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ABSTRACT 

Molecular self-assembly is a well-established bottom up approach for the construction 

of nano- and micro- materials. It starts from molecules that aggregate to bigger clusters and 

finally form nanostructures and it proceeds in the absence of external forces in a reversible 

way. Natural well organized assemblies have impressive properties, for example 

bacteriochlorophylls in green sulfur bacteria self-assemble in order to harvest solar energy 

efficiently and therefore are able to photosynthesize in 145m depths in the Black Sea. Inspired 

by nature, supramolecular chemists are investigating the molecular self-assembly of small 

building blocks to create materials with enhanced properties that could be exploited in various 

applications. In this Master thesis we investigate a variety of organic and inorganic 

compounds for their ability to self-assemble into organized nanostructures.  

In the laboratory of bioinorganic chemistry the dipeptide diphenylalanine, famous for 

its self-assembling properties, has been extensively investigated through covalent attachment 

to chromophores such as porphyrins, BODIPYs and corroles which resulted in well-defined 

nanostructures. Motivated from these previous studies, in this thesis we synthesized two 

organic-inorganic hybrid dyads, namely POM-F and POM-FF, which consist of a Keggin type 

polyoxometallate (POM-COOH) and carboxyl-protected phenylalanine (NH2-F-OMe) or 

diphenylalanine (NH2-FF-OMe), respectively. To the best of our knowledge, this is the first 

example of the covalent incorporation of phenylalanine or diphenylalanine to 

polyoxometalate. These compounds were fully characterized by means of 1H and 13C NMR, 

UV-Vis, and IR spectroscopies as well as MALDI-TOF spectrometry. Moreover, we 

examined the tendency of the POM substituted derivatives to form supramolecular 

assemblies. The morphology and size of the obtained self-assembled structures were studied 

through Scanning Electron Microscopy (SEM) and showed that both hybrids assemble into 

spherical nanostructures. The main factors that determine the architecture of the resulting self-

assemblies are the electrostatic interactions between the hybrid and the counter ions as shown 

by molecular dynamics simulations. 

Is diphenylalanine the only way to induce self-assembly? In order to answer this 

question we explored other moieties that are capable to self-assemble and investigated 

whether this property is maintained after the covalent attachment to chromophores. Therefore, 

two other dipeptides namely Ile-Ile and Ile-Ala bearing a series of protecting groups (Fmoc-, 

Boc-, -Z, -OCH3) were coupled with porphyrin chromophores (TPP-NH2 and TPP-COOH). 

The resulting conjugates were able to form spherical and flower-like nanostructures. This is 
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the first example where these dipeptides possess self-assembling properties and are covalently 

attached to porphyrins.  

Small peptides are not the only bio-inspired moieties with self-assembling properties. 

Peptide nucleic acids are another type of compounds that combine all the Van der Waals, 

hydrogen bonding and/or π-π interactions that exist in peptides with Watson-Crick base 

pairing. Therefore, two bioconjugates were synthesized through the covalent attachment of 

Fmoc-PNA-G-(Bhoc)-OH with amino-tetraphenyl-porphyrin (TPPH2-NH2) and amino-boron-

dipyrromethene (BDP-NH2). To the best of our knowledge, this is the first covalent coupling 

of such chromophores with peptide nucleic acids. For both hybrids (PNA–TPP and PNA–

BDP) we were able to observe distinctive supramolecular architectures. During these studies 

we investigated the influence of the solvent system, the concentration and the deposition 

method on the morphology of the formed nanostructures. In the case of PNA–TPP under all 

examined conditions well-formed nanospheres were obtained. Interestingly, in the PNA–BDP 

hybrid by simply altering the solvent mixture, self-assemblies of two different morphologies 

were formed (spherical and flake shaped). Absorption and emission studies suggested the 

formation of J-aggregates in all the obtained nanostructures. The nano-architectures 

assembled by PNA conjugates are capable of light-harvesting and producing hydrogen using 

Pt nanoparticles as a photocatalyst. 
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ΠΕΡΙΛΗΨΗ 

Η μοριακή αυτό-οργάνωση είναι μια γνωστή προσέγγιση για την κατασκευή νάνο- και 

μίκρο- υλικών. Ξεκινάει από μόρια τα οποία οργανώνονται σε μεγαλύτερες πλειάδες και 

τελικά σχηματίζουν νανοδομές και προχωράει αντιστρέψιμα και υπό την απουσία εξωτερικών 

δυνάμεων. Οι καλά οργανωμένες δομές που αξιοποιεί η φύση έχουν ενδιαφέρουσες ιδιότητες, 

για παράδειγμα οι βακτηριοχλωροφύλλες στα πράσινα θειώδη βακτήρια αυτό-οργανώνονται 

προκειμένου να απορροφήσουν αποτελεσματικά την ηλιακή ακτινοβολία και έτσι είναι ικανά 

να φωτοσυνθέτουν σε βάθη 145 μέτρων στην Μαύρη Θάλασσα. Εμπνεόμενοι από τη φύση οι 

χημικοί υπερμοριακής χημείας μελετούν την αυτό-οργάνωση μικρών μορίων για την 

δημιουργία υλικών με βελτιωμένες ιδιότητες που θα μπορούσαν να αξιοποιηθούν σε ποικιλία 

εφαρμογών. Σε αυτή την Μεταπτυχιακή εργασία μελετάμε μια ποικιλία από οργανικές και 

ανόργανες ενώσεις ως προς την ικανότητά τους να αυτό-οργανώνονται σε νανο-δομές. 

Στο εργαστήριο Βιοανόργανης Χημείας έχει μελετηθεί εκτενώς το διπεπτίδο της 

διφαινυλαλανίνης, γνωστό για τις ιδιότητες αυτό-οργάνωσης που έχει, μέσω της 

ομοιοπολικής του σύζευξης με χρωμοφόρα όπως πορφυρίνες, βορον-διπυρομεθένια και 

κορόλλες όπου οδήγησαν επίσης σε καλά οργανωμένες δομές. Λαμβάνοντας κίνητρο από 

αυτές τις παλαιότερες μελέτες, συνθέσαμε σε αυτή την μεταπτυχιακή εργασία δύο δυάδες 

οργανικών-ανόργανων υβριδίων, POM-F και POM-FF, τα οποία αποτελούνται από μια 

πολυοξο-μεταλλική πλειάδα τύπου Keggin (POM-COOH) και καρβόξυ προστατευμένη 

φαινυλαλανίνη ή διφαινυλαλανίνη αντίστοιχα. Aυτό είναι το πρώτο παράδειγμα 

ομοιοπολικής σύζευξης φαινυλαλανίνης ή διφαινυλαλανίνης με πολυοξο-μεταλλική πλειάδα. 

Οι ενώσεις αυτές χαρακτηρίστηκαν πλήρως με φασματοσκοπίες 1H και 13C NMR, UV-Vis, 

και IR όπως και φασματομετρία μάζας MALDI-TOF. Ακόμη εξετάστηκε η τάση των POM 

παραγώγων να σχηματίζουν υπερμοριακές αυτό-οργανωμένες δομές. Η μορφολογία και το 

μέγεθος των δομών που προέκυψαν μελετήθηκαν με Ηλεκτρονιακή Μικροσκοπία Σάρωσης 

και έδειξαν ότι και τα δύο υβρίδια σχηματίζουν σφαιρικές νανοδομές. Ο βασικός παράγοντας 

που καθορίζει την μορφολογία των δομών είναι οι ηλεκτροστατικές αλληλεπιδράσεις μεταξύ 

του υβριδίου και των αντισταθμιστικών ιόντων όπως προσδιορίστηκε από προσομοιώσεις 

μοριακής δυναμικής.   

Αποτελεί η διφαινυλαλανίνη τον μόνο τρόπο για να επάγεις αυτό-οργάνωση σε 

μόρια? Για να απαντήσουμε σε αυτή την ερώτηση μελετήσαμε και άλλα πεπτίδια ως προς την 

ικανότητά τους να αυτό-οργανώνονται αλλά και αν αυτή η ιδιότητα παραμένει μετά την 

ομοιοπολική τους σύζευξη με χρωμοφόρα. Για αυτό το λόγο, δύο άλλα διπεπτίδια  Ile-Ile και 
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Ile-Ala που έφεραν μια σειρά από προστατευτικές ομάδες (Fmoc-, Boc-, -Z, -OCH3) 

συζεύχτηκαν με χρωμοφόρα πορφυρίνης (TPP-NH2 and TPP-COOH). Οι δυάδες που 

προέκυψαν σχηματίζουν σφαιρικές και σχήματος λουλουδιού νανοδομές. Αυτό αποτελεί το 

πρώτο παράδειγμα όπου αυτά τα διπεπτίδια εμφανίζουν ιδιότητες αυτοοργάνωσης και είναι 

ομοιοπολικά συζευγμένα με πορφυρίνες.  

Τα μικρά πεπτίδια δεν είναι οι μόνες βιο-εμπνευσμένες μονάδες με ιδιότητες αυτό-

οργάνωσης. Τα πεπτιδικά νουκλεϊκά οξέα είναι μια άλλη κατηγορία ενώσεων που 

συνδυάζουν όλες τις αλληλεπιδράσεις Van der Waals, δεσμούς υδρογόνου ή/και π-π 

αλληλεπιδράσεις που υπάρχουν στα πεπτίδια με την συμπληρωματικότητα βάσεων Watson-

Crick των νουκλεϊκών οξέων. Για αυτό το λόγο, συντέθηκαν δύο δυάδες μέσω της 

ομοιοπολικής σύνδεσης του Fmoc-PNA-G-(Bhoc)-OH με την αμινο-τετραφαίνυλο 

πορφυρίνη (TPPH2-ΝΗ2) και αμινο-βορον-διπυρομεθένιο (BDP-NH2). Αυτό αποτελεί το 

πρώτο παράδειγμα ομοιοπολικής σύνδεσης τέτοιων χρωμοφόρων με πεπτιδικά νουκλεϊκά 

οξέα. Και οι δύο δυάδες μπορούσαν να αυτό-οργανωθούν σε υπερμοριακές δομές. Σε αυτά τα 

πειράματα μελετήθηκε η επίδραση που έχει το σύστημα διαλυτών, η συγκέντρωση και η 

μέθοδος εναπόθεσης στην μορφολογία των νανοδομών. Στην περίπτωση του PNA–TPP 

παρατηρήθηκαν καλοσχηματισμένες νανοσφαίρες κάτω από όλες τις υπό μελέτη συνθήκες. 

Όμως για το PNA–BDP με αλλαγή του μίγματος διαλυτών δύο διαφορετικές μορφολογίες 

παρατηρήθηκαν (σφαιρικές και τύπου flake). Φωτοφυσικές μελέτες απορρόφησης και 

εκπομπής υποδηλώνουν τον σχηματισμό συσσωματωμάτων τύπου J-aggregates για όλες τις 

νανοδομές. Οι νανοδομές που προέκυψαν είχαν την ικανότητα να δεσμεύουν φως και να 

παράγουν υδρογόνο χρησιμοποιώντας νανοσωματίδια Pt ως φωτοκαταλύτη.  
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Chapter 1: Introduction 

“If covalent molecules of different shapes could be compared to the letters of an 

alphabet, words could be assimilated to the simplest supramolecules and further assembly of 

these words into sentences, paragraphs, chapters, and ultimately books would correspond to 

supramolecules of increasing complexity as in enzymes, organelles, cells, and living beings. 

Each language is a collection of specific words that can be used according to rules, its 

grammar. Without good knowledge of both, vocabulary (making of words from letters) and 

grammar (making of sentences from words), one cannot expect to compose anything but 

useless babbling or confusing odd sentences at best. Likewise, molecular self-assembly into 

useful and functional objects is governed by rules that must be understood. Chemists can 

invent as many new building blocks or letters as they want but they are still attempting to 

grasp the intrinsic rules that govern their assembly”.1 

1.1. Self-Assembly 

Molecular self-assembly is a well-established bottom up approach towards the creation 

of nano- and micro- materials with enhanced properties.2 Inspired by natural well organized 

assemblies, supramolecular chemists are investigating the molecular self-assembly of small 

building blocks to construct such materials. During the last decades, a large amount of 

molecular building blocks has been tested in order to form supramolecular architectures.3 

Apart from the selection of the building blocks, various other parameters such as the solvent, 

the temperature and the concentration play significant role in the formation of well-defined 

self-assemblies.4 However, predicting and controlling the shape or size of the self-assembled 

nanostructures, remains a challenging task.5 Since the building blocks involved in this 

bottom-up approach are molecules, which are not extended structures, their assembly must 

derive from their inherent properties.6 In the formation of supramolecular structures, the 

selection of the building blocks is crucial, however another important challenge is to 

understand and dictate the cumulative non-covalent interactions that will participate 

throughout the formation of supramolecular structures. Such interactions are electrostatic and 

Van der Waals interactions include hydrogen bonds, π–π stacking, hydrophobic forces etc.7 

                                                 
1 Molecular Self-Assembly: Advances and Applications, Alex Li Dequan, Pan Stanford, 2012. 
2 H. Zhang, L. Y. Guo, J. M. Jiao, X. Xin, D. Sun and S. L. Yuan, ACS Sustain. Chem. Eng., 2017, 5, 1358-1367. 
3 Y. Y. Mai and A. Eisenberg, Chem. Soc. Rev., 2012, 41, 5969-5985. 
4 W. L. Noorduin, A. Grinthal, L. Mahadevan and J. Aizenberg, Science, 2013, 340, 832-837. 
5 G. Izzet, and A. Proust et al., J. Am. Chem. Soc., 2016, 138, 5093-5099. 
6 E. Bash, Introduction to Nanoscale Science and Technology, 2015, vol. 1. 
7 X. H. Yan, P. L. Zhu and J. B. Li, Chem. Soc. Rev., 2010, 39, 1877-1890. 



2 

 

1.2. Peptides 

Diphenylalanine (FF) is a versatile building block with the ability to self-assemble, 

forming various nanostructures.8 FF has been studied with a wide variety of complexes 

(covalently or non-covalently connected) and the tendency of such systems to form 

multifunctional nanostructures has been explored.9,10 Covalent attachment of the FF dipeptide 

to porphyrins (Figure 1.1),11,12 corroles,13 boron-dipyrromethenes,14 ferrocene,15 folic acid,16 

PEG polymers17 and DNA18 has been proven a successful methodology towards the formation 

of well-ordered aggregates with light harvesting properties.  

 

Figure 1.1.     Fmoc-FF-TPP self-assembles into spheres or fibers depending on the solvent system.12  

These nanomaterials have unique properties and have found application in photo-

dynamic therapy (PDT)19 (Figure 1.2), drug delivery,20 and catalysis.21  

 

Figure 1.2.  TPP-G-FF self-assembles into nanodots with high light-to-heat conversion efficiency 

providing a remote-controlled way to destroy carcinomatous cells and tissues.19  

                                                 
8 Gazzit and coworkers, Science 2003, 300, 625. 
9 K. Liu, R. Xing, Q. Zou, G. Ma, H. Mohwald and X. Yan, Angew. Chem. int. Ed., 2016, 55, 3036-3039. 
10 Q. Zou et al. , Angew. Chem. int. Ed., 2014, 53, 2366-2370. 
11 G. Charalambidis et al., Chem. Eur. J., 2011, 17, 7213-7219. 
12 G. Charalambidis et al., Nat. Commun., 2016, 7, 12657. 
13 K. Karikis et al., Chem. Eur. J., 2016, 22, 11245-11252. 
14 K. Karikis, A. Butkiewicz, F. Folias, G. Charalambidis, C. Kokotidou, A. Charisiadis, V. Nikolaou, E. 

Nikoloudakis, J. Frelek, A. Mitraki and A. G. Coutsolelos, Nanoscale, 2018, 10, 1735-1741. 
15 J. Wang, D. Li, M. Yang and Y. Zhang, Anal. Methods, 2014, 6, 7161-7165. 
16 G. Emtiazi, T. Zohrabi, L. Y. Lee, N. Habibi and A. Zarrabi, J. Drug Deliv. Sci. Technol., 2017, 41, 90-98. 
17 C. Diaferia, E. Gianolio, A. Accardo and G. Morelli, J. Pept. Sci., 2017, 23, 122-130. 
18 N. Gour, D. Kedracki, I. Safir, K. X. Ngo and C. Vebert-Nardin, Chem. Commun., 2012, 48, 5440-5442. 
19 Q. Zou, M. Abbas, L. Zhao, S. Li, G. Shen and X. Yan, J. Am. Chem. Soc., 2017, 139, 1921-1927. 
20 Angew. Chem. Int. Ed. 2018, 57, 17235 –17239. 
21 K. Tao, B. Xue, S. Frere, I. Slutsky, Y. Cao, W. Wang and E. Gazit, Chem. Mater., 2017, 29, 4454-4460. 
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It is not only diphenylalanine (FF) that has the ability to self-assemble into 

supramolecular nanostructures, since there are also other more simple aliphatic peptides such 

as Isoleucine22  and Alanine23 that have similar properties. Therefore dipeptides Isoleucine-

Isoleucine (Ile-Ile or II) and Isoleucine-Alanine (Ile-Ala or IA) are promising candidates for 

inducing self assembly to chromophores.  

        

Scheme 1.1. Structures of Isoleucine- Isoleucine and Isoleucine-Alanine. 

