), 0.79 (t, 12H; N(CH2)5CH3); 13C-NMR (50 MHz; 

CDCl3): δ 159.4, 148.8, 147.5, 137.1, 135.2, 133.3, 128.0, 123.8, 117.5, 107.7, 96.8, 87.6, 87.4, 47.7, 

31.6, 29.2, 27.7, 26.7, 22.8, 14.2. MS (5600 eV, ESI): Found 1498.3 (M + Na)+, 1397.5 (M + Na+ − 1 

BOC), 1297.5 (M + Na+ − 2 BOC), 1197.5 (M + Na+ − 3 BOC), 1097.7 (M + Na+ − 4 BOC), 1075.7 

(M − 4 BOC), C84H98N8O16Na requires = 1498.72, C84H98N8O16 Na − 1 BOC requires = 1397.66, 

C84H98N8O16 Na − 2 BOC requires = 1298.49, C84H98N8O16 Na − 3 BOC requires = 1198.37, 

C84H98N8O16 Na − 4 BOC requires = 1098.26, C84H98N8O16 − 4 BOC requires = 1075.26. 

 

1,4-Bis(dodecyloxy)benzene (121) 

 
OC12H25

C12H25O  
 

 

To a solution of hydroquinone (4 g, 36.33 mmol) in DMF (60 mL), K2CO3 (50.1 g, 0.363 mol) was 

added and the reaction mixture was allowed to stir at r.t. for 30 minutes. Following this, 1-

bromododecane (26 mL, 108.98 mmol) was added to the mixture and the whole was stirred overnight 

at 60 ºC. The suspension was diluted with CHCl3, washed with H2O (40 mL × 4), brine (40 mL × 2), 

and dried over Na2SO4. Concentration of the organic layer under vacuum and purification of the crude 

by CC (cyclohexane) yielded 121 (10.4 g, 64%) as a pale yellow crystalline solid. m.p. 72-73 ºC; 1H-

NMR (200 MHz, CDCl3): δ 6.8 (s, 4H; Ar-H), 3.9 (t, 4H; Ar-OCH2(CH2)10CH3), 1.7 (m, 4H; Ar-

OCH2CH2(CH2)9CH3), 1.3 (br, 36H; Ar-O(CH2)2(CH2)9CH3), 0.9 (t, 6H; Ar-O(CH2)11CH3); 13C-NMR 

(50 MHz, CDCl3): δ 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 (cm−1): ν 2918.4, 2850.0, 1514.7, 1474.3, 1396.6, 1293.4, 1285.2, 1243.2, 1111.5, 

1036.6, 826.1, 772.6, 728.7, 719.9, 538.2; MS (70 eV, EI): Found 446 (M+), C30H54O2 requires = 

446.75.  

 

1,4-Bis(dodecyloxy)-2,5-diiodobenzene (122) 

 
OC12H25

I

C12H25O

I
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To a solution of 121 (2 g, 4.48 mmol) in CH2Cl2 (50 mL), Hg(OAc)2 (3.56 g, 11.19 mmol) and I2 (2.8 

g, 11.19 mmol) were added and the mixture was allowed to stir overnight at r.t. The reaction colour 

turned pink-purple and a white precipitate appeared. The precipitate was filtered over celite and the 

purple filtrate was washed with an aq. solution of Na2S2O5 (50 mL x 1), sat. aq. solution of NaHCO3 

(50 mL × 1), H2O (20 mL × 2), brine (20 mL × 2), and dried over Na2SO4. Concentration of the 

organic layer and recrystallisation with hot EtOH yielded 122 (2.5 g, 80%) as a white crystalline solid. 

m.p. 65-67 ºC; 1H-NMR (200 MHz, CDCl3): δ 7.2 (s, 2H; Ar-H), 3.9 (t, 4H; Ar-OCH2(CH2)10CH3), 

1.8 (m, 4H; Ar-OCH2CH2(CH2)9CH3), 1.3 (br, 36H; Ar-O(CH2)2(CH2)9CH3), 0.9 (t, 6H; Ar-

O(CH2)11CH3); 13C-NMR (50 MHz, CDCl3): δ 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 (cm−1): ν 2919.3, 2848.3, 1487.8, 1460.0, 1389.0, 

1353.3, 1263.1, 1216.3, 1071.2, 1053.2, 995.0, 846.7, 721.8; MS (70 eV, EI): Found 698 (M+), 

C30H52I2O2 requires = 698.54. 

 

1,4-Bis(dodecyloxy)-2,5-bis[(2,6-di(acetylamino)pyridin-4-yl-)ethynyl]benzene (123) 

 

OC12H25

C12H25O

N N

HN

O

HN

O

NH

O

NH

O  
 

 

To a degassed solution of dry Et3N (4 mL) and THF (4 mL), 122 (0.2 g, 0.29 mmol), [Pd(PPh3)4] 

(0.014 g, 0.012 mmol), and CuI (4 mg, 0.023 mmol) were added and the mixture degassed a second 

time. 2,6-Diacetylamino-4-ethynylpyridine (76) (0.16 g, 0.73 mmol) was then added, the reaction 

mixture degassed one last time, and refluxed overnight at 85 ºC under Ar. The crude mixture was then 

filtered over celite, concentrated under vacuum and purified by CC (cyclohexane/AcOEt, 5:5, then 

