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Abstract 

Ligand-protected gold nanoclusters (Au NCs) are a unique class of nanomaterials at the interface 

between molecular complexes and noble metal nanoparticles. Au NCs possess a core-shell structure in 

which the metal kernel is capped with a monolayer of ligands that ensure their stability. Like for the 

other nanomaterials, the properties of gold nanoclusters are size- and structure-dependent. However, the 

uniqueness of Au NCs lies in the fact that their physicochemical properties can change significantly with 

only minor modifications to their atomic composition (e.g., metal- or ligand-exchange). For these 

reasons, Au NCs are attractive for fundamental investigations and as building blocks for functional 

nanomaterials.  

Self-assembly has emerged as a powerful tool for the fabrication of a new generation of nanosystems. 

The possibility to control functionalization of the ligand shell of Au NCs is utilized in this work to 

investigate different strategies to realize self-assembled Au NC-based architectures. For this purpose, 

the benchmark ultrasmall (< 2 nm) atomically precise thiolate (SR)-protected [Au25(SR)18]
0 nanoclusters 

were employed. 

First, an investigation into deploying metalloporphyrins as potential molecular anchors for 

Au25 nanoclusters containing coordinating pyridine functionalities in the ligand shell was performed. 

The binding of the Au25 clusters to the porphyrin macrocycles coordinated with two different transition 

metals, ZnTPP and CoTPP (TPP = tetraphenylporphyrine), was followed spectroscopically during 

supramolecular titration experiments by monitoring UV-vis absorption and fluorescence. The conducted 

study led to the conclusion that the employed metalloporphyrins and Au25 nanoclusters formed 

coordination complexes in a 1:1 binding stoichiometry. No evidence for substantial biaxial binding was 

found for both CoTPP and ZnTPP compounds, making them unsuitable candidates for anchors in 

prospective metalloporphyrin–Au NC assembled systems. However, the 1:1 binding between the 

metalloporphyrins and Au25 nanoclusters led to interesting assembled units with several porphyrins rings 

coordinated to the functionalized Au25 nanocluster surface.  

The second strategy employed the already-demonstrated concept of utilizing dithiolate ligands, where 

the strong Au–S bonds are formed, to achieve covalently linked Au25 clusters. Importantly, in this study 

an additional light-switching functionality was introduced to the bridging molecule to control the extent 

of the electronic conjugation between the paramagnetic Au25 cluster units. This strategy was motivated 
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by the possible application of the Au NCs in molecular electronic devices. The formation of discrete 

Au25 assemblies connected with the synthesized dithiol linker containing a photoactive dithienylethene 

(DTE) moiety was shown. Furthermore, the reversible photoswitching of the Au25 assemblies having 

different sizes was demonstrated. Photoirradiation was shown to induce structural rearrangements of the 

Au25 assemblies. Extensive investigations into evolution of the photophysical properties coupled with 

the observed structural transformation indicated a photoinduced cross-linking of the formed 

Au25 assemblies. Overall, the work in this thesis makes important steps toward the use of Au NCs in 

tailor-made and self-assembled molecular electronic devices.
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Résumé 

Les “nanoclusters” d'or protégés par des ligands (Au NCs) constituent une classe unique de 

nanomatériaux à l'interface de la recherche sur les complexes moléculaires et celle sur les nanoparticules 

de métaux nobles. Les “nanoclusters” d'or possèdent une structure noyau-enveloppe dans laquelle le 

noyau métallique est recouvert d'une monocouche de ligands qui assure leur stabilité. Comme pour les 

autres nanomatériaux, les propriétés des “nanoclusters” d'or dépendent de leur taille et de leur structure. 

Cependant, le caractère unique des “nanoclusters” d'or réside dans le fait que leurs propriétés 

physicochimiques peuvent changer drastiquement, en modifiant légèrement leur composition atomique 

(par exemple, échange de métaux ou de ligands). Pour ces raisons, les NC d'Au sont captivantes, non 

seulement pour la recherche fondamentale, mais elles offrent de larges possibilités en tant que blocs de 

construction de nanomatériaux fonctionnels.  

L'auto-assemblage est devenu récemment un outil puissant pour la fabrication d'une nouvelle génération 

de nanosystèmes. La fonctionnalisation contrôlée des Au NCs par différentes enveloppes ligands est 

utilisée dans ce travail pour étudier diverses stratégies pour réaliser des architectures auto-assemblées à 

base des Au NCs. Pour atteindre cet objectif, des “nanoclusters” de référence ultrascopiques (< 2 nm) 

protégés par un thiolate (–SR) et d'une précision atomique [Au25(SR)18]
0 ont été utilisés. 

Premièrement, le déploiement des métalloporphyrines comme ancres moléculaires potentielles pour les 

“nanoclusters” Au25 contenant des fonctionnalités pyridine de coordination dans l'enveloppe du ligand a 

été explorée. La liaison chimique des clusters Au25 aux macrocycles de porphyrine coordonnés avec 

deux métaux de transition différents, ZnTPP et CoTPP (TPP = tétraphénylporphyrine), a été controlée 

spectroscopiquement, à travers des expériences de titrage supramoléculaire, en mesurant l'absorption 

UV-vis et la fluorescence. Cette étude a révélé que les métalloporphyrines employées et les nanoclusters 

Au25 formaient des complexes de coordination avec une stœchiométrie de liaison 1:1. Les résultats 

indiquent que la formation de liaison biaxiale pour les composés n’est pas prédominante pour les 

composés CoTPP et ZnTPP, ce qui en fait des candidats inadaptés pour les ancrages dans les systèmes 

assemblés métalloporphyrine-Au NC. Cependant, la découverte de liaison 1:1 entre les 

métalloporphyrines et les nanoclusters Au25 a entrainé la synthèse d'unités assemblées intéressantes avec 

plusieurs macrocycles de porphyrines coordonnés à la surface du nanocluster Au25 fonctionnalisé. 
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La deuxième stratégie exploitée dans ce projet explore le concept établi de l'utilisation de ligands 

dithiolates, où les fortes liaisons Au–S sont formées, pour obtenir des clusters Au25 liés de manière 

covalente. Il est important de noter que dans cette étude, une fonctionnalité supplémentaire de 

commutation de la lumière a été introduite dans la molécule de pontage pour contrôler l'étendue de la 

conjugaison électronique entre les unités paramagnétiques des clusters Au25. Cette stratégie a été motivée 

par l'application possible des NCs d'Au dans des dispositifs électroniques moléculaires. La formation 

d'assemblages Au25 discrets connectés avec des connecteurs dithiols synthétiques contenant une partie 

photoactive de dithiényléthène (DTE) a été démontrée. En outre, cette étude a révélé une commutation 

optique réversible des assemblages Au25 de différentes tailles. Il a été démontré que l’irradiation 

lumineuse induit le réarrangement structurel des assemblages Au25. Des recherches approfondies sur 

l'évolution des propriétés photophysiques, couplées à la transformation structurelle observée, ont 

soutenu l'hypothèse d'une réticulation photoinduite des assemblages Au25 ainsi formés. Dans l'ensemble, 

le travail de cette thèse constitue une étape importante, favorisant l'utilisation de NCs d'Au dans des 

dispositifs électroniques moléculaires auto-assemblés et conçu sur-mesure. 
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General Introduction 

Self-assembly has emerged as a powerful tool for the fabrication of a new generation of multifunctional 

nanomaterials with applications in magnetism, sensing, molecular recognition, bioimaging or catalysis. 

Employing atomically precise gold nanoclusters (Au NCs), rather than gold nanoparticles (Au NPs), as 

structural units can afford novel hierarchical solids with new (or enhanced) collective properties arising 

from the periodic order and perfect monodispersity of NCs. Indeed, the rich universe of ligand-protected 

Au NCs provides a broad library of building blocks with atomically precise anatomies and well-

understood structure-property relationships. Moreover, a great advantage of ligand-protected Au NCs, 

over Au NPs or nanocrystals, is their enhanced stability paired with their customizable size, molecular 

composition, structure, and surface chemistry. The structural tuneability of Au NCs is therefore expected 

to overcome the drawbacks of aggregation, polydispersity and directionality presented by Au NPs 

assemblies. Overall, utilizing Au NCs as building units can pave the way for understanding the 

physicochemical properties of the NC assemblies at the nanometer level. Additionally, an improved 

design of higher order structures and control over their performance becomes accessible. However, 

despite the promise of self-assembled Au NCs, much work is needed to develop tools to control the self-

assembly and functionality of these superstructures. It is known that the organization of Au NCs into 

discrete multimers, 1D, 2D, and 3D architectures occurs via self-assembly driven by various types of 

intercluster interactions: covalent bonding, hydrogen bonding, van der Waals, electrostatic, π···π, and 

C–H···π interactions, metallophillic forces, or physical/chemical adsorption. This thesis endeavours to 

leverage some of these self-assembly approaches to demonstrate novel assembly strategies and novel 

functionality.  

This dissertation is laid out in the following way: Chapter 1 briefly introduces the field of atomically 

precise Au NCs, their structure and properties using archetypical Au25(SR)18 cluster as an example. An 

extensive literature review on the self-assembly of Au (and Ag) NCs into 1D, 2D and 3D structures is 

presented in Chapter 2 followed by the specific Aims and Objectives of this dissertation. Chapter 3 

entails the methods used in this thesis. Chapters 4 – 6 contain the experimental part concerning the 

different approaches towards achieving Au25(SR)18-assemblies. Lastly, the General Conclusions and 

Outlook are presented. The Appendices A–B, contain the supporting information to the experimental 

study. 
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Chapter 1  

Introduction:  

Au25(SR)18–a benchmark gold nanocluster 

1.1 Thiolate-protected gold nanoclusters 

Ligand-protected atomically precise metal nanoclusters belong to an important class of nanomaterials 

that exhibit great potential for applications in the field of catalysis, optoelectronics, chemical sensors, 

and biomedicine.1, 2 With diameters between 1–3 nm they span across the size continuum between 

molecular compounds/complexes and metal nanoparticles (Figure 1.1).  

 

Figure 1.1 Size of gold nanoclusters in relation to molecules and gold nanoparticles. Transition from the nonmetallic (blue 

colour) to the metallic (orange colour) state in Au NCs. Reproduced with permission from Reference [3]. Copyright 2021 

Annual Reviews. 
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The synthesis of Au NCs was developed in the late 1990s by modifying a protocol used for a preparation 

of gold nanoparticles capped with thiolate ligands established by Brust and Schiffrin.4 Briefly, the 

synthesis was carried out in an organic phase by reacting a goldIII salt with tetraoctylammonium bromide 

(TOABr). The obtained tetraoctylammonium salt of gold, [TOA]+[AuCl4]
−, was then reduced in the 

presence of thiols with sodium tetraborate, NaBH4, to afford a mixture of clusters.5 Later it was shown 

that the polydisperse nanoclusters could be separated using high-performance liquid chromatography 

(HPLC)6 or size-exclusion chromatography (SEC, on a semi-preparative scale) techniques and organic 

solvents as eluents.7 The accurate determination of the chemical composition of Aun(SR)m clusters with 

mass spectrometry,8 which soon after was followed with the total structure determination by single-

crystal X-ray diffraction (SC-XRD),9 brought a breakthrough to the field. In particular, it opened the 

possibility to identify new clusters not only in terms of their varying molecular compositions but also 

with respect to their structural diversity in a relatively fast and accessible manner. Since then, there has 

been a tremendous progress in the total structure determination (i.e., core and ligands) of Au NCs with 

X-ray crystallography, which has expanded the library of ligand-protected nanoclusters.10-13  

Structure. Broadly speaking, Au NCs display a core–shell structure where the zerovalent Au core is 

protected by a monolayer of ligands (Figure 1.2).  

 

Figure 1.2 Schematic illustration of the core–shell structure of Au NCs where metallic gold core is surrounded by the Au(SR)2 

and Au2(SR)3 staple motifs. Reproduced with permission from Reference [14]. Copyright 2010 American Chemical Society. 

The shell consists of AuI–SR motifs called staples that are a characteristic structural pattern in ligand 

protected nanoclusters. Consequently, such a core–shell structure exhibits a Au0 core (or kernel) with a 

high packing symmetry and an ordered arrangement of ligands on the surface. Jadzinsky et al., in their 

report on the X-ray crystal structure of a gold nanocluster, Au102(p-MBA)44 

(p-MBA = para-mercaptobenzoic acid), revealed the existence of staple motifs for the first time.9 

Identical Au–S binding patterns were later found in other Au NCs.15, 16 In principle, staples can be 

defined as [RS–(AuSR)x] (x = 1, 2, …) oligomeric units that bind to two Au atoms of the outermost layer 

of a Au kernel via the terminal (RS–) groups in the units.17, 18  

Stability. The exceptional thermodynamic stability of certain clusters can be explained by their ‘magic 

composition/size’. This concept relates the valence electron count to the unusual stability of the species.19 
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For ligand-protected metal nanoclusters the number of valence electrons, 𝑁𝑒, in the nanocluster is 

obtained from the following expression (Equation 1.1): 

𝑵𝒆 = 𝒏 − 𝒎 − 𝒒 
1.1 

where 𝑛 is the number of metal atoms in the cluster, 𝑚 corresponds to the number of protective ligands 

having one localized electron and 𝑞 is the net charge of the cluster. If the obtained value of 𝑁𝑒 fulfils the 

shell closing of superatom orbitals | 1S2 |1P6 | 1D10 2S2 | 1F14 2P6 | (just like in the case of noble atoms) 

then the stability of the nanoclusters can be explained using an electronic argument. It needs to be said 

however that the superatom concept, which is based on the jellium model, is only valid for species with 

(nearly) spherical cores. Nevertheless, while the stability of some nanoclusters could be attributed to 

their full electronic shell, having a closed shell is not a prerequisite for stability, hence it cannot be used 

as universal descriptor of thermodynamic stability of metal nanoclusters. In fact, many clusters have 

been reported that cannot be considered as ‘magic’, nevertheless their stability is exceptional.20, 21 An 

example is Au38(SR)24. Here, the geometric structure of the cluster has been considered preponderant for 

the stability of these species. Indeed, another important factor contributing to the nanocluster stability is 

the geometric arrangement of the metal atoms in the core (geometric argument). The protective ligands, 

specifically their structure and electronic properties, also play a key role in stabilizing clusters. Ligands 

not only prevent aggregation of metal atoms, but also dictate the cluster size, physicochemical properties, 

or self-assembly behaviour.22-26 

The presence of staples was anticipated by Häkkinen and co-workers in the ‘divide-and-protect’ model 

describing the general core-shell morphology of ligand-protected Au NCs. Specifically, it served to 

rationalize the observed structural characteristics of Au NCs, by employing computational modelling 

based on first-principles.27 This theory put forward the dual chemical nature of Au atoms in the 

nanoclusters: a metallic form of the innermost Au atoms constituting of a closed packed kernel, and the 

external Au atoms, bearing the formal oxidation state of +1, bound to the organic ligands and forming a 

protective layer surrounding the gold core.  

A significant advance of the ‘divide-and-protect’ concept was made recently by Taylor and 

Mpourmakis.28 They proposed a DFT-based theory that introduced quantitative descriptors to relate the 

thermodynamic stability of thiolate-protected Au NCs in solution to their specific structural 

characteristics. The calculated values of the shell-to-core binding energies and the cohesive energies of 

the metal core for the experimentally defined Aun(SR)m clusters were shown to be nearly identical. As 

can be seen in Figure 1.3, the clusters for which the binding and cohesive energies are very similar in 

value can be found near or on the diagonal line which indicates where the stable clusters can be found. 

Hence, this theory states that stability of nanoclusters arises from a fine energy balance between the 

strength of adsorption of the ligand shell to the metal core and the cohesive energy of the core.  
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Figure 1.3 Parity between the core cohesive energy (CE) and the shell-to-core binding energy obtained from the first-principle 

calculations of the experimentally produced Aun(SR)m nanoclusters. Reproduced form Reference [28]. Published by Springer 

Nature.  

The unique structure of Au NCs lead to their physicochemical characteristics to be distinct from those 

of the bulk metal, coordination complexes, and gold nanoparticles. Similar to the latter, the properties of 

Au NCs are also size-dependent. However, in contrast to their plasmonic counterparts, nanoclusters do 

not follow a straightforward linear relationship between size and properties. For example, the Au36(SR)24 

cluster has a larger HOMO–LUMO gap than [Au25(SR)18]
− (1.7 vs. 1.3 eV, respectively) despite its larger 

size.29, 30 Nevertheless, the structure determination that was achieved for many clusters using X-ray 

crystallography has made it possible to correlate the anatomy of Au NCs with their properties. One of 

the consequences of the ultrasmall size of Au NC is that their electronic structure is reminiscent to that 

of molecular systems with their discrete energy levels. Indeed, it is evident that, for very small clusters, 

a distinct HOMO–LUMO gap can be described.   

1.1 Au25(SR)18 nanoclusters 

As one of the prototypical nanoclusters, Au25(SR)18 species lend themselves as ideal candidates for 

introducing various functionalities in a controlled manner, thanks to their known structure and well-

studied properties.31-34 Indeed, the commonly studied Au25(2PET)18 (2PET = 2-phenylethanethiolate) 

was amongst the first synthesized thiolate-protected Au NCs. Since this thesis will extensively employ 

Au25(SR)18 species, a detailed characterization of their formation and structure is given below.  

The careful investigation into the growth mechanism of [Au25(SR)18]
− nanoclusters revealed a two-stage 

bottom-up process.35 In the first stage, a fast reduction–growth led to the formation of a narrow 
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distribution of nanoclusters from the AuI complex precursors: cyclic Aun(SR)m, and linear [Aun(SR)n+1]
−, 

and [Aun(SR)n−pClp+1]
−. These reactive species formed thiolated Au NCs in a sequential 2 e− reduction–

growth reaction yielding Au NCs with a progressively larger and even number of valence electrons, 𝑁𝑒. 

In the second stage, during the relatively slow thermodynamically controlled size-focusing reaction, the 

intermediate NCs were transformed into the final, thermodynamically-stable [Au25(SR)18]
− nanoclusters. 

It needs to be said that this size-focusing method differs from the conventional one, where a mixture of 

larger-size clusters is etched into smaller and more stable species.36, 37 Here, the opposite process is 

taking place and it has been postulated to occur via (at least) three pathways, depicted in Scheme 1.1: 

isoelectronic addition (1), disproportionation (2), and comproportionation (3). 

 

Scheme 1.1 Isoelectronic addition (1), disproportionation (2) and comproportionation (3) reactions occurring during the size-

focusing process of the [Au25(SR)18]− clusters. Number of valence electrons, 𝑁𝑒, for each nanocluster species is denoted in 

grey. Reproduced with permission form Reference [35]. Copyright 2014 American Chemical Society. 

The chemical composition of Au25(SR)18 was confirmed by electrospray-ionization mass spectrometry 

(ESI-MS) in 2005 by the Tsukuda group8 followed by the resolution of the crystal structure of the anionic 

form of the cluster, [Au25(2PET)18]
−, in 2008 by two groups independently.38, 39 Soon after the crystal 

structure of the charge-neutral [Au25(2PET)18]
0 species was reported.16  

As depicted in Figure 1.4, [Au25(2PET)18]
0 structure is built of a centred Au13 icosahedral core composed 

of metallic Au atoms (i.e., kernel), and a protective thiolate ligand shell. At the core–shell interface, six 

dimeric staple units, [RS–Au–(R)S–Au–SR] are positioned symmetrically around the core (Figure 1.4-

b). A total of eighteen thiolate ligands are distributed between two types of symmetry non-equivalent 

positions called inner and outer sites (Figure 1.4-c). Six ligands are connected to the two Au atoms of 

the staple that are denoted as outer positions. The remaining twelve ligands occupy the inner positions 

where they serve as bridges for two chemically different Au atoms: one from the surface of the 

icosahedral core and the second from the staple. The two ligand positions exhibit different reactivity in 

ligand-exchange reactions.40, 41 
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Figure 1.4 (a) The crystal structure of [Au25(2PET)18]0. (b) Icosahedral Au13 core surrounded by six dimeric staple motifs. (c) 

Structure of the dimeric staple motif depicting two symmetry non-equivalent thiolate binding sites. Structure prepared using 

the crystal data published in Reference [16]. 

In general Au25(SR)18 clusters can exist in three stable oxidation states, [Au25(SR)18]
q, for which q = −1, 

0 or +1. Their crystal structures display identical connectivity between the atoms, i.e., an icosahedral 

core composed of 13 gold atoms, enveloped with 6 dimeric staple units (Figure 1.5). The relation 

between their oxidation states, structure and magnetism were ascribed to first-order Jahn-Teller 

distortions.42 

 

Figure 1.5 The crystal structures of [Au25(2PET)18]q in 3 different oxidation states: (a) −1; (b) 0; (c) +1. Colour code: 

Au-yellow, S-orange. Crystallographically independent 2PET ligands bear unique colours. Figure adapted from 

Reference [42]. Published by The Royal Society of Chemistry.  

The [Au25(SR)18]
−1 cluster exhibits a closed-shell electron configuration (1S21P6) and diamagnetism. The 

[Au25(SR)18]
0 species, having an 1S21P5 superatom electron configuration, is paramagnetic with one 

unpaired electron in the 1P orbital. Because the 1P orbital is not-completely filled, it becomes 
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nondegenerate, which manifests as a more oblate cluster structure relative to its anionic counterpart. The 

[Au25(SR)18]
+1 cation, with an 1S21P4 configuration shows even larger structural distortions than the 

anionic and charge neutral analogues. This cluster is also diamagnetic.  

 

Figure 1.6 Electronic absorption spectra of [Au25(SR)18]q in three oxidation states: anionic (black), charge neutral (red) and 

cationic (blue). Figure reproduced from Reference [42]. Published by The Royal Society of Chemistry. 

The electronic absorption spectra of [Au25(SR)18]
q in three oxidation states (Figure 1.6) depict 

differences in their electronic structure.  

 

Figure 1.7 Orbital energy diagram for [Au25(SH)18]–. A: ligand band; occupied orbitals below the HOMO arising from 

[Au2(SH)3]– units. B: delocalized (superatom P) HOMO orbitals from the Au13
5+ core. C: delocalized unoccupied orbitals 

(superatom D) primarily from the Au13
5+ core with some mixing from [Au2(SH)3]– units. Reproduced with permission from 

Reference [14]. Copyright 2010 American Chemical Society. 
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Three absorption peaks are evident: the peak around 680 nm corresponds to a 1P → 1D 

(HOMO → LUMO) transition, the band between 450–470 nm to a 1P → 1D (HOMO → LUMO +1) 

transition. The higher energy transition (380–400 nm) is ascribed to a ligand → D transition (see orbital 

energy diagram in Figure 1.7).14 The HOMO–LUMO energy gap was found to decrease with increasing 

oxidation of [Au25(SR)18]
q cluster. 

1.2 Thiolate-protected gold nanoclusters–highly versatile species amenable to 

tailoring  

The modification of the structure and properties of Au NCs can be realized using various strategies that 

take advantage of their core–shell structure, which affords distinct active sites for interactions with a 

variety of different species: ligands, ions, other nanoclusters.43 Figure 1.8 schematically shows three 

distinct active site types on Au NCs that can be exploited for functionalisation and property tuning: core, 

interface and ligand.  

 

Figure 1.8 Schematic depiction of the metal nanoclusters active sites for their interactions with ions, molecules, or other 

nanoclusters. Reproduced from Reference [44]. Published by The Royal Society of Chemistry.  

Core. The metallic kernel of Au NCs can exhibit various packing modes: icosahedral,39 decahedral,9, 45 

face-centred cubic (FCC),46, 47 body-centred cubic (BCC),48, 49 or hexagonal close packed (HCP).50 These 

structures affect the electronic properties of Au NCs but also offer varying types of coordination sites 

(of unsaturated Au0) that are accessible for chemical or physical adsorption. Usually, the Au core is 

electron-rich, due to the delocalization of the valence electrons, and hence exhibits an affinity towards 

species with high electronegativity. Additionally, the Au atoms in the core can be substituted with metal 
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heteroatoms, which has been shown to increase nanocluster stability and reactivity (new active sites for 

adsorption).51 

Interface. The AuI–SR staples in the Au–SR interface have two sites: AuI atoms and S atoms of the 

thiolate ligands. The AuI atoms are electron-deficient due to the electron withdrawing properties of the 

thiolate ligands. Therefore, these sites exhibit an affinity towards electropositive molecules. Evidently, 

these sites are also more accessible than the core Au0 atoms. As such, these positions have been shown 

as active sites for metallophillic AuI···AuI interactions52 and also metal-exchange reactions.34, 53 

Interestingly, the S atoms of the thiolate ligands are also known to be coordination sites for the molecules 

in catalytic reactions.54 Overall, the interface provides the main reactive sites for ligand exchange 

reactions, which represent the primary method to modify the structure, size, surface chemistry and 

properties of Au NCs.22, 43, 55, 56 Given the variety of structures and arrangement patterns of the staple 

motifs within the nanocluster interface, the sulfur atom active sites can differ in their chemical 

environment, which affects the preferential sites for the ligand exchange reaction.41, 57 For example, a 

study by the Ackerson group established that exchanging the initial ligands for the HS-Ph-p-Br in 

Au102(p-MBA)44 and [Au25(2PET)18]
− clusters was occurring on the solvent accessible inner positions 

(where one of the two Au atoms to which the S atom of the thiolate ligand connects is the core Au0 atom). 

In addition, specifically for the case of ligand exchange with [Au25(2PET)18]
− , the stabilizing π – π 

interactions between the 2PET ligands and the incoming ligand led to preferential exchange of the inner 

position. In another example, a study by Pengo et al. revealed that the preferential exchange sites for 

ligands within the staple (inner vs outer positions) of Au25(2PET)18 clusters was highly dependent on the 

electronic structure of the incoming thiols.58 Particularly, lower selectivity for the inner staple sites were 

demonstrated for aromatic thiols with an electron-donating substituent in the para-position. 

Furthermore, the relative affinity of the incoming thiols for binding to the Au surface in combination 

with the stability of the free thiols in solution were found to be key factors in the ligand exchange 

reactions as demonstrated by Salassa et al.59  

Overall ligand-exchange reactions have been established as widely used methods for tailoring the surface 

ligands of metal nanoclusters.56, 57 The ligand-exchange process can either lead to (i) a partial or total 

substitution of the ligands in the shell with no induced alteration of the chemical formula of the parent 

nanocluster41 or (ii) a transformation of both structure and chemical formula in a process termed ligand-

exchange-induced size/structure transformation (LEISST).22  

Next to a simple substitution of the ligands in the nanocluster, the exchange of all of the surface motifs 

can also occur with or without affecting the original structure of the nanocluster.60-62 

Thiolate ligands. Given their position on the nanocluster extremity, the thiolate ligands play a major 

role in the surface and recognition chemistry of Au NCs. The rich diversity of the thiolate ligand carbon 
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tails in terms of their size, structure and function lend themselves to an array of tuneable covalent and 

noncovalent interactions. 

Covalent bonds are exploited to introduce extra functionality into the Au NCs. A common strategy 

involves an amination reaction between the water soluble Au NCs (with ligands containing carboxylic 

groups) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC).63, 64 

Thiolate-ligand-based noncovalent interactions can also be utilized for surface modification and 

self-assembly processes. The carboxyl (–COOH), amine (–NH2) and hydroxyl (–OH) groups present 

within the structure of thiolate ligands were shown to influence the solvation, crystallization and self-

assembly behaviours of water-soluble Au NCs via the formation of H–bonding.45, 65 Deprotonated 

carboxyl groups (–COO−) become available for electrostatic interactions, like e.g., ion-pairing with 

cationic surfactants CTA+ (CTA = cetyltrimethylammonium).66 For Au NCs soluble in the organic 

phase, it is the π interactions (i.e., π–π and CH–π interactions) and van der Waals forces that dictate their 

surface chemistry and self-assembly into hierarchical structures.  

Host–guest interactions belong to an important class of supramolecular interactions and are essential in 

fields of molecular recognition and self-assembly. These types of interactions can also be instituted on 

the nanocluster surface. This strategy has allowed larger structures like cyclodextrins, fullerenes or 

MOFs to be anchored to the Au NCs.67-69  
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Chapter 2  

Metal nanoclusters as versatile building blocks for 

hierarchical structures 

2.1 Introduction 

In this Chapter, different approaches to realize the NCs assemblies and the underlying forces that drive 

the assembly are discussed. Changes in the physicochemical properties as well as the emergence of new 

functions upon superstructure formation are also described.  

2.2 Discrete multimers of metal nanoclusters 

The step toward obtaining the highly ordered superstructures based on nanocluster units is the formation 

of discrete oligomers (dimers, trimers, etc.). It is expected that coupling of nanoclusters into stable 

dimers via organic linkers will induce significant changes in both optical and electronic properties. These 

properties depend greatly on the bridging organic linker that is used. The idea to employ Au NCs to form 

extended systems was first explored by Akola et al. using DFT methods.1 Their study focused on 

modelling of discrete dimeric species constructed with anionic Au25(SR)18 nanoclusters covalently 

linked by a benzene-1,4-dithiol (BDT) molecule. (Figure 2.1). The optimized structure of the 

Au25−BDT−Au25 dimer showed an overall linear geometry. Furthermore, the analysis has found that 

Au25 units in the dimer preserve their individual electron shell structures after linking with the dithiol 

ligand, even when the clusters were doped with magnetic (Mn) or nonmagnetic (Pd) metal atoms. The 

calculations of HOMO–LUMO gaps for Au25(SMe)18 and Au25–BDT–Au25 species in the gas-phase were 

almost identical (1.24 and 1.25 eV, respectively). Additionally, the density of states was higher for the 
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dimers, as a result of individual contributions of two Au25 units. The study by Akola unearthed the 

potential of using Au NCs as building blocks for functional materials given that suitable methods for 

their linking can be found. 

 

Figure 2.1 Structure of the relaxed [Au25(SCH3)17–BDT–(SCH3)17Au25]2− dimer. Colour code: Au0–orange, AuI–yellow, S-red, 

C–black, H–white. Reproduced with permission from Reference [1]. Copyright 2010 American Chemical Society. 

Creating the superstructures from metal NCs whilst still preserving the structure of individual building 

blocks poses a great challenge. In this regard, ligand exchange reaction utilizing appropriate dithiol 

linking molecules, which favour intercluster binding, is one of the most successful strategies yielding 

the desired assembly. Furthermore, using organic linker gives a possibility to introduce an extra 

functionality. Hitherto, Au25(SR)18, Ag25(SR)18, Au102(SR)44 and Au~250(SR)~80 clusters were employed 

as assembly units for larger oligomeric structures. 

  Covalently linked nanoclusters 

In this Section the synthetic chemistry approaches allowing the selective functionalization and formation 

of covalently linked NC multimers will be presented. 

The first experimental demonstration of formation of dimeric (and higher order) Au NC-species linked 

with dithiol molecules was reported by Lahtinen et al.2 In their study large clusters, i.e., Au102(SR)44 and 

Au~250(SR)~80 (SR = para-mercaptobenzoic acid, p-MBA) were bound with biphenyl-4,4’-dithiol 

(BPDT) molecules during the ligand-exchange reaction. Transmission electron microscopy (TEM) 

analysis coupled with the molecular dynamics (MD) simulations, showed that the cluster linking 

occurred via disulfide bridges formed between two BPDT bridging molecules (Figure 2.2A-E). Given 

that the Au NC ligand shells contained partially deprotonated p-MBA ligands, the electrostatic repulsion 

between the adjacent clusters (more pronounced in larger Au250 clusters) favoured linking through longer 

bridging molecules. This finding was later corroborated by electron energy-loss spectroscopy in a 

scanning transmission electron microscopy (EELS-STEM).3 The obtained dimeric assemblies of Au102 

displayed no optical coupling, however the larger multimers of Au250 exhibited hybridized plasmon 
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modes with red shifts of absorption maxima (ascribed to electron tunnelling through the molecular states 

of the disulfide bridges) (Figure 2.2F-G).  