Peptide scaffolds are attractive composites for molecular self-assembly due to their 

chemical and physical characteristics and constitute one of the main branches of bio-

nanotechnology. DNA self-assemblies include a unique characteristic, the specific Watson–

Crick base pairing through complementary hydrogen bonding interactions. Therefore, the 

combination of peptides and nucleic acids in synthetic peptide nucleic acids (PNAs) is a novel 

strategy to design self-organized materials.24  

PNAs were firstly synthesized in early 1990s25 and due to their structural 

characteristics, which include DNA bases and a peptide backbone, may be regarded either as 

DNA or peptide mimics.26 Recently, Gazit and coworkers explored the propensity of PNAs to 

self-assemble into more complex supramolecular structures (scheme 1.2).27  

 

Figure 1.3. PNA self assembles into nanospheres that have properties of photonic crystals.24 

                                                 
22 Subbalakshmi C et al., Biopolymers. 2017;108:e23033. 
23 Jichao Sun et al., RSC Adv., 2015,5, 102182-102190 
24 O. Berger and E. Gazit et al., Nat. Nanotechnol., 2015, 10, 353–60. 
25 P. E. Nielsen, M. Egholm, R. H. Berg, O. Buchardt, Science 1991, 254, 1497–1500. 
26 X.-L. Zhao, B.-C. Chen, J.-C. Han, L. Wei, X.-B. Pan, Sci. Rep. 2015, 5, 17640. 
27 O. Berger and E. Gazit, Biopolymers, 2017, 108, e22930. 
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Incorporation of biological scaffolds such as DNA and peptides has been proven a 

useful technique in order to create ordered structures with a wide range of chromophores, i.e. 

porphyrins, corroles, ferrocene and BODIPY. The covalent attachment with chromophores 

makes the resulting hybrids possible candidates for biological applications such as drug 

delivery,28 Photothermal therapy (PTT) and Photodynamic therapy.29 PNAs, which combine 

stacking interactions, hydrogen bonding and Watson–Crick base pairing, could serve as an 

excellent scaffold in order to create uniform supramolecular assemblies based on porphyrins 

and BODIPYs. 

1.3. Porphyrins 

Porphyrins and their derivatives have captured the interest of the scientific community 

since the 19th century due to their biological significance and their exceptional photophysical 

properties.30  The porphyrin ring is heterocyclic macrocycle organic structure, composed of 

four modified pyrrole subunits interconnected at their α-carbon atoms via methine bridges 

(=CH−).  

The four N atoms of the porphyrin ring are sp2 hybridized, with two of them forming a 

σ bond with hydrogen atoms while the other two do not. (Figure 1.1) 

 

Scheme 1.2:  Chemical structure of porphyrins (positions a, b and meso) and hybridization (sp2) of 

nitrogen atoms. 

In the first two N atoms, every sp2 orbital has an electron that forms a σ bond with two 

carbon atoms and one hydrogen atom. The lone pair of electrons (Scheme 1.3) occupies the p 

orbital (1) perpendicular to the plane of the porphyrin ring, thus, each nitrogen will contribute 

two electrons in the conjugated system. In the case of the N atoms which do not form bonds 

with hydrogen, (4) they are sp2 hybridized as well. The lone pair of electrons is available for 

coordination with a metal. In perpendicular to the porphyrin ring, there is the p orbital (3) 

                                                 
28 Angew. Chem. Int. Ed. 2018, 57, 17235 –17239. 
29 J. Am. Chem. Soc. 2017, 139, 1921−1927. 
30 D. K. Lavallee, Synth. React. Inorg. Met. Chem. 1978, 8, 97–98. 
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with an electron which forms a π bond with the adjacent carbon.  

Porphyrins are aromatic compounds that obey the Hückel rule (4n+2). They have 18 π 

electrons which are delocalized over the entire circumference of the porphyrin ring. Various 

analyses indicate that not all atoms of the ring are involved equally in the conjugation or that 

the molecule's overall nature is substantially based on several smaller conjugated systems. 

One result of the large conjugated system is that porphyrin molecules typically have very 

intense absorption bands in the visible region and may be deeply colored. Generally, 

porphyrins participate in electrophilic and radical reactions due to the aromatic nature of the 

porphyrin ring. Meso- positions have higher electron density, so they are more reactive.  

The initial synthetic path to obtain meso-substituted porphyrins was developed by 

Rothemund with the preparation of 5, 10, 15, 20-tetraphenyl-porphyrin (TPPH2).
31 More 

specifically, TPPH2 was synthesized using pyrrole and benzaldehyde in presence of pyridine 

in a sealed tube at 220°C with 10% yield. This technique underpin more modern synthesis 

such as the one described by Adler and Longo.32 This method is the acid-catalyzed 

condensation reaction of pyrrole with a specific aldehyde (Scheme 1.4). The acid activates the 

aldehyde by protonating the carbonyl group. In solution-phase synthesis, acidic conditions are 

essential; formic acid, acetic acid, and propionic acid are typical reaction solvents, or p-

toluenesulfonic acid or various Lewis acids can be used with a non-acidic solvent. The total 

yields are relatively small since a large amount of side-products is formed during the 

condensation. 

 

Scheme 1.3.  Synthesis of porphyrins by Adler and Longo.  

Noteworthy, porphyrins are unsaturated tetra dented macrocyclic ligands which can 

bind metal ions that behave as Lewis acids such as Pd2+, Pt2+, Zn2+, Fe2+ , Fe3+ (Scheme 1.5). 

                                                 
31 Rothemund, P.; Menotti, A.R., J. Am. Chem. Soc., 1941, 63, 267-270.   
32 Adler, A.D.; Longo, F.R.; Shergalis, W., J. Am. Chem. Soc. 1964, 86, 3145-3149.   

https://en.wikipedia.org/wiki/P-toluenesulfonic_acid
https://en.wikipedia.org/wiki/P-toluenesulfonic_acid
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The introduction of metal ions is an easy process including the departure of the two protons 

inside the macrocyclic core. The size of the porphyrin-macrocycle is perfectly suited to bind 

almost all metal ions and indeed a large number of metals can be inserted in the center of the 

macrocycle forming metalloporphyrins that play key roles in several biochemical processes. 

 

Scheme 1.4.  Metallation of porphyrins.  

 

1.4. Boron-Dipyrromethenes 

Boron-dipyrromethenes is a class of fluorescent dyes and are usually abbreviated as 

BODIPY or BDP. It is composed of dipyrromethene complexed with a disubstituted boron 

atom, typically a BF2 unit. The IUPAC name for the BODIPY core is 4,4-difluoro-4-bora-

3a,4a-diaza-s-indacene. Due to instability of the required unsubstituted dipyrromethene 

precursor, the unsubstituted BODIPY dye had not been prepared until 2009. The first 

BODIPY was synthesized by Triebs et al. in 1968 and subsequently a great number of such 

dyes have been synthesized.33 BODIPY are prepared by treating a dipyrromethene precursor 

with boron trifluoride etherate in the presence of a tertiary amine, usually trimethylamine 

(Scheme 1.6).34 Condensation of a suitable pyrrole, often available from Knorr pyrrole 

synthesis, with an aromatic aldehyde in the presence of TFA gives dipyrromethane, which is 

oxidized to dipyrromethene using a quinone oxidant such as DDQ or p-chloranil. 

Alternatively, dipyrromethenes are prepared directly by reacting a pyrrole with an activated 

carboxylic acid derivative, usually an acyl chloride. Unsymmetrical dipyrromethenes can be 

obtained by condensing pyrroles with 2-acylpyrroles. Intermediate dipyrromethanes may be 

                                                 
33 Treibs, A.; Kreuzer, F.-H., Liebigs Ann. Chem., 1968, 718, 208-223.  
34 Loudet, A.; Burgess, K. (2007). "BODIPY Dyes and Their Derivatives: Syntheses and Spectroscopic   

Properties". Chem. Rev. 107 (11): 4891–4932. 



7 

 

isolated and purified, but isolation of dipyrromethenes is usually compromised by their 

instability. 

 

Scheme 1.5.  Synthesis of BODIPY molecules.  

 

BODIPY dyes are notable for their uniquely small Stokes shift, high, environment-

independent fluorescence quantum yields, often approaching 100% even in water, sharp 

excitation and emission peaks contributing to overall brightness, and high solubility in many 

organic solvents. The combination of these qualities makes BODIPY fluorophore an 

important tool in a variety of imaging applications. The position of the absorption and 

emission bands remain almost unchanged in solvents of different polarity as the dipole 

moment and transition dipole are mutually orthogonal. 

1.5. Polyoxometallates 

Hybrid organic–inorganic materials with the ability to form supramolecular assemblies 

have attracted extensive scientific attention, since the self-assembled nanomaterials possess 

enhanced properties compared to their discrete components.35 Polyoxometalates (POMs) 

(scheme 1.7) are a large family of transition-metal oxygen-anion clusters and have been used 

in numerous applications such as catalysis, biological and optical/electronic devices,36 

medicine, electrochemistry and magnetism.37 They exhibit good water solubility as well as 

great stability both in solution and in solid state.38 Their physical and chemical properties can 

be tuned by replacing the counter-ions with organic cations forming POM hybrids that are 

soluble in organic solvents, an advantageous feature for the self-assembly process.39  

 

                                                 
35 H. K. Yang, L. L. Liu, X. Yuan and S. M. Wu, J. Colloid Interface Sci., 2017, 496, 150-157. 
36 A. M. Douvas, et al., ACS Nano, 2008, 2, 733-742. 
37 D. E. Katsoulis, Chem. Rev., 1998, 98, 359-388. 
38 C. Tan and R. Feng, Supramol. Chem., 2017, 29, 634-642 
39 C. Tan, J. Mol. Struct., 2017, 1148, 34-39. 
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In 2008, Zhang et al.40 reported that polyoxometalates bearing hydrophobic alkyl 

chains are able to self-assemble into membrane-like vesicles. Later on, Yan et al.41 observed 

the spontaneous self-assembly of FF and a Keggin polyoxometalate into colloidal spheres 

through electrostatic interactions. Spherical assemblies of POM complexes through 

electrostatic interactions in solvent mixtures were also observed by L. Wu and coworkers.42,43 

Furthermore, Li et al.44 demonstrated quite recently that polyoxometalates and short peptides 

are able to form supramolecular structures, which exhibit enhanced antibacterial activity 

compared to the monomers. A novel strategy against Alzheimer’s disease (AD) involves the 

self-assembly of polyoxometalate-peptide hybrids as inhibitors of amyloid β (Aβ) 

aggregation, which is a critical step in AD pathogenesis.45,46 Therefore, the potential 

properties of materials incorporating FF and POMs can intrigue researchers to synthesize and 

study covalently linked POM-FF hybrid systems. 

 

Figure 1.4.  General structure of Keggin type polyoxometallates.  

                                                 
40 J. Zhang, Y. F. Song, L. Cronin and T. Liu, J. Am. Chem. Soc., 2008, 130, 14408-14409 
41 X. Yan, P. Zhu, J. Fei and J. Li, Adv. Mater., 2010, 22, 1283-1287. 
42 Y. Wang, H. Li, W. Qi, Y. Yang, Y. Yan, B. Li and L. Wu, J. Mater. Chem., 2012, 22, 9181-9188. 
43 Y. Yang, L. Yue, H. Li, E. Maher, Y. Li, Y. Wang, L. Wu and V. W. W. Yam, Small, 2012, 8, 3105-3110 
44 J. Li, et al., Angew. Chem. Int. Ed., 2016, 55, 2592-2595. 
45 M. Li, C. Xu, L. Wu, J. Ren, E. Wang and X. Qu, Small, 2013, 9, 3455-3461. 
46 N. Gao, H. Sun, K. Dong, J. Ren, T. Duan, C. Xu and X. Qu, Nat. Commun., 2014, 5, 3422. 
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Chapter 2: Aims and Objectives 

The aim of this Master thesis is the investigation of a variety of organic and inorganic 

compounds for their ability to self-assemble into organized nanostructures. Inspired by the 

well-organized assemblies that nature exploits for various biological processes we designed 

molecular hybrids capable of self-assembling in mixed solvent systems. Our target is to 

construct materials with enhanced properties in self-assembly state. We choose a molecular 

self-assembly inducer, that is known for its ability to self-assemble, and we couple it with a 

chromophore, targeting to light harvesting applications such as photocatalytic H2 production. 

In the laboratory of bioinorganic chemistry the dipeptide diphenylalanine (FF), famous 

for its self-assembling properties, has been extensively investigated through covalent 

attachment to chromophores such as porphyrins, BODIPYs and corroles which resulted in 

well-defined nanostructures. Motivated from these previous studies we want to couple 

diphenylalanine with an inorganic chromophore namely polyoxometallates. Therefore, in this 

thesis we proceed with the synthesis of two hybrid dyads, namely POM-F and POM-FF, 

which consist of a Keggin type POM (POM-COOH) and carboxyl-protected phenylalanine 

(NH2-F-OMe) or diphenylalanine (NH2-FF-OMe), respectively. We examine whether the self-

assembling ability of the dipeptide is maintained after the coupling and what different 

properties have the resulting nanostructures.  

 

Scheme 2.1.  Structure of POM-FF hybrid.  

If one molecule of porphyrin is coupled with one molecule of FF the resulting hybrid 

has self-assembling properties. The same is true for a boron-dipyrromethene molecule. 

Another objective that will be examined herein is the incorporation of four equivalents of FF 

molecules on one porphyrin (synthesis of tetra-FF-substituted porphyrins) as well as the 

covalent attachment of both BODIPY and porphyrin (two chromophores) on one FF molecule 

(scheme 2.2). 

Is diphenylalanine the only way to induce self-assembly? Another aim of this master 

thesis was to explore other moieties that are capable to self-assemble and investigate whether 
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this property is maintained after the covalent attachment to chromophores. Therefore, two 

other dipeptides namely Ile-Ile and Ile-Ala bearing a series of protecting groups (Fmoc-, Boc-, 

-Z, -OCH3) will be covalently coupled to porphyrin chromophores (TPP-NH2 and TPP-

COOH).  

 

Scheme 2.2.  Structure of TPP-FF-BDP and a tetra-substituted porphyrin.  

 

Small peptides are not the only bio-inspired moieties with self-assembling properties. 

Peptide nucleic acids (PNA) are another type of compounds that combine all the Van der 

Waals, hydrogen bonding and/or π-π interactions that exist in peptides with Watson-Crick 

base pairing within nucleic acids. Therefore, two bioconjugates are synthesized through the 

covalent attachment of a PNA with amino-tetraphenyl-porphyrin (TPPH2-NH2) and NH2-

boron-dipyrromethene (BDP-NH2).   

     

Scheme 2.3.  Structure of Fmoc-Ile-IleTPP and PNA-BDP.  
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Chapter 3: Synthetic approaches  

3.1. Polyoxometalate – peptide hybrids. 

 

Scheme 3.1.  Synthetic Route to the POM-F and POM-FF hybrids. 

The synthetic route that was followed for the preparation of the POM-amino acid 

hybrids is illustrated in Scheme 3.1. A carboxyl substituted Keggin type polyoxometalate, 

namely TBA4[PW11O39{Sn(C6H4)CC(C6H4)COOH}]:  POM-COOH, where TBA stands for 

tetra-butylammonium (n-Bu4N)+, and the carboxyl-protected (methyl-ester) diphenylalanine 

or phenylalanine (NH2-FF-OMe or NH2-F-OMe) derivatives were selected as starting 

materials. The coupling of the aforementioned precursor compounds was achieved via amide 

bond formation with isobutyl chloroformate as a coupling reagent, in order to obtain the 

desired hybrids POM-F and POM-FF. Excess of the amino acid (NH2-FF-OMe or NH2-F-

OMe) was necessary for the reaction to be quantitative, which was removed via precipitation 

in acetone/diethyl-ether (1:10) and washing with diethyl-ether.  

The mechanism of the amide coupling catalyzed by isobutyl chloroformate is 

illustrated in scheme 3.2. Triethylamine is added in order to abstract the proton of the acid at 

the end of the organic chain of the POM. Then the catalyst is activating the acid group, so 

after the addition of the amino-free dipeptide an amide bond is readily formed while i-BuOH 

and CO2 are produced. 
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Scheme 3.2.  Mechanism of the amide coupling catalyzed by isobutyl chloroformate.  

3.2. Peptide nucleic acid – chromophore hybrids. 

The synthetic procedure that was followed for the preparation of the PNA-

chromophore conjugates is outlined in Scheme 3.3. Straightforward reaction of TPPH2 with 

commercially available Fmoc-PNA-G-(Bhoc)-OH afforded the hybrid PNA-TPP by amide 

attachment using DCC/HOBt coupling reagents, under low-temperature conditions (8 oC) in 

high yields. The same procedure was followed for the coupling of BDP-NH2 with PNA but 

room temperature was necessary for the reaction to reach completion.  

 

Scheme 3.3:  Synthesis of PNA-TPP and PNA-BDP via DCC/HOBt coupling. 
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The mechanism of the amide coupling catalyzed by DCC (N,N'-Dicyclohexylcarbodiimide) is 

illustrated in scheme 3.4. 

 

Scheme 3.4:  Mechanism of the amide coupling catalyzed by DCC. 

3.3. TPP-dipeptide hybrids. 

The synthetic approach for the preparation of TPP-Ile-Ala-Boc and TPP-Ile-Ile-Boc starts 

with the N-protection of the dipeptides (Ile-Ile-OH and Ala-Ile-OH) with Boc2O in the 

presence of NaHCO3. Afterwards the covalent connection with TPP-NH2 using DCC/HOBt 

amide coupling reagents yields to the desired products (scheme 3.5). The synthesis of TPP-

Ile-Ile-OMe begins with the methoxy-protection of the C-terminus of Ile-Ile-OH dipeptide 

with SOCl2 and MeOH. Amide coupling with TPP-COOH provides the desired product. 
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Scheme 3.5: Synthesis of TPP-Ile-Ala-Boc, TPP-Ile-Ile-Boc and TPP-Ile-Ile-OMe. 

 

 
Scheme 3.6: Synthesis of TPP-Ile-Ala-Fmoc and TPP-Ile-Ile-Fmoc. 