AcOEt) yielding 123 (0.171 g, 68%) as a bright yellow solid. m.p. > 240 ºC; 1H-NMR (200 MHz, 

CDCl3): δ 8.1 (s, 4H; Py-H), 7.6 (s, 4H; CH3CONH-Py), 7.0 (s, 2H; Ar-H), 4.1 (t, 4H; Ar-

OCH2(CH2)10CH3), 2.2 (s, 12H; CH3CONH-Py), 1.9 (m, 4H; Ar-OCH2CH2(CH2)9CH3), 1.3 (br, 36H; 

Ar-O(CH2)2(CH2)9CH3), 0.9 (t, 6H; Ar-O(CH2)11CH3); 13C-NMR (50 MHz, CDCl3): δ 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 (cm−1): ν 3285.3, 2959.1, 2925.6, 2220.3, 2162.1, 1708.1, 1685.4, 1612.1, 

1554.9, 1419.2, 1249.8, 869.7, 843.0, 759.1, 642.1; MS (70 eV, EI): Found 877 (M+), C52H72N6O6 

requires = 877.16. 
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1,4-Bis(dodecyloxy)-2,5-bis[(2,6-di(acetylmethylamino)pyridin-4-yl-)ethynyl]benzene (124) 

 

OC12H25

C12H25O

N N

N

O

N

O

N

O

N

O  
 

 

123 (20 mg, 0.023 mmol) was dissolved in dry THF (0.5 mL) and NaH (5 mg, 0.23 mmol) was added 

and the reaction stirred at r.t. Following this, MeI (28 µl, 0.46 mmol) was then added and the mixture 

was allowed to stir at r.t. under Ar overnight. Purification of the crude reaction by CC 

(cyclohexane/AcOEt 8:2, then 5:5) afforded 124 (0.010 g, 48%) as a yellow oil. 1H-NMR (200 MHz, 

CDCl3): δ 7.35 (s, 4H; Py-H), 7.0 (s, 2H; Ar-H), 4.1 (t, 4H; Ar-OCH2(CH2)10CH3), 3.4 (s, 12H; 

CH3CONCH3-Py), 2.2 (s, 12H; CH3CONCH3-Py), 1.9 (m, 4H; Ar-OCH2CH2(CH2)9CH3), 1.3 (br, 

36H; Ar-O(CH2)2(CH2)9CH3), 0.9 (t, 6H; Ar-O(CH2)11CH3); 13C-NMR (50 MHz, CDCl3): δ 170.82, 

154.79, 153.98, 135.23, 118.79, 117.06, 113.66, 91.94, 91.36, 69.71, 35.52, 32.07, 29.83, 29.51, 

29.33, 26.16, 23.86, 22.85, 14.29; IR (cm−1): ν 3434.9, 2925.6, 2854.4, 2215.6, 1676.3, 1593.2, 

1400.0, 1376.1, 1217.8, 1014.8; MS (70 eV, EI): Found 933 (M+), C56H80N6O6 requires = 933.27. 

 

1,4-Bis(dodecyloxy)-2-[(trimethylsilyl)ethynyl]-5-iodobenzene (125) 

 
OC12H25

C12H25O

I(H3C)3Si

 
 

 

To a degassed solution of dry Et3N (14 mL) and THF (14 mL), 122 (1.8 g, 2.57 mmol), [Pd(PPh3)4] 

(0.119 g, 0.103 mmol), and CuI (0.04 g, 0.206 mmol) were added and the mixture degassed a second 

time. TMSA (0.36 mL, 2.57 mmol) was then added, the reaction mixture degassed one last time, and 

stirred overnight at r.t. under Ar. The crude mixture was then filtered over celite, concentrated under 

vacuum and purified by CC (first cyclohexane, then cyclohexane/AcOEt 8:2) yielding 125 (0.623 g, 

37%) as a yellow solid. m.p. 37-39 ºC; 1H-NMR (200 MHz, CDCl3): δ 7.3 (s, 1H; Ar-H), 6.8 (s, 1H; 

Ar-H), 4.0 (t, 4H; Ar-OCH2(CH2)10CH3), 1.8 (m, 4H; Ar-OCH2CH2(CH2)9CH3), 1.3 (br, 36H; Ar-

O(CH2)2(CH2)9CH3), 0.9 (t, 6H; Ar-O(CH2)11CH3), 0.2 (s, 9H, Si(CH3)3); 13C-NMR (50 MHz, 

CDCl3): δ 154.69, 151.69, 123.76, 116.27, 113.42, 100.877, 96.48, 87.99, 70.15, 69.83, 32.12, 29.87, 

29.85, 29.83, 29.78, 29.76, 29.61, 29.56, 29.50, 29.35, 27.09, 27.06, 26.24, 26.17, 22.90, 14.33, 0.14; 

some peaks in the aliphatic region are missing probably due to overlap; IR (cm−1): ν 2921.9, 2850.7, 
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2161.5, 1485.1, 1468.4, 1374.1, 1249.4, 1214.3, 1163.1, 1032.7, 859.7, 842.3, 758.9, 723.0; MS (70 

eV, EI): Found 668 (M+), C35H61IO2Si requires = 668.85. 