 

Figure 2.2 (A) Schematic representation of the multimer formation in the ligand-exchange reaction; (B) PAGE separation 

bands of linked Au~250 and Au102 clusters compared with unlinked clusters; TEM images of PAGE isolated monomers, dimers 

and trimers of (C) Au102 and (D) Au~250 clusters; (E) MD simulated structure of fully-deprotonated Au102–(BPDT)2–Au102 in 

H2O; Normalized UV-vis spectra of (F) unlinked Au102 (black trace), BDPT-linked Au102 (crude mix, red trace) in H2O are 

juxtaposed with the arbitrarily scaled spectrum of the free BDPT linker (grey) and the difference spectrum (scaled by factor of 

10) of unlinked and linked Au102 spectra (blue trace); (G) PAGE isolated monomers (M, black trace), dimers (D, red trace) and 

trimers (T, blue trace). The lower panels depict the difference spectra of dimers and monomers, and trimers and monomers. 

The shaded areas are the Gaussian components of the deconvoluted data. Figure adapted with permission from Reference [2]. 

Copyright 2016 The Royal Society of Chemistry. 

In their report, Sels et al.4 described the formation of multimeric Au25 species covalently bound with 

three linear dithiol molecules (Figure 2.3A). The effectiveness of the multimer formation was affected 

by both the length of the dithiol linker and the type of ligands in the protective shell. Specifically, the 

short benzene-1,4-dithiol (1) was shown to interconnect the Au25(SBu)18 (SBu = 1-butanethiolate) but 

not the Au25(PET)18 (PET = 2-phenylethanethiolate) clusters due to the steric hindrance imposed by the 

2-phenylethanethiolate ligand shell. The resulted mixture of multimers was separated on a size-exclusion 

chromatography (SEC) column. The isolated fractions were subjected to small angle X-ray scattering 

(SAXS) analysis and found to contain dimers and trimers as well as large assemblies of 10–20 Au NCs 

(Figure 2.3B-C). The electronic absorption spectra of the formed assemblies revealed that small 

multimers (dimers and trimers) largely retain the spectral characteristics of monomeric Au25 clusters (red 

and blue trace in Figure 2.3D). On the contrary, for the large aggregates these features disappeared and 

instead a new band in the near-IR region (840 nm) developed, which was assigned to electronic coupling 

between Au25 NC via the dithiol bridge. The emergence of this band was observed only for the larger 

aggregates when connected via conjugated linkers (benzene-1,4-dithiol (1) and p-terphenyl-4,4”-dithiol 
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(2); Figure 2.3E). Moreover, upon addition of free thiols to the solution containing large aggregates, the 

840 nm band started to blue-shift and the characteristic spectral features of Au25 started to reappear 

(Figure 2.3F). This behaviour was ascribed to the “unlinking” reaction during which the degree of 

interconnection between the clusters was reduced. Therefore, not only the type of the ligand but also its 

concentration was shown to play a crucial role in forming covalent Au25 assemblies and greatly affected 

their size and optical properties.  

 

Figure 2.3 (A) Schematic representation of Au25(SR)18 dimers linked by various dithiol ligands 1-3. Protective monothiolate 

ligands omitted for clarity, colour code: Au0–yellow, AuI–orange, S–green; SAXS spectra of (B) large-size SEC isolated species 

obtained for different Au25 clusters linked with conjugated dithiols 1 and 2, and (C) small-size SEC fractions containing 

monomers, dimers and trimers. Electronic absorption spectra of (D) SEC isolated large aggregates (black trace), dimers and 

trimers (red trace) and unreacted Au25 clusters (blue trace); (E) large multimers obtained by using various linkers 1-3; (F) 

UV-vis monitoring of the unlinking reaction of the dimers-trimers mixture upon introduction of free Bu–SH ligand. Figure 

adapted with permission from Reference [4]. Copyright 2017 The Royal Society of Chemistry. 

In their work, Ho-Wu et al. investigated the influence a bridging linker can have on linear and non-linear 

optical properties of Au NC oligomers.5 Water-soluble anionic [Au25(SG)18]
−
 (SG = glutathione) clusters 

were covalently linked with 4,4-thiodibenzenethiol (TBT) in the ligand-exchange reaction to produce a 

mixture of oligomers which were then separated using gel electrophoresis (PAGE) technique 

(Figure 2.4A-B). The systematic spectroscopic investigation of the formed multimers showed 

significant changes in their linear and non-linear properties when compared to the single [Au25(SG)18]
−
 

clusters. Importantly, the spectrum of dimeric species displayed the characteristic features attributed to 

Au25
− clusters. For trimers and higher species, the spectral bands were less defined. The further analysis 

of optical spectra of Au25–TBT–Au25 dimers (blue trace in Figure 2.4C) shows widening of the 

~ 450 nm absorption band which was ascribed to the higher density of states (DOS) than in monomeric 

Au25
− clusters. The disappearance of a distinctive 670 nm peak was explained by the broadening and 

bathochromic shift of the 553 nm peak. Further, almost featureless absorption spectra of trimers and 
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multimers (pink and yellow traces in Figure 2.4C) were reasoned with even higher DOS exhibited in 

these species. 

 

Figure 2.4 (A) Schematic representation of the formation of Au25 oligomers linked with a chromophore TBT linker during the 

ligand-exchange reaction; (B) PAGE separation of TBT–Au25 oligomers; (C) Steady-state absorption of isolated TBT–Au25 

oligomers; (D) Steady-state emission of TBT–Au25 oligomers excited at 400 nm compared to the emission of free TBT excited 

at 265 nm; (E) Time-resolved fluorescence at 500 nm of the unlinked Au25 (left panel) and Au25 dimers. Figure adapted with 

permission from Reference [5]. Copyright 2018 American Chemical Society.  

Moreover, the dimers existed in a non-collinear arrangement, dictated by the bent geometry of the 

TBT linker with electronegative central sulfur atom, which explained their larger net dipole moment. 

This demonstrated that larger oscillator strengths and polarizability can be obtained when both the 

geometry of the linked assemblies and their size can be controlled. Additional experimental arguments 

highlighting the importance of the linker molecule were provided by photoluminescence (PL), transient 

absorption and time-resolved PL measurements. The near-IR photoluminescence emission behaviour of 

the linked Au25 oligomers (spectra shown in Figure 2.4D) was ascribed to the collective response of 

each of its constitutive Au25
− units, under the assumption that the PL emission occurs from the core-to-

surface energy transfer.6, 7 Furthermore, the covalent linking of nonpolar TBT contributed to the red-

shift of the emission wavelength by ca. 27 nm (0.07 eV) between single Au25
− and Au25 oligomers, as it 

was shown for other Au25 NCs protected with nonpolar ligands.8 More insights were provided when the 

PL of the dimeric species was probed with different excitation wavelengths: 265 nm and 400 nm. 

Overall, the energy transfer from the Au25 core states to the surface states as well as from the TBT linker 

to the NC surface states was postulated to be at the origin of the enhanced NIR emission in multimers. 

Moreover, the longer excited-state lifetime (250 fs) observed for dimers (180 fs for single Au25
− clusters, 

Figure 2.4E) was attributed to a collective emission of each of the Au25 units, further suggesting that 

enhanced NIR emission is expected for the linked clusters. However, the PL quantum yield (𝛷𝑃𝐿) of 

dimers was very close to that of single Au25
− NCs (2.2 × 10−3 vs 1.8 × 10−3, respectively) indicating that 

the PL quenching was occurring. This behaviour was explained by the energy transfer between the NCs 
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(interactions of dipoles on the surface of Au25 NCs which were positioned within the FRET (Förster 

resonance energy transfer) distance and spectral overlap between the emission and 670 nm absorption). 

Therefore, the possibility of tuning the photoluminescence can arise from controlling the intercluster 

distance through both the length and geometry of the linker. 

In their work Pradeep and co-workers used a multidentate metal complex as a linker to covalently bind 

Ag NCs.9 More specifically, they showed the formation of [Ag25(DMBT)18]
− 

(DMBT = 2,4-dimethylbenzenethiolate) dimers when reacting the discrete Ag25 clusters with rutheniumII 

bipyridyl-4,4’-dithiol ([Ru(bpy)2bpy(CH2SH)2]
2+) (Figure 2.5A-B). 

 

Figure 2.5 (A) DFT optimized structure of the most stable isomer of [Ag25(DMBT)18
 – dimer. (B) RutheniumII bipyridyl-4,4’-

dithiol linker. (C) Comparison of the optical absorption spectra of a single Ag25 NC (black trace), ([Ru(bpy)2bpy(CH2SH)2]2+ 

linker (green trace), and Ag25 dimers (red trace). Figure adapted with permission from Reference [9]. Copyright 2019 The 

Royal Society of Chemistry. 

The obtained product characterized by the optical spectroscopy showed minimal changes with respect 

to the parent Ag25 cluster, suggesting that the core of the cluster remained largely unmodified. Slight 

red-shift of a 600 nm absorption band and changes around 400 nm were assigned to optical coupling 

between the RuII-based linker and Ag NCs (Figure 2.5C). Moreover, the DFT calculations have 

demonstrated that for the overall stability of the dimeric structure a smaller number of DMBT ligands in 

the vicinity of the exchanged sites on both clusters is preferred. This minimized steric hindrance was 

argued to contribute toward the higher conformational freedom of the linker and, which then translated 

into shorter intercluster distance. In addition to covalent linking, contribution from non-covalent 

interactions such as intercluster ligand–ligand van der Waals interactions or π···π interactions between 

the pyridyl rings in the linker complex and phenyl units in DMBT were stabilizing the dimeric structure.  

An alternative strategy for connecting [Au25(S–C2H4Ph)18]
− nanoclusters to form stable dimers was 

recently reported by Liu et al.10 Rather than using the organic bridging molecule, the two Au25 NCs were 

linked with two silver ions in a so-called “hand-in-hand” mode. As a result, stable Ag2Au50(PET)36 

dimers were obtained (Figure 2.6A). Their optical and catalytic properties were significantly altered 

with respect to discrete Au25 clusters. Interestingly, the preferential formation of the dimeric species was 
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reasoned by a relatively weak affinity between Au+ and NO3
−
 anions which prevented the doping of 

Au25. Moreover, the formation of higher assemblies, such as trimers and tetramers, was inhibited by the 

steric hindrance effect of the surface 2-phenylethanethiolate ligands, which were preventing the 

successive binding of an additional Au25
− unit to the Ag2Au50(PET)36 dimer. 

 

Figure 2.6 (A) Structure of the Ag2Au50(PET)36 dimer depicting two Au13 icosahedra coordinated by Ag atoms in a “hand-in-

hand” pattern. Two S atoms binding to Ag originate from the Au2(SR)3 staple motifs. Colour code: Au0–green, AuI–blue, Ag-red, 

S–yellow, C and H atoms omitted for clarity; (B) Electronic absorption spectra of [Au25(S–C2H4Ph)18]−(black trace) and 

Ag2Au50(PET)36 dimer (red trace);(C) Predicted partial DOS and UV-vis spectra assignments for monomeric Au25
−and 

Ag2Au50(PET)36 dimer at the DFT level; (D) Steady-state PL spectra of Au25
− (black trace) and Ag2Au50(PET)36 dimer (red 

trace); (E) Time-resolved PL spectra measured at 940 nm for Au25
− (black trace) and 840 nm for Ag2Au50(PET)36 (red trace), 

λexc = 405 nm; (F) Isodensity plots for the HOMO and LUMO for Au25
−and Ag2Au50(PET)36 dimer at the DFT level. Colour 

code: Au–yellow, Ag–pink, S–green. Figure adapted with permission from Reference [10]. Copyright 2020 Wiley-VCH. 

Significant change in the electronic absorption was observed for the dimers, with two prominent bands 

at 413 and 700 nm (Figure 2.6B). The DOS analysis revealed the significant role of Ag+ on the electronic 

structure, causing the band broadening due to Ag–Au interactions. This band broadening causes the 

reduction of the HOMO–LUMO gap from 1.70 eV (for a single Au25
− NC) to 1.64 eV. While it was 

expected that the linking of two Au25
− NC with two Ag bridge atoms would significantly reduce the 

intramolecular rotation and vibration, which favours the PL emission, an opposite behaviour was 

observed. In fact, the PL emission intensity decreased upon dimerization of Au25
− NCs (Figure 2.6D) 

and it was accompanied by the blue-shift and broadening of the emission peak. The explanation was 

provided by the DFT study that revealed a significant reduction of the charge transfer from the ligand to 

the Au kernel. In addition, a nearly two times slower PL decay for the Ag2Au50(PET)36 (Figure 2.6E) 

was explained by the Ag induced spatial separation of the HOMO and LUMO (Figure 2.6F).  
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The above examples describe the formation of discrete multimers that occurs in the solution 

during the ligand exchange reaction upon introduction of a linking agent. However, the formation of 

small Au25 multimers in the gas phase has also been observed using ion mobility mass spectrometry 

technique (IM-MS).11 In fact, the assembly of [Au25(SC2H4Ph)18]
0 dimers and trimers took place within 

the instrumental setup. The obtained species were subsequently separated based on the differences in 

their ion mobility (Figure 2.7) and identified as dimers and trimers. The experimentally calculated 

values of collision cross-sections (CCS) for dimers and trimers were slightly lower than expected. 

Therefore, the structure of the dimer was proposed, in which the intercluster bonding occurs via two 

Au2S3 staples (inset in Figure 2.7C).  

 

Figure 2.7 (A) Schematic representation of the instrumental setup where Au25(SC2H4Ph)18 cluster multimers are created and 

(B) subsequently separated by IM-MS. (C) Expansion of each of the peaks obtained from ion mobility corresponding to 

[Au25(SC2H4Ph)18]− (grey profile), [Au25(SC2H4Ph)18]2 
2− (red profile), and [Au25(SC2H4Ph)18]3 

3− (blue profile) with 

representative structures shown as insets. Figure reproduced with permission from Reference [11]. Copyright 2016 The Royal 

Society of Chemistry. 

 van der Waals interactions 

Formation of assemblies constructed with negatively charged M25(SR)18
− (M = Ag, Au) NCs linked with 

fullerenes (either C60 or C70) was reported by Chakraborty et al.12 The supramolecular interaction 

between the NCs and fullerenes produced dimers, trimers, tetramers and higher assemblies 

(Figure 2.8A), for both the Ag and Au NCs. These aggregates were obtained as a mixture in solution 

(see the ESI-MS spectrum in Figure 2.8B) hence selective formation of a particular adduct could not be 

controlled. Importantly, the structural aspects, such as inherent cluster geometry, type of metal atoms 

and nature of ligands in the monolayer, were found to affect the complexation between the building units 

resulting in a size distribution of cluster–fullerene adducts. 
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Figure 2.8 (A) Schematic representation of the (Ag, Au)25-fullerene adduct formation; (B) ESI-MS depicting the adducts of 

Ag25
− and C60; (C) TEM images of [(Ag25 n–C60]n−assemblies forming wires, scale bar: (C-a) 1 μm, (C-b) 50 nm. Figure adapted 

with permission from Reference [12]. Copyright 2020 American Chemical Society.  

The DFT investigation identified the “ligand pockets” on the surface of the cluster as the adsorption sites 

for fullerenes. Additionally, two types of interactions were stabilizing this complex: (i) the van der Waals 

(vDW) interactions and C–H···π occurring between the protons of –CH3 groups of 2,4-DMBT ligands 

and the fullerene π system, and (ii) ion-induced dipole interactions between the M25(SR)18
− and 

fullerenes. Dimers [(Ag25)2–C60]
2− and trimers [(Ag25)3–C60]

3− bound by a single fullerene molecule were 

found to be less stable, specifically in the trimer case (binding energies of −9.80 and −3.86 kcal/mol, 

respectively), due to the steric hindrance and increase in electrostatic repulsion between negatively 

charged Ag25 cluster units. As a result, the stabilizing C–H···π interactions were weakened. The TEM 

imaging of the Ag25–C60 adducts in the solid state showed the wire-like structures that formed 

(Figure 2.8C).  

2.3 One-dimensional (1D) metal nanocluster assemblies  

The synthesis of metal NC 1D assemblies are of importance for establishing the reliable methods for 

fabrication of nanodevices by bottom-up methods. The construction of such superstructures relies on 

different strategies: bond formation (metal–metal, metal–X (X = O, S, Cl)), control of counterions, 

introduction of linker molecules, and use of interligand interactions, which will be discussed in this 

section. To ensure the assembly of 1D structures and concurrently prevent formation of branched 

aggregates the ability to manipulate the nanocluster monolayer is of utmost importance.  

 Metal–metal interactions (aurophilic interactions) 

Aurophilic interactions (AuI···AuI) belong to the class of attractive metallophilic interactions that play 

important role in arrangement and stabilization of oligonuclear metal ion complexes.13 These interactions 

show both structure-directing and property-enhancing (e.g., stronger luminescence) capabilities. 
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AuI···AuI interactions were found to be a driving force for aligning Au NCs into 1D nanowires.14 

Investigation into the role of various short chain n-alkylthiolate ligands on the properties of paramagnetic 

Au25 NCs lead to the unexpected discovery of formation of linear polymers composed by [Au25(SBu)18]
0 

(SBu = 1-butanethiolate) units upon crystallization. The single-crystal X-ray analysis revealed that the 

1D cluster chains were stabilized by the aurophilic interactions. Importantly, the critical factor in the 

formation of these 1D structures was the length of the protective thiolate ligands. It was found that the 

C4- and C5-thiols facilitated the Au25 cluster polymerization in the solid state. On the contrary, the very 

short ligands (i.e., C2- and C3-thiolates) and bulkier PhC2H4–S− ligand did not afford the 1D chains in 

the crystal. Given the flexibility of the longer n-alkyl chains (exhibiting more degrees of freedom) some 

of the C4- or C5-groups were disordered within the staple motifs. In other words, these groups presented 

different conformation with respect to the staple plane which manifested itself in the specific orientation 

of these ligands on the surface of Au25 NC.  

 

Figure 2.9 (A) Comparison between the Au25S18 skeletons of Au25(SBu)18 and the Au25(SEt)18 crystals, with relevant distances 

and torsional angles; (B) View of the two Au25 sequences to highlight the interdigitation of ligands in Au25(SBu)18, or its 

absence, in Au25(SEt)18. Colour code: Au–yellow, S–red, C–light blue, H–white. Reproduced with permission from 

Reference [14]. Copyright 2014 American Chemical Society. 

Careful investigation revealed that the “twist-and-lock” mechanism was responsible for the formation 

of the polymeric assemblies. This mechanism is based on the 90° twist of every other Au25 cluster in a 

polymer chain resulting in the interdigitation (i.e., “lock”) of the ligands having a suitable alkyl chain 

length (Figure 2.9).  

In contrast, ligands with either not sufficiently long carbon chain (“no lock”) or very long ligands 

exhibited a steric hindrance that precluded short intercluster Au–Au distance. Hence, these types of 

ligands were not suitable for stabilizing the 1D polymers. In addition, the theoretical investigations 

further corroborated that the van der Waals interactions between the alkyl chains in the C4 ligands of 

adjacent clusters made the lock mechanism possible. These 1D Au25 nanowire assemblies were shown 
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to be antiferromagnetic at low temperatures, in contrast to the paramagnetic behaviour exhibited by the 

Au25 units. The loss of magnetic properties was explained by the formation of a connected structure. 

More specifically, the high proximity of neighbouring clusters connected via aurophilic interactions 

made possible for the two unpaired electrons located on individual units of Au25 to form electron pairs. 

As a result, the conduction band of the 1D-structure was filled and the valence band was unoccupied, 

imparting the assembled structures with semiconducting properties. Similarly, the monodoped 

diamagnetic Au24M(SBu)18 (M = Cd, Hg) NCs formed the same type of nanowires demonstrating that 

the magnetic state of the cluster posed no challenge to the formation of 1D assembly. On the other hand, 

Au24Pt(SBu)18 did not form assemblies indicating that, in addition the ligand structure, also electronic 

factors could play an important role in enabling superstructures.15  

More in-depth study focusing on the importance of intracluster ligand interactions in the formation of 

the 1D nanocluster assembly was conducted by Negishi and coworkers.16  

 

Figure 2.10 Structures of protective thiolate ligands, geometrical structures of individual [Au4Pt2(SR)8]0 NCs and 

1D assemblies. Relationship between intra-cluster ligand interactions which is related to the distribution of the ligands within 

each cluster, inter-cluster ligand interactions and 1D assembly patterns in the crystal. Figure adapted from Reference [16]. 

Published by The Royal Society of Chemistry. 

By analysing small heterometallic [Au4Pt2(SR)8]
0 NCs capped with a series of thiolate ligands, they 

expanded on Maran’s findings which, as discussed previously, revealed that the control over the ligand 

interactions between the neighbouring clusters (intercluster ligand interaction) is crucial for achieving 

extended 1D structures.  
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Negishi’s contribution showed that for the appropriate intercluster ligand interactions to arise, the 

intracluster ligand interactions must be primarily controlled. They demonstrated that the ligand structure 

not only governs the 1D assembly but also affects the linkage pattern within the assembly. Bulky ligands 

were shown to distribute isotropically (steric hindrance) whereas phenylthiolates with non-bulky 

substituents formed a compact structure within the ligand shell (π···π interactions). The right balance of 

attractive forces and steric repulsion between the ligands was proven to induce the appropriate 

intracluster interactions that facilitated the 1D assemblies (Figure 2.10).  

The optical absorption spectra of [Au4Pt2(SR)8]
0 clusters were measured in solution, dry amorphous 

state, and crystalline state. The spectra of crystalline samples showed the onset of optical absorption at 

longer wavelength than for amorphous powders or dissolved samples. Given that the observed changes 

in the electronic structure were accompanying crystallization, they were attributed to the formation of 

1D assemblies. Theoretical studies further confirmed the change in the electronic structure of cluster 

assemblies with respect to the individual monomeric clusters. At large, the 1D structures were shown to 

maintain the electronic structure of individual monomeric components however the HOMO–LUMO gap 

of the assemblies was narrower (2.17 eV) than that of individual clusters (2.93 eV for [Au4Pt2(2PET)8]
0). 

Formation of ultralong nanoribbons with well-defined width (10–50 nm) and thickness (up to 

several μm) assembled from [Au25(p-MBA)18]
− in aqueous phase was recently reported by Xie and 

co-workers.17  

This colloidal self-assembly was also directed by the aurophilic interactions and was initiated by a 

pH-triggered reconstruction of the surface staple motifs where short dimeric motifs were transformed 

into longer ones at the expense of the Au13 kernel modification. As a result, the newly formed smaller 

Au NCs adopted an elongated structure, similar to that of the Au22(SR)16 (ref. 18) or Au24(SR)20 (ref. 19) 

cluster. As confirmed by the XPS study, the ratio of AuI in the NC surface shell increased, giving rise to 

strong and anisotropic aurophilic interactions between neighbouring NC units and therefore leading to 

the formation of 1D nanowires (Figure 2.11A). Subsequently, the secondary self-assembly of nanowires 

into nanoribbons was driven by interligand interactions (π···π stacking and dispersive interactions) 

between individual nanowires owing to intense interdigitation of the p-MBA ligands. The formation of 

supramolecular structures led to the emergence of photoluminescence in nanoribbons. Specifically, an 

appearance of two independent emission bands (483 and 620 nm) at low temperature (77 K), ascribed 

to two independent emission states, was observed (Figure 2.11B). 
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Figure 2.11 (A) Schematic illustration of the evolution of self-assembly from (A-a) the single [Au25(p-MBA)18] −NCs; (A-b) 

pH-triggered reconstruction of the surface motifs; (A-c) Self-assembly of transformed Au NCs units into nanowires and 

nanoribbons. The hydrocarbon tails are omitted for clarity. (B) Emission behaviour of nanoribbons upon excitation at 365 nm 

at low temperature and room temperature (B-a) Digital optical photograph of the as-assembled nanoribbons powder (B-b) 

Changes in the emission spectra as a function of temperature, (B-c) PL lifetime profiles of T′, T″ and T‴ state; (B-d) Schematic 

diagram of the excited state relaxation dynamics of the nanoribbons. S0, S1, and T (T′, T″ and T‴) represent ground, excited 

singlet, and triplet states, respectively, where T′ is related to the intraligand relaxation process while both T″ and T‴ are 

responsible for LMMCT relaxation dynamics. Reproduced with permission from Reference [17]. Copyright 2019 Wiley-VCH. 

The higher-energy emission state (T′) has been hypothesized to originate from the well-organized 

interwire packing (governed by π···π stacking), whereas the lower-energy T″ emission, that red-shifts to 

655 nm at room temperature to yield T‴ state, was ascribed to the triplet state LMMCT occurring in the 

1D nanowire. Moreover, the T‴ emission at room temperature exhibited significant increase in 𝛷𝑃𝐿 

(6.2 % vs 0.01 % for parent [Au25(p-MBA)18]
− cluster). 

 Connection via heteroatom (direct metal–metal bond) 

Differently to the above-discussed strategies that utilize aurophilic interactions as means to construct 1D 

NC assemblies, simple silver atoms were also shown to successfully serve as linkers to connect the NC 

units. 

Atomically precise intermetallic (AuAg)34(A-Adm)20 (A-Adm = 1-ethynyladamantane) clusters were 

shown to self-assemble into 1D polymers upon crystallization that afforded macroscopic size crystals.20 

These materials, formed in a solvent-mediated self-assembly, possess a highly anisotropic structure 

consisting of (AuAg)31L18 clusters directly connected via the so-called “linker hinge” units (Ag–L–Au–
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L–Ag) along the c-crystallographic axis (Figure 2.12A–C). To realize 1D polymers, a structural 

transformation of the linker hinge, from the original bent geometry in the monomeric nanocluster to the 

linear geometry, is required. As a result of this transformation, one silver atom is “inserted” into the 

vicinity of the adjacent cluster and the chain propagation reaction is initiated. The single crystal X-ray 

analysis shows the packing of the cluster polymer chains in the monoclinic unit cell along the c-axis of 

the single crystal whereas, the bulky adamantane alkyl ligands form an insulating layer between the 

polymeric NC chains. Contrary to the [Au25(p-MBA)18]
− assembly, this superstructure formation was 

spontaneous yet controlled. Depending on the solvent used in the process, either monomeric species or 

1D assemblies were be obtained. Increase in a number of single Ag–Au bonds from two in a monomer 

to three in polymeric structure was found to be a driving force behind the monomer to polymer 

transformation.  

 

Figure 2.12 (A) Linker hinge “Ag–L–Au–L–Ag” unit of monomeric (AuAg)34 NC and (B) polymeric (AuAg)34n structure. 

Colours: Au–orange; Ag–green; C–grey. All hydrogens are omitted for clarity. (C) Atomic structure of the cluster polymer 

viewed orthogonal to the c-axis.  (D) The solid-state optical diffuse reflectance spectra of monomeric (red trace) and polymeric 

crystals (black trace) juxtaposed with the computed spectrum of one of the isolated modelled clusters (blue trace). (E) The 

structure of the polymer crystal FET. (F) Box-and-whisker plot for the conductivity of the monomeric crystal (black) and 

polymeric crystal (red and green). Depicted are median, 25 and 75 % quartiles, and a full range. Figure adapted from 

Reference [20]. Copyright 2020 Springer-Nature. 

This material, when in crystal state, showed anisotropic semiconducting properties. The DFT method 

was used to get insights into the electronic structure of the 1D assemblies. The magnitude of the 

computed HOMO–LUMO energy gap of about 1.3 eV, indicated that the NC polymer should behave as 

a semiconductor-type material. Furthermore, the calculations revealed that appreciable electron state 

density overlap between the adjacent clusters in the polymer exists only in the direction of polymer axis, 

implying the anisotropy of the electronic conductivity in the crystal. The field-effect transistor (FET) 

devices made with a single-crystal nanocluster FET chip (Figure 2.12E) allowed to measure the 

electrical conductivity along the orthogonal c- and a-crystallographic axes. The electrical conductivity, 
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measured at RT and 56 % relative humidity, along the a-axis (6.27 × 10−8 S m−1) was comparable with 

the electrical conductivity of the monomeric species. However, the electrical conductivity probed along 

c-crystallographic axis was 1800 times higher (1.49 × 10−5 S m−1, Figure 2.12F). The effect was shown 

to be a p-type field effect with a hole conduction mechanism. This study demonstrated that direct linking 

of the nanocluster lead to improved carrier transport.  

One more example of 1D NC assemblies linked by simple Ag atoms was reported by Wen et al.21 

Interestingly, the synthesis of bimetallic NC linear polymer, (structure in Figure 2.13A), 

[Au7Ag9(dppf)3(CF3CO2)7BF4]n (dppf = 1,1’-bis(diphenylphosphino)ferrocene) was obtained in 

a one-pot reaction without the pre-formation of the cluster monomer. The single crystal X-ray analysis 

of the formed 1D structure showed that the cluster units, Au7Ag8(dppf)3(CF3CO2)7, were connected via 

the covalent Ag–O bonds. 

 

Figure 2.13 (A) 1D [Au7Ag9(dppf)3(CF3CO2)7BF4]n polymeric assembly (anions and H atoms omitted for clarity). Colour code: 

Ag–green, Au–orange, O–red, P–purple, C–grey, Fe–blue; (B) Optical absorption spectrum of 1D Au7Ag8 assemblies in 

CH2Cl2 solution. Inset: the spectrum on the energy (eV) scale and digital photographs of assembly in solution and crystalline 

state; (C) TEM image of assembly in MeOH solution. The red circles indicate dimers, trimer and multimeric forms obtained 

upon breakdown of the polymer. Figure adapted with permission from Reference [21]. Copyright 2019 The Royal Society of 

Chemistry. 

It has been postulated that the excess free AgI ions in the reaction mixture was binding to the CF3COO− 

ligands of the already formed NC units during the synthesis. Given the versatile coordination ability of 

the trifluoroacetate ligands towards the Ag ions (four different modes) the formation of 1D polymer 

could be realized. The optical spectrum of [Au7Ag9(dppf)3(CF3CO2)7BF4]n polymer depicted a sharp 

band at 355 nm with two additional bands at 400 and 507 nm (Figure 2.13B). The optical energy gap 

was determined to be 2.18 eV. Interestingly, the polymer was found to be unstable when kept in solution, 

leading to its breakdown into monomeric, dimeric, trimeric or multimeric forms, as depicted in the TEM 

image (Figure 2.13C). 
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 Counterion-induced metal NC assemblies  

A hierarchical fibrous (1D to 3D) assembly of Au21 clusters exhibiting electrical conductivity was 

reported by Li et al.22 Unusually, the obtained assembly could be modulated with atomic precision via 

site-specific tailoring of the atypical surface motif (comprising four ligands and a counteranion). The 

atomic structure as well as the forces driving the assembly were unveiled with single-crystal X-ray 

analysis. Two Au21 NCs that differ in the counteranion were used to form the assemblies, namely 

[Au21(S-C6H11)12(PCP)2]
+[AgCl2]

− and [Au21(S-C6H11)12(PCP)2]
+[Cl]− (S-C6H11 = cyclohexylthiolate, 

PCP = bis(diphenylphosphinomethane). The assembly of Au21 NCs into 1D nanofibrils was driven by 

the π···π, anion···π, and aryl C–H···Cl interactions of the counteranions and phenyl rings of the 

PCP ligands. The counteranions, [AgCl2]
− and [Cl]− residing between the two sets of phenyls rings on 

the PCP ligands from the adjacent clusters formed a specific surface motifs called “surface hooks”. The 

orientation of the Au21 NCs in the 1D assembly was influenced by the counteranion structure 

(Figure 2.14). The subsequent assembly into 3D μm-sized crystals was dictated by the solvent effects, 

but also the counteranions were shown to strongly affect the packing modes. This led to distinctive 

electrical transport properties exhibited by the assembled solids. Namely, [Au21(S-C6H11)12(PCP)2]
+[Cl]− 

superstructure showed two orders of magnitude better charge transport properties compared to 

[Au21(S-C6H11)12(PCP)2]
+[AgCl2]

− due to the parallel-displaced π-stacking arrangement of the phenyl 

ligands and a smaller interparticle spacing. 