For the preparation of the Fmoc protected hybrids it is necessary to build the dipeptide onto 

the porphyrin macrocycle starting from the amide coupling of Fmoc-Ile-COOH and TPP-

NH2. Subsequently the deprotection of Fmoc- group with piperidine in DMF gives the 
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unprotected NH2-Ile-TPP which can be covalently linked via DCC/HOBt amide coupling to 

the Fmoc-Ala-COOH and Fmoc-Ile-COOH (scheme 3.6). 

3.4. Tetra substituted porphyrins. 

 

Scheme 3.7: Synthesis of T(Fmoc-FF)PPH2 T(Boc-FF)PPH2, T(Fmoc-Ile)PPH2 and T(FF-NH2)PPH2. 
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The synthetic procedure that was followed for the preparation of the desired tetra substituted 

porphyrins is illustrated in scheme 3.7. Initially nitration of tetra-phenyl porphyrin (TPPH2) 

with NaNO2 in the presence of TFA is conducted followed by reduction of –NO2 group with 

SnCl2 in HCl yielding to the tetra-(4-amino-phenyl) porphyrin. The final compounds were 

obtained after DCC/HOBt amide coupling using 4.2 equivalents of the peptide. 

 

3.5. Synthesis of TPP-Phe-Phe-BDP 

 

Scheme 3.8: Synthesis of TPP-FF-BDP. 

 

The synthesis of TPP-FF-BDP starts with the amide coupling of TPP-COOH with methoxy-

protected diphenylalanine followed by the deprotection of methoxy group via basic 

hydrolysis. Another DCC/HOBt amide coupling with NH2-boron-dipyrromethene yields the 

final product (scheme 3.8). 
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Chapter 4: Results and Discussion 

4.1. Polyoxometalate – peptide hybrids. 

The products POM-FF and POM-F were fully characterized through 1H and 13C NMR 

(Figures S1-S13), UV-Vis (Figure S14) and FT-IR (Figure S15) spectroscopies and MALDI-

TOF (Figures S21-S23) mass spectrometry. The initial indication regarding the formation of 

the final products came from their mass spectra. More specifically, in the recorded spectra of 

both desired POM-peptide conjugates one peak was depicted, representing each hybrid with 

one TBA+ counter cation. The formation of the amide bond between the POM and the peptide 

units was further confirmed via NMR spectroscopy. In detail, in both 1H NMR spectra of 

POM-F and POM-FF hybrids a characteristic peak corresponding to the –NH protons of the 

newly formed amide bond, was located at approximately 7.40 and 7.57 ppm, respectively 

(Figure 4.1). Some other peaks that are depicted at higher ppm (7.6 ppm – 7.8 ppm) are 

attributed to the protons of the phenyl rings attached to the triple bond. The peaks located 

around 7.1 ppm - 7.3 ppm correspond to the phenyl protons of the peptide.  

 
Figure 4.1:  1H NMR spectrum of POM-FF (500 MHz, CD3CN + vapors of Et3N).  

Significant information was also obtained from studying the UV-Vis absorption 

spectra of the functionalized POMs, both in solution and in solid state. Specifically in MeCN 
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solution (Figure S14), it was proven that all POMs (POM-COOH, POM-F and POM-FF) 

exist in a monomeric form. The basic band at 263 nm attributed to Ob,c → W(VI) charge 

transfer (CT) transitions is considerably red-shifted in relation to lacunary PW11O39
7- (252 

nm) indicating that Ob,c oxygens are affected by the coordination of PW11O39
7- anions to Sn4+ 

cations. Moreover, compared to the absorption spectrum of the PW11O39
7- anion two new 

bands  were observed at ~ 300, 317 nm for all three functionalized POMs, which can be 

attributed either to O → Sn(IV) charge transfer (CT) transitions or possibly to π → π* 

transitions derived from the organic part of POM conjugates. Furthermore, absorption spectra 

were recorded for thin films of POM-FF that were prepared in various solvent systems in 

order to give information regarding the potential formation of self-assembles in solid state. In 

particular, the POM-FF films obtained by single solvent systems (i.e. the good solvents 

1,1,1,3,3,3-hexafluoroisopropanol (HFIP) and acetonitrile MeCN; Figure 4.2) (where 

amorphous solid was formed) exhibited the three characteristic POM-FF peaks at 264, 305, 

and 323 nm, where the latter two peaks attributed to the organic chain were red-shifted in 

relation to the POM-FF bands in solution. In the spectra of POM-FF obtained by mixed 

solvent systems, no significant changes were observed between amorphous solid and self-

assembled state but all of the spectra were red-shifted compared to the solution which 

indicates the formation of J aggregates (Figure 4.2).   
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Figure 4.2:  UV-Vis absorption spectra of POM-FF in solid state obtained by evaporation of mixed 

solvent systems. 

In addition, the functionalized POMs were also studied with FT-IR spectroscopy, 

which gave significant information about both the inorganic and the organic parts of these 
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complexes (Figure S15). Regarding the inorganic part of the POMs, it was shown that 

PW11O39
7- probably behaves as a pentadentate ligand for Sn4+ cations as it does for the 1st row 

transition metal ions.47,48 Regarding the organic part of the functionalized POMs, the 

characteristic peak of the carboxylic acid was observed in POM-COOH, whereas in POM-

FF, which is functionalized with diphenylalanine via amide bond, peaks corresponding to the 

amide-ester and the aromatic groups were depicted. In both cases, the POM-based complexes 

have TBA as counter cations while the peaks referring to the triple C≡C bond could not be 

clearly distinguished. 

Scanning electron microscopy was used in order to examine the self-assembly pattern 

of the polyoxometalate-amino acid hybrids (Figures 4.3-4.4 and S16-20). For SEM 

observations, 10 µl of each sample were placed on a 12mm cover glass and left to air dry 

overnight. Samples were subsequently covered with 10 nm Au/Pd sputtering and were 

observed directly. The simple “good-bad” solvent methodology was followed for the 

preparation of the samples. More specifically, quantities of POM-COOH, POM-F or POM-

FF were dissolved in a “good” solvent i.e. acetonitrile (MeCN), 1,1,1,3,3,3-hexafluoro-2-

propanol (HFIP) or dichloromethane (DCM). Subsequently a “bad” solvent such as water, 

ethanol, toluene and heptane was added to induce self-assembly. All the tested mixed 

solutions contained different ratios of the solvents used, while the final concentration was 

kept constant at 1mM.  

 
Figure 4.3: Self-assembly in mixed solvent systems MeCN-H2O 1:1 1mM for the compounds a,d) 

POM-COOH, b,e) POM-F, c,f) POM-FF. 

                                                 
47 L. A. Combs-Walker and C. L. Hill, Inorg. Chem., 1991, 30, 4016-4026. 
48 R. D. Peacock and T. J. R. Weakley, J. Chem. Soc. A, 1971, 0, 1836-1839. 
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Interestingly, POM-F and POM-FF formed spherical assemblies in all the solvent systems 

that were examined (Figure 4.3). Moreover, spherical structures were also observed in the 

case of POM-COOH (Figure 4.3a, d) with similar morphologies to POM-F and POM-FF 

and minor differences in diameter. Spherical nanostructures were also observed in systems 

containing FF and POMs49 that communicate via non covalent interactions, in which FF was 

used as a scaffold for the self-assembly process. Experiments performed in mixed solvent 

systems containing non-polar “bad” solvents, namely toluene or heptane showed once again, 

spherical structures (Figure 4.4, S16), but with slightly different morphology. Spherical 

microstructures were formed even upon implementation of solvent mixtures containing 

different ratios of DCM/Heptane (1:1, 2:8 and 1:8)  (Figure S18). Moreover, in a system with 

“intermediate” polarity (DCM/EtOH 1:1), spheres with flat surfaces were observed for the 

POM-FF hybrid (Figure S17). Exceptionally, unexpected big spherical microstructures (till 

~100 µm!) were obtained in polar solvent mixtures (see Figure S20) but not in a systematic 

manner. Control experiments using POM-FF in MeCN were also conducted, revealing that 

when a single solvent system is used no formation of self-assembled structures was observed 

(Figure S19). This finding suggests that the “good-bad” solvent methodology is a crucial 

factor for the self-assembly process to occur.  

                                                 
49 X. Yan, P. Zhu, J. Fei and J. Li, Adv. Mater., 2010, 22, 1283-1287. 
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Figure 4.4: Self-assembly of the POM-FF hybrid in 1:1 1mM mixed solvent systems a,b,c) MeCN-

H2O, d,e,f) HFIP-H2O, g,h,i)MeCN-Toluene. 

 

4.2. Peptide nucleic acid – chromophore hybrids. 

The synthesized hybrids (PNA-TPP and PNA-BDP) were studied with UV-Vis 

absorption spectroscopy in solution (Figure S34) and in solid state via drop casting (Figures 

S38-S39) and via spin coating (Figure S40). These experiments lead to significant findings 

concerning the configuration of the chromophores in the assemblies (Table 4.1). For the PNA-

TPP conjugate the band at ~260 nm derives from the PNA unit, while the peaks that are 

located in the visible part of the spectra stems from the porphyrin chromophore. In particular, 

in the PNA-TPP assemblies obtained by spin-coating the following observations were made. 

When a polar solvent (EtOH) was added as bad solvent in a good solvent of intermediate 

polarity (DCM) at a volume ratio of 2:8, the Soret band was broadened and significantly red 

shifted (429 nm) compared to the corresponding band of PNA-TPP in DCM solution (419 

nm). On the other hand, when the non-polar solvent Heptane was added as a bad solvent in 

DCM (at a volume ratio of 1:1), a lower broadening and red shift of the Soret band (426 nm) 

was observed. Finally, when the polar solvent HFIP was used as a good solvent and the polar 

a b c 

d e f 

g h i 
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solvent EtOH was used as a bad solvent (at a volume ratio of 2:8), an even lower broadening 

and red shift of the Soret band (422 nm) was observed. Similar, but smaller, broadening and 

red shifts of the Soret band were observed in the PNA-TPP self-assemblies obtained by drop 

casting. The broadening and red shifts of all bands of the chromophore (and especially the 

Soret band) observed in the PNA-TPP in relation to the respective bands of the hybrids in 

solution (DCM) indicate the formation of J-aggregates (side-by-side) of the porphyrin moiety 

in the assemblies. Absorption spectroscopy studies of the PNA-BDP films resulted in similar 

observations. In particular, the main band of BDP moiety in PNA-BDP nanospheres obtained 

by spin coating and drop-casting, was broadened and significantly red shifted (511 nm) and 

(513 nm), respectively in relation to the band in DCM solution (500 nm). Gradually lower 

broadening and red shifts of the main band of BDP were observed in the mixed solvent 

systems DCM-Heptane (1:1) and HFIP-EtOH (2:8) (i.e. 509 and 502 nm, respectively), 

similarly to the PNA-TPP. 
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Figure 4.5.  UV-Vis absorption spectra of PNA-TPP in solution and in self assembled state. 

Also, similar red shifts of the main band of BDP were observed for the PNA-BDP 

assemblies obtained by drop-casting. The above red shift and broadening in PNA-BDP 

nanostructures indicate possibly J-aggregation of BDP molecules. The formation of H-type 

aggregates was turned down since no blue shift was observed in the absorption spectra. In 
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some cases, monomer-like features were observed in the absorption spectra which probably 

originate from the fact that the samples are not completely homogeneus and contain non-

assembled material. Regarding the self-assembled structures, DCM-EtOH and DMSO/H2O 

systems presented the higher red shifts for both conjugates.  
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Figure 4.6.  UV-Vis absorption spectra of PNA-BDP in solution and in self assembled state. 

Table 4.1 UV-Vis absorption bands of PNA-TPP and PNA-BDP conjugates in solution and in 

film deposited from various solvent systems. (For comparison, the bands of TPPH2 and BDP 

in DCM solution are also given).  

Compound Solvent system Solution Spin coating self-

assemblya 

Drop casting 

self-assembly 

  λabs (nm)  λabs (nm) λabs (nm) 

PNA-TPP DCM 418.5, 515, 

550, 590 646 

 432, 520, 556, 

596, 651  

426, 509, 544, 

582, 637 

 DCM/EtOH 

(2:8) 

254, 416, 513, 

548,  590, 645 

 429, 521, 557, 

594, 652 

428, 511, 544, 

583, 637 

 DCM/Heptane 

(1:1) 

264, 418, 514, 

549, 591, 647 

 426, 521, 551, 

592, 650 

419, 512, 545, 

583, 638 

 HFIP/EtOH 

(2:8) 

224, 414, 512, 

548, 588, 644 

 422, 521, 550, 

596, 654 

420, 509, 544, 

583, 637 

TPPH2 DCM 419, 514, 547, 

592, 646b 
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Compound Solvent system Solution Spin coating self-

assemblya 

Drop casting 

self-assembly 

  λabs (nm)  λabs (nm) λabs (nm) 

PNA-BDP DCM 257, 502  510 499 

 DCM/EtOH 

(2:8) 

254, 500  511 509 

 DCM/Heptane 

(1:1) 

257, 502  509 502 

 HFIP/EtOH 

(2:8) 

254, 498  502 502 

BDP DCM 500c    

a Deposited from solutions of various solvent systems by spin coating.  b Obtained from Can. J. Chem. 

2011, 89, 214–220. c Obtained from J. Phys. Chem. B, 2001, 105, 10967–10975. 

The self-assembly behaviour of the synthesized conjugates, PNA-BDP and PNA-

TPP, was examined through scanning electron microscopy (SEM). For the preparation of the 

samples, the corresponding compounds were dissolved in a chaotropic “good” solvent, such 

as dichloromethane, HFIP or acetonitrile, and subsequently a “bad” solvent, namely heptane, 

ethanol or water (H2O), was introduced in order to induce the self-assembly process. The 

major discriminator factors that were varied during this self-assembly protocol were the 

solvent mixture, the ratio of the good and bad solvent, the concentration and the chromophore 

coupled with the PNA moiety. During the SEM studies, two different methods (namely, drop-

casting and spin coating) were used for the deposition of the samples on the cover glass. 

PNA-BDP hybrid gave rise to flake shaped structures via the drop-casting method in 

DCM-EtOH 2:8 and final concentration 7 mM, as shown in Figure 4.7a. Interestingly, by 

simply changing the good solvent from DCM to HFIP, spherical assemblies were observed 

(Figure S28a). Altering the concentration to 1 mM in HFIP-EtOH 2:8 resulted again in 

spherical structures but with uniform size and improved shape (Figure 4.7b). Similar 

structures were obtained when a less polar solvent mixture was used (DCM-Heptane 2:8 1 

mM) (Figure 4.7c). Moreover, by changing the solvent ratio in DCM-Heptane 1:1 1 mM more 

complex supramolecular assemblies with flake-like morphology were observed (Figs 4.7d and 

S28d). Finally, when a different solvent mixture (MeCN-H2O 2:8 1 mM) was tested, not well-

shaped assemblies were formed (Figure S28).   
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Figure 4.7.  Assembly pattern of PNA-BDP in: a) DCM-EtOH 2:8 7 mM, b) HFIP-EtOH 2:8 1 mM, 

c) DCM-Heptane 2:8 1 mM, d) DCM-Heptane 1:1 1 mM. 

PNA-TPP hybrid assembled in well-shaped spheres via the drop-casting method in 

DCM-Heptane 1:1 7 mM (Figure 4.8a, S29) while by changing the solvent ratio to 2:8, no 

distinctive structures (Figure 4.8b) were observed. In more polar solvent systems, namely 

DCM-EtOH 2:8 7 mM and HFIP-EtOH 2:8 7 mM, spheres with smaller diameter were 

observed (Figs 4.8c,d and S29). It is worth mentioning that the PNA-BDP conjugate in DCM-

Heptane 1:1 and DCM-EtOH 2:8 adopted a different supramolecular configuration (flakes) 

than PNA-TPP. Moreover the spheres obtained for the PNA-BDP hybrid have smaller size 

than the PNA-TPP spheres (Figs 4.7, S27, 4.8 and S29). Control experiments with the PNA 

molecule, Fmoc-PNA-G-(Bhoc)-OH, showed that it forms only spheres when this self-

assembly protocol is used. (Figure S30). SEM images from pure DCM solutions of the 

hybrids confirmed that no distinctive structures are obtained when only the good solvent is 

used, so the introduction of a bad solvent is necessary to induce the self-assembly process 

(Figure S31).  



26 

 

 

Figure 4.8.  Assembly pattern of PNA-TPP in: a) DCM-Heptane 1:1 7 mM, b) DCM-Heptane 2:8 7 

mM, c) DCM-EtOH 2:8 7 mM, d) HFIP-EtOH 2:8 7 mM.  

The deposition method on the cover glass appears to affect the formation of assembled 

structures. Indeed deposition via spin coating from a DCM-EtOH 2:8 7 mM solvent system 

led to the formation of uniform and well-shaped spheres for both PNA-TPP and PNA-BDP 

(Figure 4.9). The diameter of the spheres for the PNA-BDP hybrid (2.47 ± 0.04 μm) was two 

times bigger than the diameter of the PNA-TPP spheres (1.26 ± 0.016 μm) as shown in Figs 

4.10 and 4.11.  

 

Figure 4.9.  Assembly pattern via spin coating deposition a) of PNA-BDP in DCM-EtOH 2:8 7 mM 

and b) PNA-TPP in DCM-EtOH 2:8 7 mM. 
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Figure 4.10.   Statistical diameter distribution of the PNA-BDP microspheres analyzed from SEM 

micrographs (Figure 4.9a).  

 
Figure 4.11.  Statistical diameter distribution of the PNA-TPP microspheres analyzed from SEM 

micrographs (Figure 4.9b).  

Noteworthy, PNA-BDP assemblies adopt a flake-like morphology in this solvent system via 

the drop casting deposition method. In the other solvent systems the spin coating method gave 

similar images to the drop casting one (Figs S32 and S33), with an exception for the PNA-

BDP in DCM-Heptane 2:8 where no distinctive structures were observed.  