 

1,4-Bis(dodecyloxy)-2-[(trimethylsilyl)ethynyl]-5-[(2,6-di(acetylamino)pyridine-4-

yl)ethynyl]benzene (126) 

 

(H3C)3Si

OC12H25

C12H25O

N

NH

O

NH

O  
 

 
To a degassed solution of dry Et3N (12 mL) and THF (12 mL), 125 (0.6 g, 0.897 mmol), [Pd(PPh3)4] 

(0.042 g, 0.036 mmol), and CuI (0.014 g, 0.072 mmol) were added and the mixture degassed a second 

time. 2,6-Diacetylamino-4-ethynylpyridine (76) (0.290 g, 1.07 mmol) was then added, the reaction 

mixture degassed one last time, and stirred at r.t. for 48 h under Ar. The crude mixture was then 

filtered over celite, concentrated under vacuum and purified by CC (CH2Cl2/AcOEt 9.5:0.5) yielding 

126 (0.431 g, 63%) as a yellow fluorescent solid. m.p. 86-90 ºC; 1H-NMR (200 MHz, CDCl3): δ 8.0 

(s, 2H; Py-H), 7.9 (s, 2H; CH3CONH-Py), 6.96 (s, 1H, Ar-H), 6.95 (s, 1H; Ar-H), 3.9 (t, 4H; Ar-

OCH2(CH2)10CH3), 2.1 (s, 6H; CH3CONH-Py), 1.8 (m, 4H; Ar-OCH2CH2(CH2)9CH3), 1.5 (m, 4H; Ar-

O(CH2)2CH2(CH2)8CH3), 1.3 (br, 32H; Ar-O(CH2)3(CH2)8CH3), 0.9 (t, 6H; Ar-O(CH2)11CH3), 0.2 (s, 

9H; Si(CH3)3); 13C-NMR (50 MHz, CDCl3): δ 168.62, 154.05, 153.69, 149.58, 135.83, 117.29, 

117.09, 114.77, 112.93, 111.39, 100.97, 100.72, 92.59, 90.54, 69.73, 69.51, 32.02, 29.75, 29.56, 

29.46, 29.38, 29.19, 26.14, 26.02, 24.71, 22.78, 14.23, 0.05; some peaks in the aliphatic region are 

missing probably due to overlap; IR (cm−1): ν 3426.4, 2921.6, 2851.7, 2156.8, 1717.3, 1610.6, 1561.6, 

1502.1, 1418.7, 1274.8, 1222.5, 1209.8, 1031.9, 865.7, 842.7, 623.5, 567.7; MS (70 eV, EI): Found 

758 (M+), C46H71N3O4Si requires = 758.16. 

 
1,4-Bis(dodecyloxy)-2-ethynyl-5-[(2,6-Di(acetylamino)pyridine-4-yl)ethynyl]benzene (127) 

 

H
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O
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To a solution of 126 (0.4 g, 0.54 mmol) in 20 mL of CH2Cl2:MeOH (1:1), 6 mL of 1 M KOH aq. 

solution was added and the whole was stirred overnight at r.t. Following this, H2O (10 mL) was added 

to the mixture and the organic phase was extracted with CHCl3 (10 mL × 5) and dried over Na2SO4. 

Evaporation of the solvent under vacuum yielded 127 as a yellow solid in a quantitative yield. m.p. 93-

95 ºC; 1H-NMR (200 MHz, CDCl3): δ 8.0 (s, 2H; Py-H), 7.9 (s, 2H; CH3CONH-Py), 6.96 (s, 1H; Ar-

H), 6.95 (s, 1H; Ar-H), 3.9 (t, 4H; Ar-OCH2(CH2)10CH3), 3.35 (s, 1H; acetylene-H), 2.18 (s, 6H; 

CH3CONH-Py), 1.8 (m, 4H; Ar-OCH2CH2(CH2)9CH3), 1.5 (m, 4H; Ar-O(CH2)2CH2(CH2)8CH3), 1.3 

(br, 32H; Ar-O(CH2)3(CH2)8CH3), 0.9 (t, 6H; Ar-O(CH2)11CH3); 13C-NMR (50 MHz, CDCl3): δ 

168.59, 168.54 154.04, 153.67, 149.59, 135.80, 117.84, 117.12, 113.64, 113.36, 111.42, 92.61, 90.31, 

82.83, 79.94, 69.78, 69.69, 32.01, 31.98, 29.78, 29.75, 29.73, 29.71, 29.59, 29.56, 29.53, 29.47, 29.45, 

29.39, 29.34, 29.25, 29.17, 26.02, 24.72, 22.83, 22.79, 22.76, 14.28, 14.23; some peaks in the aliphatic 

region are missing probably due to overlap; IR (cm−1): ν 3290.7, 2921.6, 2852.8, 2214.1, 1679.5, 

1611.7, 1558.2, 1503.6, 1418.4, 1277.2, 1207.5, 1033.3, 862.3, 636.3; MS (70 eV, EI): Found 685 

(M+), C43H63N3O4 requires = 685.98. 