 

Figure 2.14 Schematic representation of the hierarchical fibrous (1D to 3D) assembly of Au21 NCs. Insets are the TEM images 

of (a) individual Au21 NCs (scale bar: 2 nm); (b) 1D nanofibril assembled from Au21 NCs (scale bar: 50 nm); (c) SEM image 

of 3D crystals assembled from Au21 NCs (scale bar: 50 μm). Colour codes: Au–magenta, S–yellow, Cl–light green, P–orange, 

C–green, H atoms omitted for clarity. The yellow rectangles indicate in (b) the surface hook and in (c) the 1D motifs (fibrils) 

in the 3D crystals. Figure reproduced from Reference [22]. Published by Springer Nature. 

Ion-cluster interactions were also found to induce the assembly of Ag29(SSR)12(PPh3) 

(SSR = 1,3-benzene dithiol; PPh3 = triphenylphosphine) NCs into higher order structures.23 The 

Cs+ cations were shown to strip the PPh3 ligands from the surface of the parent Ag29 NC leading to the 

formation of Cs3Ag29(SSR)12(DMF)x-based linear assembly in the solid state. The structural analysis 

revealed that the capture of the Cs+ on the surface of Ag NC was facilitated by a Cs–S bond and 

Cs···π forces. Moreover, the Cs+···DMF···Ag29 interactions were driving the assembly into 1D linear 

chains. Interestingly, replacing the DMF with a different oxygen-carrying solvent, led to the formation 
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of Ag29-2D grid network (N-methyl-2pyrrolidone solvent, NMP) or Ag29-3D superstructure 

(tetramethylsulfone solvent, TMS, Figure 2.15A). Different crystalline packing modes and surface 

structures exhibited by these materials strongly affected their optical properties (Figure 2.15B).  

 

Figure 2.15 (A) Schematic representation of the 1D–3D assemblies of Ag29(SSR)12 building blocks depicting 

Ag29(SSR)12(PPh3)–0D cluster, Ag29–1D linear chains, Ag29–2D grid networks, and Ag29–3D superstructures; (B) Comparison 

of optical absorptions and emissions of assemblies in a crystalline form: Ag29–0D (black traces), Ag29–1D (red traces), 

Ag29-2D (blue traces), and Ag29–3D (purple traces). Figure adapted from Reference [23]. Published by Oxford University 

Press. 

2.4 Two-dimensional (2D) metal nanocluster assemblies  

Extensive study on 2D assemblies of nanomaterials uncovered that the main force holding the layers 

together are van der Waals (vdW) interactions, in contrast to the building units that are comprised within 

the layer as those are held by much stronger interactions (e.g. covalent or ionic).24 Given that vdW forces 

are isotropic, the anisotropy that is required to obtain 2D nanostructures, can be generated either via 

formation of the lamellar mesophase templates or 2D-directed self-assembly of building blocks 

(nanoparticles, polymers, protein). In contrast to the numerous reports on 2D self-assembly of 

nanoparticles composed of hundreds of atoms, the limited success has been achieved for small metal 

NCs. Given that energy of the intercluster interactions is comparable to thermal fluctuation of the 

surroundings24, breaking of the assembled NC structures and restriction of the formation of ordered 

architectures is very likely.  

  Intraligand interactions 

In this section surface ligands-induced assembly will be discussed with the focus on the role of various 

nanoscale surface forces (dipolar, van der Waals, electrostatic interactions, hydrogen bonding) on the 

self-assembly of metal NCs. 
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2.4.1.1 Dipolar interactions and van der Waals interactions 

Wu et al.25 reported the 2D self-assembly of Au15(DT)15 (DT = 1-dodecanethiolate) into mono-, few-, 

and multilayered sheets in a colloidal solution. This assembly was initiated by the organization of 

Au15 clusters into dense 1D structures, which was driven by the intercluster dipole–dipole attractions. 

The theoretical calculations showed that Au15DT15 exhibited a permanent dipole moment (μ) of up to 

13.27 D and originated from both the specific arrangement of Au atoms and ligand distribution within 

the ligand shell.  

 

Figure 2.16 (A) Schematic representation of secondary assembly of small isolated 2D assemblies into long multilayered 

architectures, which involved the distribution of DT alkyls over (A-a) elongated architectures, (A-b) the end-to-end, (A-c) the 

face-to-face self-assembly, and (A-d) the spatial arrangement of Au15 NCs within the multilayered architectures. (B) 

Time-dependent morphology evolution of Au15 self-assembly architectures annealed at (B-b) 140 and (B-c) 144 °C for 60 min. 

Figure adapted with permission from Reference [25]. Copyright 2015 American Chemical Society. 

Upon 1D assembly, the long DT protective ligands redistributed on the surface of Au15 NCs which gave 

origin to asymmetric van der Waals attractions. In turn, vDW forces governed the assembly into small 

isolated 2D architectures (Figure 2.16A). Further heating treatment afforded stable multilayered 

2D assemblies (Figure 2.16B). The 2D morphologies could be controlled by carefully tuning the length, 

aspect ratio and thickness of the final architectures. 

2.4.1.2 Electrostatic and hydrogen-bonding interactions  

Ikkala and co-workers reported on the dynamic self-assembly of Au102(p-MBA)44 

(p-MBA = para-mercaptobenzoic acid) clusters into colloidal superstructures.26 The carboxylic groups 

of p-MBA ligands have driven the dissolution of the Au102 NCs, depending on the extent of their 

protonation. Explicitly, when all carboxylic groups were protonated, the cluster was soluble in polar 

solvents but insoluble in water. Deprotonation of more than 22 carboxylic groups in the ligand shell 
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could reverse the trend. Importantly, the distribution of the p-MBA ligands within the Au102 shell was 

found not to be spherical (Figure 2.17A), i.e., the patchiness that resulted from protonated and 

deprotonated carboxylate groups gave rise to the surface charge distribution.27  

 

Figure 2.17 (A) Resolved ligand directions illustrated with arrows, elucidating the possible hydrogen bonding directions. 

(B) A polar coordinate system (polar angle φ and azimuthal angle Θ) for Au102(p-MBA)44 clusters can be identified where the 

ligand directions are predominantly in the equatorial plane. A TEM image of (C) 2D nanosheet with faceted edges (three sheets 

with monocluster thickness are stacked); and (D) spherical capsoid of Au102(p-MBA)44 (2D projection). Figure adapted with 

permission from Reference [26]. Copyright 2016 Wiley-VCH. 

Controlling the kinetic of crystallization by dialyzing the aqueous solution of partially deprotonated 

Au102 against MeOH, accomplished the colloidal crystallization of Au102 into 2D nanosheets with one 

nanocluster thickness (Figure 2.17C). It was corroborated that the hydrogen bonding interactions were 

driving the self-assembly. The protonated p-MBA ligands directed themselves towards “equatorial 

plane” of the Au102 NC in a preferential manner leading to local concentration of hydrogen bonds around 

the equator belt of the NC (Figure 2.17A-B). Furthermore, such an arrangement and composition of 

ligands on the Au102 surface gave these clusters amphiphilic character. Notably, direct addition of the 

Au102 dispersion into MeOH solution resulted in the formation of spherical superstructures with 

monolayer thickness, called capsids (Figure 2.17D).  

 Template-directed assembly of metal NCs 

Templates could also play an important role in the formation of organized NC assemblies. Templates 

could be regarded as substrates with multitude of active sites to which NCs could bind selectively. The 

formation of such hybrid structures depends to great extent on both the stability of metal NCs and the 

template–NC interactions. Recently, diverse synthetic strategies and various templates were probed to 

realize the NC assemblies. This section will discuss some of them.  
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2.4.2.1 Soft templates 

Liquid-liquid assembly techniques were proven to be the promising platform to assemble colloidal 

particles in a well-defined manner. This method was used to direct the self-assembly of Au NCs at the 

oil/water interface to produce the large area nanosheets.28 In this process, the AuI–DT 

(DT = 1-dodecanethiolate) complexes were first dissolved in octadecene and then the aqueous solution 

of formaldehyde (reducing agent) was added. The resulting two-phase reaction environment forced the 

AuI–DT to behave like natural surfactants orienting their polar AuI heads toward the aqueous phase and 

aligning their long hydrophobic DT tails in the organic phase. The reduction of AuI to Au0 occurred at 

the liquid-liquid interface producing the Au NCs in-situ which subsequently assembled at the oil/water 

interface. The obtained assemblies had the nano-ribbon structure with the 50–100 nm width and the 

length of up to 20–30 μm. Higher reaction temperature (120 °C) caused the nanoribbons to curl into 

nanotubes. The formed nanoribbons showed strong red photoluminescence emission along the whole 

fibres upon 360 nm light excitation.  

The idea to extend the colloidal synthesis of crystalline nanosheets to obtain the 2D self-assembled 

architectures based on metal NCs was investigated by Wu et al.29 In the first step, the Au15 NCs 

(Au0
11AuI

4(DT)15) were prepared in dibenzylether (BE) using 1-dodecanethiol (DT) as both the reducing 

and capping agent. The self-assembly was induced by adding liquid paraffin (LP) to the BE solution 

with Au15 NCs and annealing at 140 °C.  

 

Figure 2.18 Schematic representation of soft template structures with their respective TEM/HRTEM images (A) dandelion-like 

assemblage and hollow vesicle formed from PtX4
2−–CTA+ complex; (B) various platelet assemblages formed from PdX4

2−-CTA+ 

complex; (C) rod-shaped and spherical vesicles formed from AuX4
2−–CTA+ complex. Various morphologies resulted from 

varying CTAB concentration, temperature and stirring rate. Figure adapted with permission from Reference [30]. Copyright 

2014 American Chemical Society. 
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As a result, nanosheets having a single cluster thickness were formed at the BE/LP interface. This liquid-

liquid interface acted as a micro-soft template and directed the 2D self-assembly. The structural 

evolution of the self-assembled architectures into isolated nanosheets with uniform size and shape was 

tuned by controlling the evaporation rate of the solvents.  

The in-situ formation of mesoscale hierarchical assemblies of Au, Pt, and Pd NCs characterized by the 

well-defined boundaries was achieved using variable micellar templates.30 These giant variable micelles 

were prepared in water by reacting metal halides with cetyltrimethylammonium bromide (CTAB) and 

thiourea leading to formation of CTA+–MX4
2− complexes.  

The control over geometric shape, hierarchical organization, and packing density of the assemblies could 

be realized by varying the metal precursor and CTAB concentration. These assemblies “inherited” 

pristine shapes from their respective micelle templates. Accordingly, rod-like, dandelion-clock-like, and 

rhombic/hexagonal platelet assemblies were obtained from Au, Pt, and Pd NCs, respectively 

(Figure 2.18). 

2.4.2.2 Hard templates 

Hard templates provide less control over the periodicity of the formed assemblies. The choice of the 

right template is dictated by its morphology and functionality.  

Reduced graphene oxide (rGO) proved to be an excellent platform for the growth of anchoring functional 

nanomaterials, given its strong absorption and moderate reduction towards metal ions in solution. rGO 

sheets were employed as a template for growth of Au NCs to produce hybrid materials with enhanced 

electrocatalytic performance in oxygen reduction reaction (ORR).31 This novel strategy allowed to grow 

Au (and other metals such as Pd or Pt) clusters on the rGO in absence of protective thiol ligands or 

reducing agent. However, to generate metal NC/rGO hybrids selective adsorption combined with the 

restricted deposition of metal ions was essential. Therefore, only the rGO sheets with moderate number 

of heteronuclear nucleation sites gave rise to the desired hybrid materials, as it not only provided the 

nucleation sites for the growth of Au NCs but at the same time restricted their expansion.  

 Amphiphilicity 

A wide range of nanostructures (micelles, vesicles, bilayers) can be produced when the amphiphilic 

molecular level surfactants or block-copolymers undergo a self-assembly. The challenging task of 

imparting the amphiphilicity to metal NCs could be achieved by functionalizing the surface ligands to 

yield a particular arrangement of both hydrophobic and hydrophilic ligands, therefore creating the 

NC analogues of molecular amphiphiles. Implementing the “surfactant-mimicking” strategy to drive the 
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self-assembly of Au25 NCs into regularly stacked 2D layers was reported by Yao et al.32 Amphiphilic 

Au25 NCs were prepared by modifying the hydrophilic ligand shell of Au25(MHA)18 

(MHA = 6-mercaptohexanoic acid) NCs with hydrophobic cetyltrimethylammonium cations (CTA+) in 

a phase-transfer driven ion-pairing reaction (Figure 2.19A). The electrostatic interaction of COO− 

groups of MHA ligands and CTA+ cations led to the formation of amphiphilic [Au25(MHA)18@xCTA] 

(x = 6–9) NCs. The coexistence of flexible hydrophilic MHA and hydrophobic MHA···CTA ligands 

within the monolayer at almost equimolar ratio enabled the dissolution of Au25 NCs in solvents with 

distinctly different polarities and allowed the Au25 NCs to form bilayers at the air–liquid interface. 

Further degree of self-organization, the stacked bilayers with regular interlayer packing, was obtained 

by slow solvent evaporation that caused the micelles and/or vesicles in the bulk solvent to rearrange to 

adapt to the changing polarity (Figure 2.19B). 

 

Figure 2.19 (A) Schematic illustration of the self-assembly process of Au25(MHA)18@xCTA (x = 6–9) NCs; (B) Electron 

microscopy images of the Au25(MHA)18@xCTA (x = 6–9) NCs assembled at the air-liquid interface. (B-a, b) FESEM images 

depicting a deformable (presence of creases) flexible sheet-like structure (thickness ~15 nm); (B-c) TEM images of a single-

NC-thick sheet folded in several places; (B-d) HRTEM depicting small Au25 NCs (< 2 nm). Figure adapted with permission 

form Reference [32]. Copyright 2015 American Chemical Society. 

2.5 Three-dimensional (3D) metal nanocluster assemblies 

The principles of NC assembly governing the realization of 3D structures are similar to these in 1D and 

2D formation, although different ligands are employed to connect the metal NC units. Generally, the 3D 

assemblies possess stronger framework than 2D structures, making the 3D assembly an effective strategy 

to enhance the NC stability.  
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 Ion–ion interactions  

Metal NCs can form assemblies directed via ion-ion interactions. Indeed, Yao et al. demonstrated for the 

first time the successful formation of metal NCs assemblies in aqueous solution.33 Their method 

exploited the electrostatic interactions between hydrophilic ligands protecting the Au NCs (more 

specifically the dissociated carboxyl groups of glutathione) and divalent countercations (Zn2+ and Cd2+) 

introduced to the solution. Interestingly, the Au NCs protected with hydrophilic thiolate ligands acted as 

3D nano-ions owing to their high charge density, ultrasmall size, and structural uniformity. In fact, these 

clusters displayed ion-like behaviour as the assembly proceeded in a step-like fashion to ultimately occur 

after the divalent metal cation-to-thiolate-ligand ratio (R[M2+]/[-SR]) exceeded specific threshold values. 

The intercluster electrostatic linking (–COO⁻···M2+···⁻OOC–) led to the formation of uniformly 

dispersed, fractal-like spherical assemblies (Figure 2.20A). Importantly, these assemblies differed 

distinctly from the random colloidal nanoparticle aggregates held by counterions suggesting that the 

assembled NC structures possessed higher order of regularity, bearing resemblance to the ionic crystals 

that form in the solution. The divalent cations influenced the self-assembly in two-ways: (i) by reducing 

the negative charge on the Au NC through formation of intracluster electrostatic interactions (screening 

effect), and formation of intercluster electrostatic linkages that acted as bridges, hence propagating the 

growth of the assemblies. 

 

Figure 2.20 (A) Top panel: Proposed mechanism for Zn2+-induced assembly of Au NCs. Bottom panel: TEM images of Au NCs 

assembled at different Zn2+ concentrations: R[M2+]/[-SR] = (a) 0; (b) 0.3; (c) 0.6; (d) 0.9. Insets in (c) and (d) show the 

corresponding HRTEM images (scale bar: 20 nm); (B) PL emission spectra (excited at 365 nm) of Au NCs assembled under 

different R[M2+]/[-SR] values: 0 (black trace); 0.3 (red trace); 0.6 (blue trace), and 0.9 (brown trace). The inset shows the emission 

intensity maximum as a function of R[M2+]/[-SR]. Figure reproduced from Reference [33]. Published by Springer-Nature. 

Moreover, the photoluminescence properties of the assemblies were enhanced with respect to discrete 

Au NCs, implying strong synergistic effects between closely packed NC units within the formed 

assemblies (Figure 2.20B).  
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Quite recently, the cation-induced micellization of Ag29 NCs was reported by Kang et al.34 This strategy 

rendered the negatively charged hydrophobic [Ag29(SSR)12(PPh3)4]
3- NCs (Ag29–Na0) water-soluble by 

exploiting the cation-cluster interactions. It involved the formation of two distinct complex 

countercations composed of Na+ ions conjoined with oxygen-containing solvent molecules, 

[Na(NMP)5]
+  (NMP = N-methyl-2-pyrrolidine; Na1)  and  [Na3(DMF)12]

3+  (DMF = N,N’-dimethyl–

formamide; Na3). These “solvent-conjoined Na+” complex cations acted both as countercations to 

anionic Ag29 clusters (yielding the Ag29–Na1 and Ag29–Na3 structures, Figure 2.21A) and surface 

cosolvent of the formed 3D Ag29-based micelles in the aqueous phase (HAADF-STEM images of 

micellization process depicted in Figure 2.21C).  

 

Figure 2.21 (A) Structure of Ag29-Na0, Ag29-Na1, and Ag29-Na3 and their respective solutions in DMF, NMP, and H2O; (B) 

Optical absorptions and emissions of (B-a) Ag29-Na1 in NMP (black trace) and H2O (red trace). Inset: digital photograph of 

Ag29-Na1 crystals; (B-b) Ag29-Na3 in DMF (black trace) and H2O (red trace). Inset: digital photograph of Ag29-Na3 crystals; 

(B-c) Ag29-Na1 (black trace) and Ag29-Na3 (red trace) in the crystalline state; (C) Micellization of (C-a) Ag29-Na1 (C-b) Ag29-Na3 

nanoclusters. Left panels: the schematic illustration of the micelle formation; right panels: the aberration-corrected 

HAADF STEM images of Ag29-Nax micelles. Figure reproduced from Reference [34]. Published by The Royal Society of 

Chemistry. 

The cation-induced micellization of nanoclusters was shown to work for other hydrophobic negatively-

charged clusters: [Au25(SR1)18]⁻, [Ag25(SR2)18]⁻, [Pt1Ag24(SR2)18]
2⁻, [Ag44(SR3)30]

4⁻, [Au12Ag32(SR3)30]
4⁻, 

and [Ag28Cu12(SR4)24]
4⁻(R1 = C2H4Ph; R2 = SPhMe2; R3 = SPhF2; R4 = SPhCl2).  
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 Ag–O, Ag–S and Ag–Cl bond formation 

Ag NCs are excellent building blocks for constructing the superstructures because they offer the 

advantage of good connectivity with many ligands/linkers thus enabling the versatile structures.  

Mak and co-workers reported the formation of a covalent 3D metal-organic framework, 

[Ag3{Ag14(S-iPr)6(CF3COO)11(H2O)3(CH3OH)]·(H2O)2.5]n utilizing the ellipsoidal Ag14(S-iPr)6 NCs as 

building blocks.35 The adjacent Ag14(S-iPr)6 NC units were connected through Ag–O–Ag bonds created 

between the trifluoroacetate anions and isolated AgI ions (Figure 2.22A). Each Ag14(S-iPr)6 cluster was 

linked with six identical neighbouring NCs in a distorted octahedral manner (Figure 2.22B). This led to 

formation of a convoluted 3D net with single hexaconnected node (Figure 2.22C). 

 

Figure 2.22 (A) Molecular cluster-based building block Ag14(S-iPr)6 with its six AgI binding sites (in cyan); (B) Ball-and-stick 

diagram depicting the spatial arrangement of a centre Ag14(S-iPr)6 surrounded by six adjacent clusters in an octahedral 

geometry; (C) 3D unimodal hexaconnected network of Ag14(S-iPr)6 NCs (each cluster represented by a light blue node). Colour 

codes: Ag–blue, cyan, light blue; S–yellow; O–red; C–grey. Reproduced with permission from Reference [35]. Copyright 2017 

Wiley-VCH. 

Gao et al. employed a multi-sulfur ligand to construct a new Ag-NC based 3D structure.36 The advantage 

of multi-sulfur linker resides not only in the ability to stabilize AgI cluster building units via the 

Ag···S bonds but also in its flexible coordination mode that can afford 3D arrangement of adjacent 

clusters.  

The AgI NC-based porous network was obtained in a two-step process that involved primarily the 

synthesis of discrete Ag NCs building units, Ag11S(C5NS2H10)9 (C5NS2H10 = diethylthiocarbamate), 

which were subsequently converted to {[Ag17(C5NS2H10)14]n ·7n (CH3)2CO}, (UJN-1) in a solvothermal 

process (Figure 2.23A). Additionally, the chemical treatment of UJN-1 with NaBH4 afforded reduced 

UJN-1 heterostructure containing both AgI and Ag0. Owing to the generation of Ag0 “hot spots” within 

the reduced UJN-1, this material was found to exhibit highly sensitive SERS reactivity towards p-MBA 

molecules (Figure 2.23B).  
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Figure 2.23 (A) Crystal structure of Ag11S(C5NS2H10)9 NC serving as a precursor to UJN-1 Ag9 and Ag5 building blocks 

assembled in 3D hexagonal system. (B) SERS spectra of (B-a) UJN-1 and the reduced UJN-1 substrates with or without 

adsorption of 10−3 M ethanolic solution of p-MBA, (B-b) p-MBA with different concentrations on the reduced UJN-1 substrate. 

Figure adapted with permission form Reference [36]. Copyright 2019 The Royal Society of Chemistry. 

 Control of counterions 

It has been demonstrated that the self-assembly between the metal nanoclusters and small inorganic ions 

can lead to formation of 3D superstructures.37 The recent report from Zhu’s group shows the formation 

of two novel types of open-framework 3D structures which were named “superatom complex inorganic 

frameworks (SCIFs)”.38 The framework building units consisted of chiral cationic heterometal cluster, 

[Au1Ag22(S-Adm)12]
3+, (S–Adm = 1-adamantanethiolate) and inorganic hexafluoroantimonate (SbF6

−) 

ion.  

The SbF6
− ions served not only as counterions for the charged Au1Ag22 clusters but were also protecting 

the silver atoms on the surface as ligands and linkers. The formation of intermolecular Ag–F bonds 

resulted in two types of chiral 3D open frameworks with different pore sizes that could be obtained by 

tuning the amount of counterion. 

The chiral arrangement in the first structure, SCIF-1, results from the two enantiomers of Au1Ag22 to 

create interpenetrated homomultimers in a diamond topology leading to an overall racemic 

superstructure (Figure 2.24A). In the SCIF-2 structure, however, the left- and right-handed 

Au1Ag22 enantiomers were packed in separate (enantiomerically-pure) crystals (Figure 2.24B) leading 

to formation of a framework with larger channels displaying unique circularly polarized luminescence 

(CPL) properties (Figure 2.25A). Additionally, both SCIF materials exhibited a photoluminescence 

(PL) “switching behaviour” in an aggregated (solid) state: the PL was “off’ under vacuum with no 

solvents, and “on” with strong red PL in the presence of protic solvents, making the SCIF materials 

potential sensors for polar solvents.  
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Figure 2.24 (A) Crystal and channel structure of SCIF-1 network. (A-a) Icosahedral Au1Ag12 core; (A-b) A pair of Au1Ag22 

isomers; (A-c) Two NCs connected with SbF6
− linker; (A-d) Tetrahedral arrangement of Au1Ag22 NCs; (A-e) Diamond topology 

structure adopted by the Au1Ag22 NCs in the solid state; (A-f) Interconnected channels of Au1Ag22 along the z-axis. (B) Crystal 

and channel structure of SCIF-2 network. Linking mode of SbF6
− linker with (B-a) Agμ2 atoms and (B-b) Agμ3 atoms in the 

Au1Ag22 NC; (B-c) Two Au1Ag22 NCs connected with SbF6
− linker; (B-d) Hexagonal network structure adopted by Au1Ag22 in 

SCIF-2; (B-e) Hexagonal channel structure in SCIF-2. Colour codes: Agμ2–pale blue, Agμ3–green, S–red, F-light turquoise, 

Sb–purple. C and H atoms omitted for clarity. Figure adapted with permission from Reference [38]. Copyright 2020 Wiley-

VCH. 

 

Figure 2.25 (A) CPL spectrum of racemic SCIF-1 resulted from (B) interpenetrating structure of left- and right-handed 

networks in its structure and chiral SCIF-2 network that was obtained by Au1Ag22 enantiomers packed in two crystal arrays: 

(C) left-handed SCIF-2 and (D) right-handed SCIF-2. Figure reproduced with permission form Reference [38]. Copyright 2020 

Wiley-VCH. 

 Molecular linkers  

This strategy is employed to produce the metal-organic frameworks (MOFs) based on NC building units. 

NC-MOF assembly is driven by coordinative interactions between metal ions and NCs functionalized 

with suitable binding units. The 3D architecture composed of metal NCs not only yields the metal NCs 
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more stable but affords the porous structures capable of adsorbing gas molecules within their cages. 

Because of their narrow pores, such structures have the potential to act as highly selective catalysts, in 

a similar fashion to conventional MOF materials. More importantly, since metal NCs serve as nodes 

more variety for coordination direction with respect to simple metal ions exists, giving the possibility to 

create novel framework structures.  

Interestingly, before the metal NCs started to be exploited as nodes to construct the 3D framework 

materials, they were used as linkers. The cluster-linker approach was used by Lei et al. to prepare porous 

highly emissive framework by linking Ag ions with luminescent AuI clusters, [(C)-(Au-mdppz)6](BF4)2] 

(mdppz = 2-(3-methylpyrazinyl)diphenylphosphine), containing hypercoordinated carbon in the centre 

of hexagoldI octahedral core.39 The AuI cluster-linker with its six coordination points, provided by the 

outward N donors of mdppz ligands, was capable of binding metal ions (Figure 2.26A). Consequently, 

a 3D structure consisting of two interpenetrating frameworks with NbO topology was formed. The 1D 

hexagonal channels of ~1.1 nm featuring along the c-axis (Figure 2.26B) were capable of 

accommodating solvent molecules.  

 

Figure 2.26 (A) Structure of the building unit of 3D [(C)-(Au-mdppz)6](BF4)2] assembly depicting three crystallographically 

different Ag atoms: coordinating to outward N donor of mdppz and involved in structural extension (circled in grey), 

coordinating to outward N donor of mdppz but not involved in structural extension (circled in blue), coordinating to inward N 

donors in mdppz (circled in red); (B) 3D crystal structure of NC-MOF along the c-axis. Colour code: Au–orange, Ag–green, 

P–purple, N–blue, C–grey, H atoms omitted for clarity; (C) Emission spectra of (■) freshly prepared MOF, (●) MOF soaked 

with Et2O, and (▲) MOF soaked with Et2O, then with MeOH. Inset shows the digital photographs of samples. Figure adapted 

with permission from Reference [39]. Copyright 2014 Wiley-VCH. 

The assembled cluster-based MOF was found to be highly emissive in the solid state. Green emission 

was centred at 539 nm under UV excitation, the emission lifetime of 4.67 ± 0.28 μs was 1.6 times higher 

than in the single AuI NC. Moreover, the significant increase in PL quantum yield (𝛷𝑃𝐿) of the 

3D structure from 1.5 % for AuI NC to 25.6 % for the 3D network was observed. The large Stokes shift 

and the PL lifetime (in the order of microseconds) strongly suggested that this material was 

phosphorescent. Further investigation revealed the influence of silver atoms on the PL behaviour of the 

assembled species. The ligation of Ag to the inwards N donors of the mdppz linker contributed to the 

red-shift of the solid state emission form single AuI NC to 3D network, while the coordination of other 
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Ag atoms outward N donors to yield the rigid porous superstructure gives rise to higher 𝛷𝑃𝐿. 

Interestingly, the assembled NC-based MOF showed the solvatochromic behaviour. The solvent 

molecules were coordinating to the Ag ions accessible within the channels of the superstructure, which 

was accompanied with the luminescence responses (Figure 2.26C).  

Mak and co-workers have been extensively studying the formation of 3D MOF materials using various 

types of Ag NCs as nodes. In 2017 they reported the first synthesis of a cluster-based metal organic 

framework.40 Dodecanuclear silver clusters, [Ag12(S
tBu)6(CF3COO)6(CH3CN)6]·CH3CN, were bridged 

with the bidentate linear 4,4’-bipyridine (bpy) to form a rigid Ag12-based MOF with a bilayer structure 

(Figure 2.27A). Markedly enhanced stability (from 30 minutes to one year) under ambient conditions 

combined with ca. 60-fold increase in the RT photoluminescence quantum yield (𝛷𝑃𝐿 from 0.2 to 

12.1 %) were observed from a single Ag12 NC to Ag12bpy MOF. Moreover, owing to its tuneable 

electronic properties (responsible for emission) and rigid open channels the Ag12bpy MOF showed 

ultrafast dual-function photoluminescence switching, with the “OFF” function activated by molecular O2 

(Figure 2.27B) and multicolour “ON” switching by the volatile organic compounds (VOC, 

Figure 2.27C).  

 

Figure 2.27 (A) Schematic representation of the ligand-exchange strategy employed to produce Ag12bpy crystals (Method 1, 

giving low yield) and one-pot synthesis (Method 2, gram-quantity sample) under identical conditions. Interconnected channels 

of Ag12bpy viewed along the a and b axes, yellow surface represents the pore surface. Colour code: Ag–green, C–grey, O-red, 

S–yellow, F–turquoise; (B) Luminescent quenching response to O2. (B-a) Digital photographs of Ag12bpy excited at 365 nm in 

a glass tube from vacuum to air (right to left); (B-b) Reversible luminescence on–off cycles under alternating exposure to 

air/vacuum for Ag12bpy; (B-c) Emission spectra at different O2 pressures (excited at 365 nm) form vacuum to 100 kPa O2; (C) 

Vapochromic responses of Ag12bpy. (C-a) Digital photographs of luminescence responses of Ag12bpy ·VOC under an UV lamp 

(365 nm); (C-b) Emission spectra of Ag12bpy·VOCs (VOCs (trace colour) = cyclohexane (green), Phenixin (black), 1,4-dioxane 

(blue), chloroform (red), acetone (magenta), and acetonitrile (dark blue) (C-c) Emission spectra of Ag12bpy at different EtOH 

partial pressure (excitation at 365 nm) in the air mixture. Reproduced with permission from Reference [40]. Copyright 2017 

Springer-Nature. 