According to the above-mentioned results, one could suggest that the PNA moiety 

plays a vital role in the self-assembly ability of the hybrids PNA-BDP and PNA-TPP and 

induces the formation of distinctive nano-assemblies. However, the nature of the 
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chromophore contributes significantly in the resulted assemblies since in the case of PNA-

BDP two distinct morphologies (spherical and flake) were formed, whereas PNA-TPP 

assembled only in the spherical one. The finest structures were obtained using the DCM-

EtOH 2:8 7 mM solvent system for both conjugates. 

To confirm the fluorescent ability of the conjugated chromophores, they were 

observed in a fluorescence microscope. The PNA-BDP fluorescence was induced with the 

excitation filter channel at 450-490nm. Whereas for PNA-TPP was used an excitation filter 

channel at 510-560nm. The conjugation with PNA molecule and their assembly in spherical 

morphologies did not affect their fluorescent ability. The fluorescence ability of the PNA-TPP 

and PNA-BDP conjugated nano-assemblies is demonstrated in Figure 4.12. 

 

Figure 4.12:  Fluorescence microscopy images of the nano-assemblies of PNA-BDP hybrids in 

HFIP/EtOH 2:8  a) before  and b) after excitation. Fluorescence microscopy of the 

nano-assemblies of PNA-TPP hybrids in HFIP/EtOH 2:8. c) before and d) after 

excitation. The compounds were used at a concentration of 7 mM. 

 

 

 



29 

 

Iso-absorbing DCM solutions of PNA-BDP, PNA-TPP, TPP and BDP were prepared 

(Figure S35) and excited at 270 nm (Figures 4.13-14) in order to examine whether energy or 

electron transfer occurs from the PNA moiety to the chromophore. The isoabsorbing emission 

spectra indicate that this is the case, since exciting at 270 nm, where the PNA moiety absorbs, 

causes emission at wavelengths where TPP and BDP characteristically fluoresce. To 

investigate whether this energy or electron transfer occurs only in covalently attached hybrids 

or it could also happen between the uncoupled moieties we conducted isoabsorbing emission 

experiments of a DCM solution of PNA and BDP uncoupled and a DCM solution of PNA, 

excited at 270 nm. The two spectra show that the chromophore does not fluoresce and 

confirm that energy or electron transfer arise from the covalent attachment of the PNA and 

chromophore moieties. 

Figure 4.13:  Isoabsorbing emission spectra of: PNA-TPP, PNA-BDP, PNA and BDP in DCM, 

upon excitation at 270 nm. 
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Figure 4.14  Isoabsorbing emission spectra of a DCM solution of PNA and BDP uncoupled and a 

solution of BDP in DCM, upon excitation at 270 nm. 
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Figure 4.15:  Normalized solid state emission spectra (excitation at 470 nm) of PNA-BDP. 

Normalized emission spectrum of PNA-BDP in DCM solution after excitation at 470 

nm (magenta line). 

 

 
Figure 4.16: Normalized solid emission spectra (excitation at 510 nm) of PNA-TPP. Normalized 

emission spectrum of PNA-TPP in DCM solution after excitation at 510 nm (black line). 
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Figure 4.17: Gas phase geometry optimized structures of PNA-TPP (left part) and PNA-BDP (right 

part). Carbon, nitrogen, hydrogen, oxygen, boron and fluoride correspond to grey, blue, 

white, red, yellow and cyan, respectively. 

 

Figure 4.18:  Frontier molecular orbitals of PNA-TPP with the corresponding energy levels.  

It is clear from the optimized geometry of PNA-TPP that the four peripheral phenyl 

rings are almost perpendicular to the macrocycle, while the two differently protected parts of 

the PNA unit are spread in different directions with the Bhoc-protected one being located on 

top of the porphyrin core. In the case of PNA-BDP, the phenyl ring of the BDP moiety is 

perpendicular to the methene-bridged pyrroles and the PNA unit is not close to the boron-

dipyrromethene moiety. The frontier molecular orbitals (FMOs) along with the energy 

contributions for both hybrids (PNA-TPP and PNA-BDP) are illustrated in Figs 4.17 and 

4.18, respectively. From the FMOs diagrams, it is clear that in both conjugates intramolecular 

electron or energy transfer is favored, with the electron densities constantly alternating 
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between the two entities. Starting with PNA-TPP, the electron densities of the HOMOs and 

LUMOs are mainly spread over the porphyrin core with some additional contributions to the 

PNA since in both HOMO-2 and LUMO+2 orbitals the electron density is located at the PNA. 

According to these observations we can assume that an electron or energy transfer process 

initiates from the PNA unit towards TPP. Similarly, in the case of PNA-BDP we can suggest 

that at first an electron or energy transfer takes place from PNA towards the BDP moiety. In 

the PNA-BDP hybrid the electron densities concerning the HOMOs (HOMO-2 and HOMO-

1) and LUMOs (LUMO+1 and LUMO+2) are predominantly spread over the PNA unit with 

part of the electron density being located at the BDP moiety (HOMO and LUMO orbitals). 

Comparing the aforementioned findings, it is evident that PNA exhibits a better donor 

behavior in the PNA-BDP conjugate, which supports the results of the fluorescence studies. 

Finally, Table S4 summarizes the calculated HOMO and LUMO energy values, along with 

the dipole moments (μ) and the theoretical HOMO-LUMO (H-L) gaps for both conjugates 

that were determined using DCM as solvent. 

 
Figure 4.19:  Frontier molecular orbitals of PNA-BDP with the corresponding energy levels. 

Table 4.2 Summary of the calculated HOMO and LUMO values, the HOMO-LUMO (H-L) 

gap and the dipole moment (μ) regarding PNA-TPP and PNA-BDP. 

Compound HOMO (eV) LUMO (eV) H-L (eV) μ (D) 

PNA-TPP -5.161 -2.453 2.708 10.15 

PNA-BDP -5.450 -2.439 3.011 11.91 
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Photocatalytic H2 evolution studies with PNA-chromophore hybrids 

Such flexibly assembled nanostructures from PNA-chromophore hybrids can be an 

elegant candidate for a variety of photocatalytic reactions. As a concept-proof study, we 

investigated the ability of the assembled nanospheres towards light harvesting and 

photocatalytic H2 evolution. For this purpose, Pt nanoparticles were used as photocatalyst for 

efficient electron transfer and charge separation.50 To begin with, the Pt nanoparticles were 

locally formed through a photocatalytic process. The HR-TEM images showed that in-situ 

mineralization of Pt nanoparticles (1.79 nm) on the PNA-BDP nanospheres do not influence 

the inherent morphology of the nanostructures (Figure 4.20a-c). The elemental mapping 

confirmed the formation of Pt nanoparticles on both PNA-BDP and PNA-TPP nano-

assemblies (Figure 4.20d-f). 

 

Figure 4.20  a) HRTEM image of the PNA-BDP nanospheres before the mineralization with Pt. b) and 

c) HRTEM image of the mineralized Pt nanoparticles on the nanostructures. d–f) 

Elemental mapping of the hybrid spheres showing the C,O,N and Pt components, 

respectively.  

The light-harvesting capability of PNA-TPP and PNA-BDP hybrids was elucidated 

from the photocatalytic H2 evolution studies in aqueous solution. The H2 production activity 

of PNA-BDP nanospheres (135.64 nmol, 4.5 h) was almost two times higher compared to 

PNA-TPP (74.43 nmol, 4.5 h). Control experiments of mixed solution (ascorbic acid 0.1 M, 

                                                 
50 K. Liu, C. Q. Yuan, Q. L. Zou, Z. C. Xie, X. H. Yan, Angew. Chem. Int. Ed. 2017, 56, 7876-7880., K. Liu, R. 

R. Xing, Y. X. Li, Q. L. Zou, H. Möhwald, X. H. Yan, Angew. Chem. Int. Ed. 2016, 55, 12503-12507. , Q. L. 

Zou, K. Liu, M. Abbas, X. H. Yan, Adv. Mater. 2016, 28, 1031-1043. 
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K2PtCl4 5 μM) presented negligible H2 production (12 nmol, 4.5 h), demonstrating that the 

assembled nanostructures have the ability of light-harvesting and can serve as templates for Pt 

photoreduction. Both PNA-BDP and PNA-TPP conjugates sustain their fluorescent ability in 

their self-assembled states after excitation at 450 nm (Figure 4.21b). However, in the presence 

of mineralized Pt nanoparticles the emission of the nano-assemblies was quenched due to the 

electron transfer from the chromophore to the Pt photocatalyst (Figure 4.21b). PNA-TPP and 

PNA-BDP hybrids presented light-harvesting ability and visible-light-driven H2 evolution 

efficiency using ascorbic acid as sacrificial agent (an effective electron donor). 

 

Figure 4.21  a) Time-dependent H2 evolution photocatalyzed by nanospheres containing Pt 

nanoparticles. b) Fluorescence spectra of nanospheres after photoreduction of Pt and 

before that (λex= 450 nm).  
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4.3. TPP-dipeptide hybrids. 

The self-assembly behaviour of the synthesized conjugates, Boc-Ile-Ile-TPP and  

Boc-Ala-Ile-TPP, was examined through scanning electron microscopy (SEM). For the 

preparation of the samples, the corresponding compounds were dissolved in a chaotropic 

“good” solvent, such as 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) or acetonitrile (MeCN), 

and subsequently a “bad” solvent, namely methanol (MeOH), ethanol (EtOH) or water (H2O), 

was introduced in order to induce the self-assembly process. 

Boc-Ile-Ile-TPP assembled into uniform spiky spheres (Figures 4.22-23) by using 

HFIP-MeOH 2:8 1 mM solvent system. The supramolecular architectures were formed within 

an hour after the addition of the bad solvent and remained unchanged for the following 24h 

and the first week, proving the inherent stability of the system. 

 

Figure 4.22. Assembly pattern of Boc-Ile-Ile-TPP in HFIP-MeOH 2:8 1 mM after 1 hour.  

 

Figure 4.23. Assembly pattern of Boc-Ile-Ile-TPP in HFIP-MeOH 2:8 1 mM after: (a) 1 day and (b) 1 week 

a b 
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By changing the “bad” solvent from MeOH to EtOH different morphologies on the self 

assembled structures were obtained. Boc-Ile-Ile-TPP gave raise to flake shape structures in 

HFIP-EtOH 2:8 1 mM mixed solvent system after 24 hours (Figure 4.24). Noteworthy the 

flakes were not observed after one hour, so their formation needs more time than the spiky 

spheres, but remained stable also after one week. 

 

Figure 4.24. Assembly pattern of Boc-Ile-Ile-TPP in HFIP-EtOH 2:8 1 mM after: (a) 1 hour, (b) 1 

day, (c) 1 week. 

Well dispersed spherical assemblies with uniform size were observed by using water as 

a “bad” solvent. Interestingly the size of these spheres is larger than the spheres obtained with 

MeOH and lack the spiky surface(Figure 4.25). 

 

Figure 4.25. Assembly pattern of Boc-Ile-Ile-TPP in HFIP-H2O 1:1 0.5 mM after 24 hours. 

Boc-Ala-Ile-TPP assembled into uniform spiky spheres by using HFIP-H2O and 

HFIP-MeOH 2:8 1 mM solvent systems (Figure 4.26). The microstructures were formed after 

1 hour in both cases.  
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Figure 4.26. Assembly pattern of Boc-Ala-Ile-TPP in HFIP-H2O 2:8 1 mM after (a) 1h and (b) 24 

hours,  in HFIP-MeOH 2:8 1 mM after (c) 1h and (d) 24 hours. 

The influence of the solvent ratio was examined by changing the ratio from 2:8 to 1:1 

and showed that the most well shaped spherical structures were obtained using analogies 4:6 

and 3:7 (Figure 4.27).  

 

Figure 4.27. Assembly pattern of Boc-Ala-Ile-TPP in HFIP-H2O 1 mM after 24 hours in solvent 

ratios: (a) 1:1, (b) 4:6, (c) 3:7, (d) 2:8. 

a b 

c d 

a b 

c d 
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Figure 4.28. Assembly pattern of Fmoc-Ile-Ile-TPP in HFIP-MeOH 1 mM after 1 hours in solvent 

analogies 2:8 

 

Figure 4.29. Assembly pattern of Fmoc-Ile-Ile-TPP in HFIP-MeOH 1 mM after 24 hours in solvent 

analogies 2:8 
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Figure 4.30. Assembly pattern of Fmoc-Ile-Ile-TPP in HFIP-EtOH 1 mM after 1 hours in solvent 

analogies 2:8 

 

Figure 4.31. Assembly pattern of Fmoc-Ile-Ile-TPP in HFIP-EtOH 1 mM after 24 hours in solvent 

analogies 2:8 
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The Fmoc-Ile-Ile-TPP hybrid (Figures 4.28-31) was able to form spiky nano-assemblies after 

dissolving in HFIP and using MeOH or EtOH as bad solvent. The morphologies were already 

formed 1 hour after the bad solvent was introduced and improved their shape after 24 hours. 

Interestingly by using water as a bad solvent hydrogels were formed!! (Figure 4.32) 

 

Figure 4.32. Formation of hydrogels with Fmoc-Ile-Ile-TPP in HFIP-H2O 1 mM after 24 hours in 

solvent analogies 2:8. 

 

Figure 4.33. Assembly pattern of Fmoc-Ala-Ile-TPP in HFIP-H2O 1 mM after 24 hours in analogies 2:8 

 

 

Figure 4.34. Assembly pattern of Fmoc-Ala-Ile-TPP in HFIP-EtOH 1 mM after 1 hour in analogies 

2:8 
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Figure 4.35. Assembly pattern of Fmoc-Ala-Ile-TPP in HFIP-EtOH 1 mM after 24 hours in analogies 2:8 

 

  

Figure 4.36. Assembly pattern of Fmoc-Ala-Ile-TPP in HFIP-MeOH 1 mM after 1 hour in analogies 2:8 

 

 

Figure 4.36. Assembly pattern of Fmoc-Ala-Ile-TPP in HFIP-MeOH 1 mM after 24 hours in analogies 2:8 

 

The Fmoc-Ala-Ile-TPP hybrid (Figures 4.33-35) was able to form spherical architectures in all 

examined conditions but the spheres were not uniform and well shaped. When EtOH was used as 

bad solvent spheres with slightly improved shapes were observed. 
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Chapter 5: Conclusions 

In this Master thesis a variety of organic and inorganic compounds were investigated 

for their ability to self-assemble into organized nanostructures. More specifically two POM-

amino acid hybrids, POM-F and POM-FF were synthesized via amide coupling and fully 

characterized by NMR, IR and UV-Vis spectroscopies and MALDI-TOF spectrometry. We 

reported the ability of these compounds to form spherical architectures with high versatility 

and reproducibility as it was confirmed by scanning electron microscopy. What is more, 

control experiments revealed that the initial POM-COOH was also able to self-assemble in a 

similar manner. The role of the solvent mixture and the nature of interactions involved in the 

aggregation process were investigated through molecular dynamics simulations for the POM-

FF hybrid, which revealed the importance of hydrophobic forces for the assembly to occur. 

The phenylalanine and diphenylalanine moieties were found to have a negligent effect on the 

nature of the supramolecular architectures but they affected the size of the observed 

nanospheres. Although π-π interactions were not observed during MD simulations, their 

contribution in stabilizing the large structures cannot be discarded. 

In order to investigate whether dipeptides other than diphenylalanine have self-

assembling properties, two dipeptides namely Ile-Ile and Ile-Ala bearing a series of protecting 

groups (Fmoc-, Boc-, -Z, -OCH3) were coupled with porphyrin chromophores (TPP-NH2 and 

TPP-COOH). To the best of our knowledge, this is the first example where these dipeptides 

possess self-assempling properties and were covalently attached to porphyrins. The resulting 

conjugates were able to form spherical and spiky nanostructures. The Fmoc-Ile-Ile-TPP 

hybrid was able to form hydrogels in HFIP-H2O 2:8 1 mM solvent mixture. 

Small peptides are not the only bio-inspired moieties with self-assembling properties. 

Peptide nucleic acids are another type of compounds that combine all the Van der Waals, 

hydrogen bonding and/or π-π interactions that exist in peptides with Watson-Crick base 

pairing within nucleic acids. Therefore, two PNA conjugates with porphyrin and BODIPY 

moieties, namely PNA-BDP, PNA-TPP, were synthesized via amide coupling. Both 

compounds were fully characterized by NMR, UV-Vis and fluorescence spectroscopy. We 

have demonstrated that both conjugates formed supramolecular structures, in mixed solvent 

systems and apart from the importance of the chromophore, the significance of the solvents 

used in order to form supramolecular species based on PNA is outlined. Scanning Electron 

Microscopy revealed the formation of spheres for the PNA-TPP conjugate in HFIP-ethanol, 
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DCM-heptane, DCM-ethanol and HFIP-H2O while for the PNA-BDP flakes were observed in 

DCM-heptane and DCM-ethanol and spheres in HFIP/ethanol and HFIP/H2O. Finally, 

absorption and emission studies confirmed the formation of J-aggregates and the electron or 

energy transfer from the PNA to the chromophore due to their covalent attachment. 

Photocatalytic hydrogen evolution studies revealed that the PNA–chromophore 

nanostructures can efficiently harvest light and produce H2 in the presence of Pt nanoparticles. 

This is the first example where a PNA unit was covalently linked to these chromophores and 

according to the aforementioned results the formed nano-assemblies are promising candidates 

for photocatalytic applications. 
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Chapter 6: Experimental Part 

6.1. Analytical Methods 

6.1.1. NMR 

Nuclear Magnetic 

Resonance Spectroscopy 

is an excellent technique 

for determining the 

identity of a compound 

and proving the purity of 

the sample. In addition, it 

can be used to quantitative 

analyze mixtures 

containing known compounds. The high sensitivity and effectiveness of this technique makes 

it an essential tool for all synthetic chemists. The identity and purity of the compounds 

synthesized in this work were proved by 1H- and 13C NMR spectroscopy and COSY, HSQC 

and HMBC 2D NMR experiments, measured on Bruker DPX-300 MHz and Bruker 

AVANCE III-500 MHz spectrometers. 