 

1,4-Bis{[1,4-Bis(dodecyloxy)-2,5-Bis[(2,6-Di(acetylamino)pyridine-4-yl-)ethynyl]benzenyl} 

benzene (128) 
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To a degassed solution of dry Et3N (4 mL) and THF (4 mL), 1,4-diiodobenzene (0.036 g, 0.11 mmol), 

[Pd(PPh3)4] (5 mg, 0.004 mmol), and CuI (2 mg, 0.008 mmol) were added and the mixture degassed a 

second time. 127 (0.2 g, 0.29mmol) was then added, the reaction mixture degassed one last time, and 

stirred overnight at r.t. under Ar. The crude mixture was then filtered over celite, concentrated under 

vacuum and purified by CC (cyclohexane/AcOEt 5:5) yielding 128 (0.157 g, 46.5%) as a yellow 

fluorescent solid. m.p. 180-200 ºC; 1H-NMR (200 MHz, CDCl3): δ 8.0 (s, 4H; Py-H4), 7.7 (s, 4H; 

CH3CONH-Py), 7.5 (s, 4H; Ar-H1), 7.05 (s, 2H; Ar-H2), 7.00 (s, 2H; Ar-H3), 3.9 (t, 8H; Ar-

OCH2(CH2)10CH3), 2.2 (s, 12H; CH3CONH-Py), 1.85 (m, 8H; Ar-OCH2CH2(CH2)9CH3), 1.55 (m, 8H; 

Ar-O(CH2)2CH2(CH2)8CH3), 1.3 (br, 64H; Ar-O(CH2)3(CH2)8CH3), 0.9 (t, 12H; Ar-O(CH2)11CH3); 
13C-NMR (50 MHz, CDCl3): δ 168.66, 154.95, 154.09, 154.85, 153.849, 153.68, 149.24, 132.25, 

132.06, 131.58, 128.80, 128.56, 123.37, 117.32, 117.08, 114.97, 112.99, 111.37, 96.221, 92.66, 88.04, 

79.94, 69.93, 69.77, 32.10, 29.84, 29.62, 29.55, 29.50, 29.33, 26.25, 26.16, 24.92, 22.87, 14.32; some 

peaks in the aliphatic region are missing probably due to overlap; IR (cm−1): ν 3171.7, 2921.8, 2851.6, 
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2215.6, 1709.8, 1682.8, 1612.4, 1557.8, 1417.0, 1276.5, 1206.8, 1027.3, 996.6; MS (5600 eV, ESI): 

Found 1468.9 (M + Na)+, C92H128N6O8Na requires = 1469.04. 

 

1,4-Bis(dodecyloxy)-2,5-bis[(trimethylsilyl)ethynyl]benzene (129) 

 
OC12H25

C12H25O

(H3C)3Si Si(CH3)3

 
 

 

To a degassed solution of dry Et3N (2.4 mL) and THF (2.4 mL), 122 (0.3 g, 0.43 mmol), [Pd(PPh3)4] 

(0.02 g, 0.017 mmol), and CuI (6 mg, 0.034 mmol) were added and the mixture degassed a second 

time. TMSA (0.18 mL, 1.29 mmol) was then added, the reaction mixture degassed one last time, and 

stirred overnight at r.t. under Ar. The crude mixture was then filtered over celite, the solvent 

concentrated under vacuum and the precipitate purified by CC (cyclohexane/AcOEt 7:3) yielding 129 

(0.212 g, 40%) as a pale yellow crystalline solid. m.p. 70-73 ºC; 1H-NMR (200 MHz, CDCl3): δ 6.9 (s, 

2H; Ar-H), 3.9 (t, 4H; Ar-OCH2(CH2)10CH3), 1.8 (m, 4H; Ar-OCH2CH2(CH2)9CH3), 1.5 (br, 4H; Ar-

O(CH2)2CH2(CH2)8CH3), 1.3 (br, 32H; Ar-O(CH2)3(CH2)8CH3), 0.9 (t, 6; Ar-O(CH2)11CH3), 0.2 (s, 

18H; Si(CH3)3); 13C-NMR (50 MHz, CDCl3): δ 154.06, 117.22, 114.03, 101.16, 100.12, 69.53, 32.10, 

29.86, 29.82, 29.61, 29.54, 26.21, 22.88, 14.32, 0.15; some peaks in the aliphatic region are missing 

probably due to overlap; IR (cm−1): ν 2851.0, 2870.6, 2157.0, 1500.1, 1470.7, 1407.5, 1387.6, 1249.4, 

1223.8, 1204.0, 1046.4, 1033.8, 894.9, 842.3, 759.5, 723.2, 626.8; MS (70 eV, EI): Found 639 (M+), 

C40H70O2Si2 requires = 639.15. 