In the following years, many reports emerged describing the formation of 3D assemblies using small 

Ag NC as nodes and various organic, usually N-containing, linkers. For example, Wang et al. employed 

Ag14(C2B10H10S2)6 (C2B10H10S2 = 1,2-dithiolate-o-carborane) NCs linked with bpy to yield a 3D FCC 

structure. However, the structure was unstable upon solvent evaporation. Employing 
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1,4-bis(4-pyridyl)benzene linkers instead resulted in a stable structure with stronger framework due to 

smaller pore size.41 

A flexible luminescent Ag NC-based MOF was constructed with Ag10(S-tBu)6(CF3COO)2(PhPO3H)2 

linked via bpy forming 2D layers connected with each other with hydrogen bond (O–H···O) and C-H···O 

interactions, to form the 3D connected Ag10(bpy) assemblies (Figure 2.28A).42  

 

Figure 2.28 (A) Structure of Ag10(S-tBu)6(CF3COO)2(PhPO3H)2-based MOF. (A-a) Perspective view of the Ag10(S-tBu)6 core; 

(A-b) two-layer stack of the flexible Ag MOF depicting the hydrogen bonding between the interlayer –PO2OH moieties. (B) 

Luminescence responsive upon 365 nm excitation (B-a) images of Ag10(bpy) MOF upon adsorption of different chloromethanes; 

(B-b) normalized PL spectra guest-free MOF and Ag10(bpy) MOF upon exposure to chloromethane vapours. Figure adapted 

with permission from Reference [42]. Copyright 2018 American Chemical Society. 

These weak interactions allowed the framework breathing phenomenon to occur upon adsorption of 

VOC, which was accompanied by significant luminescence change. Specifically, the chloromethanes 

(CH2Cl2, CHCl3, CCl4) could be clearly distinguished given their distinctly different luminescence 

responses (Figure 2.28B).  

 Intraligand interactions 

2.5.5.1 Electrostatic and hydrogen-bonding interactions 

Mastering a delicate balance between the hydrogen-bond and electrostatic interaction can afford the self-

assembly of metal NCs into superstructures with distinct symmetries and morphologies. The formation 

of superlattice composed of [Na4Ag44(p-MBA)30] (p-MBA = para-mercaptobenzoic acid) was reported 

by Yoon et al.43 This superlattice was held together by intricate network of hydrogen bonds that acted as 

structure directing “synthons”44 leading to rhombus-shaped supracrystals (Figure 2.29A). The single 

crystal X-ray analysis revealed that the fully protonated carboxylic groups of p-MBA ligands were 

involved in an intralayer bonding of Ag44 NCs via dimeric bundles and interlayer bonding between 

neighbouring Ag44 NCs through triple-bundles (Figure 2.29B). Such anisotropic distribution of 

hydrogen bonds across the crystal facilitated the chiral rotation of Ag44 NCs in the superlattice upon 

exposure to hydrostatic compression (Figure 2.29C).  
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Figure 2.29 (A) 3D view of the superlattice structure with the triclinic unit-cell vectors. The unit cell contains two Ag44 NCs 

denoted with red and purple colour of their Ag12 cores. A view of a single Ag44 depicted in the inset. The Ag44 are organized in 

layers, each of them containing the identical NCs. The neighbouring layers were denoted by α and β. (B) The view illustrating 

the interlayer (α–β) hydrogen bonding occurring through twofold bundled ligands, and intralayer (α– α and β– β) hydrogen 

bonding involving triply bundled ligands; (C) Superlattice compression and rotational structural transition. Arrangement of 

the Ag44 NCs in two neighbouring layers (α and β) viewed in the ab plane. The configurations on the left correspond to P = 0 

equilibrium state (the compression parameter (V/V0) = 1, where V0 is the initial, equilibrium volume of the unit cell). The 

configurations on the right correspond to final state of the volume compression process, (V/V0) = 0.71. All Ag44 in the same 

layer (α or β) rotate in unison, but the NCs’ rotations in the two layers are in opposite senses—anticlockwise in the α layer and 

clockwise in the β layer. Colour codes: Ag–red, purple, green, blue; S–yellow; C–grey; O–orange, H–light blue. Figure adapted 

with permission from Reference [43]. Copyright 2014 Macmillan Publishers Limited.  

Elimination of any directional hydrogen bonding by complete deprotonation of p-MBA ligands and 

subsequent introduction of Cs+ counterions to a dual-solvent crystallization system (DMSO/H2O) 

resulted in octahedrally-shaped supracrystals of Ag44(p-MBA)30
4− NCs.45 Remarkably, by further tuning 

the solvent polarity and ionic strength the crystallization kinetics could be modified via electrostatic 

interactions and as a result the shape of supracrystals could be altered to a concave octahedron.  

2.5.5.2 van der Waals interactions (π···π interactions, CH···π interactions) 

These types of interactions are mostly implicated in crystallization of metal NCs and were shown to be 

quite effective in inducing aesthetic and hierarchical molecular packing patterns at both the intra- and 

intercluster levels. In this way maximizing the binding between the clusters within the supercrystals can 

be ensured.  

The single crystal X-ray study of large Au246(p-MBT)80 (p-MBT = para-methylbenzenethiolate) NCs 

performed by Zeng et al. allowed to obtain a precise structural information regarding the assembly at the 

different levels: atomic (packing of Au atoms), molecular (packing of surface ligands) and nanoscale 

(packing of NCs).46 Specifically, the p-MBT ligands were found to self-organize into two highly ordered 

patterns with different symmetry and packing density, i.e. α-rotational and β-parallel packing 

(Figure 2.30A).  
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Figure 2.30 Self-assembled surface patterns of the p-MBT ligands on the Au246 NC. (A) Overall structure of the ligands on the 

surface of NCs; (B) The C–H···π interactions for stabilizing the large-scale rotational and parallel patterns; (C) Rotational 

packing of ligands at the pole site of the NC; (D) Parallel packing of ligands at the waist of the NC. Packing structure of 

Au246 NC in single crystals. (E-G) Alignment of p-MBT ligands among the Au246 NCs. Colour codes: Grey-ligands located at 

the waist of the NC; red, blue, and green-ligands located at the poles. Figure reproduced with permission from Reference [46]. 

Copyright 2016 The American Association for the Advancement of Science. 

The rotational packing of the p-MBT ligands, formed at the pole sites of the Au246 NCs, was found to be 

a more preferred p-MBT alignment, indicated by its higher packing density (~14 ligands·nm−2). The less 

dense β parallel pattern (~6 ligands·nm−2) assembled around the equatorial belt of the NC (Figure 2.30C-

D). Such an arrangement of the p-MBT ligands into complex patterns on the Au246 surface was shown 

to be stabilized by intermolecular C–H···π interactions (Figure 2.30B). Moreover, the ligands affected 

not only the NCs shell but also the packing structure of NCs within the crystal. The authors showed that 

the nonuniform but symmetric distribution of p-MBT on the cluster surface gave rise to directional 

“sticky bonds” which have driven the self-assembly into lattices with orientational, rotational and 

translational order (Figure 2.30E-F).  

2.6 Conclusions  

Ligand protected metal NCs have been successfully applied as building blocks to realize hierarchical 

superstructures produced via self-assembly. Their self-assembly was found to be driven by various 

interactions inherent to the nanocluster surface (e.g., metallophilic, H-bonding, dipolar, van der Waals, 

electrostatic). Moreover, different methods to connect the metal NCs were explored: direct connection 
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via metal-metal bonds, connection via heteroatoms (Ag–O, Ag–S or Ag–Cl), counterions, linker 

molecules and interligand interactions. The prevailing number of the assembled structures was produced 

via the linker molecules and heteroatom connections. The design of both the connecting linker as well 

as the right choice of protecting ligand on the metal NCs is of utmost importance for creating assemblies 

via these methods. Thus far, mainly Au and Ag NCs were used to create the superstructures, owing to 

their stability and well-understood structures and properties. However, application of other metal NCs 

is expected to follow. Assembly of metal NCs into superstructures was found to influence their properties 

and gave rise to new collective phenomena such as electronic coupling, photoluminescence, and 

magnetic exchange coupling. Furthermore, the formation of NCs superstructures, largely improved the 

stability of the NC units, independently of the connecting mode. Quite often the formation of assemblies 

led to the narrowing of the HOMO–LUMO gap opening the possibility to use broader wavelength of 

light, which is of interest for exploring the visible-light-driven photocatalysis with NC assemblies. 

Photoluminescence emission intensity was found to increase, especially for the 2D and 3D assemblies 

connected via linkers. Notably, the luminescence could be switched by the VOC guest molecules 

adsorbed in the pores of 3D assemblies. As demonstrated, electrical conductivity was found to hugely 

rely on the distance between the metal NC units and the mode of connection between them, i.e., direct 

metal-metal connection is preferred over linking via the counterion.  

Despite the recent progress in the formation of superstructure, still several limitations persist. For 

example, the self-assembly of water-soluble metal NCs poses a challenge. The lack of well-resolved 

crystal structures for these NCs limits our understanding of their structure-property relationship. Though 

covalent modification offers routes for NCs oligomers, controlled long-range assembly via 

oligomerization is a technique that remains underexplored and could potentially pave the way to achieve 

the metamaterials from atomically precise nanoclusters. For that, controlling the spatial separation and 

orientation between the metal NCs is needed. Furthermore, it is important to shed a light on how the 

controlled assembly of NCs into superstructures dictates the photoluminescence and conductivity 

properties of these materials.  
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Research aims and objectives  

Based on the state of the art in Au NCs self-assembly, it is clear that these nanoassemblies hold promise 

as tuneable systems in molecular electronics, however, the demonstration of more robust self-assembly 

strategies together with the incorporation of additional functionality (i.e., molecular switching 

capabilities) is still needed to advance the field.  

This thesis aims to investigate two different approaches to advance the field by realizing novel self-

assembled structures based on gold nanoclusters as building units.  

Metalloporphyrins as anchoring points for gold nanocluster assemblies formed via supramolecular 

interactions.  

Metalloporphyrins are coordination complexes of metal ions and nitrogen-based macrocycles. They have 

been shown to form supramolecular assemblies and been employed as building blocks in various self-

assembled systems.1, 2 Herein, the self-assembly between two building blocks: metalloporphyrins and 

gold nanoclusters is explored. The controlled preparation of superstructures that constitute of atomically 

precise and tuneable metal nanoclusters is desirable for creating novel nanomaterials that can find 

applications in the field of molecular electronics. If this strategy is proven successful, this would make 

extended nanocluster-based assemblies, an example of which is presented in Scheme R.1, more 

accessible.  

 

Scheme R.1 Schematic representation of the supramolecular self-assemblies composed of functionalized Au NCs and 

metalloporphyrins as anchor nodes.  
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The approach taken towards this goal will be to exploit the biaxial coordination mode of 

metalloporphyrins as anchoring nodes for the Au NCs. To realize the binding between the two building 

blocks, the protective shell of the employed [Au25(SBu)18]
0 (SBu = 1-butanethiolate) nanoclusters will 

be functionalized with pyridyl anchoring moieties. The number of introduced pyridyl ligands will be 

optimized. Further, a feasibility study for the coordination of Au NCs with the functionalized ligand to 

metalloporphyrins will be carried out with the Zn-based macrocycle. Once the successful binding is 

demonstrated, the investigation into possible biaxial coordination will be explored for both Zn and 

Co-based porphyrin using spectrophotometric titration techniques.  

Photoswitchable dithiolate ligand as a potential linker for gold nanoclusters assemblies formed via 

covalent bonding.  

Dithiol linkers have been shown to covalently bind Au NCs to obtain discrete nanocluster oligomers and 

large aggregates in both aqueous and organic phase.3-5 Interestingly, when aromatic conjugated dithiol 

linkers were used, the emergence of electronic communication between the nanoclusters was observed.5  

 

Scheme R.2 Schematic representation of the Au NC assemblies covalently linked with a photoswitchable dithiol linker.  

Herein, the extension of this work focuses on designing a linker molecule that would allow switching 

between two states of conjugation using external stimulus. The main objectives of this project are: 

(i) synthesis of a dithiol linker demonstrating light-controlled switching between the insulating and 

conductive states, (ii) the development of a controllable method for obtaining Au NC assemblies where 

Au NC building blocks are covalently linked with the novel photoligand (Scheme R.2), (iii) the 

characterization of the photophysical properties of discrete Au25(SR)18-based oligomers connected with 

the novel photoswitchable linker, and (iv) a demonstration of the photoswitchable properties of the 

formed assemblies. The preparation of Au NC assemblies equipped with a light-controlled switchable 
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functionality would pave the way towards utilizing atomically precise nanoclusters as nanomaterials for 

molecular electronic devices.  
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Chapter 3  

Materials and experimental methods  

3.1 Materials  

Hydrogen tetrachloroaurate(III) trihydrate, HAuCl4 · 3H2O (49.99 % metal basis, Acros Organics); tetra-

n-octylammonium bromide, TOABr (98 %, Fluorochem); sodium tetrahydroborate, NaBH4 (99.9%, 

powder, ACROS Organics); 2-phenylethanethiol, PhC2H4SH  (99 %, Apollo Chem); 1-butanethiol (≥98 

%, Sigma Aldrich); 4-pyridylethanemercaptan, 4PEM (AldrichCPR); 5,10,15,20-tetraphenyl-21H,23H-

porphine zinc, ZnTPP (low chlorin, Sigma-Aldrich); cobalt(II) meso-tetraphenylporphine (Strem 

Chemicals); tetrahydrofuran, THF (HPLC grade, Fisher Scientific); methanol, MeOH (puriss p.a., Fisher 

Scientific); toluene (puriss p.a., Fisher Scientific); water (ultrapure, 18.2 MΩ at 25 °C); BioBeads S-X1 

(BioRad); trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile, DCTB (≥98.0 %, 

HPLC, Sigma-Aldrich); caesium triiodide, CsI3 (≥99.9 %, Sigma-Aldrich). These chemicals were used 

as received.  

3.2 Characterization methods 

 Steady-state electronic absorption spectroscopy 

UV-vis-NIR spectra were recorded at 298 K on a Varian Cary 50 spectrophotometer using a quartz 

cuvette of 10 mm path length (unless otherwise specified) with 2 nm wavelength resolution. Absorption 

spectra were baseline corrected by subtracting the spectrum of the corresponding pure solvent. Many 
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absorption spectra were smoothed with an adjacent-averaging method using a weighted average with 6-

12 points.  

 Matrix-assisted laser desorption–ionization/time of flight mass spectrometry 

(MALDI-TOF-MS) 

MALDI-MS analysis was performed on Bruker AutoFlex spectrometer equipped with a 337 nm nitrogen 

laser. Mass spectra were acquired by summing spectra from 1000-3000 selected laser shots. The matrix 

solution of trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was 

freshly prepared in toluene at a concentration of 140 μmol/mL. The matrix solution and a sample solution 

(also in toluene) were combined in an Eppendorf tube and vortexed to ensure proper mixing. One 

microlitre of the mixed solution was pipetted on a stainless steel MALDI target plate. CsI3 was used for 

the mass calibration.  

 Steady-state photoluminescence spectroscopy 

Photoluminescence measurements were performed at a controlled temperature of 293 K on a Horiba 

Scientific Fluorolog 3 spectrofluorometer equipped with a liquid nitrogen cooled NIR photomultiplier 

tube (PMT) with an extended detection capability in the visible region (R5509-73; Hamamatsu). The 

measurements were performed in a fluorescence quartz cell with a 10 × 10 mm2 path length. The 

PL emission spectra were corrected for the variation in the sensitivity of the detection system with 

emission wavelength and for the inner-filter effect (IFE). PL emission quantum yields (𝛷𝑃𝐿) were 

determined via the relative method1, 2 with Rhodamine 6G (R6G) in ethanol as a reference 

(𝜆𝑒𝑥𝑐 = 440 nm, 𝛷𝑅6𝐺 = 0.95 in ethanol at 293 K /298 K, 𝑛𝑡𝑜𝑙 = 1.496, 𝑛𝐸𝑡𝑂𝐻 = 1.361)3 using 

Equation 3.1:  

𝜱𝒔 = 𝜱𝒓

𝒏𝒔
𝟐

𝒏𝒓
𝟐

∫ 𝑰𝒔(𝝀)𝒅𝝀

∫ 𝑰𝒓(𝝀)𝒅𝝀

𝑨𝒓 ∙ 𝟏𝟎−𝟎.𝟓𝟒𝟖∙𝑨𝒓

𝑨𝒔 ∙ 𝟏𝟎−𝟎.𝟓𝟒𝟖∙𝑨𝒔
 

 

3.1 

where indices (s) and (r) denote sample and reference, respectively; 𝛷𝑠/𝑟 is the photoluminescence 

quantum yield, 𝐼𝑠/𝑟 is the integrated photoluminescence intensity; 𝑛𝑠/𝑟  denotes the refractive index, and 

𝐴𝑠/𝑟  is the absorbance value at the excitation wavelength (𝜆). The value of 0.548 corresponds to the 

optical pathlength. 
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 Time-resolved photoluminescence 

The photoluminescence lifetime measurements were done with the time-correlated single photon 

counting (TCSPC) technique. Excitation was performed at 637 nm with a pulsed laser diode (Picoquant 

model LDH-P-C-400B), two cut-off filters, 715 and 665 nm, were used. The width of the slit was 

0.05 mm. Measurements were performed in a quartz cuvette with a 1 mm light path (Hellma Analytics) 

at ambient temperature. Samples were dissolved in toluene.   

 Nuclear magnetic resonance (NMR) spectroscopy  

NMR spectra were recorded at 298 K on a Bruker Avance III HD, equipped with a 5mm CPP BBO 

probe. All measurements were carried out in deuterated solvents: dichloromethane-d2, chloroform-d3 or 

toluene-d8. 
1H NMR chemical shifts are given in parts per million (ppm) relative to tetramethylsilane 

(TMS) as an internal reference. The measured coupling constants were calculated in Hertz (Hz). Spectra 

were analysed with MestReNova 12.0 software. The signals were quoted in the following manner: s = 

singlet, d = doublet, t = triplet, and m = multiplet.  

DOSY NMR measurements were performed in a CH2Cl2-d2 solution at 293 K. Approximately 1.5 mg 

of a sample was subjected to the NMR analysis and 32 scans were acquired. The obtained data was 

processed with the T1/T2 module implemented in the Bruker Topspin 3.6 software yielding the diffusion 

coefficients for each analysed sample. 

 Transmission electron microscopy (TEM)  

Samples for TEM imaging were prepared by drop-casting 2 µL of toluene/DCM (80/20, vol/vol) solution 

onto AGS160 holey carbon film on 200 mesh copper grids (Plano GmbH, Germany). The solution was 

allowed to dry overnight. Samples were imaged with CM200 Philips transmission electron microscope 

operated at 200 kV.  

 Small angle X-ray scattering (SAXS) analysis 

SAXS measurements were performed on a Xeuss 2.0 apparatus (Xenocs, France) using a microfocused 

Cu K-alpha source with a wavelength of 1.54 Å and a Pilatus3 detector (Dectris, Switzerland). The 

sample-to-detector distance was chosen to be 540 mm to achieve a 𝑄 range of 0.023 to 0.9 Å−1 or at 

2490 mm to reduce the 𝑄 range to about 0.01 Å−1. The experiments were carried out with a collimated 

beam size of 0.5 × 0.6 mm and 0.8 × 0.8 mm was used at 540 and 2490 mm, respectively. Glass 
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capillaries (1.5 mm external diameter, wall thickness 0.01 mm) were used to contain sample solutions. 

Scattering from the solvent, empty capillary, and dark field were measured independently and subtracted 

using standard protocols.4 The data was normalized to absolute units.  

Since SAXS is one of the key characterization tools employed in this study, some basic concepts of this 

technique are provided here.  

SAXS is a powerful and effective technique that allows shape and size determination of particles at the 

nanoscale.5 A typical experiment involves irradiating the sample solution (placed in a quartz capillary) 

with a collimated monochromatic X-ray beam and the transmitted scattered X-rays are collected on a 

2D area detector. The scattering pattern of the solvent is also acquired, which is subtracted from the 

scattering pattern of the sample resulting in the scattering pattern of the species of interest. In other 

words, SAXS is a contrast method where the scattering signal is derived from the electron density 

difference between the sample ( 𝜌𝑠𝑎𝑚𝑝𝑙𝑒) and the electron density of the solvent (𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡): (𝛥𝜌 =

 𝜌𝑠𝑎𝑚𝑝𝑙𝑒  − 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡). SAXS provides complementary information to electron microscopy but in 

reciprocal rather than in real space. This implies that for spatial disparity of the electron density at the 

nanosize regime the X-ray beam will be scattered to low angles, whereas at the atomic scale it will be 

scattered to high angles. 

The form, size and shape of the scattering species can be derived from their scattering intensity. Intensity 

function, 𝐼(𝑄), is related to the scattering vector amplitude, 𝑄, by relation (Equation 3.2): 

𝑸 =  𝟒𝝅 (𝒔𝒊𝒏 𝜽) ×  𝝀−𝟏  3.2 

where 𝜆 is the beam wavelength and 2𝜃 is the a scattering angle. 𝑄 values are correlated to real-space 

distances, 𝑑, via the following relation (Equation 3.3): 

𝒅 =  𝟐𝝅/𝑸 3.3 

The scattering intensity of the sample is proportional to the concentration. Higher concentrations 

significantly improve the signal-to-noise ratio of the data after background solvent subtraction. Under 

the assumption that the inter-particle interference depends linearly on the concentration, it is possible to 

extrapolate the scattering pattern to infinite dilution.6, 7 

The model employed to fit the acquired experimental data was a pearl-necklace model, which was 

designed for the colloidal spheres chained together with no preferential orientation. This model affords 

the form factor for a pearl necklace that consists of two components: N homogeneous spheres of radius 

R (spheres) interconnected by M rods, with the string segment length (or edge separation, 𝐿) expressed 

as: 𝐿 =  𝐴 −  2𝑅, where 𝐴 is the centre-to-centre pearl separation distance and is directly related to 𝑑 in 

Equation 3.3 (Scheme 3.1).  
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Scheme 3.1 Pearl-necklace schematic composed of two elements: N pearls with radius R freely jointed by M rods. 

L corresponds to the string segment length (or edge-separation) and A denotes the centre-to-centre pearl separation distance. 

The log-normal distribution of both the sphere radius as well as the interparticle (edge-to-edge) distance 

was fitted/modelled for all samples. The analysis was performed in the 𝑄 region of 0.022 – 0.7 Å−1 unless 

otherwise noted.  

3.3 Photoirradiation setup 

This work extensively utilizes the photoirradiation setup, which is described here in more detail. The 

photoswitching experiments in solution were performed using a custom-built irradiation setup based on 

the design of Riedle and co-workers.8 The setup, presented in the Scheme 3.2, uses two sources of light 

to perform the ON/OFF switching of samples investigated in this study. In particular, for the 

UV irradiation the dye of a UV-LED (Roithner, 340 nm, CUD4AF1B) was imaged onto the sample 

using a telescope (nominal magnification of 6) consisting of a pair of Best Form lenses (Halle Nachfl., 

fused silica, focal lengths of 25 and 150 mm). Irradiation at 532 nm was accomplished using a laser 

diode without the telescope. The emission spectrum of the UV-LED was measured using an Avantes 

fiber optic spectrometer (AvaSpec-2048) and is depicted in Figure 3.1.  

 

Scheme 3.2 UV irradiation setup with a high-power light emitting diode as a light source. For visible light irradiation 

experiments coherent 532 nm laser diode is used making the collimation optics unnecessary. Scheme adapted from 

Reference [8].  

The sample (inside a standard 10 × 10 mm2 fluorescence cuvette) was placed inside a custom-built 

holder, mounted inside the sample compartment of a Cary 50 photometer, with the LED irradiation being 
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perpendicular to the beam-path of the photometer. To avoid stray light hitting the sample, a 7 × 7 mm2 

mechanical aperture covered with an antireflection coating was placed in front of the cuvette (in the LED 

beam path). The photon flux was measured using a photodiode-based powermeter (Newport, 

818-UV/DB) behind the cuvette position (without cuvette and with cuvette containing solvent) and 

monitored throughout the measurement picking up part of the light with a beam splitter mounted between 

the telescope and the sample. If necessary, the photon flux was attenuated using neutral density filters. 

The power arriving to the sample was in the range from tens of µW up to 20 mW.  

Sample solutions were stirred during the whole irradiation experiment, and sample volumes were kept 

low (≤ 1.5 mL), ensuring a quasi-equilibrium solution state.9  

The scan speed for measuring the absorption spectra was set such that the recording of an entire spectrum 

was significantly shorter than the time between acquiring subsequent spectra (e.g., 6 s for a single scan 

with a 40 s recording interval) minimizing the spectral changes during the recording of a spectrum. 

 

Figure 3.1 Emission spectrum of the 340 nm LED (Roithner, CUD4AF1B). 

3.4 Mathematical analyses and fitting 

Mathematical analyses and fitting were performed by using the Origin 2017 (originLab Corporation) 

software.10 The supramolecular titration data was fitted using the Bindfit v. 0.5 program.11,12 Modelling 

and fitting of the SAXS data was performed using the SasView 4.2.2 software13 applying the hard 

sphere14 and the pearl-necklace15 models. The 1H, 13C and DOSY NMR spectra were analysed with the 

MestReNova v. 12.0.1 software and the Bruker Topspin 3.6 software.  
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3.5 Synthesis of Au25(SR)18 nanoclusters  

 Synthesis of [Au25(SC2H4Ph)18]
0 

The synthesis of the Au25 nanocluster was done in two steps. First, the synthesis of [Au25(SC2H4Ph)18]
− 

[TOA]+ (TOA = tetraoctylammonium) was carried out via modified one-phase protocol reported by 

Lu et al.16 Typically, HAuCl4 · 3H2O (1 g, 2.54 mmol, 1 equiv.) and TOABr (1.67 g, 3.05 mmol, 

1.2 equiv.) were dissolved in 250 mL of THF and vigorously stirred for about 15 min (orange-red colour 

solution was obtained). Next, PhC2H4SH (1.7 mL, 12.68 mmol, 5 equiv.) was added dropwise to the 

stirring solution, during which the solution gradually changed colour from orange-red to yellow. The 

solution was left to stir for about 2 h until the solution became colourless. Then, 25 mL of a freshly 

prepared ice-cold aqueous solution of NaBH4 (0.96 g, 25.37 mmol, 10 equiv.) was rapidly poured at 

once into the rapidly stirred reaction mixture. An immediate outgassing was observed, and the solution 

changed colour to brown-black. The reaction was left to stir for about 40 h. The reaction mixture was 

filtered on a filter paper to remove insoluble AuI–SR complexes. The filtrate was concentrated under 

reduced pressure to yield a thick orange oil, and then was subsequently exposed to an extensive washing 

procedure that had for a goal the removal of unreacted thiol and other precursors. First, ~300 mL of 

MeOH was poured into the flask and was left to stand for a few hours until a brown precipitate formed. 

The supernatant was carefully decanted, and the precipitate was dissolved in toluene. Subsequently, the 

toluene was evaporated under reduced pressure. To the crude product a fresh portion of MeOH was 

added and the above procedure repeated several times until all free thiols were removed. The purification 

and isolation of the Au25 clusters was done using size-exclusion chromatography (SEC) in toluene. The 

synthetic procedure and separation procedure produced both negatively charged and neutral 

Au25 clusters. The second step involved the oxidation of the negatively charged Au25 clusters on the 

silica column. Briefly, the separated sample of [Au25(SC2H4Ph)18]
− was dissolved in dichloromethane, 

loaded onto a silica column, and was subsequently oxidized by contact with the silica gel. The collected 

green solution was concentrated under reduced pressure and was stored in the freezer. The purity of the 

Au25 clusters was tested with UV-vis-NIR, MALDI-MS and 1H NMR spectroscopy (see Appendix A).  

 Synthesis of [Au25(SC4H9)18]
0  

The [Au25(SC4H9)18]
0 nanoclusters, which will be denoted in the text as [Au25(SBu)18]

0, were synthesized 

according to the modified procedure reported by De Nardi et al.17  

Typically, HAuCl4 · 3H2O (199 mg, 0.50 mmol, 1.0 equiv.) and TOABr (360 mg, 0.645 mmol, 

1.3 equiv.) were dissolved in 50 mL of THF and vigorously stirred for about 15 min. Next, 1-butanethiol 
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(0.21 mL, 1.93 mmol, 3.8 equiv.) was added dropwise to the stirring solution at room temperature, during 

which the solution gradually changed colour from orange-red to yellow. The solution was left to stir for 

about 2 h until the solution became colourless. Then, the 10 mL of a freshly prepared ice-cold aqueous 

solution of NaBH4 (197 mg, 5.15 mmol, 10.2 equiv.) was rapidly poured at once into the rapidly stirred 

reaction mixture. An immediate outgassing was observed, and the solution changed colour to 

brown-black. The reaction was left to stir for about 3 days at room temperature. After that, the reaction 

mixture was filtered over filter paper to remove insoluble AuI–SR complexes. The filtrate was 

concentrated under reduced pressure to yield a mixture of a thick orange oil and an aqueous phase. The 

two-phase mixture was dissolved in toluene and extracted with ultrapure water (4 × 10 mL). The toluene 

was evaporated under reduced pressure and to the crude product MeOH was added (~75 % of the volume 

of the round-bottom flask) and was left to stand in the fume hood for ~2h or until a brownish-orange 

precipitate was formed. The supernatant was decanted over filter paper and the precipitated solids were 

extensively washed with cold MeOH. The MeOH-washed product was left to air dry for a few minutes 

and was subsequently dissolved in toluene. The toluene was removed under reduced pressure and the 

obtained brown product contained [Au25(SBu)18]
− [TOA]+ as a main synthesized cluster.  

The purification and isolation of the synthesized [Au25(SBu)18]
− [TOA]+ clusters was done using size-

exclusion chromatography (SEC) in toluene. During the synthetic reaction and later separation procedure 

both negatively charged and neutral Au25 clusters were formed. To transform the [Au25(SBu)18]
− [TOA]+ 

into [Au25(SBu)18]
0 clusters, the former were dissolved in dichloromethane and passed over a silica gel 

column. The eluted green colour solution was concentrated under reduced pressure and was stored in the 

freezer. The purity of the Au25 clusters was tested with UV-vis-NIR, MALDI-MS and 1H NMR 

spectroscopy.   
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Chapter 4  

Towards metalloporphyrin–Au25 nanoassemblies: 

solution-state binding study 

4.1  Introduction 

Metalloporphyrins are complexes of metals and N4-macrocycles with conjugated π-electron systems. 

These versatile compounds are ubiquitously found in nature (e.g., chlorophyll, enzymes, vitamins). 

Thanks to their unique biological, photophysical and photochemical properties, synthetic 

metalloporphyrins have found application in photocatalysis,1 molecular photovoltaics,2 biological 

imaging,3 or theranostics.4 Metalloporphyrins are also capable of forming supramolecular assemblies 

and have been used as building blocks in various self-assembled systems.5, 6 Typically, self-assemblies 

based on porphyrin units are formed via coordinative bonding of metalloporphyrins having free 

peripheral donor sites on the macrocycle.7, 8 In the situation where the central metal ion is capable of 

axial coordination, the donor site of one macrocycle can ligate to the metal centre of another porphyrin 

molecule forming a porphyrin dimer exhibiting two complementary coordination sites. Using this 

linking strategy, both discrete and infinite systems can be generated. Another strategy uses exclusively 

the ability of metalloporphyrins to coordinate ligands axially to the central metal ion in the 

macrocycle.6, 9 Despite the versatility of metalloporphyrins, the abilities of metalloporphyrins to form 

self-assembled systems has not yet been utilized to prepare supramolecular arrays constructed from gold 

nanoclusters (Au NCs). 