6.1.2. MALDI-TOF 

In mass spectrometry, matrix-assisted laser 

desorption/ionization is an ionization technique that 

uses a laser to create ions from large molecules with 

minimal fragmentation.51 It has been applied to the 

analysis of biomolecules and large organic molecules, 

which tend to be fragile when ionized by more 

conventional ionization methods. MALDI typically 

produces far few multi-charged ions, usually the ions 

have charge ±1. Therefore, it has proven to be a 

significant technique for the qualitative identification of the desirable compound by detecting 

the corresponding molecular ion. High-resolution mass spectra were obtained from a Bruker 

ultrafleXtreme MALDI-TOF/TOF spectrometer using DCTB as matrix.  

                                                 
51 Anal. Chem., 1991, 63 (24), pp 1193A–1203A 
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6.1.3. SEM 

A scanning electron microscope (SEM) is a type of electron microscope that produces 

images of a sample by scanning the surface with a focused beam of electrons. The electrons 

interact with atoms in the sample, producing various signals that contain information about 

the sample's surface topography and composition. The electron beam is scanned in a raster 

scan pattern, and the beam's position is combined with the detected signal to produce an 

image. SEM can achieve resolution better than 1 nanometer. Specimens can be observed in 

high vacuum in conventional SEM, or in low vacuum or wet conditions in variable pressure 

or environmental SEM, and at a wide range of cryogenic or elevated temperatures with 

specialized instruments.52 The most common SEM mode is detection of secondary electrons 

emitted by atoms excited by the electron beam. The number of secondary electrons that can 

be detected depends, among other things, on specimen topography. By scanning the sample 

and collecting the secondary electrons that are emitted using a special detector, an image 

displaying the topography of the surface is created.  

Moreover, SEM instruments are usually equipped with EDS systems. EDS systems 

include a sensitive x-ray detector, a liquid nitrogen dewar for cooling, and software to collect 

and analyze energy spectra. In scanning electron 

microscopy, an x-ray is emitted when the electron 

beam displaces an inner shell electron that is replaced 

by an outer shell electron. Because each element has a 

unique energy difference between outer and inner 

electron shells, the x-rays that are detected yield 

elemental identification. EDS data can be obtained at a 

point, along a line or mapped over an area. Sample 

structures can be physically examined and their 

elemental composition determined. 

 SEM experiments were performed at the 

Department of Biology of the University of Crete by 

using a JEOL JSM-6390LV microscope operating at 

15 and 20kV (for SEM observations) and a JEOL JSM 

7000F (FESEM) operating at 15 kV. 

                                                 
52 Stokes, Debbie J. (2008). Principles and Practice of Variable Pressure Environmental Scanning Electron 

Microscopy (VP-ESEM). Chichester: John Wiley & Sons. ISBN 978-0470758748. 
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6.1.4. Fluorescence microscopy 

A fluorescence microscope is an optical microscope that uses fluorescence and 

phosphorescence instead of, or in addition to, reflection and absorption to study properties of 

organic or inorganic substances.53,54 The "fluorescence microscope" refers to any microscope 

that uses fluorescence to generate an image, whether it is a more simple set up like an 

epifluorescence microscope, or a more complicated design such as a confocal microscope, 

which uses optical sectioning to get better resolution of the fluorescent image.55 The specimen 

is illuminated with light of a specific wavelength (or wavelengths) which is absorbed by the 

fluorophores, causing them to emit light of longer wavelengths (i.e., of a different color than 

the absorbed light). The illumination light is separated from the much weaker emitted 

fluorescence through the use of a spectral emission filter. The components of a fluorescence 

microscope are a light source (xenon arc lamp or mercury-vapor lamp are common; more 

advanced forms are high-power LEDs and lasers), the excitation filter, the dichroic mirror (or 

dichroic beamsplitter), and the emission filter. The filters and the dichroic beamsplitter are 

chosen to match the spectral excitation and emission characteristics of the fluorophore used to 

label the specimen. In this manner, the distribution of a single fluorophore (color) is imaged at 

a time. Multi-color images of several types of fluorophores must be composed by combining 

several single-color images. 56  

Fluorescence observations were conducted using the Fluor Nikon Eclipse E800 

microscope operating in combination with a Nikon FDX-35 camera. Both conjugates PNA-

BDP and PNA-TPP were 

observed after self-

assembling in 

HFIP/ethanol 2:8 at a 

final concentration of 

7mM. The samples were 

air dried and placed 

upside down on a glass 

microscopy slide. 

                                                 
53 Spring KR, Davidson MW. "Introduction to Fluorescence Microscopy". Nikon MicroscopyU. 2008. 
54 The Fluorescence Microscope" Microscopes-Help Scientists Explore Hidden Worlds. The Nobel Foundation 2008. 
55 Juan Carlos Stockert, Alfonso Blázquez-Castro (2017). Fluorescence Microscopy in Life Sciences. Bentham 

Science Publishers. 
56 Spring KR, Davidson MW. "Introduction to Fluorescence Microscopy". Nikon MicroscopyU. 2008. 
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6.1.5. EPR 

Electron paramagnetic resonance (EPR) or 

electron spin resonance (ESR) spectroscopy is a 

method for studying materials with unpaired 

electrons. The basic concepts of EPR are 

analogous to those of nuclear magnetic resonance 

(NMR), but it is electron spins that are excited 

instead of the spins of atomic nuclei. EPR 

spectroscopy is particularly useful for studying 

metal complexes or organic radicals and it was 

used in the N2O reduction project for the 

determination of the valence of the Cu-Cu 

dinuclear complexes.   

 

6.1.6. UV spectroscopy 

UV-Vis spectroscopy refers to absorption spectroscopy in the ultraviolet-

visible spectral region. This means it uses light in the visible and neighboring ranges. It 

provides information on the structure of the compounds after studying the spectrum of the 

basic and excited state. The wavelength of the radiation varies between 200-800nm. UV-Vis 

spectroscopy uses the Beer-Lambert law39 according to which radiation absorption from a 

sample is proportional to its concentration. More specifically:  A = ε × b × C, 

where A is the absorption 

           ε is the molar absorptivity  

           b is the cell thickness 

           C is the concentration of the sample 

Porphyrins exhibit intense absorption of wavelength radiation that lies in the area of 

the UV-Vis. This is due to the intense 18 π aromatic electrons that appear. The porphyrin 

spectra consist of a number of bands which are characteristic of each porphyrin because the 

spectrum depends on the nature of the substitutes but also on the central metal. The absorbing 

bands that are displayed are separated into two groups. 

https://en.wikipedia.org/wiki/Absorption_spectroscopy
https://en.wikipedia.org/wiki/Ultraviolet
https://en.wikipedia.org/wiki/Visible_spectrum
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In the porphyrin spectrum, 

there are the Soret40 and the Q 

bands. The Soret is a band with 

high absorption and appears in the 

area 380-420 nm. The Q bands 

consist of four low absorption 

bands for the free base porphyrin 

(with no central metal). For metal 

porphyrins two bands appear, 

because their symmetry is larger 

relative to the proportion of the free base porphyrin. This means that there are fewer possible 

transitions, that means fewer bands. The Q bands appear in the 500-700nm area. 

 

In order to obtain a UV-Vis spectrum, we used the spectrometer depicted on the above 

picture, which is a PharmaSpect UV-1700. The basic function of a spectrometer is to take in 

light, break it into its spectral components, digitize the signal as a function of wavelength, and 

read it out and display it through a computer. 
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6.1.7. Fluorescence spectroscopy 

Fluorescence spectroscopy is a type of electromagnetic 

spectroscopy that analyzes fluorescence from a sample. It 

involves a beam of light, usually ultraviolet-visible light, that 

excites the electrons in molecules of certain compounds and 

causes them to emit light. Fluorescence spectroscopy is 

primarily concerned with electronic and vibrational states. 

Generally, the species being examined has a ground electronic 

state (a low energy state) of interest, and an excited electronic 

state of higher energy. Within each of these electronic states 

there are various vibrational states. In fluorescence, the 

species is first excited, by absorbing a photon, from its ground 

electronic state to one of the various vibrational states in the excited electronic state. 

Collisions with other molecules cause the excited molecule to lose vibrational energy until it 

reaches the lowest vibrational state of the excited electronic state. This process is often 

visualized with a Jablonski diagram. The molecule then drops down to one of the various 

vibrational levels of the ground electronic state again, emitting a photon in the process. As 

molecules may drop down into any of several vibrational levels in the ground state, the 

emitted photons will have different energies, and thus frequencies. Therefore, by analyzing 

the different frequencies of light emitted in fluorescent spectroscopy, along with their relative 

intensities, the structure of the different vibrational levels can be determined. 
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6.2. Synthetic procedures 

6.2.1. Synthesis of polyoxometalate – peptide hybrids. 

 
 
Scheme 6.1.  Synthetic Route to the POM-F and POM-FF hybrids. In the polyhedral representation, 

the WO6 octahedra are depicted with oxygen atoms at the vertices and metal cations 

buried inside. Color code: WO6 octahedra, blue; PO4 tetrahedra, green.  

Synthesis of POM-COOH: 

The synthesis of TBA4[PW11O39{Sn(C6H4)CC(C6H4)COOH}] POM-COOH has been 

carried out following the procedure already reported for other POM hybrids, consisting of a 

classical Sonogashira C-C cross coupling between TBA4[PW11O39{Sn(C6H4)I] and 

HCC(C6H4)COOH. UV-Vis (MeCN) λmax, nm (ε, mM-1cm-1) 263.5 (57.1), 296.5 (55.4), 315 

(44.1). 

General procedure of POM-amino acid coupling:57 Polyoxotungstate TBA4[ 

PW11O39{Sn(C6H4)C≡C(C6H4)COOH}] (POM-COOH, 1 equiv) was dissolved in dry 

Acetonitrile (1.4 ml). Then, dry Et3N (1.5 equiv) was added and the solution was stirred for 5 

minutes under argon atmosphere at room temperature. Isobutyl chloroformate (1.5 equiv) was 

added at 0 oC and the reaction mixture was stirred at r.t. for 45 min. After that, excess of 

methyl ester of phenylalanine (NH2-Phe-OMe) (4 equiv) or diphenylalanine (NH2-Phe-Phe-

OMe) (4 equiv) was added and the mixture was stirred at r.t. for 48 h. The crude reaction 

                                                 
57 A. Lombana, C. Rinfray, F. Volatron, G. Izzet, N. Battaglini, S. Alves, P. Decorse, P. Lang and A. Proust, J. 

Phys. Chem. C, 2016, 120, 2837-2845. 
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mixture was filtered and after evaporation of the solvent under reduced pressure, afforded a 

light yellow solid. Finally, after precipitation in acetone/Et2O with 1:10 ratio and subsequent 

washing with Et2O to remove the residual unreacted amino acid, the title compounds were 

isolated as solids in high yields. 

POM-F: Following the general procedure POM-COOH (20 mg, 0.005 mmol) was coupled 

with phenylalanine NH2-Phe-OMe (3.0 mg, 0.018 mmol) using  isobutyl chloroformate (1.0 

μL, 0.0077 mmol) and Et3N (1 μL, 0.0114 mmol) to obtain POM-F (20.1 mg, 97%). 

1H NMR (CD3CN, 300 MHz): δ 7.76 (m, 4H), 7.66 (m, 4H), 7.40 (d, J = 8.04 Hz, 1H), 7.30 

(m, 5H), 4.85 (m, 1H), 3.71 (s, 3H), 3.28 (m, 2H), 3.10 (br s, 32H), 1.63 (br s, 32H), 1.39 (br 

s, 32H), 0.99 (t, J = 6.90 Hz, 48H) ppm.  

13C NMR (CD3CN, 75 MHz): δ 172.9, 167.0, 165.5, 138.2, 136.2, 134.5, 132.6, 132.5, 130.1, 

129.3, 128.3, 127.7, 127.0, 124.9, 92.1, 90.2, 59.2, 55.2, 52.8, 37.8, 24.2, 20.2, 13.8 ppm. MS 

(MALDI-TOF): m/z calculated for C105H200N6O42PSnW11: 4390.65 [POM-F + 1TBA]+; 

found: 4390.55. UV-Vis (MeCN) λmax, nm (ε, mM-1cm-1) 264.0 (55.6), 299.0 (56.7), 316.5 

(43.1).  

POM-FF: Following the general procedure POM-COOH (28 mg, 0.007 mmol) was coupled 

with diphenylalanine NH2-Phe-Phe-OMe (9.14 mg, 0.028 mmol) using  isobutyl 

chloroformate (1.5 μL, 0.0116 mmol) and Et3N (1 μL, 0.0114 mmol) to obtain POM-FF (31 

mg, 98%).  

1H NMR (CD3CN, 500 MHz): δ 7.76 (d, J = 7.90 Hz, 4H), 7.68 (d, J = 8.05 Hz, 2H), 7.64 (d, 

J = 8.35 Hz, 2H), 7.57 (d, J = 8.20 Hz, 1H), 7.35 (d, J = 7.70 Hz, 1H), 7.28 (m, 5H), 7.20 (m, 

5H), 4.78 (m, 1H), 4.67 (m, 1H), 3.67 (s, 3H), 3.21 (m, 2H), 3.13 (m, 32H), 3.01 (m, 2H), 

1.63 (m, 32H), 1.38 (m, 32H), 0.99 (t, J = 7.35 Hz, 48H) ppm.  

13C NMR (CD3CN, 75 MHz): δ 172.6, 172.0, 167.0, 145.5, 138.8, 137.8, 136.2, 134.4, 132.6, 

132.4, 130.24, 130.15, 129.23, 129.17, 128.5, 127.6, 127.4, 126.9, 124.9, 92.0, 90.3, 59.1, 

56.1, 54.6, 52.7, 37.8, 37.7, 24.2, 20.2, 13.8 ppm. MS (MALDI-TOF): m/z calculated for 

C114H209N7O43PSnW11: 4538.82 [POM-FF + 1TBA]+; found: 4537.82. UV-Vis (MeCN) λmax, 

nm (ε, mM-1cm-1) 263.5 (58.0), 300.0 (58.6), 316.5 (44.3). 
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6.2.2. Synthesis of peptide nucleic acid – chromophore hybrids. 

 

Scheme 6.2:  Synthesis of PNA-TPP and PNA-BDP via DCC/HOBt coupling. 

 

PNA-BDP: Fmoc-PNA-G-(Bhoc)-OH (105 mg, 0.14 mmol, 1.2 equiv) was dissolved in 5 ml 

dichloromethane and the solution was cooled in an ice bath to 0 C. N,N’-

dicyclohexylcarbodiimide (DCC, 30 mg, 0.15 mmol, 1.2 equiv) and 1-hydroxybenzotriazole 

hydrate (HOBt, 20 mg, 0.15 mmol, 1.2 equiv) were added and stirred for extra 30 min at 0 C. 

Subsequently BDPNH2 (40 mg, 0.12 mmol, 1 equiv) was added and the resulting mixture was 

stirred at room temperature for 48 h. After addition of CH2Cl2 to the reaction mixture, 

extraction with H2O followed and the organic layer was dried over Na2SO4, filtered and 

concentrated. The title compound was isolated by column chromatography (silica gel, polarity 

gradually changed from CH2Cl2 to CH2Cl2/MeOH, 100:7 v/v) as an orange solid (80 mg, 63 

%).  

1H NMR (Figures S49-57) (DMSO-d6, 500 MHz): δ 11.72 & 11.65 (1Η), 11.24 & 

11.22 (1Η), 10.58 & 10.34 & 10.13 (1Η), 7.96 (d, J=8.45 Hz, 1H), 7.87 (m, 2H), 7.85 

& 7.83 (1H), 7.77 (d, J=8.60 Hz, 1H), 7.69 (m, 2H), 7.51 (m, 1H), 7.45 (m, 4H), 7.37 

(m, 8H), 7.29 (m, 4H), 6.86 (bs, 1H), 6.20 & 6.17 & 6.16 (2H), 5.15 (s, 1H), 5.04 (s, 

1H), 4.46 (s, 1H), 4.38 (d, J=6.75 Hz, 1H), 4.29 (d, J=6.95, 1H), 4.23 (t, J=6.58 Hz, 

1H), 4.18 (bs, 1H), 3.59 (m, 1H), 3.40 (m, 2H), 3.17 (m, 1H), 2.45 (s, 3H), 2.44 (s, 
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3H), 1.40 (m, 6H) ppm. 

13C NMR (DMSO-d6, 75 MHz): δ 167.5, 167.4, 167.2, 166.6, 156.4, 156.2, 155.1, 

154.8, 153.7, 149.6, 149.4, 147.0, 143.9, 142.7, 141.9, 140.8, 140.5, 140.0, 139.7, 

139.5, 130.9, 128.6, 128.4, 128.0, 127.6, 127.0, 126.5, 125.1, 124.5, 121.3, 120.1, 

119.6, 119.4, 119.1, 78.1, 65.5, 54.9, 50.9, 50.0, 47.6, 47.1, 46.7, 44.2, 44.0, 37.9, 14.2  

ppm. 

UV-Vis (DCM): λmax nm (ε/ mM-1cm-1) = 257 nm (50), 502 nm (78.5).  