 

1,4-Bis(dodecyloxy)-2,5-di(ethynyl)benzene (130) 

 
OC12H25

C12H25O

H H

 
 

 

To a solution of 129 (0.2 g, 0.31 mmol) in 6 mL of THF/MeOH (1:1), 1 mL of 1 M KOH aq. solution 

was added and the whole was stirred 1 h at r.t. H2O (10 mL) was then added and the organic phase 

extracted with CHCl3 (10 mL × 5) and dried over Na2SO4. Evaporation of the solvent under vacuum 

yielded 130 as brown crystalline solid in a quantitative yield. m.p. 69-72 ºC; 1H-NMR (200 MHz, 

CDCl3): δ 7.0 (s, 2H; Ar-H), 4.0 (t, 4H; Ar-OCH2(CH2)10CH3), 3.35 (s, 2H; acetylene-H), 1.8 (m, 4H; 

Ar-OCH2CH2(CH2)9CH3), 1.4 (br, 36H; Ar-O(CH2)2(CH2)9CH3), 0.9 (t, 6H; Ar-O(CH2)11CH3); 13C-

NMR (50 MHz, CDCl3): δ 154.00, 117.75, 113.31, 82.51, 79.88, 69.73, 32.08, 29.83, 29.82, 29.75, 
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29.73, 29.53, 29.49, 29.28, 26.06, 22.86, 14.29; some peaks in the aliphatic region are missing 

probably due to overlap; IR (cm−1): ν 3457.1, 3286.5, 2923.4, 2849.2, 1500.7, 1466.2, 1385.0, 1218.2, 

1199.9, 1029.7, 864.8, 645.2; MS (70 eV, EI): Found 494 (M+), C34H54O2 requires = 494.79. 

 

1,4-Bis(dodecyloxy)-2,5-bis[(1-hexylurac-6-yl-)ethynyl]benzene (131) 

 
OC12H25

C12H25O

N

HN

N

NH

O

OO

O

 
 

 

To a degassed solution of dry Et3N (6 mL) and THF (6 mL), iodouracil 63 (0.16 g, 0.5 mmol), 

[Pd(PPh3)4] (9 mg, 0.008 mmol) and CuI (3 mg, 0.016 mmol) were added and the mixture degassed a 

second time. 130 (0.1 g, 0.2 mmol) was then added, the reaction mixture degassed one last time, and 

stirred overnight at r.t. under Ar. The crude mixture was then filtered over celite, the solvent 

concentrated under vacuum and the precipitate purified by CC (cyclohexane/AcOEt 7:3, 5:5, then 

CHCl3) yielding 131 (0.14 g, 77%) as a bright yellow solid. m.p. 70-73 ºC; 1H-NMR (200 MHz, 

CDCl3): δ 9.2 (s, 2H; CONHCO), 7.0 (s, 2H; Ar-H), 6.0 (s, 2H; COCH), 4.11 (t, 4H; Ar-

OCH2(CH2)10CH3), 4.00 (t, 4H; NCH2(CH2)4CH3), 1.8 (m, 8H, Ar-OCH2CH2(CH2)9CH3 and 

NCH2CH2(CH2)3CH3), 1.3 (br, 48H, Ar-O(CH2)2(CH2)9CH3 and N(CH2)2(CH2)3CH3), 0.9 (t, 12H, Ar-

O(CH2)11CH3 and N(CH2)5CH3); 13C-NMR (50 MHz, CDCl3): δ 163.40, 154.06, 150.86, 138.69, 

116.22, 112.74, 106.42, 96.67, 85.88, 69.37, 46.54, 31.78, 31.34, 29.50, 29.46, 29.20, 29.02, 28.69, 

26.22, 25.77, 22.54, 22.45, 13.85, 13.73; some peaks in the aliphatic region are missing probably due 

to overlap; IR (cm−1): ν 3434.8, 2924.1, 2854.3, 2214.3, 1671.1, 1588.9, 1459.2, 1413.6, 1284.4, 

1220.8, 812.7; MS (70 eV, EI): Found 883 (M+), C54H82N4O6 requires = 883.25. 

 

1,2-Bis(dodecyloxy)benzene (133) 

 

C12H25O

C12H25O

 
 

 

To a solution of pyrocatechol (4 g, 36.33 mmol) in DMF (60 mL), K2CO3 (35 g, 0.25 mol) was added 

and the reaction mixture was allowed to stir at r.t. for 30 minutes. Following this, 1-bromododecane 

(26 mL, 0.11 mol) was added to the mixture and the whole stirred overnight at 60 ºC. The suspension 

was diluted with CHCl3, washed with H2O (40 mL × 4), brine (40 mL × 2) and dried over Na2SO4. 
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Concentration of the organic layer under vacuum and purification by recrystallisation with EtOH, 

yielded 133 (11.27 g, 70%) as a white solid. m.p. 45 ºC; 1H-NMR (200 MHz, CDCl3): δ 6.9 (s, 4H; 

Ar-H), 3.9 (t, 4H; Ar-OCH2(CH2)10CH3), 1.8 (m, 4H; Ar-OCH2CH2(CH2)9CH3), 1.3 (br, 36H; Ar-

O(CH2)2(CH2)9CH3), 0.9 (t, 6H; Ar-O(CH2)11CH3); 13C-NMR (50 MHz, CDCl3): δ 149.31, 121.08, 

114.21, 69.42, 32.12, 29.89, 29.86, 29.83, 29.64, 29.56, 29.54, 26.25, 22.89, 14.32; some peaks in the 

aliphatic region are missing probably due to overlap; IR (cm−1): ν 2918.1, 2849.0, 1594.4, 1519.4, 

1509.0, 1467.1, 1390.1, 1332.0, 1258.0, 1222.2, 1122.4, 997.7, 732.7; MS (70 eV, EI): Found 446 

(M+), C30H54O2 requires = 446.75. Spectral data agree with that previously reported.[17] 

 