Herein, the metal-directed self-assembly route to realize extended Au25–metalloporphyrin-based systems 

is explored. The envisioned Au NC arrays are sought by incorporating supramolecular interactions via 

the axial complexation of metalloporphyrins to Au25(SR)18 nanoclusters with ligands capable of 
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anchoring to the metal centre of a porphyrin macrocycle. The targeted assembly between the Au25(SR)18 

and the metalloporphyrin building blocks is schematically presented in Figure 4.1. Different aspects 

motivated the choice of employing Au25(SR)18 nanoclusters for this study: (i) their relatively small size 

with well-understood structure and properties,10 (ii) their very symmetric structure with only one type of 

staple unit, as revealed from single X-ray crystallographic studies11-13 and (iii) their relatively high 

stability.14 Given that metalloporphyrins exhibit high affinity and strong binding for nitrogen containing 

ligands, the protective monolayer of Au25 clusters was post-synthetically functionalized with thiolate 

ligands bearing pyridine moiety: 4-pyridylethanemercaptan (4PEM; Scheme 4.1-c). 

 

Figure 4.1 Schematic representation of the binding of metalloporphyrins to the Au25 nanocluster protected with a mixed ligand 

shell where some of the thiolate ligands contain pyridine moiety with high affinity for axial binding to porphyrin ring. The 

structure of Au25(SBu)18 nanocluster has been prepared using the crystallographic data published in Reference [13] and 

adapted by introducing the anchoring 4PEM ligands. Colour code: Au0–yellow, AuI–orange, S–green, N–blue, C–light brown, 

H atoms omitted for clarity.  

This Chapter is organized as follows. First, the preparation of [Au25(SBu)18]
0 nanoclusters functionalized 

with pyridine-containing ligands is presented. The obtained systems are then characterized with 

MALDI-TOF-MS and electronic absorption spectroscopy. The next part describes an investigation into 

the formation of Au25-metalloporphyrin complexes bound via the pyridine-containing ligand in the 

monolayer of Au25 nanoclusters. Spectrophotometric (UV-vis and photoluminescence) titration 

experiments are conducted to shed light onto the binding constants and stoichiometry of the obtained 

complexes.  

For simplicity, the exchanged pyridine-containing Au25(SR)18-x(4PEM)x species will be referred in the 

text as 4PEM-Au25. 
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4.2  Functionalized Au25(SR)18 nanoclusters–synthesis and characterization 

 Synthesis of [Au25(SBu)18]
0 

[Au25(SBu)18]
0 was synthesized according to the procedure reported by Maran group.13 The synthetic 

procedure is described in Section 3.5.2. The obtained clusters were characterized with UV-vis-NIR and 

1H NMR spectroscopy, as well as MALDI mass spectrometry which confirmed the purity of the 

synthesized [Au25(SBu)18]
0 clusters (data not shown here). 

 Ligand-exchange reaction of [Au25(SBu)18]
0 with 4-pyridylethanemercaptan 

Herein, the [Au25(SR)18]
0 nanoclusters protected with 1-butanethiolate (SBu) were subjected to partial 

substitution of their native SBu ligands with 4-pyridylethylmercaptan (4PEM) ligands. The choice of the 

4PEM molecule was dictated by its very close structural resemblance to the 2-phenylethanethiolate 

(2PET) ligands that are known to yield stable Au25(2PET)18 nanoclusters.15 [Au25(SBu)18]
0 were 

demonstrated to be amenable to ligand-exchange with alkyl ligands containing aromatic moieties.16 

Furthermore, given the very close molecular mass between the 2PET and 4PEM ligands (138.23 u and 

139.22 u, respectively; Scheme 4.1) the identification of the ligand-exchanged products from 

[Au25(2PET)18]
0 starting material using MALDI-MS would be very challenging. Therefore, 

a compromise was made to use the less stable [Au25(SBu)18]
0 clusters,15, 17 which employ a ligand with 

a smaller molecular mass of 90.19 u so that the progress of the ligand-exchange reaction could be easily 

monitored with MALDI-MS. 

 

Scheme 4.1 Structure of (a, b) the most typical thiol ligands used to protect the Au25 nanoclusters; (c) pyridine-bearing thiol 

ligand used in this study.  

The ligand-exchange reaction was carried out in the excess of the 4PEM ligand and with various molar 

ratios between cluster and ligand to produce Au25 species with varying ratios of pyridine functionalized 

ligands in the protective monolayer, according to Equation 4.1:  
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[𝑨𝒖𝟐𝟓(𝑺𝑩𝒖)𝟏𝟖]𝟎 + 𝒚 𝟒𝑷𝑬𝑴 →  [𝑨𝒖𝟐𝟓(𝑺𝑩𝒖)𝟏𝟖−𝒙(𝟒𝑷𝑬𝑴)𝒙]𝟎  + 𝒙 𝑯𝑺𝑩𝒖 + (𝒚 − 𝒙) 𝟒𝑷𝑬𝑴 4.1 

where 𝑦 is the molar excess of ligand and 𝑥 is the number of exchanges per cluster. The specific samples 

prepared in this study are described in detail below.  

Samples A and B (1:50 molar ratio) 

1.25 mg (1.9 × 10−4 mmol) of [Au25(SBu)18]
0—freshly purified on a SEC column (toluene as eluent)—

was dissolved in 1.15 mL of dichloromethane (1.09 mg/mL) and then 1.24 µL (1.33 mg; 

9.57 × 10−3 mmol) of a 4PEM solution in dichloromethane (13 mg/mL) was added. The mixture was left 

to react under moderate stirring (400 rpm) at ambient temperature (~301 K) for 2 h in a closed reaction 

flask (but under aerobic conditions). The crude sample was washed with excess of methanol to remove 

free thiols. Further purification and isolation of the formed 4PEM-exchanged Au25 species was 

performed on a size-exclusion chromatography (SEC) column in dichloromethane. Two isolated 

products, A and B, with different ratios of 4PEM ligands were used in the study. 

Sample C (1:25 molar ratio) 

4.29 mg (6.6 × 10−4 mmol) of [Au25(SBu)18]
0— freshly purified on a SEC column (toluene as eluent)—

was dissolved in 5 mL of dichloromethane (0.86 mg/mL) and then 2.13 µL (2.29 mg; 1.64 × 10−2 mmol) 

of a 4PEM solution in dichloromethane (23 mg/mL) was added. The mixture was left to react under 

moderate stirring (400 rpm) at ambient temperature (~303 K) for 2 h in a closed reaction flask (but under 

aerobic conditions). The workup procedure of the crude product was done as described for sample A 

and B.  

Sample D  

To 0.78 mg (1.14 × 10−4 mmol) of an isolated [Au25(SBu)18-x(4PEM)x]
0 (x = 6, by MALDI-MS) sample 

dissolved in 1 mL of dichloromethane a 0.11 mL of solution of freshly purified [Au25(SBu)18]
0 

nanocluster (1.55 mg; 2.37 × 10−4 mmol) in dichloromethane (1.41 mg/mL) was added. The mixture was 

left to react under moderate stirring (400 rpm) at ambient temperature (~303 K) for 70 min in a closed 

reaction flask (but under aerobic conditions). The workup procedure of the crude product was done as 

described for samples A–C.  

The isolated products were characterized with UV-vis spectroscopy and MALDI mass spectrometry.  
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 Characterization of the mixed ligand shell Au25(SBu)18-x(4PEM)x nanoclusters used 

for spectrophotometric titration 

4.2.3.1 UV-vis-NIR spectroscopy  

Figure 4.2 depicts the electronic absorption spectra of four different products of the ligand-exchange 

reaction that were isolated from the SEC column. The spectrum of the unreacted [Au25(SBu)18]
0 clusters 

in dichloromethane (grey dashed line) showed three distinctive absorption bands at ~25,000 cm−1 

(400 nm) ascribed to a d–sp transition, at ~22,727 cm−1 (440 nm) corresponding to a HOMO–sp 

transition and at ~14,750 cm−1 (678 nm) belonging to the highest occupied molecular orbital–lowest 

unoccupied molecular orbital (HOMO–LUMO) transition.18, 19 Three samples containing Au25 clusters 

with modified ligand monolayers, sample A, B and C, displayed clear changes in their absorption spectra. 

However, the characteristic absorption features of Au25 clusters were still recognizable in all samples 

indicating that the combination of 1-butanethiolate and 4PEM ligands in the monolayer did not alter 

significantly the electronic properties of the [Au25(SBu)18-x(4PEM)x]
0 species.  

 

Figure 4.2 Electronic absorption spectra of different products of the ligand-exchange reaction of [Au25(SBu)18]0 with 

4-pyridylethanemercaptan (4PEM). Spectra acquired in dichloromethane (blue, green, orange, and grey spectra) or toluene 

(red spectrum) at ambient temperature.  

4.2.3.2 MALDI-TOF-MS analysis 

To identify the degree of ligand-exchange in each produced sample, MALDI-TOF-MS analysis in 

a DCTB matrix was performed. The analysis of the acquired spectra revealed the presence of mass peaks 
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corresponding to Au25(SBu)18-x(4PEM)x clusters with 𝑥 taking the value between 0 to 11 (marked with 

red dashed lines in Figure 4.3). 

 

Figure 4.3 MALDI-TOF mass spectra of four samples produced in a ligand-exchange reaction between [Au25(SBu)18]0 and 

4PEM ligand. Spectrum of pure Au25(SBu)18 cluster is presented in the bottom panel for comparison. Spectra acquired in a 

linear positive mode.  

The mass spectrum of pure Au25(SBu)18 (bottom panel) showed five characteristic mass peaks: 

monoisotopic mass at m/z = 6529.7 Da, the other four peaks (m/z = 6243.5, 5957.4, 5671.2 and 

5385.0 Da) belong to the typical Au25(SR)18 mass fragments, corresponding to the loss of AumLm (where 

m = 1, 2, 3, 4) unit from the intact Au25 cluster. All four samples, A–D_Au25-4PEM, were a mixture of 

Au25 clusters with a different amount of 4PEM in the ligand shell. Both the A_Au25-4PEM and 

B_Au25-4PEM samples did not contain the pure Au25(SBu)18 clusters and were characterized by the 
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presence of species with a higher extent of ligand-exchange (3–11 and 1–9, respectively). On the 

contrary, for samples C_Au25-4PEM and D_Au25-4PEM, native Au25(SBu)18 clusters were present in the 

mixture together with clusters exhibiting a lower degree of 4PEM in the monolayer: (0–3 and 0–7, 

respectively). The extent of the ligand-exchange in the Au25 monolayer could be controlled by carefully 

modulating several parameters, such as molar ratio of the incoming ligand with respect to starting 

Au25(SBu)18 clusters, reaction time, solvent, temperature, and stirring speed.  

The analysis of the acquired MALDI mass spectra allowed establishing the average amount of 4PEM 

ligands in the species’ monolayer. This so-called average exchange number, 𝑥̅, was calculated according 

to Equation 4.2:20 

𝒙̅ = ∑ 𝒙 (
𝑰(𝒙)

𝑰(𝒙 = 𝟎) + 𝑰(𝒙 = 𝟏) + 𝑰(𝒙 = 𝟐) + ⋯ + 𝑰(𝒙 = 𝟏𝟖)
)

𝟏𝟖

𝒙=𝟎

 4.2 

where 𝑥 is the number of the 4PEM exchanged ligands, 𝐼(𝑥)–the intensity of the MALDI mass peak 

corresponding to 𝑥 exchanged 4PEM ligands. 

Table 4.1 lists the Au25(SBu)18-x(4PEM)x species for each sample A–D and their relative abundance 

detected using MALDI-MS. The calculated average exchange number, 𝑥̅ is also reported.  

 

Table 4.1 Relative abundance of various Au25(SBu)18-x(4PEM)x clusters detected in the analysed samples together with the 

calculated average ligand exchange number 𝒙̅. 

Au25(SBu)18-x(4PEM)x A_Au25-4PEM B_Au25-4PEM C_Au25-4PEM D_Au25-4PEM 

x = 0 – – 0.54 0.12 

x = 1 – 0.02 0.37 0.26 

x = 2 – 0.09 0.08 0.27 

x = 3 0.02 0.21 0.01 0.20 

x = 4 0.05 0.23 – 0.10 

x = 5 0.11 0.24 – 0.04 

x = 6 0.23 0.12 – 0.02 

x = 7 0.25 0.06 – – 

x = 8 0.17 0.03 – – 

x = 9 0.12 0.01 – – 

x = 10 0.03 – – – 

x = 11 0.02 – – – 

𝒙̅ 6.8 4.4 0.6 2.1 
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4.3 Metalloporphyrin selection 

Properties of metalloporphyrins make them excellent materials to study using spectroscopic methods. 

Particularly, metalloporphyrins display two types of strong and well-resolved absorption bands: high 

energy Soret band also known as the B band (~24,000 cm−1) and the low energy Q bands 

(14-20,000 cm−1), which correspond to the transition from the occupied π HOMO levels to the empty π* 

LUMO levels of the porphyrin ring.21 The complexation of the porphyrins with metal ions increases the 

microsymmetry of the porphyrin ring from D2h to D4h and as a result the number of Q bands in the 

spectrum decreases from four to two.22 

Synthetic meso-substituted porphyrins are more accessible analogues of the chlorophylls and 

bacteriochlorophylls found in nature that can be more readily functionalized. Indeed, 

meso-tetraphenylporphyrins (TPPs) are widely employed in host–guest chemistry studies due to their 

relatively good solubility in organic solvents.23 These macrocycles can be easily complexed with various 

metals and the geometry of the four aryl rings attached in the meso-position (see Scheme 4.2) of the 

porphyrin ring makes these molecules less prone to face-to-face stacking or H aggregation24 where the 

metal ion becomes less accessible for axial coordination.  

 

Scheme 4.2 Structure of metalloporhysrins employed in this study: metal tetraphenylporphyrins (MTTP)  

Furthermore, MTPP are known to form non-covalently bound penta- or hexa-coordinate complexes with 

pyridine and other N-containing ligands in nonpolar solvents (Scheme 4.3) resulting in the shift of the 

electronic absorption bands to lower energies.25-27  

 

Scheme 4.3 Axial coordination of pyridine ligand to the central metal ion in meso-tetraphenylporphyrin macrocycle.  
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In this study two metalloporphyrins were employed: zincII-tetraphenylporphyrin and 

cobaltII-tetraphenylporphyrin (henceforth denoted in the text as ZnTPP and CoTPP, respectively).  

4.4 Spectrophotometric titrations: principle and data fitting  

Supramolecular titration was carried out using the dilution method in which the concentration of the host 

(metalloporphyrin, MTPP) was fixed/kept constant whilst the concentration of the guest (py or 4PEM) 

was varied. During the titration, the physical changes (absorbance or PL emission) within the analysed 

system were monitored spectroscopically. The observed change was plotted as a function of guest 

equivalents (guest added to host) yielding a titration curve — binding isotherm — which was 

subsequently fitted to a mathematical model. The chosen model is based on the assumption that the host, 

guest, and the host–guest complex are in equilibrium, and correlates the observed physical change (𝛥𝑌) 

to the concentration of the host–guest complex, [𝐻𝐺], as ∆𝑌 ∝ [𝐻𝐺]. 

 Calculation of binding constants from the UV-vis titration data 

To evaluate the binding between the host and the guest complex, the equation that relates the measured 

signal (here, the absorbance or fluorescence) to the total concentration of the host and guest molecules 

via the association constant 𝐾𝑎 is derived. These equations are obtained from the equilibrium constant 

equation, mass balance equations, and signal-to-concentration relations (i.e., Lambert–Beer’s law for 

absorption and Stern–Volmer equation for fluorescence). Since the concentration of the free host and 

free guest in the analysed solution cannot be determined directly, two or more related equations are 

solved in an iterative manner to obtain the best fit to the data.  

For a simple host–guest binding equilibrium, when it is assumed that both the host (H) and guest (G) 

have only one binding site, the equilibrium reaction equation is as follows (Equation 4.3): 

𝑯 + 𝑮 ⇌ 𝑯𝑮 4.3 

The dissociation constant is given by Equation 4.4: 

𝑲𝒅 =
𝟏

𝑲𝒂

=
[𝑮][𝑯]

[𝑯𝑮]
=  

([𝑮]𝒕𝒐𝒕 − [𝑯𝑮])([𝑯]𝒕𝒐𝒕 − [𝑯𝑮])

[𝑯𝑮]
 

4.4 

where [𝐻𝐺] is the molar concentration of the 1:1 host–guest complex, [𝐺]𝑡𝑜𝑡  denotes the total 

concentration of the guest (here ZnTPP), [𝐻]𝑡𝑜𝑡  is the total concentration of the host (4PEM or py) and 

[𝐺] and [𝐻] are the concentration of free guest and host, respectively.  
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For this simple 1:1 binding, with a fixed initial concentration of host [𝐻]𝑡𝑜𝑡 , that is titrated with guest 

ligand [𝐺]𝑡𝑜𝑡 , it follows from mass conservation that:  

[𝑮]𝒕𝒐𝒕 = [𝑮] + [𝑯𝑮] 4.5 

[𝑯]𝒕𝒐𝒕 = [𝑯] + [𝑯𝑮] 4.6 

Upon rearrangement of Equation 4.4, a quadratic equation in [𝐻𝐺] is obtained with the following 

solution (Equation 4.7): 

[𝑯𝑮] =
[𝑯]𝒕𝒐𝒕 + [𝑮]𝒕𝒐𝒕 + 𝑲𝒅 − √([𝑯]𝒕𝒐𝒕 + [𝑮]𝒕𝒐𝒕 + 𝑲𝒅)𝟐 − 𝟒[𝑯]𝒕𝒐𝒕[𝑮]𝒕𝒐𝒕

𝟐
 

4.7 

The fractional saturation, 𝑓, is defined as the fraction of binding sites occupied by the ligand and can be 

expressed as follows (Equation 4.8): 

𝒇 =
[𝑯𝑮]

[𝑯] + [𝑯𝑮]
=

[𝑯𝑮]

[𝑯]𝒕𝒐𝒕
 4.8 

where [𝐻𝐺] is the concentration of the host–guest complex, [𝐻] is the concentration of the unbound 

host, and [𝐻]tot is the total host concentration.  

Expressing the optical response as a function of known/measurable parameters leads to the following 

Equation 4.9, that expresses the observed absorbance as the sum of the absorbance of the host and host–

guest complex. Here two assumptions are made: (i) all species present in the solution follow Lambert–

Beer’s law and (ii) guest molecules do not absorb at the selected wavelength.  

𝑨 = 𝑨𝟎(𝟏 − 𝒇) + 𝑨𝑯𝑮𝒇 = 𝑨𝟎 (𝟏 −
[𝑯𝑮]

[𝑯]𝒕𝒐𝒕
) + 𝑨𝑯𝑮

[𝑯𝑮]

[𝑯]𝒕𝒐𝒕
 4.9 

where, 𝐴 is the measured absorbance, 𝐴0 absorbance of the host before guest is added, and 𝐴𝐻𝐺 is the 

absorbance of the formed host–guest complex.  

Combining Equation 4.7 and 4.9, Equation 4.10 (with two unknowns, 𝐾𝑑  and 𝐴𝐻𝐺) is obtained that can 

be solved using the non-linear regression analysis implemented in the Bindfit v. 0.5 program28,29 or the 

Origin software.30 

𝑨𝟎 − 𝑨

𝑨𝟎 − 𝑨𝑯𝑮
=

[𝑯𝑮]

[𝑯]𝒕𝒐𝒕
=

[𝑯]𝒕𝒐𝒕 + [𝑮]𝒕𝒐𝒕 + 𝑲𝒅 − √([𝑯]𝒕𝒐𝒕 + [𝑮]𝒕𝒐𝒕 + 𝑲𝒅)𝟐 − 𝟒[𝑯]𝒕𝒐𝒕[𝑮]𝒕𝒐𝒕

𝟐[𝑯]𝒕𝒐𝒕
 

4.10 
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The Bindfit application uses an algorithm making some initial guesses for 𝐾𝑎and 𝐴𝐻𝐺 to calculate 𝐴 −

𝐴0 and compare it to the 𝐴 − 𝐴0 value obtained from the experiment. Then the 𝐾𝑎and 𝐴𝐻𝐺 values are 

varied until a good fit of the acquired experimental data with the model described by Equation 4.10 is 

achieved. 

 Calculation of binding constants from the fluorescence titration data  

Two methodologies have been investigated in this study to estimate 𝐾𝑎 from photoluminescence data.  

Method 1. Assuming that the formed host–guest complex is fluorescent (at the same wavelength as the 

free host), then the measured fluorescence (𝐹) is a simple addition of the fluorescence of the free and 

complexed host. If 𝐹0 and 𝐹𝐻𝐺  are the fluorescence intensities of the free host and host–guest complex, 

respectively, and 𝑓 is the fraction of the host bound in a complex, then the fluorescence takes the 

following expression: 

𝑭 = 𝑭𝟎(𝟏 − 𝒇) + 𝑭𝑯𝑮𝒇 = 𝑭𝟎 (𝟏 −
[𝑯𝑮]

[𝑯]𝒕𝒐𝒕
) + 𝑭𝑯𝑮

[𝑯𝑮]

[𝑯]𝒕𝒐𝒕
 

 

4.11 

Combining and rearranging Equations 4.4, 4.7 and 4.11 gives the following expression:  

𝑭𝟎 − 𝑭

𝑭𝟎 − 𝑭𝑯𝑮
=

[𝑯𝑮]

[𝑯]𝒕𝒐𝒕
=

[𝑯]𝒕𝒐𝒕 + [𝑮]𝒕𝒐𝒕 + 𝑲𝒅 − √([𝑯]𝒕𝒐𝒕 + [𝑮]𝒕𝒐𝒕 + 𝑲𝒅)𝟐 − 𝟒[𝑯]𝒕𝒐𝒕[𝑮]𝒕𝒐𝒕

𝟐[𝑯]𝒕𝒐𝒕
 

4.12 

The resulting Equation 4.12 has two unknowns, 𝐾𝑑  and 𝐹𝐻𝐺, which can be solved by the nonlinear 

regression analysis using the Origin software package.  

Method 2. This method assumes that the host–guest complex is non-fluorescent and models a process 

with 𝑛 binding sites and infinite cooperativity, meaning that the host molecules exist in two states: 

unbound and fully ligated. For this scenario, the association constant is expressed by the following 

Equation 4.11: 

𝑲𝒂 =
[𝑯𝑮𝒏]

[𝑯][𝑮]𝒏
 

4.13 

Assuming that the formed host–guest complex is non-fluorescent, then the measured fluorescence can 

be expressed as follows: 

𝑭 = 𝑭𝟎 − 𝑭𝟎

[𝑯𝑮𝒏]

[𝑯]𝒕𝒐𝒕
 4.14 
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Therefore  

[𝑯𝑮𝒏] =
𝑭𝟎 − 𝑭

𝑭𝟎

[𝑯]𝒕𝒐𝒕 4.15 

[𝑯] =
𝑭

𝑭𝟎

[𝑯]𝒕𝒐𝒕 4.16 

Substituting Equation 4.13 and 4.14 in Equation 4.11 gives: 

𝑲𝒂 [𝑮]𝒏 =
𝑭𝟎 − 𝑭

𝑭
 4.17 

Taking the natural logarithm to linearize the equation yields the following expression (Equation 4.18): 

𝒍𝒏 [
𝑭𝟎 − 𝑭

𝑭
] = 𝒍𝒏 𝑲𝒂 + 𝒏 𝒍𝒏[𝑮]𝒕𝒐𝒕 4.18 

The treatment of the fluorescence data based on a double logarithmic plot provides an alternative to 

classical methods such as the Scatchard analysis31 or the method of continuous variations.32 It also 

permits to evaluate the stoichiometry of the binding process. Graphical representation of Equation 4.18 

yields a slope that corresponds to the number of guest ligands interacting simultaneously with each 

metalloporphyrin binding site (𝑛) and the intercept yielding the association constant, 𝐾𝑎.33 

 Solution-state UV-vis/fluorescence titration experiments 

All titration experiments were performed in anhydrous toluene and deoxygenated toluene, a typical 

nonpolar and noncoordinating solvent. Stock solutions of the host (MTPP, M = Zn, Co), called the 

titrands, were prepared in toluene at a concentration of ~5 × 10−6 M. 0.2 – 0.4 mL of the stock solution 

of MTPP was then used to dissolve an accurately known mass of guest (Au25(SBu)18-x(4PEM)x, samples 

A–D_Au25-4PEM), called the titrant, wherein the guest concentrations was 50–100 times greater than 

that of the host. Subsequently, 0.4 mL of the host solution was placed in a 2 × 10 mm2 quartz cell 

(Hellma Analytics) upon which 0.001 to 0.5 mL of the titrant was added gradually using GilsonTM 

MICROMANTM positive-displacement pipette or a Hamilton syringe. After each addition, the solution 

in a cuvette was stirred to ensure the complete mixing and afterwards the UV-vis spectrum was collected 

at 298 K.  

Also, UV-vis titration control experiments were conducted where the metalloporphyrin (MTPP, M = Zn, 

Co) was titrated with a simple pyridine (py) ligand in toluene solution which allowed calculating the 
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binding constants, 𝐾𝑎,  for the reference system using the same fitting models that were employed for 

the Au25(SBu)18-x(4PEM)x samples. The titrations of porphyrins with py were performed in a 10 × 10 

mm2 quartz cuvette (Hellma Analytics) with a screw cap, at 298 K. The toluene solutions of 

metalloporphyrins (~5 × 10−6 M) were titrated with the toluene solution of py with the concentration of 

~100 times higher than that of the host.  

The fluorescence titrations of MTPP–Au25(SBu)18-x(4PEM)x systems were acquired at room temperature 

in a right-angle geometry using the same samples that were employed for the UV-vis titrations. The 

inner filter effect could not be completely prevented but to minimize this, a thinner cuvette was used 

(2 × 10 mm2).  

The acquired fluorescence data was corrected for primary and secondary inner filter effects, using 

Equation 4.19 and assuming the fluorescence originated from the exact centre of the cuvette: 

𝑭𝒄𝒐𝒓𝒓 = 𝑭𝒐𝒃𝒔 × 𝟏𝟎−
𝑨𝒆𝒙𝒄𝒅𝒆𝒙𝒄

𝟐
−

𝑨𝒆𝒎𝒅𝒆𝒎
𝟐  4.19 

where 𝐹𝑐𝑜𝑟𝑟  is the corrected fluorescence intensity that would be measured in the absence of inner-filter 

effects, 𝐹𝑜𝑏𝑠 is the observed fluorescence, 𝑑𝑒𝑥𝑐 and 𝑑𝑒𝑚 correspond to the cuvette pathlength in the 

excitation and emission direction, respectively, 𝐴𝑒𝑥𝑐  and 𝐴𝑒𝑚 are the measured changes in absorbance 

value at the excitation and emission wavelength, respectively, caused by the ligand addition (in a 10 mm 

path length cuvette).34  

4.5 Interactions of ZnTPP with functionalized Au25 nanoclusters probed with 

spectrophotometric titrations 

 UV-vis titration of ZnTPP with pyridine and Au25(SBu)18-x(4PEM)x nanoclusters 

4.5.1.1 Solution-state binding study of ZnTPP with pyridine  

The control titration experiment for ZnTPP (host) was performed using pyridine (py) as a ligand (guest) 

to inspect the host–guest binding interaction. Titration of the ZnTPP solution (4.89 × 10−6 M) with py 

(titrant solution, 0–2.45 × 10−3 M) was performed at 298 K, however the experiments were not carried 

out under temperature-controlled conditions. The absorption spectra of the ZnTPP–py system in toluene 

are presented in Figure 4.4-a. The electronic absorption spectrum of the non-coordinated ZnTPP (pink 

trace) exhibited characteristic maxima at 23,585 cm−1 (424 nm) and 19–16,000 cm−1; 525–625 nm) 

attributed to the Soret and Q-bands, respectively.  
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Figure 4.4 (a) Changes in the UV-vis spectra of ZnTPP) in toluene (4.89 × 10−6 M) at 298 K with increasing pyridine ligand 

concentration [py]= (0–2.45 × 10−3 M). Arrows indicate absorbance changes upon increased pyridine concentration. (b) 

Change in the absorbance of the Soret band of ZnTPP as a function of total py concentration. The experimental data (black 

squares) and fitted model curve (red trace). The 1:1 binding model, Equation 4.10, was used.  

Incremental addition of the py ligand, induced significant changes in the electronic spectra. Particularly, 

the concomitant decrease in the absorbance of the Soret and Q bands for the pure ZnTPP and the 

appearance of a new Soret band at 23,256 cm−1 (430 nm) and new Q bands at 17,852 and 16,639 cm−1 

(561 and 601 nm, respectively) was evident. The observed variations are characteristic of the axial 

binding of a py ligand to the central Zn2+ ion within the porphyrin macrocycle.25 

The titration curve, presented in Figure 4.4-b was obtained by plotting the absorbance at 424 nm (Soret 

band of the ZnTPP) against the total concentration of py, [𝑝𝑦]𝑡𝑜𝑡 . The experimental data was fitted to a 

1:1 binding model according to Equation 4.10. The analysis of the titration experiment data assumed 

that the guest (py) is ‘transparent’ at the wavelengths selected for the analysis (here, 424 and 430 nm). 

In this case the changes in absorbance can be simplified as there is only the host and host–guest complex 

that contribute to the observed absorbance. The calculated value of the association constant 𝐾𝑎 was 

(3.42 ± 0.11) × 103 M−1, which was in a good agreement with the value reported in the literature 

((4.8 ± 0.5) × 103 M−1).35 

4.5.1.2 Solution-state binding study of ZnTPP with Au25(SBu)18−x(4PEM)x 

Titration of ZnTPP solution with Au25(SBu)18-x(4PEM)x was performed for 3 samples with different 

average numbers of 4PEM ligands in the monolayer: (i) 𝑥̅ = 6.8 (sample A_Au25-4PEM); (ii) 𝑥̅ = 4.4 

(sample B_Au25-4PEM); and (iii) 𝑥̅ = 0.6 (sample C_Au25-4PEM).  
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The UV-vis titration of the ZnTPP with the Au25 cluster containing on average 6.8 molecules of 4PEM 

in the monolayer is depicted in Figure 4.5-a. Gradual addition of the Au25-4PEM solution resulted in 

the red-shift of the Soret band from 23,585 cm−1 (424 nm) to 23,256 cm−1 (430 nm), as observed in the 

case of the UV-vis titration of ZnTPP with py ligand (Section 4.5.1.1). This result confirmed the 

successful binding of the 4PEM-functionalized Au25 nanocluster to the ZnTPP macrocycle.  

 

Figure 4.5 (a) Change in the absorption spectra of ZnTPP solution in toluene (4.51–4.00 × 10−6 M) upon titration with 

Au25(SBu)18-x(4PEM)x for 𝑥̅ = 6.8 (0–8.9 ×10−4 M). Spectra acquired at 298 K. (b) Change in the mole fraction of ZnTPP (red 

dots) and ZnTPP–Au25(SBu)18-x(4PEM)x (𝑥̅ = 6.8) complex, denoted for simplicity as ZnTPP–4PEM (blue dots). The mole 

fractions were obtained from the fitting using non-linear regression method employed in the Bindfit program. 

The determination of the binding constant was performed using the Bindfit program assuming 

1:1 binding stoichiometry and including the dilution correction, as in this experiment the concentration 

of the host i.e., ZnTPP varied by 12 %. The obtained value of the association constant, 𝐾𝑎, was 

(1.50 ± 0.01) × 103 M−1. The change in the mole fractions of ZnTPP and the ZnTPP–4PEM complex 

revealed that, when 16 equivalents of 4PEM ligands were added to the ZnTPP solution, half of the 

porphyrin was saturated with the 4PEM ligand (Figure 4.5-b). 