 

PNA-TPP: Fmoc-PNA-G-(Bhoc)-OH (70.5 mg, 0.095 mmol, 1.2 equiv) was dissolved in 5 

ml dichloromethane and the solution was cooled in an ice bath to 0 C. N,N’-

dicyclohexylcarbodiimide (DCC, 20 mg, 0.095 mmol, 1.2 equiv) and 1-hydroxybenzotriazole 

hydrate (HOBt, 13 mg, 0.095 mmol, 1.2 equiv) were added and stirred for extra 30 min at 0 

C. Subsequently TPP-NH2 (50 mg, 0.08 mmol, 1 equiv) was added and the resulting mixture 

was stirred at 8 C for 48 h. After addition of CH2Cl2 to the reaction mixture, extraction with 

H2O followed, and the organic layer was dried over Na2SO4, filtered and concentrated. The 

title compound was isolated by column chromatography (silica gel, polarity gradually 

changed from CH2Cl2 to CH2Cl2/MeOH, 100:2 v/v) as an orange solid (80 mg, 63%). 

1H NMR (Figures S41-48) (DMSO-d6, 500 MHz): δ 11,79 & 11,72 (1H), 11.28 (s, 1H), 

10.87 & 10.60 (1H), 8.85 (m, 8H), 8.26 (m, 6H), 8.15 (m, 3H), 8.05 (d, J = 8.40 Hz, 1H), 7.97 

& 7.93 (1H), 7.87 (d, J=6.60 Hz, 2H), 7.84 (m, 9H), 7.70 (m. 2H), 7.62 (t, J=5.70 Hz, 1H), 

7.43 (m, 4H), 7.38 (m, 2H), 7.32 (m, 6H), 7.24 (m, 2H), 6.86 & 6.85 (1H), 5.23 (s, 1H), 5.17 

(s, 1H), 4.62 (bs, 1H), 4.41 (d, J=6.75 Hz, 1H), 4.34 (d, J=7.55 Hz, 1H), 4.32 (s, 1H), 4.24 

(m, 1H), 3.69 (m, 1H), 3.51 (m, 2H), 3.27 (m, 1H), -2.91 (bs, 2H)  ppm. 

13C NMR (DMSO-d6, 75 MHz): δ 167.6, 167.5, 167.4, 166.7, 156.49, 156.29, 155.0, 153.8, 

149.6, 149.5, 147.2, 143.9, 141.2, 140.8, 140.6, 140.03, 139.96, 138.9, 138.7, 136.4, 136.0, 

134.8, 134.3, 131.4, 128.6, 128.1, 128.0, 127.7, 127.0, 126.5, 125.1, 120.2, 120.0, 119.1, 

117.8, 17.5, 78.1, 65.6, 51.19, 51.15, 47.7, 47.5, 46.8, 44.4, 44.1, 38.1 ppm. 

UV-Vis (DCM):  λmax (ε/mM-1cm-1) = 257 nm (48), 418.5 nm (446), 515 nm (17.2), 550 nm 

(8.0), 590 nm (5.1), 646 nm (4.0). 
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6.2.3. Synthesis of TPP-NH2, TPP-COOH and BDP-NH2 chromophores. 

Scheme 6.3:  Synthesis of TPP-NH2. 

TPP-NO2: In a 500 ml flask 2.0 gr of TPPH2 were dissolved in 350 ml DCM. 8,2 ml of HNO3 

were added dropwise after putting the flask in an ice bath. The reaction was followed with 

TLC tests and when a 3rd spot was seen, meaning TPP-(NO2)2 was forming, the reaction was 

stopped by adding NaHCO3(sat). Extractions with DCM/water were conducted afterwards. 

(MALDI TOF: Figures S60-61) 

TPP-NH2: In a 250 ml flask the amount of TPP-NO2 with 70 ml HCl acid were added. 2,1 gr 

of SnCl2 was also added and the reaction was let refluxing at 80 oC overnight. Then, the 

reaction mixture was cooled to room temperature and then putted an ice bath. Neutralization 

with ammonia (~80 ml) was followed and extraction with water. The desired porphyrin was 

purified with SiO2 column chromatography with 6:4 DCM/Hexane. 

 

Scheme 6.4:  Synthesis of TPP-COOMe. 

 

TPP-COOMe: Benzaldehyde (0.70 mL, 6.89 mmol), methyl 4-formylbenzoate (377 mg, 2.30 

mmol) and propionic acid (40 mL) were placed in a 250 ml flask and heated at 100 C. Pyrrole 

(0.64 mL, 9.20 mmol) was then added dropwise. The reaction mixture was stirred at reflux 

conditions for 3 h. Then the mixture was cooled to room temperature and treated with water 

and methanol for the precipitation of the crude product, which was washed with water. The 

desired porphyrin was purified with SiO2 column chromatography with 6:4 DCM/Hexane and 

isolated as a dark purple solid. 



55 

 

 

Scheme 6.5:  Synthesis of TPP-COOH. 

 

TPP-COOH: 134 mmol of TPP-COOMe were dissolved in 20 ml THF. 0.65 gr of KOH(s) 

were dissolved in 10 ml water and added to the reaction solution together with 8 ml MeOH. 

The mixture was stirred at room temperature for 24 hours and then THF was evaporated. 

Addition of HCl(aq) 1M was followed till pH~4 resulting in the precipitation of the product, 

which was filtrated and washed with water. 

Scheme 6.6:  Synthesis of BDP-NH2. 

 

BDP-NO2: In a 250 ml flask 3.31 mol of 4-nitrobenzaldehyde and 100 ml of dry CH2Cl2 were 

added. 0.75 ml of 2,4-dimethylpyrrole were added under Ν2 atmosphere. After 5 minutes 25 

μl of TFA were inserted and the reaction mixture was left stirring overnight at room 

temperature and protected from light. Then 0,814 gr of p-chloranil (Tetrachloro-1,4-

benzoquinone) were dissolved in 10 ml dry DCM and added to the reaction flask. After 30 

minutes 7,6 ml of BF3∙OEt2 were inserted, the mixture was stirred for another 5 minutes and 

then 7,8 ml of Et3N were added. The reaction was stirred for 6 hours and then extracted 3 

times with water. The purification of BDP-NO2 was accomplished via SiO2 column with 

DCM : Hexane 20:80. A second column was necessary with the same solvents.  

BDP-NH2: Under inert atmosphere 108 mg of BDP-NO2 were dissolved in 30 ml of dry THF 

and then 22 mg of Pd 10%/C were added. 70 μl of Et3N were added and then H2 atmosphere 

was applied. The reaction was stirred at RT for 2h and the catalyst was filtered with Celite. 

(NMR, MALDI – TOF: Figures S58-59). 
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6.2.4. Synthesis of TPP-dipeptide hybrids. 

 

Scheme 6.7:  Synthesis of Boc-Ile-Ile-TPP. 

 

Boc-Ile-Ile-OH: 51 mg of Ile-Ile-OH were dissolved in 1,2 ml THF + 1,2 ml H2O and cooled 

with an ice bath. 55 mg of NaHCO3(s) were added and then 64 μl of Boc2O were also added. 

The reaction was let stirring overnight. Two extractions with 3 ml ether were conducted and 

then a solution of citric acid was added until pH=4. Five Extractions with 3 ml DCM were 

done and the product was isolated as an oil. 

 

Boc-Ile-Ile-TPP: 55 mg of Boc-Ile-Ile-OH was dissolved in 3ml dichloromethane and the 

solution was cooled in an ice bath to 0 C. N,N’-dicyclohexylcarbodiimide (DCC, 33 mg, 1.2 

equiv) and 1-hydroxybenzotriazole hydrate (HOBt, 21,6 mg, 1.2 equiv) were added and 

stirred for extra 30 min at 0 C. Subsequently TPP-NH2 (68 mg, 1 equiv) was added and the 

resulting mixture was stirred at room temperature for 24 h. Extraction with H2O followed, and 

the organic layer was dried over Na2SO4, filtered and concentrated. The title compound was 

isolated by column chromatography (silica gel, CH2Cl2/EtOH, 100:1 v/v). (NMR, MALDI – 

ToF and UV-Vis: Figure S62-65). 

 

Scheme 6.7:  Synthesis of Boc-Ala-Ile-TPP. 

 

Boc-Ala-Ile-OH: 34 mg of Ala-Ile-OH were dissolved in 0.55 ml THF + 0,55 ml H2O and 

cooled with an ice bath. 50 mg of NaHCO3(s) were added and then 60 μl of Boc2O were also 

added. The reaction was let stirring overnight. Two extractions with 3 ml ether were 

conducted and then a solution of citric acid was added until pH=4. Five Extractions with 3 ml 

DCM were done and the product was isolated as an oil. 
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Boc-Ala-Ile-TPP: 36.4 mg of Boc-Ala-Ile-OH was dissolved in 1.5 ml DCM + 1.5 ml THF 

and the solution was cooled in an ice bath to 0 C. N,N’-dicyclohexylcarbodiimide (DCC, 

24.8 mg, 1.2 equiv) and 1-hydroxybenzotriazole hydrate (HOBt, 16,36 mg, 1.2 equiv) were 

added and stirred for extra 30 min at 0 C. Subsequently TPP-NH2 (68 mg, 1 equiv) was 

added and the resulting mixture was stirred at room temperature for 24 h. Extraction with H2O 

followed, and the organic layer was dried over Na2SO4, filtered and concentrated. The title 

compound was isolated by column (silica gel, CH2Cl2/EtOH, 100:0,6 v/v). (NMR, MALDI – 

TOF and UV-Vis: Figure S66-69). 

 
Scheme 6.8: Synthesis of Fmoc-Ala-Ile-TPP and Fmoc-Ile-Ile-TPP. 

Fmoc-Ile-TPP: 75 mg of Fmoc-Ile-OH was dissolved in 3 ml dichloromethane and the 

solution was cooled in an ice bath to 0 C. N,N’-dicyclohexylcarbodiimide (DCC, 45 mg, 1.2 

equiv) and 1-hydroxybenzotriazole hydrate (HOBt, 30 mg, 1.2 equiv) were added and stirred 

for extra 30 min at 0 C. Subsequently TPP-NH2 (110 mg, 1 equiv) was added and the 

resulting mixture was stirred at r.t. for 24 h. Extraction with H2O followed, and the organic 

layer was dried over Na2SO4, filtered and concentrated. The title compound was isolated by 

column chromatography (silica gel, CH2Cl2/EtOH, 100:1 v/v). (MALDI-TOF: Figure S76). 

NH2-Ile-TPP: 240 mg of Fmoc-Ile-TPP were dissolved in 10 ml DMF and 3 ml of piperidine 

were added. The reaction mixture was stirred for 2 hours and then DMF was removed under 

vacuum. Two extractions DCM/water were followed and the title compound was purified via 

column chromatography (Silica gel DCM-EtOH 100:1 v/v). (MALDI-ToF: Figure S77). 

Fmoc-Ala-Ile-TPP: 23 mg of Fmoc-Ala-OH was dissolved in 3 ml dichloromethane and the 
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solution was cooled in an ice bath to 0 C. N,N’-dicyclohexylcarbodiimide (DCC, 14.5 mg, 

1.2 equiv) and 1-hydroxybenzotriazole hydrate (HOBt, 9.5 mg, 1.2 equiv) were added and 

stirred for extra 30 min at 0 C. Subsequently NH2-Ile-TPP (43 mg, 1 equiv) was added and 

the resulting mixture was stirred at room temperature for 24 h. After addition of CH2Cl2 to the 

reaction mixture, extraction with H2O followed, and the organic layer was dried over Na2SO4, 

filtered and concentrated. The title compound was isolated by column chromatography (silica 

gel, polarity gradually changed from CH2Cl2 to CH2Cl2/EtOH, 100:1 v/v).  

(NMR, MALDI – TOF: Figure S70-72). 

Fmoc-Ile-Ile-TPP: 23 mg of Fmoc-Ile-OH was dissolved in 3 ml dichloromethane and the 

solution was cooled in an ice bath to 0 C. N,N’-dicyclohexylcarbodiimide (DCC, 13.5 mg, 

1.2 equiv) and 1-hydroxybenzotriazole hydrate (HOBt, 9 mg, 1.2 equiv) were added and 

stirred for extra 30 min at 0 C. Subsequently NH2-Ile-TPP (40 mg, 1 equiv) was added and 

the resulting mixture was stirred at room temperature for 24 h. Extraction with H2O followed, 

and the organic layer was dried over Na2SO4, filtered and concentrated. The title compound 

was isolated by column chromatography (silica gel, CH2Cl2/EtOH, 100:1 v/v).  

(NMR, MALDI – TOF: Figure S73-75). 

 
Scheme 6.9:  Synthesis of TPP-Ile-Ile-OMe. 
 

NH2-Ile-Ile-OMe: 30 mg of Ile-Ile-OH were dissolved in 3 ml MeOH and cooled with an ice 

bath. 0,30 ml mg SOCl2 were added and the reaction was let stirring overnight. After 

evaporation of the SOCl2 under vacuum at 40 C the oil product was washed with pentane. 

TPP-Ile-Ile-OMe: 51 mg of NH2-Ile-Ile-OMe was dissolved in 10 ml dichloromethane, 40μl 

of Et3N were added and the solution was cooled in an ice bath to 0 C. N,N’-

dicyclohexylcarbodiimide (DCC, 30,4 mg, 1.2 equiv) and 1-hydroxybenzotriazole hydrate 

(HOBt, 19,9 mg, 1.2 equiv) were added and stirred for extra 30 min at 0 C. Subsequently 

TPP-NH2 (88 mg, 1 equiv) was added and the resulting mixture was stirred at room 

temperature for 24 h. After addition of CH2Cl2 to the reaction mixture, extraction with H2O 

followed, and the organic layer was dried over Na2SO4, filtered and concentrated. The title 

compound was isolated by column chromatography (silica gel, CH2Cl2/EtOH, 100:0,6 v/v).
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6.2.5. Synthesis of tetra substituted porphyrins. 

 

Scheme 6.10: Synthesis of Tetra-(Fmoc-Phe-Phe)-PPH2. 

Tetra-(NO2)PPH2: 500 mg of TPPH2 and 2,4 gr of NaNO2 were dissolved in TFA and the 

reaction mixture was heated at 65 oC for 4 h. 100 ml of water were added and extractions with 

DCM followed until the aqueous phase was colorless. In the organic phase NaHCO3(sat) was 

added under stirring and the color became red from green followed by precipitation of solid 

product. The solid was washed with 100 ml water, 100 ml MeOH and 100 ml DCM. 
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Tetra-(NH2)PPH2: The amount of Tetra-(NO2)PPH2 was dissolved in 100 ml HCl acid and 

2,1 gr of SnCl2 were added. The reaction was let refluxing at 70 oC for 4 hours. Then, the 

reaction mixture was cooled to room temperature and then putted an ice bath. Neutralization 

with ammonia (~100 ml) was followed and the pH was adjusted at 4. The crude product was 

extracted with SOXLET with CHCl3 for 1 week. Precipitation with Hexane afforded the 

desired porphyrin. 

Tetra-(Fmoc-Phe-Phe)-PPH2: 67 mg of Fmoc-Phe-Phe-OH was dissolved in 7 ml DCM + 2 

ml THF and the solution was cooled in an ice bath to 0 C. N,N’-dicyclohexylcarbodiimide 

(DCC, 25.7 mg, 4.2 equiv) and 1-hydroxybenzotriazole hydrate (HOBt, 16,8 mg, 4.2 equiv) 

were added and stirred for extra 30 min at 0 C. Subsequently Tetra-(NH2)PPH2 (20 mg, 1 

equiv) was added and the resulting mixture was stirred at room temperature for 24 h. After 

addition of CH2Cl2 to the reaction mixture, extraction with H2O followed, and the organic 

layer was dried over Na2SO4, filtered and concentrated. 

The synthesis of the desired compound was showed by MALDI-ToF mass analysis 

 
Figure 6.1.  MALDI-TOF spectrum of tetra-(Fmoc-Phe-Phe)-phenyl porphyrin. 
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Tetra-(Βοc-Phe-Phe)-PPH2: 51.3 mg of Βoc-Phe-Phe-OH was dissolved in 7 ml DCM and 

the solution was cooled in an ice bath to 0 C. N,N’-dicyclohexylcarbodiimide (DCC, 25.7 

mg, 4.2 equiv) and 1-hydroxybenzotriazole hydrate (HOBt, 16.8 mg, 4.2 equiv) were added 

and stirred for extra 30 min at 0 C. Subsequently Tetra-(NH2)PPH2 (20 mg, 1 equiv) was 

added and the resulting mixture was stirred at room temperature for 24 h. After addition of 

CH2Cl2 to the reaction mixture, extraction with H2O followed, and the organic layer was dried 

over Na2SO4, filtered and concentrated. 

The synthesis of the desired compound was showed by MALDI-ToF mass analysis 

 
Figure 6.2.  MALDI-ToF spectrum of tetra-(Boc-Phe-Phe)-phenyl porphyrin. 

 

Tetra-(Fmoc-Ile)-PPH2: 84 mg of Fmoc-Ile-OH was dissolved in 4 ml DCM and the solution 

was cooled in an ice bath to 0 C. N,N’-dicyclohexylcarbodiimide (DCC, 27 mg, 4.2 equiv) 

and 1-hydroxybenzotriazole hydrate (HOBt, 18 mg, 4.2 equiv) were added and stirred for 

extra 30 min at 0 C. Subsequently Tetra-(NH2)PPH2 (20 mg, 1 equiv) was added and the 

resulting mixture was stirred at room temperature for 24 h. After addition of CH2Cl2 to the 

reaction mixture, extraction with H2O followed, and the organic layer was dried over Na2SO4, 

filtered and concentrated. 

The synthesis of the desired compound was verified by MALDI-TOF mass analysis 
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Figure 6.3.  MALDI-ToF spectrum of tetra-(Fmoc-Ile)-phenyl porphyrin. 