1,2-Bis(dodecyloxy)-4,5-diiodidobenzene (134) 

 

C12H25O

C12H25O

I

I

 
 

 

To a solution of 133 (2 g, 4.48 mmol) in CH2Cl2 (50 mL), Hg(OAc)2 (3.56 g, 11.19 mmol) and I2 (2.8 

g, 11.19 mmol) were added and the mixture allowed to stir overnight at r.t. The reaction colour turned 

pink-purple and a white precipitate appeared. The precipitate was filtered over celite and the purple 

filtrate washed with an aq. solution of Na2S2O5 (50 mL), sat. aq. solution of NaHCO3 (50 mL), H2O 

(20 mL × 2), brine (20 mL × 2), and dried over Na2SO4. Concentration of the organic layer and 

recrystallisation in hot EtOH yielded 134 (3.12 g, 85%) as a pale yellow crystalline solid. m.p. 57-60 

ºC; 1H-NMR (200 MHz, CDCl3): δ 7.24 (s, 2H; Ar-H), 3.9 (t, 4H; Ar-OCH2(CH2)10CH3), 1.8 (m, 4H; 

Ar-OCH2CH2(CH2)9CH3), 1.3 (br, 36H; Ar-O(CH2)2(CH2)9CH3), 0.9 (t, 6H; Ar-O(CH2)11CH3); 13C-

NMR (50 MHz, CDCl3): δ 149.78, 123.79, 96.02, 69.56, 32.06, 29.62, 29.79, 29.73, 29.49, 29.47, 

29.17, 26.05, 22.83, 14.27; some peaks in the aliphatic region are missing probably due to overlap; IR 

(cm−1): ν 2918.1, 1850.1, 1471.3, 1245.7, 1196.0, 856.9; MS (70 eV, EI): Found 698 (M+), C30H52I2O2 

requires = 698.54. 

 

1,2-Bis(dodecyloxy)-4,5-bis[(trimethylsilyl)ethynyl]benzene (135) 

 

C12H25O

C12H25O

Si(CH3)3

Si(CH3)3

 
 

 

To a degassed solution of dry Et3N (8 mL) and THF (8 mL), 134 (1 g, 1.43 mmol), [Pd(PPh3)4] (0.067 

g, 0.058 mmol), and CuI (0.021 g, 0.11 mmol) were added and the mixture degassed a second time. 
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Trimethylsilylacetylene (0.59 mL, 4.29 mmol) was then added, the reaction mixture degassed one last 

time, and stirred overnight at r.t. under Ar. Following this, the crude mixture was filtered over celite, 

the solvent concentrated under vacuum and the precipitate purified by CC (cyclohexane/AcOEt 9:1, 

then 7:3) yielding 135 (0.320 g, 35.6%) as a yellow oil. 1H-NMR (200 MHz, CDCl3): δ 6.9 (s, 2H; Ar-

H), 3.9 (t, 4H; Ar-OCH2(CH2)10CH3), 1.8 (m, 4H; Ar-OCH2CH2(CH2)9CH3), 1.3 (br, 36H; Ar-

O(CH2)2(CH2)9CH3), 0.9 (t, 6H; Ar-O(CH2)11CH3), 0.2 (s, 18H; Si(CH3)3); 13C-NMR (50 MHz, 

CDCl3): δ 149.07, 118.75, 116.22, 103.69, 96.46, 69.17, 32.06, 29.83, 29.79, 29.74, 29.51, 29.20, 

26.09, 22.84, 14.27, 0.31; some peaks in the aliphatic region are missing probably due to overlap; IR 

(cm−1): ν 3433.2, 2925.6, 2854.7, 2154.9, 1508.8, 1467.9, 1249.2, 1206.7, 843.2, 759.5; MS (70 eV, 

EI): Found 639 (M+), C40H70O2Si2 requires = 639.15. 

 

1,2-Bis(dodecyloxy)-4,5-bis(ethynyl)benzene (136) 

 

C12H25O

C12H25O

H

H

 
 

 

To a solution of 135 (0.3 g, 0.47 mmol) in 6 mL of THF/MeOH (1:1), 1 mL of 1 M KOH aq. solution 

was added and the whole stirred 1 h at r.t. H2O (10 mL) was added and the organic phase extracted 

with CHCl3 (10 mL × 5) and dried over Na2SO4. Evaporation of the solvent under vacuum yielded 136 

as brown crystalline solid in a quantitative yield. m.p. 48-50 ºC; 1H-NMR (200 MHz, CDCl3): δ 6.9 (s, 

2H; Ar-H), 4.0 (t, 4H; Ar-OCH2(CH2)10CH3), 3.2 (s, 2H; acetylene-H), 1.8 (m, 4H; Ar-

OCH2CH2(CH2)9CH3), 1.3 (br, 36H; Ar-O(CH2)2(CH2)9CH3), 0.9 (t, 6H; Ar-O(CH2)11CH3); 13C-NMR 

(50 MHz, CDCl3): δ 149.39, 117.81, 116.56, 82.27, 79.46, 69.25, 32.06, 29.83, 29.79, 29.74, 29.50, 

29.16, 26.08, 22.84, 14.27; some peaks in the aliphatic region are missing probably due to overlap; IR 

(cm−1): ν 3292.6, 2929.3, 2850.3, 1595.1, 1509.3, 1470.9, 1338.2, 1265.0, 1216.3, 1093.5, 619.6; MS 

(70 eV, EI): Found 494 (M+), C34H54O2 requires = 494.79. 