Investigation of the binding of the Au25 nanocluster with a lower number of anchoring 4PEM ligands in 

the shell (𝑥̅ = 4.4) to the ZnTPP macrocycle with the UV-vis titration experiment revealed similar 

behaviour to the one observed for the sample with 𝑥̅ = 6.8 pyridine thiolate ligands. The titration led, 

again, to a clear red-shift of the Soret band, providing evidence for the axial binding of the functionalized 

cluster to the Zn centre within the macrocycle (Figure 4.6-a).  



Towards metalloporphyrin–Au25 nanoassemblies: solution-state binding study 

 

86 

 

 

Figure 4.6 (a) Change in the absorption spectra of ZnTPP solution in toluene (4.51–4.06 × 10−6 M) upon titration with 

Au25(SBu)18-x(4PEM)x for 𝑥̅ = 4.4 (0–3.5 ×10−4 M). Spectra acquired at 298 K. (b) Change in the mole fraction of ZnTPP (red 

dots) and ZnTPP–Au25(SBu)18-x(4PEM)x (𝑥̅ = 4.4) complex, denoted for simplicity as ZnTPP–4PEM (blue dots). The mole 

fractions were obtained from the fitting using non-linear regression method employed in the Bindfit program. 

Interestingly, a lower amount of the Au25 cluster was necessary to ensure that half of the ZnTPP species 

were bound in a complex, as was shown from the data analysis performed in the Bindfit program, 

yielding the mole fraction values of the pure host (ZnTPP) and the formed ZnTPP–4PEM-Au25 complex 

(Figure 4.6-b). The value of the association constant, 𝐾𝑎 = (4.02  0.05)  103 M−1, was higher than for 

the Au25 cluster with the higher ratio of 4PEM in the protective ligand monolayer. 

 

Table 4.2 Association constant values for ZnTPP–py and ZnTPP–4PEM-Au25 complexes derived from UV-vis titration 

experiments. 

 Uv-vis titration 

 
ZnTPP–py 

ZnTPP–4PEM@Au25 

𝑥̅ = 6.8 

ZnTPP–4PEM@Au25 

𝑥̅ = 4.4 

𝑲𝒂 [M−1] (3.42 ± 0.11) × 103 (1.50 ± 0.01) × 103 (4.02  0.05)  103 

 

The results from the two titrations presented above (Table 4.2), showed that the Au25 nanoclusters 

containing on average higher ratios of 4PEM in the monolayer did not preferentially bind more ZnTPP 

porphyrin. This can be explained by steric hindrance that prevented the macrocycle to coordinate to all 

available 4PEM ligands that were present in the monolayer. Hence, further investigation of the ZnTPP 

binding to the Au25 species was undertaken using clusters with lower 4PEM exchange ratios.  



Chapter 4 

 

87 

 

 

Figure 4.7 Change in the absorption spectra upon titrating ZnTPP solution in toluene (2.50 × 10−6 M) with the solution of 

Au25(SBu)18-x(4PEM)x for 𝑥̅ = 0.6 (0–1.25 × 10−4 M). Spectra acquired at 298 K. 

Figure 4.7 presents the UV-vis titration spectra of the ZnTPP with Au25(SBu)18-x(4PEM)x (𝑥̅ = 0.6) 

nanocluster solution (sample C_Au25–4PEM). The difficulty with using the Au25 clusters with low ratio 

of 4PEM in the monolayer lies in the fact that addition of few equivalents of guest causes the absorption 

spectra to be overwhelmed by the strong absorption of the Au25 nanocluster across the whole 

UV-vis region. Even though the Soret absorption band of ZnTPP is still recognizable in the spectrum, it 

became difficult to trace the evolution of the Soret band at 23,256 cm−1 (430 nm) belonging to the formed 

ZnTPP–4PEM complex. Therefore, for this sample obtaining the binding constants from the analysis of 

UV-vis titration data was not straightforward. Rather, in this case the fluorescence titration data was 

acquired to determine the interaction between ZnTPP and 4PEM-Au25 cluster with very low ratio of 

anchoring ligand. 

 Fluorescence titration of ZnTPP with pyridine and Au25(SBu)18-x(4PEM)x 

nanoclusters 

Fluorescence spectroscopy, specifically fluorescence quenching, is used regularly to characterize the 

host–guest binding process.36 To determine the association constant, 𝐾𝑎, as defined in Equation 4.4, the 

complexation process must induce a change in the fluorescence properties of a host, guest or complex 

molecule.  
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4.5.2.1 Solution-state binding study of ZnTPP with pyridine 

Fluorescence titration of ZnTPP with the py ligand was performed as a control experiment. The 

fluorescence spectrum of ZnTPP (pink trace in Figure 4.8-a) acquired after excitation at the Soret band 

wavelength (i.e., 424 nm) displayed two emission bands in the red region: Q(0, 0) band at 16,750 cm−1 

(597 nm) and Q(0, 1) band at 15,456 cm−1 (647 nm). These two emission bands belong to the transition 

from the lowest excited singlet state S1 to the ground state S0 of ZnTPP.37  

 

Figure 4.8 (a) Change in the PL emission of ZnTPP (4.89 × 10−6 M) upon gradual addition of py ([py] = 0–2.45 × 10−3 M). 

Spectra recorded at 298 K in toluene after excitation at 424 nm with the size of excitation and emission slits = 3 nm. Spectra 

corrected for reabsorption. (b) Change in the PL emission intensity of the two Q band maxima of ZnTPP: Q(0, 0) in red and 

Q(0,1) in blue upon titration with py.  

Gradual addition of the py ligand resulted in the red shift of the two fluorescence maxima to 16,420 cm−1 

(609 nm) and 15,221 cm−1 (657 nm) and increase in the intensity of the Q(0, 0) band relative to Q(0, 1). 

This behaviour is consistent with the perturbation of the fluorescence properties of ZnTPP as a result of 

axial ligation of strongly coordinating ligands, such as pyridine.38 Importantly, the observed changes in 

the fluorescence intensity of the two peaks: Q(0,0) and Q(0,1) were quite random (Figure 4.8-b) and did 

not allow for fitting of the data to the model.  

Hence, the observed behaviour in the change of PL emission intensity during the titration precluded 

analysis of the fluorescence titration using the fitting equations described in Section 4.4.2.  

4.5.2.2 Solution-state binding study of ZnTPP with Au25(SBu)18-x(4PEM)x nanoclusters 

Figure 4.9 depicts the fluorescence titration spectra of the C_Au25–4PEM sample performed in a toluene 

solution at 298 K. The steady-state emission measurements revealed that the photoluminescence of 
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ZnTPP at 16,750 cm−1 (597 nm) and 15,456 cm−1 (647 nm), upon excitation at 424 nm, diminished 

gradually during titration with 4PEM in toluene, indicating that the fluorescence of the ZnTPP was 

quenched upon addition of Au25 nanocluster containing 4PEM ligand in the protective monolayer. This 

could be explained by an energy transfer from the excited ZnTPP molecule to the Au25 nanocluster, as 

has been observed for Au38(2PET)24 clusters functionalized with Zn S-acetylthio porphyrin.39 

 

Figure 4.9 Change in the fluorescence emission spectra of ZnTPP (2.50 × 10−6 M) upon addition of 4PEM functionalized Au25 

nanocluster solution in toluene. Spectra acquired at 298 K after excitation at 550 nm were corrected for reabsorption.  

Furthermore, reminiscent to the ZnTPP–py system, batochromic shifts of 275 and 235 cm−1 for the 

Q(0, 0) and Q(0, 1) peaks, respectively, were observed.   

To obtain the association constant value, 𝐾𝑎, from the fluorescence titration measurements two 

methodologies, discussed in Section 4.4.2, were employed. Firstly, the fluorescence data was fitted to 

the most generally valid model, Equation 4.12, which allows the analysis of fluorescence quenching 

upon ligand binding with 1:1 stoichiometry and assumes that the host–guest complex exhibits 

fluorescence. This method requires the observed fluorescence intensity (𝐹) to be plotted as a function of 

total concentration of added guest, [𝐺]𝑡𝑜𝑡  (Figure 4.10).  
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Figure 4.10 Fit of the fluorescence titration data (fluorescence intensity of the Q(0, 0) band) to Equation 4.12 obtained by 

nonlinear regression analysis using the Origin software.  

The obtained fit of the data (red curve in Figure 4.10) gave the value of the association constant, 

𝐾𝑎 = (1.27 ± 0.31) × 105 M−1. This value was higher by two orders of magnitude than the values obtained 

for the other analysed 4PEM-exchanged Au25 clusters.  

Second method used to evaluate the association constant of the formed 4PEM–ZnTPP complex looked 

at quenching of an intrinsic fluorescence of a host molecule by added ligand (i.e., a quencher) through 

a log-log relationship (Figure 4.11).  

 

Figure 4.11 Log-log plot of the fluorescence intensity of the ZnTPP as a function of total concentration of added guest–

Au25(SBu)18-x(4PEM)x (x = 0.6). Fitting of the experimenatl data (black squares) to Equation 4.18 performed using the Origin 

software.  
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The value of the binding constant, 𝐾𝑎  obtained was (1.18 ± 0.09) × 104 M−1, which differs significantly 

from the value obtained from fitting using the Method 1 (for fluorescent host–guest complex, see 

Table 4.3). Moreover, the 𝑛 value of 0.82 suggested that the 4PEM-Au25 was binding to ZnTPP in 

a 1:1 stoichiometry. 

Table 4.3 Association constant values for ZnTPP–Au25(SBu)18-x(4PEM)x (x = 2.1) calculated from fitting of the fluorescence 

titartion data using two methodologies. 

ZnTPP–4PEM@Au25 

PL titration 

Method 1 

(HG complex 

photoluminescent) 

Method 2 

(HG complex 

non-photoluminescent) 

𝑲𝒂 [M−1] (1.27 ± 0.31) × 105 (1.18 ± 0.09) × 104 

 

It needs to be said that for the method using double logarithmic plot (i.e., assuming the host–guest 

complex is non-fluorescent) even a minor residual fluorescence will affect the outcome for both the 

binding constant and stoichiometry. The residual fluorescence strongly influences the slope of the curve, 

which defines the stoichiometry, and to a much greater extent the 𝐾𝑎 value as the intercept corresponds 

to the logarithm of 𝐾𝑎, hence very small changes in the slope of the fitted curve will impact the 𝐾𝑎 value 

significantly.  

The fluorescence does not completely vanish, even at large excess of the guest py ligand. This suggests 

that the formed complex is fluorescent as well. 

4.6 Interactions of CoTPP with functionalized Au25 nanoclusters probed with 

spectrophotometric titrations 

ZnTPP was shown to successfully bind to the 4PEM functionalized Au25 nanoclusters with varying ratio 

of coordinating pyridyl ligand in the protective monolayer. However, the ZnTPP was shown to form 

penta-coordinate complexes also in the case of 4PEM-Au25 clusters, making this porphyrin unsuitable 

as an anchoring point for pyridyl functionalized-Au25 nanoclusters to enable formation of self-assembled 

extended Au25 nanostructures. To explore the possibility of connecting the functionalized Au25 to two 

axial positions in the macrocycle, CoTPP was chosen as it is known that cobalt porphyrins can axially 

bind two N-containing ligands in contrast to ZnTPP.40, 41 
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 UV-vis titration of CoTPP with pyridine and Au25(SBu)18-x(4PEM)x nanoclusters 

4.6.1.1 Solution-state binding study of CoTPP with pyridine 

Investigation of the axial coordination of the N-containing ligand to CoTPP macrocycle began with the 

analysis of the simple system using py as a strongly coordinating ligand (Scheme 4.3). Again, the UV-vis 

titration experiment was conducted to understand the binding of the pyridyl ligand with the CoTPP by 

estimating the 𝐾𝑎value. The incremental addition of a toluene solution of py to a toluene solution of 

CoTPP (4.47 × 10−6 M) resulted in the formation of a host–guest complex which could be monitored 

with UV-vis absorption spectroscopy (Figure 4.12-a). The uncomplexed CoTPP solution in toluene 

(black trace in Figure 4.12-a) exhibited two absorption maxima: very intense Soret band at 24,213 cm−1 

(413 nm) and a Q band at 18,901 cm−1 (529 nm). Upon complexation with the py ligand these peaks 

red-shifted to 22,989 cm−1 (435 nm) and 18,480 cm−1 (541 nm).  

 

Figure 4.12 (a) Change in the absorption spectra of CoTPP in toluene (4.47 × 10−6 M) upon titration with the solution of py 

ligand (0–1.39 × 10−2 M) in toluene at 298 K. (b) Fit of the experimental data (black squares) of change in the absorbance of 

CoTPP Soret band as a function of total concentration of py ligand. Fitting to the 1:1 binding model was performed with Bindfit 

v. 0.5 program. 

The changes in the absorbance of the CoTPP Soret band (24,213 cm−1; 413 nm) as a function of total 

concentration of added py ligand are depicted in Figure 4.12-b. Fitting of this data, assuming both 1:1 

and 1:2 host–guest binding, was performed using Bindfit v. 0.5 program. Only the 1:1 binding scenario 

gave meaningful results. The calculated association constant, 𝐾𝑎, was (3.09 ± 0.31) × 103 M−1. This 

value was larger than the 𝐾𝑎 value of (4.85 ± 0.29) × 102 M−1 (toluene, 298 K) reported by Walker.42 

This discrepancy could arise from the oxidation of the central Co2+ ion or presence of impurities (CoTPP 

was used as received) and was manifested by the low accuracy of the fit to the obtained experimental 
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data (red curve in Figure 4.12-b). It needs to be said that the titration was not performed under 

temperature-controlled conditions and each data point was measured immediately after each aliquot of 

py was added to the CoTPP solution, perhaps not allowing sufficient time for equilibration for this 

specific system.  

4.6.1.2  Solution-state binding study of CoTPP with Au25(SBu)18-x(4PEM)x nanoclusters 

Determination of the binding affinities corresponding to the interaction between the 

4PEM-functionalized Au25 nanoclusters and the CoTPP macrocycle was first attempted with UV-vis 

titration. Au25 nanoclusters with, 𝑥̅ = 2.1 of 4PEM in the ligand shell were employed in this study 

(sample D_Au25-4PEM, see Section 4.2.2). The absorption spectral changes occurring upon 

incremental addition of a Au25(SBu)18−2.1(4PEM)2.1 solution to the anhydrous toluene solution of CoTPP 

(4.78 × 10−6 M) are depicted in Figure 4.13.  

 

Figure 4.13 Change in the absorption spectra of CoTPP solution in toluene (4.78 × 10−6 M) upon titrating with 

Au25(SBu)18-x(4PEM)x, where 𝑥̅ = 2.1 ([4PEM] = 0–1.47 × 10−4 M). Spectra measured at 298 K.  

The Soret band of an unbound CoTPP at 24,213 cm−1 (413 nm) was clearly visible in the spectra as the 

titration progressed. Incremental addition of 4PEM-Au25 solution resulted in the emergence of new 

shoulder around ~23,006 cm−1 (435 nm) that confirmed the axial ligand binding to the central Co2+ ion 

in the porphyrin macrocycle. Importantly, the contributions originating from the Au25 species started 

dominating the absorption, e.g., the clear appearance of a band at ~14,521 cm−1 (689 nm), precluding 

the use the UV-vis titration data to calculate binding constants employing the methodology described in 

Section 4.4.1.  
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 Fluorescence titration of CoTPP with pyridine and Au25(SBu)18-x(4PEM)x 

nanoclusters 

4.6.2.1 Solution-state binding study of CoTPP with pyridine 

Fluorescence titration of CoTPP with the py ligand was performed as a control experiment. The 

fluorescence spectrum of CoTPP (black trace in Figure 4.14-a) acquired after excitation at the Soret 

band wavelength (i.e., 422 nm) displayed an emission band at 15,267 cm−1 (655 nm). This emission 

bands belongs to the transition from the lowest excited singlet state S1 to the ground state S0 of CoTPP. 

 

Figure 4.14 (a) Change in the PL emission of CoTPP (4.79 × 10−6 M) upon gradual addition of py ([py] = 0–3.50 × 10−3 M). 

Spectra recorded at 298 K in toluene after excitation at 422 nm with the size of excitation and emission slits = 10 nm. Spectra 

corrected for reabsorption. (b) Change in the PL emission intensity at 655 nm of the Q band maximum of CoTPP upon titration 

with py. 

Incremental addition of the py ligand resulted in an apparent decrease of the intensity of the fluorescence 

peak (Figure 4.14-a), however no clear monotonic trend in this decrease was noted (Figure 4.14-b). 

Indeed, noise in the fluorescence spectra likely contributed to the discrepancy in the observed data 

therefore they were considered inappropriate for fitting to the model described in Section 4.4.2. Further 

treatment of data by fitting the fluorescence spectra to a Gaussian model may help to improve the quality 

of the data presented in Figure 4.14-b. It is still unclear however if after the applied corrections the data 

could be fitted to a model as previously described given the discrepancy between the observed 

fluorescence at the 1:0 and 1:1 CoTPP:py titration points. 
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4.6.2.2 Solution-state binding study of CoTPP with Au25(SBu)18-x(4PEM)x nanoclusters 

Since the average number of 4PEM molecules within the Au25 monolayer was relatively low, very 

quickly the Au25 nanocluster absorption started to overshadow that of CoTPP. Therefore, even though 

the emergence of the Soret band at 435 nm could be followed initially, it still was coinciding with the 

absorption of Au25 species. Therefore, the evaluation of the association constant for a CoTPP-4PEM 

system was performed using steady-state fluorescence measurements.  

 

Figure 4.15 Change in steady-state photoluminescence spectra of CoTPP in toluene (4.78 × 10−6 M) upon addition of 

4PEM-functionalized Au25 nanoclusters (0–1.47 × 10−4 M) recorded at 298 K (in right angle geometry) after excitation at 

424 nm. Spectra were corrected for reabsorption at the excitation wavelength.  

The fluorescence titration (Figure 4.15) showed the characteristic emission band of CoTPP at 

15,267 cm−1 (655 nm) to decrease with gradual addition of 4PEM functionalized Au25. Moreover, as the 

titration progressed, a steady growth of a broad emission band centred at 13,500 cm−1 (742 nm) band 

was noted. This band was ascribed to the photoluminescence originating from the Au25 clusters.43 

Overall, the 4PEM ligand binding to the CoTPP macrocycle caused quenching of the intrinsic CoTPP 

fluorescence, just like in the case of the ZnTPP macrocycle, possibly due to excitation transfer from the 

excited state of the porphyrin to Au25 nanocluster.  

Fluorescence titration data was analysed using two methods which assumed that (i) photoluminescent 

and (ii) non-fluorescent host–guest complex was formed.  

Figure 4.16 depicts the changes in the PL emission intensity at 15,267 cm−1 (655 nm) as a function of 

total concentration of 4PEM added to the porphyrin solution (black squares). The experimental data 

(titration data points up to 20 equivalents of 4PEM were used) was fitted to Equation 4.12. Two 
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assumptions were made regarding the formed host–guest complex: (i) a 1:1 binding stoichiometry (since 

the analysis of the model CoTPP–py system yielded 1:1 stoichiometry) and (ii) it was photoluminescent.  

 

Figure 4.16 Change in the PL intensity of the 655 nm emission maxima of CoTPP upon complexation with 4PEM-functionalized 

Au25 nanocluster (black squares). Fitting of the experimental data to Equation 4.12 was performed with nonlinear regression 

method using the Origin software is depicted as red curve. The applied method assumes 1:1 binding and luminescent host–

guest complex. Photoluminescence intensity was corrected for inner-filter effects.  

The value of the association constant, 𝐾𝑎 obtained from the fit was (2.77 ± 0.49) × 104 M−1. This value 

is ca. one order of magnitude higher than the binding constant obtained for CoTPP–py system derived 

from the UV-vis titration experiment.  

The log-log method was also employed to analyse the same set of data. This method presumes that the 

host–guest complex exhibits fluorescence. Again, the changes in the PL emission intensity of CoTPP 

due to complexation with 4PEM-Au25 were fitted to Equation 4.18. Much like for the method applied 

above, titration data points up to 20 equivalents of 4PEM were used here. 

Figure 4.17 depicts a double logarithmic plot of the fluorescence emission at 15,267 cm−1 (655 nm) as 

a function of total 4PEM concentration. Two fits were performed: first (blue curve), for which all the 

data points were included in the fit, yielded the value of 𝐾𝑎 of (3.24 ± 0.27) × 103 M−1, whereas the 

second fitting (red curve) that omitted the first 2 data points gave the 𝐾𝑎 of (3.90 ± 0.11) × 104 M−1. The 

former was very close to the value obtained for CoTPP–py system from the UV-vis titration experiment. 
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Figure 4.17 Theoretical fits (red and blue curves) using Equation 4.18 to the fluorescence data measured at 655 nm (black 

squares) as function of added 4PEM ligands. Fitting was performed in the Origin software.  

Very similar to the case of ZnTPP–4PEM-Au25 system, the analysis of the fluorescence titration data 

using two methods gave 𝐾𝑎 values that differ by one order of magnitude (Table 4.4). The 𝑛 values of 

0.81 and 1.06 (blue and red fit, respectively) indicated that the obtained 4PEM-Au25 was axially ligated 

at 1:1 stoichiometric ratio, which revealed that CoTPP was not a suitable metalloporphyrin to form 

extended assemblies as the formation of 1:2 complex was not preferred. 

 

Table 4.4 Association constant values for CoTPP–Au25(SBu)18-x(4PEM)x (x = 2.1) calculated from fitting of the fluorescence 

titartion data using two methodologies. 

CoTPP–4PEM@Au25 

PL titration 

Method 1 

(HG complex 

photoluminescent) 

Method 2 

(HG complex 

non-photoluminescent) 

𝑲𝒂 [M−1] (2.77 ± 0.49) × 104 
(1) (3.24 ± 0.27) × 103 

(2) (3.90 ± 0.11) × 104 

 

4.7 Conclusions 

The aim of this study was to investigate the use of metalloporphyrins as effective anchoring points for 

Au25 nanoclusters making an important step towards realizing extended Au NC assemblies. The 

successful functionalization of the Au25 nanocluster monolayer and control of the ratio of the introduced 

anchoring ligand was demonstrated. The binding of the 4PEM-Au25 species to ZnTPP and CoTPP has 
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been followed spectroscopically during titration experiments by monitoring UV-vis and fluorescence. It 

has been shown that the employed metalloporphyrins formed coordination complexes in 

a 1:1 stoichiometry, reminiscent to the binding with simple py ligands. No evidence for substantial 

biaxial binding was found, neither for ZnTPP nor for CoTPP. The association constants were derived 

from fitting of the titration data to different models. For the Au25 nanocluster with higher ratio of the 

4PEM anchoring ligands in the monolayer (i.e, 𝑥̅ = 6.8 and 4.4), the calculated 𝐾𝑎 were quite close in 

value to that found for the ZnTPP–py system. Interestingly, the half-saturation of the host 

metalloporphyrin was achieved with a lower amount of the introduced 4PEM-Au25 species in the case 

of cluster with lower average exchange number, indicating that steric factors might have affected the 

binding. Ideally, for achieving the extended self-assembly, a low number of symmetrically distributed 

anchoring ligands in the Au25 monolayer are required. The study of Au25 species with a low 4PEM ratio 

showed that binding was occurring with both ZnTPP and CoTPP macrocycles, however quantitative 

analysis to extract the binding constants was challenging. Specifically, the applied models that correlate 

the concentrations of the host and guest molecules with the observed signal (absorbance or emission 

intensity) include coarse assumptions e.g., the added guest molecule does not exhibit any absorbance at 

the wavelength of interest (i.e., where the host or host–guest complex absorb). While this is true for 

simple organic ligands and perhaps could be accepted for the case with high 4PEM ratio in 

Au25 monolayer (see Figure 4.5 and Figure 4.6), it became problematic for the Au25(SBu)18-x(4PEM)x 

species with the low x value, as the broad absorbance from the Au25 clusters dominated the spectrum.  

Equally, for the fluorescence experiments, the challenge with studying the species with low ratio of 

anchoring ligands resided in the fluorescence quenching mechanisms that were likely not purely 

attributable to the host–guest complex formation (i.e., inner-filter effects, energy transfer). Of note, 

analysis of the fluorescence titration data requires careful and elaborate correction approaches that 

account for the inner filter effects44 especially given that the solutions measured in the present study 

exhibited high absorbance values. The values of the 𝐾𝑎 calculated using different approaches for the 

same system differed quite lot (by an order of magnitude). It can be said putatively that 𝐾𝑎 is within the 

104–105 M−1 range of values for ZnTPP and 103–104 M−1 for CoTPP. These values differ significantly 

from 𝐾𝑎 obtained for simple MTPP–py complexes (~103 M−1 for ZnTPP and ~102 for CoTPP). 

To achieve extended Au25-based assemblies using metalloporphyrins as the anchoring points the 

association constants for the axially coordinated ligands i.e., 𝐾𝑎,1 and 𝐾𝑎,2, see Scheme 4.3, need to be 

in the same order of magnitude, otherwise complexes with the 1:1 binding stoichiometry will dominate 

in the system. Literature does not report the 𝐾𝑎,2 value for CoIITPP(py)2 formation in toluene. However, 

the 𝐾𝑎,1 and 𝐾𝑎,2 values calculated for py binding to CoIITPP(CN)4 macrocycle in dichloromethane at 

298 K were 1.59 × 104 M−1 and 0.40 M−1, respectively.45 Other fluoro-substituted CoIITPP porphyrins, 

Co(F8TPP) and Co(F28TPP), also displayed low 𝐾𝑎,2 values for py binding in dichloromethane at 298 K: 
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0.83 M−1 and 10.72 M−1, respectively.46 Therefore, the low values of the 𝐾𝑎,2 support an argument against 

CoTPP as a suitable anchor for pyridyl-functionalized Au25 nanocluster-based  architectures.  

Future investigation aiming at demonstrating the 1:2 binding between the host porphyrin and 

Au25 clusters could focus on using metalloporphyrins having a centre ion that is more prone to form 

1:2 complexes with pyridyl derivatives (e.g., Fe47, 48). Otherwise employing peripherally functionalized 

metalloporphyrin such as CoIIITPP with electron withdrawing groups in the macrocycle46, 49 to favour 

the binding in both axial positions could also be considered. Alternatively, different anchoring 

functionality in the nanocluster monolayer (e.g., imidazole50) might be implemented. Recently published 

work showed promise in employing CoII porphyrins as anchor molecules. Bichan et al. demonstrated 

formation of the six-coordinate CoII-porphyrin complex involving the self-assembly of CoOEP (OEP = 

2,3,7,8,12,13,17,18-octaethylporphinato) macrocycle and two pyridyl-functionalized goldIII porphyrin 

molecules – (2,3,7,8,12,18-hexamethyl,13,17-diethyl,5-(4-pyridyl)porphinato)goldIII chloride).51 The 

association constants 𝐾𝑎,1 and 𝐾𝑎,2 were (8.40 ± 1.07) × 104 and (6.09 ± 1.10) × 104 M−1, respectively, 

indicating that stable supramolecules based on cobalt porphyrins could be achieved.  

 

Scheme 4.4 Graphical representation of the possible Au25-metalloporphyrins assemblies with 1:1 binding stoichiometry.  

Nonetheless, the preferred 1:1 binding led to the interesting assembled structures where the Au25 clusters 

were covered by several metalloporphyrin macrocycles (Scheme 4.4). These systems could be 

investigated for application in photocatalysis.  
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Chapter 5   

Synthesis of Au25(2PET)18-based assemblies 

covalently bound with photoswitchable linkers 

Statement of contribution  

Kinetic analysis of the photoligand switching reaction was performed by Dr Arnulf Rosspeintner from 

Department of Physical Chemistry of University of Geneva. 

SAXS measurements, data treatment and initial fittings were performed by Dr Lay-Theng Lee, 

Laboratoire Léon Brillouin, CEA-Saclay, France 

Crystal structure determination was performed by Dr Céline Besnard from Laboratory of 

Crystallography of University of Geneva. 

 

5.1 Introduction 

Molecular electronics technology exploits electronic devices created from a single or group of 

molecules.1 Utilizing molecules with unique photochemical or electrochemical properties can lead to 

electronic devices that inherit the properties of their building blocks, or perhaps even improve them. On 

that account, employing metal nanoclusters to create extended networks can lead to novel functional 

nanomaterials that take advantage of the unique properties that nanoclusters offer, which are a direct 

result of their well-defined atomic structure and tuneable monolayer shell with preferred ligand exchange 

sites. Moreover, the bottom-up synthetic method for nanoclusters allows to approach the nanoparticle 

limit in a systematic and controlled manner, making nanoclusters ideal candidates for investigation of 
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the emergent properties in nanoparticles and higher order structures. Accordingly, understanding 

structure-property relationships in nanocluster-based materials would advance their application in 

molecular recognition, device fabrication, bioimaging, therapeutics or catalysis.  

One of the strategies to create such functional nanomaterials is self-assembly. As discussed in 

Chapter 2, using multidentate ligands to bind nanoclusters is an effective approach to create extended 

assemblies. The careful choice of the linker molecules, in terms of their geometry and type of anchoring 

functionality, can result in tuneable topologies with variety of functions. Additionally, employing 

a bridging molecule to connect metal nanoclusters offers possibility for that bridging ligand to be 

a carrier of a particular functionality.  

The first step towards achieving extended systems built of metal nanoclusters (NCs) is developing 

reliable synthetic methods to prepare discrete oligomeric systems of several clusters linked together in 

an organized manner. Using dithiol ligands to connect single Au NCs was shown to be a successful 

strategy to form oligomeric species.2-5 A controlled, wet-chemistry synthetic method, ligand-exchange 

(LE) reaction, produced the Au NC assemblies. The LE strategy is used to, completely or partially, 

exchange ligands in the clusters’ monolayer, altering their optical, electronic, and physicochemical 

properties, such as solubility and ability to crystallize.6-8 It also serves as means to introduce 

a functionality into the cluster.9 LE can keep the structure of the cluster intact and provides the possibility 

to precisely control the number of exchanged ligands, owing to the unequal exchange activities on 

different ligand sites on the surface of clusters.  

So far only the most stable and widely-investigated Au NCs were employed to produce oligomeric 

structures (Au25, Au102). It has been found that dithiol ligands were very efficient in linking the Au NCs, 

and depending on the length of the dithiol and the Au NC structure (core size and the composition of the 

ligand shell), the binding of clusters may occur via disulfide bridges formed between two dithiolate 

ligands.2 In addition to the physical properties of the dithiol, the reaction conditions (concentration of 

the incoming dithiol, reaction time, solvent) were shown to be of importance.2, 3  

Sels et al. have demonstrated that reacting small hydrophobic [Au25(SR)18]
0 (SR= SBu, 2PET) clusters 

with simple dithiols led to the formation of small discrete oligomers (dimers and trimers).4 Moreover, 

the conjugated nature of the employed dithiol linkers was hypothesized to cause significant changes in 

the electronic properties of the linked structures. Specifically, the emergence of a new band in the 

NIR region has been tentatively ascribed to the electronic communication between the Au25 nanocluster 

units within the connected structures.  

To investigate whether the origin of the new band could be attributed to the electronic communication 

between the paramagnetic [Au25(SR)18]
0 nanoclusters, herein emphasis was laid on the design of the 

bridging dithiol ligand. If the electronic conjugation in the linker could be controlled, then the emergence 

of the band could be confirmed as originating from the conjugated species.  
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For molecular electronics technology, switching functions play an important role, specifically when 

controlling the conductivity of a molecule with external stimulus (light, temperature). Molecules whose 

structure can be dynamically modulated using an external stimulus can be considered in applications for 

smart materials. Therefore, imparting a photoresponsive function in the formed Au nanoassemblies by 

employing an optical molecular switch function in the linker could not only contribute to the resolution 

of fundamental questions into electronic communication between linked Au NCs but also prove to be 

a promising route toward building blocks for switchable smart materials. Thus, the goal of this work is 

to develop a photoswitchable ligand suitable for linking [Au25(2PET)18]
0 nanoclusters into discrete 

oligomers.  