Tetra-(ΝΗ2-Phe-Phe)-PPH2: 50 mg of Tetra-(Fmoc-Phe-Phe)-PPH2 were dissolved in 10 

ml DMF and 3 ml of piperidine were added. The reaction mixture was stirred for 2 hours and 

then DMF was removed under vacuum. Two extractions DCM/water were followed. 

 
Figure 6.4.  MALDI-TOF spectrum of tetra-(NH2-Phe-Phe)-phenyl porphyrin. 
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6.2.6. Synthesis of TPP-Phe-Phe-BDP. 

 

Scheme 6.11:  Synthesis of TPP-FF-OMe. 

TPP-Phe-Phe-OMe: 38.4 mg of  TPP-COOH was dissolved in 2 ml dichloromethane and the 

solution was cooled in an ice bath to 0 C. N,N’-dicyclohexylcarbodiimide (DCC, 13.2 mg, 

1.2 equiv) and 1-hydroxybenzotriazole hydrate (HOBt, 8.7 mg, 1.2 equiv) were added and 

stirred for extra 30 min at 0 C. Subsequently MeO-Phe-Phe-NH2 (21 mg, 1.2 equiv) and 19 

μl Et3N was added and the resulting mixture was stirred at room temperature for 24 h. After 

addition of CH2Cl2 to the reaction mixture, extraction with H2O followed, and the organic 

layer was dried over Na2SO4, filtered and concentrated. The title compound was isolated by 

column chromatography (silica gel, CH2Cl2/EtOH, 100:1 v/v). 

Scheme 6.12:  Synthesis of TPP-FF-COOH. 

TPP-Phe-Phe-COOH: The amount of TPP-Phe-Phe-OMe was dissolved in 20 ml THF. 0.65 

gr of KOH(s) were dissolved in 10 ml water and added to the reaction solution together with 8 

ml MeOH. The mixture was stirred at room temperature for 24 hours and then THF was 

evaporated. Addition of HCl(aq) 1M was followed till pH~4 resulting in the precipitation of the 

product, which was filtrated and washed with water. 
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Scheme 6.13:  Synthesis of TPP-FF-BDP. 

TPP-Phe-Phe-BDP: 20 mg of  TPP-COOH was dissolved in 2 ml dichloromethane and the 

solution was cooled in an ice bath to 0 C. N,N’-dicyclohexylcarbodiimide (DCC, 4.6 mg, 1.2 

equiv) and 1-hydroxybenzotriazole hydrate (HOBt, 3 mg, 1.2 equiv) were added and stirred 

for extra 30 min at 0 C. Subsequently BDP-NH2 (21 mg, 1.2 equiv) and 3 μl Et3N were 

added and the resulting mixture was stirred at room temperature for 24 h. After addition of 

CH2Cl2 to the reaction mixture, extraction with H2O followed, and the organic layer was dried 

over Na2SO4, filtered and concentrated. The title compound was isolated by column 

chromatography (silica gel, CH2Cl2/EtOH, 100:1 v/v). (MALDI-ToF: Figure S78) 
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APPENDIX A 

Figure S1: 1H NMR spectrum of POM-FF (500 MHz, CD3CN + vapors of Et3N). 

 

Figure S2: 1H NMR spectrum of POM-FF (500 MHz, CD3CN + vapors of Et3N). 
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Figure S3: 1H NMR spectrum of POM-FF (500 MHz, CD3CN + vapors of Et3N).  

Figure S4: 1H NMR spectrum of POM-FF (500 MHz, CD3CN + vapors of Et3N). 
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Figure S5: 13C NMR spectrum of POM-FF (300 MHz, CD3CN + vapors of Et3N). 

 
Figure S6: 13C NMR spectrum of POM-FF (300 MHz, CD3CN + vapors of Et3N).
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Figure S7: 13C NMR spectrum of POM-FF(300 MHz, CD3CN + vapors of Et3N). 

 
Figure S8: 2D HMBC NMR spectrum of POM-FF(300 MHz, CD3CN + vapors of Et3N). 
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Figure S9: 2D HSQC NMR spectrum of POM-FF(300 MHz, CD3CN + vapors of Et3N). 

 

 
Figure S10: 1H NMR spectrum of POM-F (300 MHz, CD3CN + vapors of Et3N). 
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Figure S11: 1H NMR spectrum of POM-F (300 MHz, CD3CN + vapors of Et3N). 

 
Figure S12: 13C NMR spectrum of POM-F (300 MHz, CD3CN + vapors of Et3N). 



71 

 

 
 
Figure S13: 13C NMR spectrum of POM-F (300 MHz, CD3CN + vapors of Et3N). 

 

 

 
Figure S14: UV-Vis absorption spectra of POM-COOH, POM-F and POM-FF in MeCN.  
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Figure S15: FT-IR spectra of POM-COOH and POM-FF. (For visualization, the spectrum of POM-

COOH has been multiplied x2). 

 

Table S1 FT-IR bands (cm-1) of POM-COOH and POM-FF. For comparison the FT-IR 

bands of [PW11O39]
7- and [PW12O40]

3- are also given.7-13 

POM-COOH  POM-FF  [PW11O39]7- [PW12O40]3- Assignment 

3421     ν(O−H) acid 

 3419    ν(N−H) sec-amide 

 3059, 3026    ν(−CH) arom. FF 

2962, 2935, 

2874 

2962, 2935, 

2875 

  ν(−CH2, −CH3) 

aliph. TBA 

 1744    ν(C=O) ester 

1698     ν(C=O) acid 

 1656    ν(C=O) sec-amide 

(amide I) 

 1525    δ(N−H) sec-amide 

(amide II)   

1484 1484   δ(−CH2, −CH3) TBA 

1380 1380   δ(−CH3) TBA 

 1287   ν(−C(O)−O) ester, 

(amide III) 

 1174, 1153   ν(C−N) aliph. 

1070 1070  1085, 1040  1080 νas(P−Oa) 

963 964 950 987, 976 νas(W−Od) 

886 886 900, 860 895 νas(W−Ob−W) 

814, 704, 662 815, 704, 663 810, 725 810 νas(W−Oc−W) 

594 594 590 598, 525, 480 δ(Oa−P−Oa) 

515  515 510  δ(W−Ob,c−W) 
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Figure S16 POM-FF in 1mM solutions of a) DCM-Toluene 1:1, b) DCM-Heptane 1:1 

Figure S17 POM-FF in 1mM solution of  DCM-EtOH 1:1.  

Figure S18 POM-FF in 1mM solutions of  a) DCM-Heptane 1:1, b) DCM-Heptane 1:4, c) DCM-

Heptane 1:8.  

Figure S19 POM-FF in 1mM solution of MeCN.  

 

a b
  

b a 

a b
  

c 
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Figure S20: a) POM-FF in MeCN-Toluene 1:1, b,d) POMSnF in MeCN-H2O 1:1, c) POMSnFF in 

MeCN-H2O 1:1 

 

 
Figure S21: MALDI-TOF mass spectra of POM-FF. 

a 

c 

b 

d 
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Figure S22: MALDI-TOF mass spectra of POM-FF. 

 

 

 
Figure S23: MALDI-TOF mass spectra of POM-F. 
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Figure S24: EDS spectra analysis of compound POM-FF. Structure composition of POM-FF was 

verified by conducting SEM/EDS analysis on the structure. The tungsten peak is indicative for 

defining our compound.   

Table: Elemental analysis of POM-FF: 

 

 

 

 

 

 

 

 

 
 
Figure S25: Snapshots of the simulation in the solvent mixture showing a TBA- and MeCN-mediated 

interaction between two POM moieties (left, t = 36788 ps), and a direct interaction through the organic 

chains (right, t = 7616 ps). Both structures can be included in the array of configurations leading to the 

second broad peak in the P···P RDF (Figure S18B). Color code: W (cyan), P (orange), Sn (magenta), 

C (grey), H (white), O (red) and N (blue). TBA counter cation on the left is represented in green sticks, 

and C atoms belonging to one of the arms on the right are coloured in lime for clarity. Distances in Å. 

Element Weight % 

W 39.90 

C 28.85 

O 20.97 

Sn 1.85 

Au 3.83 

Si 1.62 

Zn 2.98 

Total 100 
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Figure S26: Snapshots of the simulation box in H2O-MeCN mixture at the last step of the simulation. 

Different views from different axis (y, z and x from left to right) are shown including and omitting the 

solvent molecules (top and bottom, respectively). TBA+ carbons are coloured in green. 

 

 
Figure S27: Snapshot of the simulation box in H2O-MeCN mixture at the last step of the simulation. 

TBA carbons are coloured in green. Closer look at the aggregate displaying only the POMSnFF anions 

for clarity. POM moieties are placed at the most external part (in higher contact with the solvent) with 

the organic ‘FF’ arms pointing to the internal region. Snapshots of additional views are represented in 

Figure S26. 
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Figure. S28 Assembly pattern of PNA-BDP in a) HFIP-EtOH 2:8 7mM, b) MeCN-H2O 2:8 1mM, c) 

DCM/ethanol 2:8 7mM, d) DCM/Heptane 1:1 1mM. 

 
Figure. S29 Assembly pattern of PNA-TPP in a) DCM/ethanol 2:8, b) DCM/Heptane 1:1. 

 
Figure. S30 Assembly pattern of PNA in a) DCM/EtOH 2:8, b) HFIP/EtOH 2:8, c) DCM/Heptane 

1:1. 
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Figure. S31 SEM images in DCM of a) PNA-BDP and b) PNA-TPP.  

 

 
Figure. S32 Assembly pattern via spin coating of PNA-TPP in a) DCM 7mM, b) DCM-EtOH 2:8 

7mM, c) DCM-Heptane 1:1 7mM, d) HFIP-EtOH 2:8 7mM, e) DCM-Heptane 2:8 7mM. 

 
Figure. S33 Assembly pattern via spin coating of PNA-BDP in a) DCM 7mM, b) DCM-EtOH 2:8 

7mM, c) HFIP-EtOH 2:8 7mM, d) HFIP-EtOH 2:8 1mM, e) DCM-Heptane 2:8 1mM, f) DCM-

Heptane 1:1 1mM. 

 

 
.  
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Figure S34: UV-Vis spectra of PNA-BDP (blue) and PNA-TPP (green). 
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Figure S35: Iso-absorbing UV-Vis spectra of PNA-BDP, PNA-TPP, TPP and BDP. 
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Figure S36: Absorption spectra of PNA-TPP in mixed solvent systems. 
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Figure S37: Absorption spectra of PNA-TPP in mixed solvent systems.  
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Figure S38 Normalized solid absorbance spectra of PNA-BDP via drop casting method. 
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Figure S39 Normalized solid absorbance spectra of PNA-TPP via drop casting method. 
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Figure S40. UV-Vis absorption spectra of (a) PNA-TPP films and (b) PNA-BDP films 

deposited from various solvent systems. (Compound concentration 1 mM; film thickness ~10 

nm) 
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Figure S41: 1H NMR spectrum of PNA-TPP (500 MHz, DMSO). 

Figure S42: 1H NMR spectrum of PNA-TPP (500 MHz, DMSO). 
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Figure S43: 1H NMR spectrum of PNA-TPP (500 MHz, DMSO). 

Figure S44: 1H NMR spectrum of PNA-TPP (500 MHz, DMSO). 
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Figure S45: 13C NMR spectrum of PNA-TPP (300 MHz, DMSO). 

Figure S46: 13C NMR spectrum of PNA-TPP (300 MHz, DMSO). 
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Figure S47: 13C NMR spectrum of PNA-TPP (300 MHz, DMSO). 

 

Figure S48: 13C NMR spectrum of PNA-TPP (300 MHz, DMSO). 
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Figure S49: 1H NMR spectrum of PNA-BDP (500 MHz, DMSO). 

Figure S50: 1H NMR spectrum of PNA-BDP (500 MHz, DMSO). 
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Figure S51: 1H NMR spectrum of PNA-BDP (500 MHz, DMSO). 

Figure S52: 13C NMR spectrum of PNA-BDP (300 MHz, DMSO). 
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Figure S53: 13C NMR spectrum of PNA-BDP (300 MHz, DMSO). 

Figure S54: 13C NMR spectrum of PNA-BDP (300 MHz, DMSO). 
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Figure S55: 2D COSY NMR spectrum of PNA-BDP (500 MHz, DMSO). 

 
Figure S56: 2D HSQC NMR spectrum of PNA-BDP (500 MHz, DMSO). 
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Figure S57: 2D HMBC NMR spectrum of PNA-BDP 500 MHz, DMSO). 

 
Figure S58:  1H NMR spectrum of BDP-NH2 (300 MHz, CDCl3). 
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Figure S59: MALDI-ToF spectrum of BDP-NH2. 

 

 

 
Figure S60: MALDI-ToF spectrum of TPP-NO2. 
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Figure S61: MALDI-ToF spectrum of TPP-NH2. 

 
Figure S62: MALDI-ToF spectrum of TPP-Ile-Ile-Boc. 

 



95 

 

 
Figure S63:  1H NMR spectrum of TPP-Ile-Ile-Boc (300 MHz, CDCl3). 

 

 

 
Figure S64:  13C NMR spectrum of TPP-Ile-Ile-Boc (300 MHz, CDCl3). 
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Figure S65:  UV-Vis spectrum of TPP-Ile-Ile-Boc. 

 

 
Figure S66: MALDI-ToF spectrum of TPP-Ile-Ala-Boc. 

 



97 

 

 
Figure S67:  1H NMR spectrum of TPP-Ile-Ala-Boc (300 MHz, CDCl3). 

 
 

Figure S68:  13C NMR spectrum of TPP-Ile-Ala-Boc (300 MHz, CDCl3). 
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Figure S69: UV-Vis spectrum of TPP-Ile-Ala-Boc. 

 

 

 
Figure S70: MALDI-ToF spectrum of TPP-Ile-Ala-Fmoc. 
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Figure S71:  1H NMR spectrum of TPP-Ile-Ala-Fmoc (300 MHz, CDCl3). 

 
Figure S72:  13C NMR spectrum of TPP-Ile-Ala-Fmoc (300 MHz, CDCl3). 
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Figure S73: MALDI-ToF spectrum of TPP-Ile-Ile-Fmoc. 

 

 
Figure S74:  1H NMR spectrum of TPP-Ile-Ile-Fmoc (300 MHz, CDCl3). 
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Figure S75:  13C NMR spectrum of TPP-Ile-Ile-Fmoc (300 MHz, CDCl3). 

 

 

 

 
Figure S76: MALDI-ToF spectrum of TPP-Ile-Fmoc. 
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Figure S77: MALDI-ToF spectrum of TPP-Ile-NH2. 

 

 
Figure S78: MALDI-ToF spectrum of TPP-FF-BDP. 
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APPENDIX B 

B.1. N2O reduction 

Nitrous oxide (N2O) is an ozone-depleting gas and a greenhouse agent with more than 300 

times higher global warming potential than CO2 and it is estimated that 30% of the N2O in the 

atmosphere is the result of human activity, chiefly agriculture.58 Nature knows how to cope 

with N2O since it reduces it to N2 in bacterial denitrification by the copper-dependent nitrous 

oxide reductase (N2Or), an enzyme with a mixed-valent CuA centre and a tetranuclear 

[4Cu:2S] Cuz centre.59 N2O is binding on this tetranuclear Cuz site but the electrons for the 

catalytic reduction come from the CuA located close to Cuz site.60 Bioinspired mixed valent 

copper complexes have been reported in recent literature, featuring spectroscopic and 

structural analogies with the Cuz site61 and also being capable of N2O reduction. It was shown 

that exchangeable coordination positions were needed for the complex to be catalytically 

active.62 These complexes were prepared via the reductive cleavage of a disulfide ligand by a 

CuI salt under inert atmosphere because the presence of H2O and O2 lead to sulfinate and 

sulfonate complexes.63 The aim of this internship was the synthesis and characterization of a 

new disymmetric {Cu2S}2+ mixed-valent complex and the evaluation of its reactivity towards 

N2O reduction. The targeting ligand contains both exchangeable coordination positions and 

thiazole groups which have both N and S coordinating ability. It is expected that CuI would 

preferably coordinate to sulfur atom while the CuII to the nitrogen atom and this might affect 

positively the catalytic activity. 

                                                 
58 Ravishankara, A.R., J.S. Daniel, and R.W. Portmann. Science, 2009. 326(5949): p. 123-125. 
59 Zumft, W.G. and P.M.H. Kroneck, Advances in Microbial Physiology. 2006, Academic Press. p. 107-227. 
60 Pomowski, A., et al., Nature, 2011. 477: p. 234. 
61 Torelli, S., et al. Angewandte Chemie International Edition, 2010. 49(44): p. 8249-8252. 
62 Esmieu, C., et al. Chemical Science, 2014. 5(12): p. 4774-4784. 
63 Esmieu, C., et al. Inorganic Chemistry, 2016. 55(12): p. 6208-6217. 

https://en.wikipedia.org/wiki/Agriculture
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B.2. Synthesis of disymmetric {Cu2S}2+ mixed-valent complexes. 

 

2-hydroxy-5-methylisophthalaldehyde (1): MnO2 (40.0 g, 470 mmol) was added to 

chloroform (400 mL) in a 1 L flask and refluxed for 15 minutes for the activation of the 

catalyst. (2-hydroxy-5-methyl-1,3-phenylene)dimethanol (10.1 g, 60.0 mmol) was then added 

and the solution was stirred and refluxed overnight. The hot reaction mixture was filtered on 

medium celite. After evaporation of CHCl3, (1) was recovered as yellow powder (5.06 g, 52 

%) and used without further purification. 

1H NMR (300 MHz, CDCl3, δ ppm): 11.45 (s, 1H), 10.21 (s, 2H), 7.77 (s, 2H), 2.29 (s, 3H). 

13C NMR (75 MHz, CDCl3, δ ppm): 192.3, 161.9, 138.2, 129.7, 123.0, 20.2. 