 

1,2-Bis(dodecyloxy)-4,5-bis[(1-hexylurac-6-yl)ethynyl]benzene (137) 

 

C12H25O

C12H25O

N NH

NHN

O

O

O

O  
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To a degassed solution of dry Et3N (10 mL) and THF (10 mL), 1-hexyl-6-iodouracil (63) (0.096 g, 0.3 

mmol), [Pd(PPh3)4] (6 mg, 0.005 mmol), and CuI (2 mg, 0.01 mmol) were added and the mixture 

degassed a second time. 136 (0.06 g, 0.12 mmol) was then added, the reaction mixture degassed one 

last time, and stirred overnight at r.t. under Ar. Following this, the crude mixture was filtered over 

celite, the solvent concentrated under vacuum and the precipitate purified by CC (cyclohexane/AcOEt 

5:5) yielding 137 (0.06g, 51%) as a yellow solid. m.p. 137 ºC the compound burnt; 1H-NMR (200 

MHz, CDCl3): δ 8.9 (s, 2H; CONHCO), 6.9 (s, 2H; Ar-H), 6.0 (s, 2H; COCH), 4.0 (m, 8H; Ar-

OCH2(CH2)10CH3 and NCH2(CH2)4CH3), 1.8 (m, 4H; Ar-OCH2CH2(CH2)9CH3), 1.7 (m, 4H; 

NCH2CH2(CH2)3CH3), 1.3 (br, 48H; Ar-O(CH2)2(CH2)9CH3 and N(CH2)2(CH2)3CH3), 0.9 (t, 12H; Ar-

O(CH2)11CH3 and N(CH2)5CH3); 13C-NMR (50 MHz, CDCl3): δ 162.26, 151.07, 150.59, 138.25, 

116.04, 107.07, 98.28, 83.13, 69.56, 46.80, 32.08, 31.57, 29.86, 29.82, 29.76, 29.53, 29.11, 28.99, 

26.53, 26.10, 22.86, 22.71, 14.29, 14.13; some peaks in the aliphatic region are missing probably due 

to overlap; IR (cm−1): ν 2926.7, 2854.8, 2210.6, 1707.1, 1683.4, 1580.4, 1513.4, 1466.7, 1400.9, 

1246.2, 1091.7, 837.0, 775.2; MS (70 eV, EI): Found 883 (M+), C54H82N4O6 requires = 883.25. 

 

3,5-Dibromo-1-octadecyloxybenzene (139) 

 
OC18H37

Br Br  
 

 

To a solution of 3,5-dibromophenol (1 g, 3.9 mmol) in DMF (15 mL), K2CO3 (5.3 g, 39 mmol) was 

added. The reaction mixture was stirred at r.t. for 30 minutes. Iodooctadecene (2.24 g, 5.9 mmol) was 

added to the reaction mixture and the whole was allowed to stir overnight at 60 ºC. After cooling to 

r.t., the organic phase was diluted with CHCl3, washed with H2O (20 mL × 4), brine (20 mL × 2), and 

dried over Na2SO4. Concentration of the organic layer under vacuum and purification by CC 

(heptane), yielded 139 (1.6 g, 80%) as a white crystalline solid. m.p. 50-53 ºC; 1H-NMR (200 MHz, 

CDCl3): δ 7.2 (s, 1H; Ar-H), 6.9 (s, 2H; Ar-H), 3.9 (t, 2H; Ar-OCH2(CH2)16CH3), 1.7 (m, 2H; Ar-

OCH2CH2(CH2)15CH3), 1.3 (br, 30H; Ar-O(CH2)2(CH2)15CH3), 0.9 (t, 3H; Ar-O(CH2)17CH3); 13C-

NMR (50 MHz, CDCl3): δ 160.39, 126.21, 123.13, 116.99, 68.75, 32.13, 29.90, 29.87, 29.77, 29.73, 

29.57, 29.49, 29.18, 26.1, 22.91, 14.34; some peaks in the aliphatic region are missing probably due to 

overlap; IR (cm−1): ν 3081.4, 2922.1, 2848.9, 1707.5, 1679.7, 1583.1, 1557.6, 1468.5, 1439.2, 1417.6, 

1389.1, 1297.3, 1254.6, 1230.3, 1035.5, 889.3, 889.3, 831.6, 742.0, 721.5, 666.7; MS (70 eV, EI): 

Found 504 (M+), C24H40Br2O requires = 504.38. 
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3,5-Bis[(trimethylsilyl)ethynyl]-1-octadecyloxybenzene (140) 

 
OC18H37

(H3C)3Si Si(CH3)3 
 

 

To a degassed solution of dry iPr2NH (12 mL) and DMF (8 mL), 139 (1.1 g, 2.2 mmol), 

[PdCl2(PPh3)2] (0.077 g, 0.1 mmol), CuI (0.042 g, 0.22 mmol) and trimethylsilylacetylene (0.9 mL, 

6.5 mmol) were added, and the reaction mixture irradiated through microwaves during 5 minutes at 