When designing a linker molecule for this purpose, several important aspects must be considered. Firstly, 

a strong covalent linking to the Au NC surface is required. For this a dithiol anchoring functionality was 

chosen that is also of importance for the preferential thiolate-for-thiolate ligand exchange reaction. 

Secondly, the linker requires an appropriate length, roughly double of the thickness of the protective 

monolayer, to afford a successful connection between NCs. Shorter ligands could link Au NCs via 

disulfide bridges, as shown by Lahtinen et al.2 which is undesirable since the disulfide bridge breaks the 

conjugation within the aromatic ligand. [Au25(2PET)18]
0 nanoclusters employed in this study, have 

thickness of their ligand shell of ~15.7 Å as revealed from single crystal X-ray diffraction.10 

Additionally, the linker should possess an extended aromatic conjugation system that affords both 

rigidity and electron transport between the Au NCs. Lastly, given that the electronic communication 

between Au NCs requires further investigation, a robust and reversible light-operated molecular switch 

should be included in the linker structure. For this purpose, a diarylethene moiety was chosen. 

Diarylethenes (DAEs) belong to photochromic compounds characterized by the reversible change of 

both their geometric and electronic structures induced upon light irradiation.11,12 Hence, they are 

regarded as attractive and promising materials for many practical applications, such as molecular 

optoelectronic devices or ophthalmics.13 Specifically, dithienylethene (DTE) derivatives, a subclass of 

DAEs with heterocyclic thiophene rings in their photoswitching unit, have been widely investigated for 

applications in molecular devices.13,14 DTEs possess two isomers exhibiting quite different 

UV-vis absorption spectra. The transformation between these two isomers is induced by photoirradiation 

and is reversible. Exposure to ultraviolet (UV) light causes the transformation from the open-ring form 

(o-DTE) to the closed-ring isomer (c-DTE), whereas the visible light induces the reverse reaction 

(Scheme 5.1). 
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Scheme 5.1 Geometric structures of central photochromic units of DTE-derivatives in two isomeric forms: open-ring (o-DTE) 

and closed-ring (c-DTE) that can be reversibly interconverted with UV and visible light irradiation. The open-ring isomer is 

referred to as being in the OFF state as the π-conjugation is disconnected, whereas within the c-DTE molecule the 

π-conjugation is continuous (ON state). 

DTEs are P-type photochromes exhibiting excellent thermal irreversibility and fatigue resistant 

photochromic performance.15,16 A particularly important aspect of DTE molecules is the varying 

topology of π-conjugation for open- and closed-ring isomers, allowing for modulation in the exchange 

interaction between two radical centres attached at each end. Thus, the aspect of switching of the 

π-connectivity further increases the attractiveness of the DTE compounds as functional materials.  

The open-ring isomer of a dithienylethene photoligand (hereafter called o-DTE) exists in two 

conformers in solution, parallel and anti-parallel, in almost equal amounts, and they interconvert between 

each other at room temperature,17, 18 as depicted in Scheme 5.2. In the parallel conformer, the two 

thiophene rings are in a mirror Cs symmetry, whereas in the anti-parallel one the five-membered 

heterocyclic rings are oriented in a C2 symmetry. Only the antiparallel conformer is photoactive and 

undergoes a conrotatory photocyclization reaction to yield closed-ring isomer of a DTE photoligand, 

hereafter called c-DTE.19, 20 Prolonged exposure of the closed-ring DTE isomer to UV irradiation can 

lead to the formation of annulated-ring by-product.17 

 

Scheme 5.2 Dithienylethene (DTE)-derivative isomers generated upon photoirradiation. The open-ring isomer exists in two 

conformers in solution: parallel and anti-parallel, out of which the latter is photoactive and can undergo cyclization reaction 

to closed-ring isomer. Prolonged UV illumination led to irreversible formation of the condensed ring by-product.  
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In this work, a symmetric dithienylethene derivative with phenylthiol groups bound at the 5,5’-positions 

of the thienyl ring, 1,2-bis[5-(4-mercaptophenyl)-2-methylthiophen-3-yl]cyclopent-1-ene, was 

employed as a linker molecule. Henceforth, the DTE acronym will be used to denote this ligand. The 

open-ring form of the DTE linker (o-DTE) is converted to a closed-ring form (c-DTE) upon irradiation 

with the ultraviolet (UV) light, whereas reversible reaction is induced by irradiation with visible light. 

This process, accompanied by a colour change from colourless to magenta, is directly related to the 

topological change in π-conjugation: disconnected in the o-DTE and continuous in the c-DTE 

(Scheme 5.3).  

 

Scheme 5.3 Open- and closed-ring isomers of the DTE photoligand used in this study depicting the extent of the π-conjugation. 

The photochromic reaction of the DEA molecules is an electrocyclic 1,3,5-hexatriene to cyclohexadiene 

type of reaction. In accordance with Woodward–Hoffmann rules the ring-closure occurs in a conrotatory 

fashion leading to the trans-disposition of the methyl groups.  

This Chapter is organized as follows: first the synthesis of the dithiol DTE photoligand is described, 

followed by the full characterization of its photochromic properties (photoreaction quantum yields, 

fatigue). The second part describes the formation of [Au25(2PET)18]
0 assemblies linked with the 

photoswitchable ligand and the investigation into their size using a combination of small-angle X-ray 

scattering (SAXS) and matrix-assisted laser desorption/ionization (MALDI) mass spectrometry analysis.  

5.2 Synthesis of dithiol photoligand 

The dithiol photoligand (o-DTE, 7) was synthesized in a multistep procedure, according to the protocol 

developed by the Feringa group,21, 22 as outlined in Scheme 5.4.  

A key intermediate, 1,5-diaryl-1,5-diketone (1), was prepared in a Friedel-Crafts acylation of 

1,5-dicarboxylic dichloride with 2-chloro-5-methylthiophene which was subsequently transformed into 

closed-ring product 2 via McMurry reaction. The product 2 is a photochromic switch. Further 

functionalization of the compound 2 was conducted to produce a dithiol with extended aromatic system. 

First, 2 was converted into a boronic ester derivative by lithiating with n-BuLi in THF followed by 

reaction with B(OBu)3 to yield bis(boronic ester), 3. The unpurified product was employed directly in 

the Suzuki reaction. The Suzuki cross-coupling of 3 with phenyl bromide containing protected thiol 
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functionality 4, was conducted in THF with ethylene glycol as cosolvent, Na2CO3 as base and Pd(PPh3)4 

as catalyst. This method led to formation of symmetrical 5 which was isolated after column 

chromatography in 86 % yield. The thiol deprotection was conducted in two steps, by first substituting 

the t-Bu groups by acetyl groups23 to obtain compound 6. The final product, 7, was prepared according 

to the procedure reported by Stetsovych et al.24 

 

Scheme 5.4 Multistep synthesis of the symmetric o-DTE photoligand. 

Importantly, the dithiol derivative was prepared in a separate synthetic step, rather than performing the 

deprotection in-situ reacting the molecule with gold samples (nanoparticles or surfaces), as has been 

shown in other reports.25, 26 Detailed synthetic procedure can be found in Appendix A.  
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5.3 The photoswitching reaction of dithienylethene (DTE) compounds 

The photochromic behaviour of DTE compounds is briefly described here using the example of the target 

dithiol molecule: o-DTE(SH).  

One of the most pronounced phenomena observed in the DTE photochromes is a photoinduced colour 

change. When the o-DTE solution is irradiated with the UV light, the colourless solution turns intense-

magenta. This colour variation is attributed to a change in the electronic structure between open- and 

closed-ring isomers, more specifically the length of the π-conjugation. This is manifested in the 

significant difference in the absorption in the visible range of the spectrum of these two isomers, which 

facilitates the spectrophotometric monitoring of the light-induced cyclization and cycloreversion 

reaction.  

 

Figure 5.1 Electronic absorption spectra recorded for thiol-functionalized dithienylethene in toluene, blue line depicts the 

open-ring isomer (OFF state) and red trace corresponds to the closed-ring isomer in its photostationary state (ON state) after 

irradiation with 340 nm light. 

Figure 5.1 depicts absorption spectral change of the o-DTE(SH) dithiol ligand in toluene induced by 

photoirradiation with 340 nm light. The open-ring isomer (blue trace) is colourless and exhibits only an 

intense absorption in the UV region with a band centred around 31,060 cm−1 (321 nm). Upon irradiation 

with UV light a rapid spectral response is produced: a new band in the visible range appears around 

18,000 cm−1 (550 nm), which is very characteristic for the closed-ring isomer and is used as a diagnostic 

band to monitor the photoswitching reaction. Additionally, further changes could be observed in the 

UV range: a new broad shoulder ~28,000 cm−1 (370 nm) and a more defined band at 31,440 cm−1 
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(318 nm). The open-to-closed isomer conversion was almost quantitative (99 %) as will be discussed in 

Section 5.4.1.2.  

5.4 Characterization of the photoswitching properties of DTE ligands  

 Reversible photoswitching of the DTE photoligands  

5.4.1.1 Thiol-protected DTE photoligand DTE (SAc) 

The analysis of the photoswitching performance was first carried out for the as-synthesized DTE ligand 

containing thioacetate (SAc) groups. In this case the thiol groups are protected, to avoid any side 

reactions. It needs to be said that free thiol/dithiol ligands have typically limited stability in solution and 

under aerobic conditions. These molecules are known to undergo an oxidation reaction leading to 

formation of disulfide molecules.27 However, it is expected that upon binding of the photoligand to 

Au25 clusters the oxidative sensitivity will be reduced as the sulfhydryl (–SH) groups will engage into 

nanocluster linking.  

Figure 5.2-a, c depicts the spectral response of the DTE(SAc) molecule in solution (toluene, 

2.083 × 10−5 M) to UV and visible light irradiation. To start with, the open-ring isomer, o-DTE(SAc), 

exhibited a strong absorbance in the UV region (> 31,000 cm−1; < 320 nm). The irradiation with 340 nm 

light (0.049 mW) caused a new broad band centred at 18,114 cm−1 (552 nm) to appear. This band is 

characteristic for the closed-ring isomer, c-DTE(SAc), with the π-conjugation extending on the whole 

length of the molecule.  
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Figure 5.2 Absorption spectral change measured during (a) the ring closing process upon irradiation with 340 nm LED with 

an applied power of 49 µW and (c) ring-opening reaction upon irradiation with 532 nm laser diode with an applied power of 

796 µW of 1.5 mL of a 2.1 × 10-5 M solution of o-DTE(SAc) in toluene in a 10 mm cuvette at ambient temperature. The 

temporal evolution of the absorption maximum at 552 nm for (b) switching ON and (d) switching OFF reactions. The 

experimental data is represented by black squares, and the fits are shown as red traces. The horizontal line depicts the maximum 

absorbance value for the open → closed photocyclization reaction reaching 100 % conversion. 

The temporal evolution of the 552 nm absorbance during UV irradiation, depicted in Figure 5.2-b, 

showed a 95 % conversion from the open- to the closed-ring isomer. The conversion has been calculated 

from fitting of the experimental data to the exponential decay function, as implemented in the Origin 

software. In this specific experiment, the photostationary state (PSS340) was not reached, however other 

experiments (not shown here) confirmed that PSS can be easily achieved, especially when high photon 

flux is applied. Subsequent visible light irradiation (λirr = 532 nm, P = 0.796 mW) induced the 

completely reversible ring-opening reaction. Figure 5.2-d depicts the absorption at λ = 552 nm reaching 

a zero value after ~6 h. Complete disappearance of the 18,114 cm−1 (552 nm) absorption band indicated 

that no by-product was formed. The time to reach a PSS for photocycloreversion reaction was much 

longer than for attaining a PSS after UV irradiation (~6 h and ~35 min, respectively).  
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5.4.1.2 Thiol-bearing DTE photoligand–DTE(SH) 

Similar to the DTE(SAc) molecule, the absorption spectrum of the open-ring isomer of o-DTE(SH) in 

toluene (2.45 × 10−5 M), displayed a strong absorption at λ > 350 nm and no absorption in the visible 

part of the spectrum (black trace in Figure 5.3-a). Irradiation of the sample at 340 nm led to appearance 

of a broad absorption band centred at 18,315 cm−1 (546 nm), weaker absorption around 27,027 cm−1 

(370 nm), and a strong band in the UV region, at 31,447 cm−1 (318 nm) (red trace in Figure 5.3-a). These 

spectral changes are characteristic of the formation of the closed-ring isomer, c-DTE(SH). Temporal 

changes in absorption at 546 nm, depicted in Figure 5.3-b, showed that 99 % species reached 

a photostationary state (PSS340) after less than 8 min of irradiation (1.24 mW). Irradiation with visible 

light (532 nm, 23.7 mW, 35 min) caused the reversal of the spectral changes. Analysis of the kinetics of 

the photoswitching (Figure 5.3-d) demonstrated that 99 % of the species attained a PSS532 within 30 min 

of the light irradiation. 

 

Figure 5.3 UV-vis spectra of DTE(SH) (1.5 mL in toluene, 2.4 × 10−5 M, 10 × 10 mm2 cuvette) during irradiation with (a) 

340 nm light, with an applied power of 1.24 mW, until reaching a PSS340, (c) 532 nm light, with an applied power of 23.7 mW 

until reaching a PSS532. Temporal changes in the diagnostic band (546 nm) absorbance recorded for (b) photocyclization and 

(d) photocycloreversion reactions (black squares). Data fitted to the exponential function (red traces). 
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 Quantum yield of the photocyclization (ΦC) and photocycloreversion (ΦO) reaction 

of DTE ligands 

The quantum yield (Φ) of a reaction describes how many molecules of a product are generated from one 

absorbed photon,28 according to Equation 5.1 

𝜱(𝝀) =
𝑵𝒑𝒓𝒐𝒅 

𝑵𝒂𝒃𝒔.  𝒑𝒉𝒐𝒕𝒐𝒏𝒔
 5.1 

where 𝑁𝑝𝑟𝑜𝑑  and 𝑁𝑎𝑏𝑠.  𝑝ℎ𝑜𝑡𝑜𝑛𝑠  correspond to the number of molecules converted and the number of 

absorbed photons, respectively. To precisely determine the Φ, the quantification of both 𝑁𝑝𝑟𝑜𝑑  and 

𝑁𝑎𝑏𝑠.  𝑝ℎ𝑜𝑡𝑜𝑛𝑠  are necessary. In this work, the concentration of formed molecules of product was 

measured with UV-vis spectrophotometry. The number of photons that the system of interest absorbed 

was determined with the chemical actinometry method. Actinometry requires a standardized chemical 

reaction to effectively measure the amount of light that was absorbed under given experimental 

conditions, which could then be compared to the amount of light absorbed by the DTE molecular 

switches.  

The quantum yields of photocyclization (o-DTE → c-DTE) and photocycloreversion (c-DTE → 

o-DTE) reactions for the o-DTE(SAc) and o-DTE(SH) ligands were determined in toluene by 

measuring the rate of the photoisomerization reaction in the initial stage of the reactions. The light 

intensity was measured with a photometer that was calibrated with o-nitrobenzaldehyde chemical 

actinometer (see Section A3, Appendix A). To determine the Φ of the o-DTE → c-DTE reaction the 

procedure involving LED illumination and photometric measurement of the absorbed light amount, 

established by Megerle et al.29 was followed. 

The number of photons absorbed by the sample per second and wavelength interval is directly 

proportional to the radiant power and can be expressed by Equation 5.2: 

𝑵𝒂𝒃𝒔.  𝒑𝒉𝒐𝒕𝒐𝒏𝒔(𝝀)[𝒔−𝟏] =
𝑷𝟎 𝒇(𝝀)

𝑬𝒑𝒉𝒐𝒕𝒐𝒏(𝝀)
 𝑨(𝝀) 5.2 

where 𝑃0 is the incoming power, 𝑓(𝜆) is the spectral distribution of the LED light source, 𝐸𝑝ℎ𝑜𝑡𝑜𝑛(𝜆) is 

expressed as 𝜆/(ℎ · 𝑐), ℎ – Planck’s constant, 𝑐 – the speed of light, and the 𝐴(𝜆) is the absorbance of the 

sample expressed as 𝐴 =  1 –  𝑇.  

The absorbance value is dependent on the cuvette thickness, 𝑑, the concentration of both open- (𝑐𝑂) and 

closed-ring (𝑐𝐶) DTE isomers, as well as their molar extinction coefficients, 𝜀𝑂 and 𝜀𝐶, according to 

Equation 5.3:  
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𝑨(𝝀, 𝒕) = 𝟏 − 𝟏𝟎−𝒅∙[𝒄𝑶(𝒕)∙𝜺𝑶(𝝀)+𝒄𝑪(𝒕)∙𝜺𝑪(𝝀)] 5.3 

The change in the number of the DTE isomers per irradiation time interval can be expressed by the 

differential equations presented in Equations 5.4 and 5.5:  

𝒅𝑵𝑶(𝒕)

𝒅𝒕
= −𝜱𝑶→𝑪 ∫

𝒄𝑶(𝒕) ∙ 𝜺𝑶(𝝀)

𝒄𝑶(𝒕) ∙ 𝜺𝑶(𝝀) +  𝒄𝑪(𝒕) ∙ 𝜺𝑪(𝝀)
∙  𝑵𝒑𝒉𝒐𝒕𝒐𝒏𝒔(𝝀) +  𝜱𝑪→𝑶 ∫

𝒄𝑪(𝒕) ∙ 𝜺𝑪(𝝀)

𝒄𝑶(𝒕) ∙ 𝜺𝑶(𝝀) +  𝒄𝑪(𝒕) ∙ 𝜺𝑪(𝝀)
∙ 𝑵𝒑𝒉𝒐𝒕𝒐𝒏𝒔(𝝀) 

5.4 

 

𝒅𝑵𝑪(𝒕)

𝒅𝒕
= −𝜱𝑪→𝑶 ∫

𝒄𝑪(𝒕) ∙ 𝜺𝑪(𝝀)

𝒄𝑶(𝒕) ∙ 𝜺𝑶(𝝀) + 𝒄𝑪(𝒕) ∙ 𝜺𝑪(𝝀)
∙  𝑵𝒑𝒉𝒐𝒕𝒐𝒏𝒔(𝝀) +  𝜱𝑶→𝑪 ∫

𝒄𝑶(𝒕) ∙ 𝜺𝑶(𝝀)

𝒄𝑶(𝒕) ∙ 𝜺𝑶(𝝀) + 𝒄𝑪(𝒕) ∙ 𝜺𝑪(𝝀)
∙  𝑵𝒑𝒉𝒐𝒕𝒐𝒏𝒔(𝝀) 

5.5  

 

In this work, the change in the concentration of the open and closed DTE isomers (instead of the change 

in the number of DTE molecules) per irradiation time interval was calculated for both DTE(SAc) and 

DTE(SH) photoligands, using the same procedure that was employed for o-nitrobenzaldehyde 

actinometer photoreaction analysis (see Section A3 in Appendix A).  

 

Figure 5.4 Molar absorptivities of both the reactants and the products of the photoswitching reaction of (a) DTE(SAc) and (b) 

DTE(SH) molecules recorded after irradiating the toluene solution with 340 nm LED.  

For determination of the quantum yields of the molecular photoswitches the molar absorptivity spectra 

in toluene of the two DTE isomers (Figure 5.4) as well as the spectrum of the LED excitation light 

(Figure 3.1) was used. Of note, the full ranges of experimental data (Figure 5.2-a, c and Figure 5.3-a,c) 

from the start of the photoisomerization until the photostationary state were evaluated. The acquired 

spectra (at each time interval) were decomposed to extract the spectra of the open- and closed-ring 

isomers which were used to determine the concentration of both species at each time point (Figure 5.5 

and Figure 5.6).  
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Figure 5.5 Temporal evolution of the concentrations of the open- and closed-ring DTE(SAc) isomers (open and closed symbols, 

respectively) during the (a) 340 nm and (b) 532 nm illumination. Corresponding fits depicted as red traces.  

 

Figure 5.6 Temporal evolution of the concentrations of the open- and closed-ring DTE(SH) isomers (open and closed symbols, 

respectively) during the (a) 340 nm and (b) 532 nm illumination. Corresponding fits depicted as red traces. 

The calculated values of the Φ for the photoreaction for the analysed DTE photoligands are presented in 

Table 5.1. The efficiency of the ring-opening process was found to be much lower for both 

photoswitches than the ring-closing reaction, in accordance with the observed DTE photoswitching 

behaviour reported in the literature.30, 31  

 

Table 5.1 Photocyclization and photocycloreversion quantum yields of the investigated DTE photoligands. 

photoligand 

λmax/nm (𝜺/104 M−1 cm−1) PSS yield Φo→c (λ/nm) Φc→o (λ/nm) 

open-ring 

isomer 

closed-ring 

isomer 
(340 nm) (532 nm)   

DTE(SAc) 326 (4.73) 552 (2.91) 0.99 0.99 0.53 1.85 × 10−3 

DTE(SH) 321 (2.96) 546 (1.42) 0.94*/0.99 0.99 0.21 1.00 × 10−3 
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Additionally, for the DTE(SH) photoligand the formation of a by-product during the 532 nm irradiation 

experiment was observed (Figure 5.6-b). To the best of our knowledge, such a behaviour was not 

reported in the literature and requires further investigation which lies outside the scope of this thesis. 

The formation of a by-product during the visible light illumination could explain the observed 

photofatigue during the ON/OFF cycling experiment described in Section 5.4.3.2.  

The obtained values of the extinction coefficients, 𝜀, for the open-ring isomer of DTE(SAc) ligand in 

this work is in very good agreement with the value of 4.9 × 104 M−1 cm−1 (λmax = 322 nm, acetonitrile) 

reported by Browne et al.32 However, they did not report the 𝜀 value for the closed-ring isomer, nor the 

quantum yield given the very low solubility of the DTE(SAc) in acetonitrile.  

The 𝜀 values for both the open- and closed ring isomer of DTE(SH) and quantum yields for the ring-

opening and ring-closing reaction have not yet been reported in the literature as usually this molecule is 

prepared in situ from the protected analogue. Therefore, this study reports for the first time the 

photochemical properties of the isolated DTE(SH) ligand in toluene.  

 Photofatigue of DTE ligands 

As demonstrated in Section 5.4.1, the DTE photoligands could be reversibly switched between the ON 

and OFF states using UV and visible light, respectively. The changes in absorption were conveniently 

monitored with the UV-vis spectrophotometry in a non-destructive fashion.  

The prolonged photoswitching between the open- and closed-ring isomers of the DTE molecule 

monitored at the probe wavelength can provide insight into the stability of the photochromic switch 

under repeated irradiation cycles. One irradiation cycle comprises of two switching events: switching 

ON via 340 nm illumination leading to formation of a closed-ring DTE isomer with characteristic 

absorption around 550 nm. The subsequent switching OFF reaction is ensured by 532 nm illumination 

during which the cycloreversion process takes place, manifested by the gradual disappearance of the 

550 nm band. Consequently, recording the changes in the 550 nm-absorbance during each irradiation 

event allowed monitoring the photoswitching process over time. A fatigue resistance is an important 

property of photochromic compounds and can be described as an ability of the photoswitching 

molecule/system to maintain its photoswitching property during the ON/OFF irradiation cycles.  

5.4.3.1 Thiol-protected DTE photoligand DTE (SAc) 

Repeated photoswitching (ON/OFF) was first investigated for the DTE(SAc) molecule. Irradiation times 

necessary to reach a near photostationary states under constant illumination with either UV (340 nm) or 

visible (532 nm) light were determined prior to irradiation cycling experiments. The experimental setup 
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involved the combination of LED and laser as light sources and shutters to control the light irradiation. 

A 1.0 mL of DTE(SAc) solution (toluene, 2.25 × 10−5 M) in a closed quartz cuvette (10 × 10 mm2) was 

irradiated alternatively with UV (340 nm, 90 s) and visible light (532 nm, 480 s) under constant stirring 

to ensure a homogeneity of the irradiated sample.  

The DTE(SAc) ligand was exposed to 120 ON/OFF switching cycles (total irradiation time of 20 h), 

and the photoswitching behaviour was monitored by recording a change in absorbance at the probing 

wavelength of 552 nm, which corresponded to the maximum absorbance of the characteristic band of 

the closed-ring isomer. Figure 5.7 depicts the results of this experiment.  

 

Figure 5.7 Evolution of absorbance at 552 nm of the DTE(SAc) photoligand during repetitive switching cycles comprising 

alternating UV (340 nm, 90 s) and visible (532 nm, 480 s) irradiation. 

Overall, the photoswitching performance decreased with prolonged irradiation cycles. However, during 

the first 10 irradiation cycles the photofatigue is quite small (from 96 to 92 %) which contrasts with 

results found for a similar molecule, in which the two sulfhydryl groups were protected with a methyl 

functionality.26 For this molecule, a 50 % decrease in absorbance maximum was observed after 

7 ON/OFF cycles. The authors argued that this significant photofatigue was due to by-product formation 

during the UV irradiation (having a condensed ring in its structure, Scheme 5.2). This reaction was 

inhibited for the perfluorocyclopentene-derivative. However, it needs to be said that the UV irradiation 

was conducted at 365 nm corresponding to a wavelength where one of the bands of the closed-ring 

isomer appeared. Therefore, the closed-ring isomer has been selectively irradiated facilitating the 

formation of by-product. Based on our observation however, it is argued that the perhydrocyclopentene 

derivatives could exhibit improved photorecyclability performance with a careful choice of the 

UV irradiation wavelength and control over the irradiation power.  
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5.4.3.2 Thiol-bearing DTE photoligand DTE(SH) 

The investigation of the effects of the repeated ON/OFF switching on the fatigue performance was also 

carried out for the DTE(SH) sample in toluene solution (toluene, 2.45 × 10−5 M). As depicted in 

Figure 5.8, the photochemical switching fatigue is apparent already after the second UV irradiation, 

manifested in the decrease of the maximum absorbance at 546 nm from 99 to 73 %. Additionally, after 

the first 532 nm irradiation cycle the 546 nm band did not disappear entirely and the residual absorption 

increased in the following irradiation cycles.  

 

Figure 5.8 Photofatigue of the DTE(SH) ligand measured during the ON/OFF switching cycles in solution (toluene, 

2.45 × 10−5 M) monitored at the 546 nm. 

The degree of switching between the open- and closed-DTE(SH) isomer was found to decrease 

drastically with each irradiation cycle. After four cycles, only ~17 % of the initial value of maximum 

absorbance for the ON product could be reached. The slow increase in the base value for the absorbance 

of the isomer in the OFF state (from 0 to 9 %) indicated that the photoligand was degrading. It appeared 

that the 532 nm irradiations were causing the photoligand to undergo a structural transformation, 

similarly to the DTE(SAc) ligand, however in this case this process was much faster. This finding needs 

to be investigated further and requires coupling other techniques, like NMR spectroscopy, that would 

help to identify the structural changes induced by the photoirradiation. However, it can already be stated 

that this result is remarkable, since while multiple reports exist on the damage to the DTE photochromic 

molecules induced by the extensive UV irradiation (i.e., irreversible transformation to the annulated 

isomer as a by-product, Scheme 5.2), the influence of visible light induced damaged has not yet been 

reported to the best of our knowledge.  
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The conducted ON/OFF switching irradiations for both DTE(SAc) and DTE(SH) ligands have shown 

an enhanced photocycling stability of the DTE(SAc) ligand with respect to its free thiol-counterpart, 

DTE(SH). The DTE(SAc) ligand lost ~69 % of its photochromic property after 120 ON/OFF cycles, 

whereas for the DTE(SH) the loss of 83.5 % of its photoswitching performance occurred already after 

5 cycles. This photofatigue could be partially explained by the irreversible conversion of the closed-ring 

DTE isomer into its by-product isomer when irradiating with the UV light (Scheme 5.2), as argued by 

Irie et al.33 It seems however that the functional group substituted on the phenyl ring attached to the 

thienyl ring could also be a contributing factor to the photoswitching performance. Irie et al. have 

demonstrated the effect of various substituents at para-positions of the phenyl groups of DTE molecules 

on their photochemical reactivity.30 Furthermore, a perhydrocyclopentene unit on the DTE is known to 

be less fatigue resistant than a perfluorocyclopentene counterparts.34 Recent studies have shown 

however, that fatigue resistance of photochromic 1,2-diarylethenes is strongly dependent on the 

illumination process, more specifically on the UV source (wavelength and light dose) and on the 

absorption characteristics of the molecule at the irradiation wavelength.35 For the two photoligand 

systems presented herein, additional NMR investigations are necessary to gain insight into possible by-

product formed during a photoswitching reaction. Moreover, a more systematic study that involves the 

photoswitching using various wavelengths of light (both UV and visible), including the dependence of 

the specific light dose on the photoswitching performance is of interest to gain more insight into the 

intrinsic differences between the DTE(SH) and DTE(SAc) molecules.  

5.5 Synthesis of photoswitchable Au25 assemblies 

Assemblies of Au NCs linked by the DTE(SH) ligand were produced via the ligand-exchange method 

in solution by mixing discrete [Au25(SC2H4Ph)18]
0 clusters (hereafter denoted as [Au25(2PET)18]

0 for 

simplicity) dissolved in toluene solution (2.5 mg/mL) with the freshly synthesized photoligand in a 2:1 

Au25-to-DTE molar ratio. The reaction mixture was left to stir under nitrogen at ambient temperature in 

the dark for 24 h. Then, the crude product was washed with MeOH to remove free thiols. The product 

mix was fractionated on a size-exclusion chromatography (SEC) column (BioBeads S-X1) in toluene. 

Typically, 3 main separation bands were observed on the column (see Appendix A), and were isolated 

as main fractions denoted, F1, F3, and F5. All fractions were analysed with standard characterization 

techniques: UV-vis-NIR spectroscopy and MALDI-MS analysis and compared against the pure 

[Au25(2PET)18]
0 clusters.  
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5.6 Characterization of the formed Au25 assemblies linked with a DTE 

photoligand 

 Steady-state UV-vis-NIR spectroscopy in solution 

The observation of three main bands on the SEC column suggests that three distinct sizes of species 

were formed (Figure A.4-b). It should be noted that the synthesis was repeated many times, and each 

time a similar separation was obtained. To characterize the isolated species, the electronic absorption 

spectra for each eluted fraction (denoted as Fn, n = 1–6, based on their elution sequence from the 

column) were recorded and compared to the spectrum of unreacted monomeric [Au25(2PET)18]
0 clusters 

to offer a first insight into the structure of the formed Au25 assemblies.  

 

Figure 5.9 Electronic absorption spectra of fractions isolated on SEC column (a) fractions containing larger Au25 assemblies; 

(b) smaller Au25 assemblies with their spectra preserving the spectral features of [Au25(SR)18]0clusters (solid grey line). Spectra 

recorded in toluene at ambient temperature. 

Typical spectral traces of the isolated SEC fractions are depicted in Figure 5.9. The largest (in size) 

fractions, (F1 and F2 in Figure 5.9-a), displayed spectra with a monotonic absorbance increase in the 

visible range, and intense broad absorption in the UV region (> 25,000 cm−1; < 400 nm). Based on the 

SEC elution sequence, it is reasonable to presume that F1 and F2 are comprised of larger Au25 multimers. 