 

O-(2,6-diformyl-4-methylphenyl)dimethylthiocarbamate(2): 2,6-diformyl-4-methylphenol 

(6.22 g, 37.9 mmol) was dissolved in dry DMF (150 mL) under inert atmosphere. 1,4-

diazabicyclo[2.2.2]octane (DABCO, 8.5 g, 75.8 mmol) was added in one portion and changed 

the color of  the solution from yellow to red-orange. After stirring for 15 min, solid 

dimethylthiocarbamoyl chloride (7.03 g, 56.85 mmol) wad added and the resulting mixture 

stirred overnight at room temperature. Water (400 mL) was then added and the mixture was 

stirred for 1h. After filtration, the beige powder was collected, dissolved in CHCl3 and dried 

over Na2SO4. After filtration and evaporation, (2) was recovered as a pale brown solid (7.68 

g, 81 %) and used without further purification. 

1H NMR (300 MHz, CDCl3, δ ppm): 10.53 (s, 2H), 8.03 (s, 2H), 3.23 (bp, 3H), 3.02 (bp, 3H), 

2.48 (s, 3H). 13C NMR (75 MHz, CDCl3, δ ppm): 190.5, 164.0, 141.3, 138.4, 132.0, 37.6, 

37.4, 21.2. 
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Crystal structure of 4 

S-(2,6-diformyl-4-methylphenyl)dimethylthiocarbamate (3): To a stirred solution of (2) 

(2.03 g, 8.06 mmol) in 1,2-dichloroethane (130 mL) was added BF3.Et2O (1.30 mL, 10.4 

mmol) under an inert atmosphere. The mixture was refluxed for 2h. The solution was cooled 

to room temperature and 70 mL of NaHCO3(sat) were added. The resulting mixture was stirred 

for 30 min. The biphasic mixture was decanted and the aqueous layer extracted with CH2Cl2. 

The combined organic layers were dried over Na2SO4 and after evaporation of the solvent, (3) 

was obtained as a pale brown solid. Column of chromatography with DCM as a solvent was 

conducted for the purification of (3) (1.87 g, 93 %). This synthesis seems to have high yield in 

small scale. 

1H NMR (300 MHz, CDCl3, δ ppm): 10.55 (s, 2H), 8.05 (s, 2H), 3.24 (bp, 3H), 3.04 (bp, 3H), 

2.50 (s, 3H). 13C NMR (75 MHz, CDCl3, δ ppm): 190.5, 164.0, 141.3, 138.4, 134.2, 132.0, 

37.6, 37.4, 21.2. 

 

2,2'-disulfanediylbis(5-methylisophthalaldehyde) (4): 1M NaOH (75 mL) was degassed 

with argon. The substrate (246 mg, 0.98 mmol) was added under argon and the reaction 

mixture was stirred for 3h at 50°C. The resulting orange solution was cannulated and filtered 

at the same time. After cooling at 0°C, HCl 6M (15 mL) was added dropwise until the orange 

color disappeared and a white solid (thiol) precipitated. The solid was filtered, dissolved in a 

minimum of CH2Cl2 (about 150 ml) and dried over Na2SO4. 

The residue was then dissolved in THF (50 mL) and degassed with argon. 250 µl Et3N was 

added under argon to give a bright orange solution (thiophenolate). A 0.05 M I2 solution 

(freshly prepared and degassed) was added until the orange 

color disappeared. Addition of Et3N followed by iodine 

solution (10 mL in total) was subsequently repeated until 

addition of the amine no longer afford the orange colored 

solution, indicated reaction completion. THF was 

rotoevaporated and the residue was extracted with CH2Cl2/ 

H2O, and dried over Na2SO4. After evaporation, the 

product was recovered as an orange solid (120 mg, 70 %): 

1H NMR (300 MHz, CDCl3, δ ppm): 10.24 (s, 4H), 7.93 (s, 
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4H), 2.51 (s, 6H). 13C NMR (75 MHz, CDCl3, ppm): 189.3, 143.1, 138.2, 136.4, 134.9, 21.4. 

 

 

N-Me-Gly-Thiazole (5): 2-Thiazolecarbowaldehyde (600 mg, 5.31 mmol) and 

methylammonium chloride (3.6 mg , 5.31 mmol) were dissolved in CH2Cl2 (25 mL + 10 ml 

MeOH) and 1 eq of diisopropylethylamine was added to form the not protonated 

methylamine. After putting the reaction mixture under argon, activated molecular sieves 4 Å 

(700 mg) and Na2SO4 (700 mg) were added, and the mixture was stirred 18h. The solid 

particles were removed by filtration, and the solvent was removed under reduced pressure. 

The crude product were dissolved in MeOH (18 mL), glacial acetic acid (300 µl, 5.31 mmol)  

was added and then NaBH4 (400 mg, 10.62 mmol) was added portionwise. The mixture was 

left overnight. The reaction mixture was quenched with HCl 12 M and heated at 40 for 2 

hours. The white precipitate was filtrated and the filtrate was concentrated in vacuo. Then it 

was redissolved in 5 ml of water and basified by addition of NaOH pellets (until pH~11). 

Extraction of the aqueous phase with ether (4*10 ml) afforded a red oil that was purified with 

neutral AlO3 column with DCM and gradually increased polarity via addition of MeOH (the 

desired product came with 10% MeOH). (126 mg, 18% yield). 

1H NMR (300 MHz, CDCl3, δ ppm): 7.695 (d, 1H, J = 3 Hz), 7.255 (d, 1H, J = 3 Hz), 4.09 (s, 

2H), 2.51 (s, 3H), 2.14 (bs, 1H). 13C NMR (75 MHz, CDCl3, δ ppm): 171.2, 142.6, 119.0, 

52.9, 36.2. 

 

Ligand L(THI)2 (6): N-Me-Gly-Thiazole (5) (100 mg, 0.78 mmol) was dissolved in 6 ml 1,2-

dichloroethane and transferred to a dried 50 ml flask with activated molecular sieves and 

Na2SO4 under argon. 55.9 mg (0.156 mmol) of the 2,2'-disulfanediylbis(5-

methylisophthalaldehyde) (4) was dissolved in 4 ml of 1,2-dichloroethane and 30 µl of glacial 
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acetic acid were added. The solution of the tetra-aldehyde was added dropwise to the solution 

of the amine under argon and the solution was left stirring for 15 minutes. 202 mg (0.936 

mmol) of NaHB(OAc)3 were added portionwise over 30 minutes and the reaction mixture was 

left for 72 hours. Filtration followed and after evaporation of the solvent the crude red-yellow 

oil was dissolved in mixture of Et2O/NaHCO3(aq, half saturated) and extracted two times. The ether 

phase was extracted one more time with distilled water. The crude oil was purified via column 

of chromatography with silica and Ether-Et3N 0.1% as a solvent. The polarity was gradually 

increased to 1% MeOH. The ligand came with 2% MeOH but needed a lot of solvent (200ml). 

(23 mg, 18% yield). 

1H NMR (300 MHz, CDCl3, δ ppm): 7.65 (d, 4H, J = 3.3 Hz), 7.31 (s, 4H), 7.235 (d, 4H, J = 

3.3 Hz), 3.73 (s, 8H), 3.53 (bs, 8H), 2.35 (s, 6H), 2.17 (s, 12H). 13C NMR (75 MHz, CDCl3, δ 

ppm): 171.4, 143.2, 142.1, 139.9, 132.2, 128.9, 119.3, 59.6, 58.6, 42.5, 21.6. 

 

2,2'-disulfanediylbis(5-methoxyisophthalaldehyde) (7): 1M NaOH (75 mL) was degassed 

with argon. The substrate (210 mg, 0.786 mmol) was added under argon and the reaction 

mixture was stirred for 3h at 50°C. The resulting red solution was cannulated and filtered at 

the same time. After cooling at 0°C, HCl 6M (15 mL) was added dropwise until the orange 

color disappeared and a yellow solid (thiol) precipitated. The solid was filtered, dissolved in a 

minimum of CH2Cl2 (about 350 ml) and dried over MgSO4. 

The residue was then dissolved in THF (50 mL) and degassed with argon. 150 µl Et3N was 

added under argon to give a red solution (thiophenolate). A 0.05 M I2 solution (freshly 

prepared and degassed) was added until the red colour disappeared. Addition of Et3N 

followed by iodine solution (10 mL in total) was subsequently repeated until addition of the 

amine no longer afford the red colored solution, indicated reaction completion. THF was 

rotoevaporated and the residue was extracted with CH2Cl2/ H2O, and dried over MgSO4. For 

the purification of the product the crude solid was dissolved in DCM and rota-evaporated 

together with 2 spatulas of silica so the compound was deposited on silica. The column was 

loaded with DCM/Hexane 50:50 as a solvent. When the dry compound on silica was loaded 
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the solvent was changed to pure hexane in order to get rid of all the excess of the I2. Then the 

polarity was changed back to DCM/Hexane 50:50 and then to pure DCM when clean product 

was obtained. (115 mg, 60 % yield). 

1H NMR (300 MHz, CDCl3, δ ppm): 10.22 (s, 4H), 7.61 (s, 4H), 3.94 (s, 6H). 13C NMR (75 

MHz, CDCl3, δ ppm): 189.0, 162.3, 140.2, 130.0, 119.3, 56.4. 

 

Ligand 2,6-bis[(bis(pyridylmethyl)amino)methyl]-4-methylmercaptophenyldissulfide 

L(Me)S-S (8): 130 mg (0.363 mmol) of the 2,2'-disulfanediylbis(5-methylisophthalaldehyde) (4) 

was dissolved in 8 ml of dry 1,2-dichloroethane and transferred to a dried 50 ml flask with 

activated molecular sieves and MgSO4 under argon and 66 µl of glacial acetic acid were 

added. Di-(2-picolyl)amine (361.36 mg, 1.814 mmol) was dissolved in 7 ml  dry 1,2-

dichloroethane and. was added dropwise to the solution of the tetra-aldehyde under argon. 475 

mg (2.18 mmol) of NaHB(OAc)3 were added portionwise and the reaction mixture was left 

stirring at room temperature for 72 hours. Filtration followed and after evaporation of the 

solvent the crude red-yellow oil was dissolved in mixture of Et2O/NaHCO3(aq, half saturated) and 

extracted two times. The ether phase was extracted one more time with distilled water. The 

crude oil was purified via column of chromatography with neutral aloumina and DCM as a 

solvent. The polarity was increased to 0.3% and 0.5% MeOH. Firstly came the excess of the 

amine and then the ligand. (110 mg, 28% yield). 

1H NMR (300 MHz, CDCl3, δ ppm): 8.41 (d, 8H, J = 4.7 Hz), 7.49 (t, 8H, J = 7.6 Hz), 7.34 

(d, 8H, J = 7.8 Hz), 7.20 (s, 4H), 7.00 (t, 8H, J = 6.0 Hz), 3.59 (bs, 24H), 2.22 (s, 6H). 13C 

NMR (75 MHz, CDCl3, δ ppm): 159.6, 148.9, 143.4, 139.6, 136.3, 132.8, 129.6, 122.8, 121.9, 

60.3, 57.4, 21.7. 
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Ligand 2,6-bis[(bis(pyridylmethyl)amino)methyl]-4-methoxymercaptophenyldissulfide 

L(OMe)S-S (9): 105 mg (0.28 mmol) of the 2,2'-disulfanediylbis(5-methoxyisophthalaldehyde) 

(7) was dissolved in 8 ml of dry 1,2-dichloroethane and transferred to a dried 50 ml flask with 

dry MgSO4 under argon and 51 µl of glacial acetic acid were added. Di-(2-picolyl)amine (279 

mg, 199.23 mmol) was dissolved in 7 ml  dry 1,2-dichloroethane and. was added dropwise to 

the solution of the tetra-aldehyde under argon. 357 mg (1.68 mmol) of NaHB(OAc)3 were 

added portionwise and the reaction mixture was left stirring at room temperature for 72 hours. 

Filtration followed and after evaporation of the solvent the crude red-yellow oil was dissolved 

in mixture of Et2O/NaHCO3(aq, half saturated) and extracted two times. The ether phase was 

extracted one more time with distilled water. The crude oil was purified via column of 

chromatography with SiO2 and DCM – Et3N 0.1% as a solvent. The polarity was increased 

gradually 1% MeOH, then to 5% where mixed fragments were collected and to 7% were pure 

ligand came. (60 mg, 19% yield). 

1H NMR (300 MHz, CDCl3, δ ppm): 8.42 (d, 8H, J = 4.5 Hz), 7.50 (t, 8H, J = 7.6 Hz), 7.34 

(d, 8H, J = 7.8 Hz), 7.14 (s, 4H), 7.01 (t, 8H, J = 6.0 Hz), 3.75 (s, 6H), 3.59 (bs, 24H). 13C 

NMR (75 MHz, CDCl3, δ ppm): 160.9, 159.7, 149.0, 145.7, 136.4, 125.9, 122.6, 121.9, 113.6, 

60.3, 57.0, 55.3. 
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Inorganic synthesis: 

 

Complex Cu2L(THI)
2 (10): Inside the glovebox (Ar atmosphere) 44 mg (0.1168 mmol, 4,1 eq) 

of [Cu(MeCN)4][OTf] were dissolved in acetone and were added to acetone solution of the 

ligand (23 mg, 0.0285 mmol, 1eq). The mixture was stirred for 5 minutes and then filtered. 

After evaporation of the good solvent ether was used to transfer the complex to a weighted 

vial. 

Complex Cu2LOMe(BPA)
2 (11) : Inside the glovebox (Ar atmosphere) 43.88 mg (0.1165 mmol, 

4,1 eq) of [Cu(MeCN)4][OTf] were dissolved in acetone and were added to acetone solution 

of the ligand (31.9 mg, 0.0284 mmol, 1eq). The mixture was stirred for 5 minutes and then 

filtered. After evaporation of the good solvent ether was used to transfer the complex to a 

weighted vial. 
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Disymmetric {Cu2S}2+ mixed-valent complexes. 

UV-Vis spectra of complexes 10 and 11 were recorded both in the glovebox and in air. The 

oxidation kinetics the complexes by O2 of the atmosphere was monitored by UV-Vis 

spectroscopy. 

 

Complex 10 was oxidizing fast during the first 12 minutes been exposed to air. The reduced 

complex exhibits a broad peak at 804 nm which could probably be attributed to ligand to 

metal charge transfer (LMCT). At 1100 nm there is the beginning of a peak which according 

to similar examples appears due to inter valance charge transfer (IVCT) or Ψ → Ψ* 

transitions.  As the oxidation by air evolved the peak at 804 blue-shifted and decreased till it 

totally disappeared, while the peak at 447 nm increased and also blue-shifted till 423 nm. The 

presence of two well formed isosbestic points reveal that the reduced complex is transforming 

into something else in one step (a → b reaction). 
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The oxidation was continued overnight with the spectrum changing slowly. The peak at 423 

red-shifted and became more broad.  

The EPR spectrum exhibits more than 4 peaks 
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ESI-MS spectra of 10: 
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The UV of 11 was conducted both in acetonitrile and in acetone. Both spectra exhibit a broad 

peak at 830 nm that disappears during the oxidation in air. The spectrum in acetone contains 4 

isosbestic points while the spectrum in acetonitrile contains one. Moreover in acetone-

spectrum at 1100 there seems to be a beginning of a peak (attributed to inter-valance charge 
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transfer) while in acetonitrile it seems not.  

 

 

The EPR spectrum exhibits 4 peaks characteristic for Cu(II) species. 
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ESI-MS spectra of 11:  
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Figure SB1:  1H NMR of 2-hydroxy-5-methylisopthaldehyde (1). 

 
Figure SB2: 1H NMR of O-(2,6-diformyl-4-methylphenyl)dimethylthiocarbonate (2). 
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Figure SB3: 1H NMR of S-(2,6-diformyl-4-methylphenyl)dimethylthiocarbonate (3). 

 
Figure SB4: 1H NMR of 2,2´-disulfanediylbis(5-methylisophthaldehyde) (4). 
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Figure SB5: 13C NMR of 2,2´-disulfanediylbis(5-methylisophthaldehyde) (4). 

 
Figure S83:  DEPT-135 13C NMR of 2,2´-disulfanediylbis(5-methylisophthaldehyde) (4). 
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Figure S84: 1H NMR of N-Me-Gly-Thiazole (5). 

 
Figure S85:  13C NMR of N-Me-Gly-Thiazole (5). 
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Figure S86: DEPT-135 13C NMR of N-Me-Gly-Thiazole (5). 

 
Figure S87: 1H NMR of ligand L(THI)2 (6). 
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Figure S88: 13C NMR of ligand L(THI)2 (6). 

 
Figure S89: DEPT-135 13C NMR of ligand L(THI)2 (6). 
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Figure S90: 1H NMR of 2,2´-disulfanediylbis(5-methoxyisophthaldehyde) (7). 

 
Figure S91: 13C NMR of 2,2´-disulfanediylbis(5-methoxyisophthaldehyde) (7). 
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Figure S92:DEPT-135 13C NMR of 2,2´-disulfanediylbis(5-methoxyisophthaldehyde) (7). 

 

 
Figure S93: 1H NMR of ligand L(Me)S-S (8).  
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Figure S94:13C NMR of ligand L(Me)S-S (8).  
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Figure S95: DEPT-135 13C NMR of ligand L(Me)S-S (8).  

 

Figure S96: 1H NMR of ligand L(OMe)S-S (9). 
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Figure S97: 13C NMR of ligand L(OMe)S-S (9). 

 
 

Figure S98: DEPT-135 13C NMR of ligand L(OMe)S-S (9). 
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Figure S99: UV-Vis spectrum of complex Cu2L
(THI)

2 (10). 

 

 

 

 

 

 

Figure S100: UV-Vis spectrum of complex Cu2L
(OMe)S-S (11) 