120 ºC. The crude mixture was filtered over celite, the solvent concentrated under vacuum and the 

precipitate purified by CC (cyclohexane) yielding 140 (0.9 g, 77%) as a pale yellow solid. m.p. 53-54 

ºC; 1H-NMR (200 MHz, CDCl3): δ 7.2 (s, 1H; Ar-H), 6.9 (s, 2H; Ar-H), 3.9 (t, 2H; Ar-

OCH2(CH2)16CH3), 1.7 (m, 2H; Ar-OCH2CH2(CH2)15CH3), 1.3 (br, 30H; Ar-O(CH2)2(CH2)15CH3), 0.9 

(t, 3H; Ar-O(CH2)17CH3), 0.2 (s, 18H, Si(CH3)3); 13C-NMR (50 MHz, CDCl3): δ 158.64, 126.07, 

124.22, 118.37, 104.24, 94.6, 68.36, 32.13, 29.89, 29.86, 29.79, 29.77, 29.57, 29.53, 29.31, 26.16, 

22.91, 14.35, 0.12; some peaks in the aliphatic region are missing probably due to overlap; IR (cm−1): 

ν 3446.6 2917.8, 2166.3, 1579.0, 1472.0, 1417.3, 1297.2, 1251.3, 1167.0, 1049.0, 989.6, 846.0, 760.1; 

MS (70 eV, EI): Found 538, C34H58OSi2 requires = 538.99. 

 

3,5-Bis(ethynyl)-1-octadecyloxybenzene (141) 

 
OC18H37

H H 
 

 

To a solution of 140 (0.781 g, 1.44 mmol) in 12 mL of THF/MeOH (1:1), 5 mL of 1 M KOH aq. 

solution was added and the whole stirred 2 h at r.t. H2O (10 mL) was added to the mixture and the 

organic phase extracted with CHCl3  (10 mL × 5) and dried over Na2SO4. Evaporation of the solvent 

under vacuum yielded 141 in a quantitative yield. m.p. 56-59 ºC; 1H-NMR (200 MHz, CDCl3): δ 7.2 

(s, 1H; Ar-H), 7.0 (s, 2H; Ar-H), 3.9 (t, 2H; Ar-OCH2(CH2)16CH3), 3.05 (s, 2H; acetylene-H), 1.8 (m, 

2H; Ar-OCH2CH2(CH2)15CH3), 1.3 (br, 30H; Ar-O(CH2)2(CH2)15CH3), 0.9 (t, 3H; Ar-O(CH2)17CH3); 

13C-NMR (50 MHz, CDCl3): δ 158.76, 128.13, 123.39, 118.95, 82.78, 77.63, 68.43, 32.11, 29.89, 

29.77, 29.75, 29.56, 29.52, 29.27, 26.14, 22.89, 14.31; some peaks in the aliphatic region are missing 

probably due to overlap; IR (cm−1): ν 3282.1, 2920.2, 2850.3, 1582.0, 1466.8, 1420.6, 1323.7, 1295.9, 

1162.6, 1144.4, 1054.9, 854.1; MS (70 eV, EI): Found 394, C28H42O requires = 394.63. 
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3,5-Bis[(1-hexylurac-6-yl)ethynyl]-1-octadecyloxybenzene (142) 

 

NH

NN

HN

O

O

O

O

OC18H37

 
 

 

To a degassed solution of dry Et3N (10 mL) and THF (10 mL), 1-hexyl-6-iodouracil (63) (0.37 g, 1.15 

mmol), [Pd(PPh3)4] (0.021 g, 0.018 mmol), and CuI (0.018 g, 0.092 mmol) were added and the 

mixture degassed a second time. 141 (0.18 g, 0.46 mmol) 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, the solvent concentrated under vacuum and the precipitate purified by CC (cyclohexane/AcOEt 

5:5) yielding 142 (0.16 g, 46%) as a white solid. m.p. 175 ºC the compound burnt; 1H-NMR (400 

MHz, CDCl3): δ 8.2 (s, 2H; CONHCO), 7.2 (s, 1H; Ar-H), 7.1 (s, 2H; Ar-H), 6.0 (s, 2H; COCH), 4.0 

(m, 6H; Ar-OCH2(CH2)16CH3 and NCH2(CH2)4CH3), 1.6 (m, 6H; Ar-OCH2CH2(CH2)15CH3 and 

NCH2CH2(CH2)3CH3), 1.3 (br, 42H; Ar-O(CH2)2(CH2)15CH3 and N(CH2)2(CH2)3CH3), 0.9 (t, 9H; Ar-

O(CH2)17CH3 and N(CH2)5CH3); 13C-NMR (50 MHz, CDCl3): δ 162.47, 159.36, 150.69, 138.13, 

127.23, 122.14, 120.04, 107.51, 98.28, 81.04, 68.86, 46.85, 32.08, 31.61, 29.85, 29.75, 29.51, 29.19, 

28.96, 26.54, 26.11, 22.85, 22.73, 14.29, 14.17; some peaks in the aliphatic region are missing 

probably due to overlap; IR (cm−1): ν 2924.1, 2853.4, 1718.8, 1702.1, 1597.5, 1459.2, 1153.2, 863.5; 

MS (70 eV, EI): Found 783, C48H70N4O5 requires = 783.09. 
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