Consequently, the contribution to the absorption originating from the o-DTE linker was expected to be 

stronger, given their higher fraction in the multimeric structure. It is known that larger species exhibit 

larger absorption cross-section which enhances Rayleigh scattering. Since scattered light has a 𝜆−4 

dependence, it is expected that larger multimers would distort the UV regime the most. Importantly, the 

optical spectra of larger species show no characteristic bands of [Au25(2PET)18]
0. This finding is in 
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agreement with other study that has shown that multimeric Au25 assemblies lost the absorption band of 

the parent nanocluster.5  

In contrast, the spectra of smaller size fractions, presented in Figure 5.9-b, displayed the characteristic 

absorption bands observed in the spectra of discrete [Au25(SR)18]
0 species, that is the peak at 

~14,750 cm−1 (678 nm) corresponding to the highest occupied molecular orbital–lowest unoccupied 

molecular orbital (HOMO–LUMO) transition, peak at ~22,727 cm−1 (440 nm) ascribed to HOMO–sp 

transition and at ~25,000 cm−1 (400 nm) to d–sp transition.36, 37 Therefore, the as-formed small 

assemblies, in their non-irradiated state, exhibited the electronic structure that greatly resembled that of 

single [Au25(2PET)18]
0 nanocluster building unit. 

 Identification of the separated fractions with MALDI-TOF mass spectrometry 

The spectra of all isolated fractions were acquired under the same conditions in the 10–20,000 Da range 

(see Section 3.2.2) and compared with the spectrum of the parent cluster, [Au25(2PET)18]
0.  

As depicted in Figure 5.10, the mass signals of the parent [Au25(2PET)18]
0 cluster were observed across 

all fractions (grey dashed lines in Figure 5.10-a). It needs to be said that even when applying the mildest 

parameters for ionizing, the pure Au25 cluster fragmented quite extensively. Next to the typical 

fragmentation peaks corresponding to the loss of AunLn (where n = 1, 2, 3, 4) unit38 more peaks were 

observed in the lower mass range (i.e., m/z = 5722.51 Da attributed to the loss of Au5L5, or 

m/z = 5847.66 Da, not assigned). Moreover, the appearance of signals in the higher mass region, above 

the monoisotopic mass of Au25(2PET)18 of m/z = 7391 Da, was apparent. Given that the analysed cluster 

sample was purified on the SEC column before MALDI-MS analysis, the higher mass fragments are 

most likely produced during the MA laser desorption-ionization process. The occurrence of these peaks 

could be related to the applied laser pulse intensity and the dilution of the analyte within the matrix 

solution. Furthermore, additional peaks at m/z ~7591, 7791 and 7991 Da were detected (blue and red 

dashed lines in Figure 5.10-a). These signals were assigned to the Au25 clusters having a mixed 

monolayer ligand shell containing next to the monodentate 2PET ligands, up to three bidentate o-DTE 

ligands (henceforth denoted as o-DTE
2
). The assignment of the MALDI mass peaks to the corresponding 

species is presented in Table 5.2. The inspection of the spectra of the isolated fractions in the mass range 

between 8–12 kDa allowed identification of several new peaks at m/z ~10,527; 10,559; 10,662; 10,862; 

10,997; 11,197 Da, not present in the spectrum of pure [Au25(2PET)18]
0 cluster. 
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Figure 5.10 Typical MALDI-TOF-MS spectra of the fractions isolated from the SEC column after the ligand-exchange reaction 

of [Au25(2PET)18]0 with the o-DTE dithiol linker. (a) The low mass region depicts the peaks originating from pure 

[Au25(2PET)18]0cluster (denoted Au25; grey dashed lines); the Au25 clusters with one and two exchanged o-DTE ligands within 

the Au25 monolayer are represented by red and blue lines, respectively. (b) The high mass region does not show clear peaks 

belonging to monocharged dimeric species (D+) or doubly charged trimers. The green lines show the region where the 

symmetric and non-symmetric D+ peaks should be observed. The peaks marked with magenta lines could be ascribed to higher 

multimeric fragments (see description in the text). All spectra were acquired in linear positive mode at 15 % laser fluence. 

While the assignment of these peaks is not trivial, the mass separation between them, Δm ~200 or 

334 Da, corresponds to o-DTE
2
–2 × 2PET or Au–2PET difference, respectively, indicating these may 

correspond to the fragments from the larger species having both 2PET and o-DTE ligands in their 

structure.  

Needless to say, the peaks corresponding to dimeric species, like the simplest symmetrical Au25(PET)17–

o-DTE–Au25(PET)17 dimer (1-1 dimer, notation describing each Au25 cluster with one bidentate o-DTE
2
 

ligand in the monolayer), in a singly (m/z = 14,982 Da) or doubly charged state (m/z = 7,491 Da) were 

not found. Here, the notion of symmetrical and non-symmetrical dimers is used, which is related to the 

ligand shell of the Au25 units that build the dimer. When both Au25 units have the same number of 

exchanged o-DTE
2
 ligands in the monolayer, they are being referred to as symmetrical dimers. Of note, 

Au25(2PET)17–oDTE–Au25(2PET)17 dimer can also be regarded as symmetrical. 
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Table 5.2 Calculated and experimentally acquired MALDI m/z (for z = 1) values of the intact Au25(2PET)18 clusters and mixed 

ligand shell Au25(2PET)18-x(o-DTE2)x (x=1, 2, 3) clusters and their most characteristic fragments corresponding to the loss of 

Aun(2PET)n units.  

m/z (experiment) m/z (calculated) Assigned species 

Intact species 

7391.4198 7390.9394 Au25(PET)18 

7591.7616 7590.9149 Au25(PET)16(o-DTE2) 

7792.6085 7790.8904 Au25(PET)14(o-DTE2)2 

7991.0429 7990.8659 Au25(PET)12(o-DTE2)3 

Mass fragments of Au25(2PET)18 

7056.1604 7056.9298 Au25(PET)18 – Au(2PET) 

6723.4348 6722.9202 Au25(PET)18 – Au2(2PET)2 

6388.6428 6388.9106 Au25(PET)18 – Au3(2PET)3 

6053.5273 6054.9009 Au25(PET)18 – Au4(2PET)4 

Mass fragments of Au25(2PET)18-x(o-DTE2)x 

7257.8623 7256.9053 Au25(PET)16(o-DTE2) – Au(2PET) 

6923.3344 6922.8957 Au25(PET)16(o-DTE2) – Au2(2PET)2 

6589.2150 6588.8861 Au25(PET)16(o-DTE2) – Au3(2PET)3 

6255.2625 6254.8764 Au25(PET)16(o-DTE2) – Au4(2PET)4 

7455.5542 7456.8808 Au25(PET)14(o-DTE2)2 – Au(2PET) 

7123.2426 7122.8712 Au25(PET)14(o-DTE2)2 – Au2(2PET)2 

6789.5424 6788.8616 Au25(PET)14(o-DTE2)2 – Au3(2PET)3 

6455.1283 6454.8519 Au25(PET)14(o-DTE2)2 – Au4(2PET)4 

 

The green dashed lines in Figure 5.10-b indicate where the monoisotopic masses of the symmetrical and 

non-symmetrical (in terms of their ligand shell) dimers should appear (see Table A.8 listing some 

examples of dimers). Similarly, no peaks corresponding to trimers in any charged state were found in 

the spectrum. The magenta colour lines in Figure 5.10-b could potentially be ascribed to the fragments 

of higher species since their mass is higher than that of the symmetrical (3-3) dimers and their separation 

(Δm = 474 Da) corresponds to the mass of the o-DTE ligand. All things considered, the lack of dominant 

peaks belonging to dimers or trimers in the higher mass range of the spectrum cannot definitively exclude 

the presence these species in the analysed sample. 

Hitherto, MALDI-MS technique has been unsuccessful in detecting the intact dimers and higher order 

species of Au NCs connected with a linker molecule. Instead, the mass peaks of the monomeric units 

were detected.4, 39 The report by Sels et al. showed no clear mass peaks belonging to intact Au25-based 

oligomeric species, rather the presence of multiple peaks in the spectrum was ascribed to the extensive 

fragmentation of the oligomeric species.4 Since MALDI-MS analysis requires uniform cocrystallization 

of the analyte with a large excess of matrix, it is probable that for the multimeric Au25 assemblies the 
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quality of cocrystallization with the DCTB matrix was lower than for pure Au25 clusters, which affected 

the ionization and detection of the species. Also, multimeric species may be prone to decomposition 

when undergoing the ionization process. Nonetheless, MALDI-MS is a technique that can provide the 

insight into the ligand composition of the formed assemblies, i.e., the extent of the ligand exchange and 

possibly number of potential linkers available per one cluster. However, it needs to be stressed that this 

information does not complete the picture of the types of assemblies formed and a complementary 

analysis into the size and nature of the species is required.  

The attempts were made to analyse the formed products with mass spectrometry coupled with softer 

ionization method, electrospray ionization ESI-MS, but they were proven unsuccessful. Nevertheless, 

further optimization of the analysis parameters is expected to give the evidence of multimeric species as 

it was depicted for Au25 and Ag25 fullerene adducts.40  

 Small angle X-ray scattering (SAXS) analysis of the formed Au25 assemblies  

Given the challenges in identifying the size of the formed species using mass spectrometry (MALDI and 

ESI-MS), complementary information was provided by the SAXS analysis in solution (here, toluene). 

This powerful technique allows deriving the size and shape parameters of the scattering species and 

hence offers the global structural information about the assemblies in solution. This technique was 

shown previously to be effective in describing Au25(SR)18 multimers linked with organic dithiol linkers.4 

The SAXS technique is based on the scattering length electronic density, therefore in the case of the 

Au25 assemblies, the scattering signal originates from the gold atoms (both kernel and staples) owing to 

their high scattering power.  

5.6.3.1 Analysis of the SAX scattering profiles 

The SAXS analysis was performed for the three representative fractions isolated on the SEC column, 

that is F2, F3, and F5 (see Figure A.4-b). Their scattering intensities (normalized by concentration), 

presented in Figure 5.11 as a function of the scattering vector Q, were contrasted against that of 

unreacted [Au25(2PET)18]
0 (black diamonds).  
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Figure 5.11 Log–log plot of scattering intensity, I, as a function of the scattering vector, Q, for three isolated fractions: 

F2 (green), F3 (red) and F5 (blue symbols) after the Au25 assembly formation contrasted with the scattering profile of pure 

[Au25(PET)18]0 clusters (black diamonds). 

The scattering curves of [Au25(2PET)18]
0, F3 and F5 exhibited a clear plateau at low Q values (so-called 

Guinier plateau). The scattering profile of F2 fraction however differed markedly from the other three 

samples as the significant increase in intensity at small angle was apparent. Even though the scattering 

signal rose rather steeply at low Q, the onset of plateauing within the Q-range of measurement could just 

be detected. The levelling-off of the scattering curve indicated a finite size of the scattering species. It 

could therefore be concluded that the isolated Au25 assemblies were not agglomerated but discrete in 

size. Additionally, the Guinier plateau cut-off appeared at a lower Q value for both F2 and F3 fractions, 

whereas the scattering profile of fraction F5 almost coincided with that of unreacted [Au25(2PET)18]
0 

nanoclusters. The nature of the scattering profiles of the analysed samples showed that F2 and F3 

contained larger species than monomeric Au25 and species in fraction F5 had a size similar to the pure 

[Au25(2PET)18]
0 cluster.  

Since the scattering intensity, I, at a very low Q is proportional to the volume of the scatterer, relating 

the scattering intensity of each fraction to that of pure [Au25(2PET)18]
0 cluster could provide insight into 

the size of the assemblies that each fraction contained.  

Qualitative analysis was attempted by comparing the scattering intensities of the measured fractions with 

that of unreacted Au25 nanoclusters at I(Q)Q→0, according to Equation 5.6: 

𝑵 =
𝑰(𝑸)𝒏−𝒎𝒆𝒓

𝑰(𝑸)𝑨𝒖𝟐𝟓
  𝒂𝒕 𝑸 → 𝟎 5.6 
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The resulting approximate relative volumes of the F2, F3, and F5 fractions were 3.50, 1.34, and 0.99, 

respectively (Table 5.3) 

 

Table 5.3 Relative scattering volumes of SEC isolated o-DTE linked Au25 assemblies obtained from the analysis of the SAXS 

intensity profiles. 

 Au25(2PET)18 F2 F3 F5 

𝑰(𝑸)𝑸→𝟎 0.0072 0.0253 0.0095 0.0071 

𝑵 1 3.50 1.32 0.99 

 

The obtained values implied that the species in F2 were, on average, 3–4 times larger in volume than 

[Au25(2PET)18]
0 monomers. Similarly, the smaller F3 fraction contained species with volume almost 

1.32 larger than pure [Au25(2PET)18]
0 clusters, whereas the F5 fraction species matched the 

[Au25(2PET)18]
0 volume almost perfectly. Moreover, the scattering curves showed a lack of well-defined 

peaks or shoulders at higher Q values (> 0.3 Å−1) suggesting high polydispersity in the population of 

scattering species. Additionally, a monotonic increase in the scattering intensity with the onset at 

Q ~ 0.2 Å that was observed for the larger Au25 assemblies (i.e., F2 and F3), was caused by the larger 

species present in the fractions, as the size of the largest object within the mixture dominates the 

scattering at the lowest Q region, even if these species are not the prevalent ones. The levelling-off of 

the scattering curve however indicates the size of these larger species was finite.  

5.6.3.2 Fitting of the experimental SAX scattering data 

To obtain the information about the size and shape of the formed assemblies, all the experimental 

scattering curves were fitted to the models embedded in the SasView 4.2.2 software.41  

Fitting of the scattering profiles of pure [Au25(2PET)18]
0 clusters (black diamond symbols in 

Figure 5.12) was performed with a spherical model (hard sphere), since the shape of the 

Au25 nanocluster can be approximated by the sphere, as corroborated by X-ray analysis.42  
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Figure 5.12 SAXS profile of pure [Au25(2PET)18]0 clusters measured in toluene (diamond symbols) fitted to the hard-sphere 

model (red curve).  

The fitted curve (red trace in Figure 5.12) perfectly matched the experimental data. The value of the 

[Au25(2PET)18]
0 cluster radius, R = 4.56 Å,  that was obtained from the fitting was in excellent agreement 

with the 4.6 Å value devised from SAXS measurements for Au25(SBu)18 reported by Sels et al.4 

Moreover, the value of the radius obtained from SAXS analysis was in good agreement with the Au–Au 

distances between the most peripheral gold atoms in the [Au25(2PET)18]
0 cluster structure of 

4.90 ± 0.02 Å obtained from X-ray crystallographic analysis as reported by Tofanelli et al.10  

The cylindrical pearl-necklace structural model was chosen to quantitatively explain the acquired SAXS 

pattern in isolated F2, F3, and F5 fractions. This model treats Au25 clusters as hard spheres ('pearls') that 

are linearly connected by strings, in no preferential orientation, and was shown to be successful to 

describe the multimers of Au25 connected with covalent linkers.4 For each of the analysed fractions 

a different number of 'pearls' was used in the fits. The fits produced the set of parameters that 

characterized the synthesized Au25 assemblies: radius of Au25 nanocluster in the multimer, R, and the 

edge-to-edge distance between the 'pearls', L, corresponding to the length of the linker (see Scheme 3.1). 

Figure 5.13 depicts the experimental profiles (open black symbols) of F2, F3, and F5 samples and their 

respective fits (red traces).  
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Figure 5.13 Fitting of the SAXS data to the pearl-necklace model (a) fraction F2 (n = 4); (b) fraction F3 (n = 2); (c) fraction 

F5 to the mixed 'sphere + pearl-necklace' model (n = 2). The experimental data depicted as black open symbols; fitting profiles 

depicted in red. 

The fitted curves showed a very good agreement between the model and experiment and the parameters 

obtained from the fits for each sample are presented in Table 5.4.  

The F2 sample was best fitted with tetrameric structure (no. of 'pearls' = 4) yielding the cluster radius 

R = 4.80 Å and edge-to-edge distance of 18.78 Å. This result matched the qualitative description of the 

F2 sample (i.e., the relative volume of the scattering species N = 3.5) based on the scattering intensity. 

The experimental data for the F3 fraction was fitted to a dimeric model (no. of 'pearls' = 2, fitting range 

0.024 – 0.7 Å), with a satisfactory result, generating values of 4.45 Å and 15.62 Å for the Au25 radius 

and the intercluster distance, respectively. Again, the value of N = 1.34 provided a strong indication that 

the fraction F3 may constitute of dimeric species. 

For the fraction F5 however, even though the N value of 0.99 indicated that the sample contained 

predominantly monomers, fitting of the experimental data to the spherical model furnished the sphere 
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radius value of 3.94 ± 0.03 Å (not shown here), which markedly underestimated the [Au25(2PET)18]
0 

nanocluster size. The pearl-necklace model for dimeric species, on the other hand, overestimated the 

experimental data. Therefore, the mixed 'sphere + pearl-necklace' model, which treats part of the sample 

as spherical monomers and the other as dimeric species ('2 pearls'), was employed to obtain the 

quantitative fit for the F5 fraction. This approach allowed obtaining a satisfactory fit to the experimental 

data. It provided the descriptor values of R and L for the species within the F5 sample (see 

Figure 5.13-c). More importantly, it allowed determination of the relative abundance of monomers and 

dimers in the sample, since each component of the mixed model (i.e., sphere and pearl-necklace) has its 

own scaling factor. The monomer-to-dimer ratio was found to be 7.73, and this explained why the sample 

was showing largely monomeric character, given the dominant monomeric population in the F5 sample.  

 

Table 5.4 Fitted SAXS parameters of F2 and F3 fractions using pearl-necklace model for tetramers and dimers, respectively 

and for the F5 sample with a mixed 'sphere + pearl-necklace' model. 

(*) very small error 0.003 

 

The fitting of the experimental data yielded the size of Au25 clusters, and the linker length for each 

fraction (Table 5.4). Overall, the size of the Au25 clusters was consistent across all samples and was in 

excellent agreement with the value of 4.6 Å obtained from SAXS measurements of Au25(SBu)18 clusters 

fitted with the hard sphere model. The mean separation values of connected pearls (L) for each analysed 

fraction were in close agreement with the value of terminal sulfur-to-sulfur distance of 18.5 Å in the 

o-DTE linker, obtained from the DFT modelling of dimeric Au25(SCH3)18 species (Appendix B).  

 Au25(2PET)18 F2 F3 F5 

Fitting model hard sphere pearl-necklace pearl-necklace 
sphere + 

pearl-necklace 

Core radius, R (Å) 4.55* 4.80 ± 0.01 4.45 ± 0.01 
Rs = 4.51 

Rp-n = 4.53 

Edge-to-edge distance, L (Å) n/a 18.78 ± 0.08 15.62 ± 0.70 15.00 ± 2.85 

No. pearls (n) n/a 4 2 2 

R polydispersity 0.20 (fixed) 0.20 (fixed) 0.20 (fixed) 
sphere = 0.203 

p-n = 0.211 

L polydispersity n/a 1.120 ± 0.003 1.337 ± 0.005 0.405 ± 0.042 

𝑴/𝑫 ratio from the model n/a n/a n/a 7.73 
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5.7 Conclusions 

Herein, the successful synthesis of the designed dithiol linker molecule bearing the molecular 

photoswitching functionality is reported. The synthetic methodology extended on the already reported 

method by the Feringa group22, 43 and effectively introduced the thiol functionality in a separate synthetic 

step rather than forming it in-situ when reacting with Au species, as shown by others.25, 26  

The photoswitching properties of the thiol-protected, DTE(SAc) and the thiol-bearing DTE(SH) 

molecules were characterized in detail. The ON/OFF photoswitching experiments demonstrated that the 

DTE(SAc) ligand was significantly more photostable than its DTE(SH) analogue. Interestingly, it was 

the visible light irradiation experiment of the DTE(SH) ligand that induced the photofatigue. The 

analysis of the UV-vis spectra acquired during the ring-opening reaction showed the formation of 

a by-product. This is quite unexpected, as the literature reports show the emergence of the annulated-ring 

by-product (Scheme 5.2) during the UV irradiation. The by-product formed upon 532 nm illumination 

requires further identification using e.g., NMR analysis. For both DTE-based ligands the ring-opening 

reactions, measured at 532 nm, were much less efficient (𝛷𝐶𝑂 = ~0.1–0.19 %) that the photocyclization 

reactions as evidenced by the quantum yields of 21 % and 53 % for DTE(SH) and DTE(SAc), 

respectively, which is a known phenomenon for the DTE photoswitches.31 Moreover, it is known that 

not only the substituents in the 5, 5’-position of the thienyl rings affect the quantum yields but even the 

para-substituents of the phenyl ring attached to these 5, 5’-positions could influence the 𝛷 values.30, 44 

The formation of nanocluster assemblies based on the [Au25(2PET)18]
0 cluster connected with the dithiol 

(o-DTE) linker was achieved via wet-chemistry method in which the protective 2PET ligands were 

exchanged for the o-DTE dithiols and subsequently oligomeric species emerged. These species were 

then isolated using the standard size-exclusion chromatography (SEC) technique employed for Au NC 

purification. Analysis of the Au25 assemblies revealed that the reaction produced a mixture of tetramers, 

dimers and monomers with a mixed monolayer ligand shell.  
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Chapter 6  

Photoresponsive Au25 nanoassemblies:  

structural and spectroscopic investigations 
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6.1 Introduction 

A few examples of light responsive Au25(SR)18 nanoclusters are known in the literature.1-3 These species 

have been created by functionalizing the protective monolayer with thiolate ligands containing 

photoswitchable moiety based on either azobenzene1, 2 or spiropyran3 units. Importantly, these clusters 

have shown reversible photoisomerization confirming that Au NCs are a suitable vehicle for 

photoligands. Recently, Rival et al. demonstrated the application of a photoresponsive ligand to stimulate 

a Au25
− reversible dipole-induced self-assembly.1 Au25 nanoclusters capped with an azobenzene-alkyl 
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monothiol (C3-AMT) were shown to form disc-like superstructures upon exposure to ultraviolet 

(345 nm) irradiation. These stable superstructures could be readily disassembled with exposure to visible 

light (435 nm). However, so far, photoswitching behaviour performed with Au NC assemblies has not 

been described.  

However, dithienylethene (DTE) photoswitches have been implemented as part of various systems: self-

assembled monolayers (SAMs) on either Au surfaces4 or Au and Ag nanoparticles5, Au–DTE–Au 

junctions6 or as molecular bridges connecting single-walled carbon nanotubes (SWNTs)7. It needs to be 

said that the photoswitching of the DTE molecule when incorporated into various architectures is not 

always reversible, as has been shown in the work of Dulić et al. where thiol functionalized DTE switch 

connecting two gold electrodes demonstrated only one-way switching.6 However, molecular bridges 

connecting two SWNTs were reversible when the central photochromic moiety contained pyrrole rather 

than a thiophene unit,7 suggesting that with careful molecular engineering photoswitching can be enabled 

with the DTE moiety even in challenging environments. The incorporation of the DTE photoswitching 

bridge to link Au NCs is therefore investigated in this work.  

Specifically, the photoresponsive performance of the covalently linked Au25 assemblies (synthesis 

described in Section 3.5.1) is presented. As a reminder, detailed characterization of the free photoligand 

(Section 5.4), established that the free DTE(SH) linker exhibited photofatigue much faster than its 

acetate-protected analogue–DTE(SAc). This process was caused by the irreversible formation of the 

isomer containing an annulated ring system (see Scheme 5.2) and was especially pronounced in 

perhydro-DTE derivatives in solution.8, 9 However, formation of such a by-product when the DTE is 

used as a linker molecule (as here to bind Au25 clusters) is unknown. In fact, the formation of this 

by-product could be attenuated as recent studies by Pijper et al. using surface-enhanced Raman 

spectroscopy (SERS) showed that the formation of the condensed by-product was successively inhibited 

when DTE molecules were immobilized on gold surfaces.10 The high intermolecular interactions of 

DTEs in densely packed self-assembled monolayers (SAMs) or in crystalline phases were hampering 

the isomerization reaction by impeding conformational changes. It is therefore reasonable to assume that 

the DTE(SH) linker would show different behaviour once the thiolate functionality was covalently 

linked to the Au25 nanoclusters. 

This Chapter is organized as follows: first the reversible photoswitching of different sizes of 

Au25 assemblies in solution phase is investigated with optical spectroscopy. Then the effect of light 

irradiation on the structure of the assemblies is analysed using small-angle X-ray scattering (SAXS) and 

MALDI-MS. Finally, considerable effort has been devoted to understanding the effects of 

photoirradiation on small Au25 assemblies (mixture of monomers and dimers). Specifically, insights into 

photophysical and structural changes are sought by a combined approach involving various 

spectroscopic (UV-vis, PL, NMR, SAXS) and imaging (HRTEM) techniques.  
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For the clarity of reading, the photocyclization reaction will be also referred to in the text as the switching 

ON reaction or UV (340 nm) light irradiation. During this reaction, the open-ring isomer is converted to 

the closed-ring isomer, according to the reaction presented in Scheme 5.1. The photocycloreversion 

process is referred to in the text as the switching OFF or visible (532 nm) light irradiation.  

6.2 Reversible photoswitching of DTE-linked Au25 assemblies  

 Principle of photoswitching reaction  

The photoswitching reaction, presented in Scheme 5.3, can be viewed as a switching between different 

states of π-conjugation: 'ON state' with the extended π-conjugation (c-DTE) and 'OFF state' where the 

π-conjugation is disconnected (o-DTE). The photoisomerization of the central DTE chromophore 

corresponds to a conversion from a non-planar, conformationally flexible molecule to a rigid and planar 

structure. The wavelengths of light chosen to switch between the two different states are dictated by the 

absorption characteristics of each isomer, considering that o-DTE → c-DTE reaction is driven by 

UV light, and the reverse reaction, c-DTE → o-DTE is activated by visible light. Ideally, the 

wavelengths of light used for the photoswitching reaction should be selectively tuned to the absorption 

band of the targeted isomer. For illumination of the open-ring isomer, 340 nm light was chosen as it 

avoids directly irradiating the absorption maximum band belonging to the closed-ring isomer. 

Correspondingly, for the photocycloreversion reaction the irradiation of the c-DTE species was achieved 

by illuminating in the characteristic absorption band in the visible range of the spectrum (~18,000 cm−1, 

550 nm). The idea was to irradiate at the wavelength with the highest absorption coefficient for a given 

DTE isomer, avoiding the wavelengths where both species absorb.  

 Reversible photoswitching of the DTE-linked Au25 assemblies–qualitative inspection 

using the UV-vis-NIR spectroscopy 

This Section qualitatively describes the photoswitching behaviour of different sizes of Au25 assemblies 

prepared as described in Section 5.5. In total, five fractions of the S1 sample were subjected to several 

340/532 nm irradiation cycles in solution and the progress of the photoisomerization reaction was 

monitored with UV-vis spectroscopy. The photoswitching of each isolated fraction was performed in 

toluene by subjecting the sample first to ultraviolet (UV), and then to visible light illumination. Of note, 

the photoirradiation experiments of the various fractions of the S1 sample were not conducted with an 

aim to reach the photostationary state (PSS) during each irradiation event. Rather, they probed whether 

the formed Au25 assemblies responded to the light stimuli and determined whether the changes in the 
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diagnostic band region could be readily monitored during the photoreaction. Moreover, the first 

demonstration of the photoswitching reversibility for the formed Au25 assemblies was of primary 

interest.  

Temporal changes in the absorption spectra of one of the fractions of the S1 sample (S1-F1) exposed 

alternately to UV and vis light is presented in Figure 6.1. The photoinduced spectral changes for the 

other fractions (F2–F5) after each irradiation event can be found in Appendix A (Figure A.9). The 

irradiation times required to bring the S1 sample to a 𝑃𝑆𝑆340 were considerably longer than for a pure 

DTE(SH) ligand, when applying the same irradiation power (8 vs 40 min). This is understandable given 

that the Au25 clusters also absorb photons at 340 nm. Since the reverse reaction, is much less efficient 

(𝛷 = 1 × 10−3), substantially more time was required to reach a 𝑃𝑆𝑆532 for the Au25 assemblies (e.g., 

after 60 min the absorbance at the characteristic band maximum was brought to the half of the original 

value).  

The electronic absorption spectrum of the non-irradiated S1-F1 sample (black trace in Figure 6.1), 

displayed no characteristic features of [Au25(2PET)18]
0 building units. However, the presence of a new 

band around 11,900 cm−1 (840 nm) was noted. Appearance of such NIR band has been shown for larger 

Au25 aggregates, constituting between 10–20 Au25 clusters, formed by linking Au25(SBu)18 clusters via 

simple conjugated dithiol linkers.11 This band was attributed to the electronic coupling of the Au25 units 

through the aromatic bridging molecules.  

 

Figure 6.1 The optical absorption spectra of the S1-F1 sample after different irradiation events. The UV irradiation led to a 

closed-ring DTE isomer (ON state), and the visible light irradiation produced the OFF state of the DTE linker. (a) full range 

spectrum; (b) enlarged region of the spectrum indicated by the red square. 

The first illumination with 340 nm light (~1.24 mW) led to a gradual increase in absorbance at 

~18,000 cm−1 (550 nm, red solid line in Figure 6.1). Similar but opposite behaviour was observed for 
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the switching OFF reaction (532 nm illumination): the band at ~18,000 cm−1 (550 nm) decreased in 

intensity (red dotted line). This new band originated from the π–π* transition in the closed-ring isomer 

of the dithiol linker, since the c-DTE moiety exhibits a strong band at 18,315 cm−1 (546 nm) after the 

UV light-induced cyclization reaction (as shown in Figure 5.3-a).  

It is important to note, that the 532 nm irradiation (the switching OFF reaction) was not conducted for 

a duration sufficiently long to return the 𝐴546 𝑛𝑚  to its initial value. However, at the time of experiment, 

after 60 min of irradiation, the absorbance changes (∆𝐴546 𝑛𝑚) were very small and hence difficult to 

observe by visual inspection. The detailed investigation of the photoswitching process will be described 

in Section 6.4. 

Besides the fluctuation in the diagnostic band region, the subsequent irradiation cycles have substantially 

impacted the overall optical spectra. The 11,900 cm−1 (840 nm) band observed in the spectra of the large 

fractions (e.g., F1-F2) was flattened and blue-shifted while the absorbance in the UV region gradually 

diminished. Moreover, if an extent of the photoswitching is defined as a change in absorbance of the 

diagnostic band maximum (∆𝐴546 𝑛𝑚) at the beginning and end of each irradiation experiment, it is clear 

that this value dampened considerably with increasing cycle number (Figure 6.2). 

 

Figure 6.2 Changes in the absorbance of the diagnostic band (546 nm) for different fractions of the S1 sample. The 

photoswitching cycle consisted of two irradiation events: UV illumination (grey bands) and visible light illumination (white 

bands).  

Remarkably, all S1 fractions exhibited similar behaviour in the diagnostic band region when exposed to 

the 340/532 nm light irradiation cycles, confirming their photoswitching abilities. Interestingly, the 
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optical traces of the smaller SEC fractions (F3–F5) in their non-irradiated state exhibited the spectral 

features of the starting [Au25(2PET)18]
0 cluster suggesting that the linking reaction did not induce 

considerable changes in their electronic structure. However, the extent of the photoswitching varied 

across the fractions: it was significantly greater for the larger fractions (F1, F2) than for the smaller ones 

which could be explained by the higher ratio of the bridging photoligands in larger and more highly 

interconnected Au25 assemblies.  

The observed behaviour in the diagnostic band region during irradiation cycles could be explained by 

a considerable photofatigue of the DTE linker, similar to the pure DTE(SH) ligand (Section 5.4.3.2). 

Due to the incomplete switching OFF the remaining c-DTE isomer population have been exposed to 

UV light in a subsequent irradiation experiment, possibly leading to the formation of the annulated-ring 

by-product. Furthermore, it is hypothesized that the photoswitching of the larger Au25 assemblies could 

not occur in a synchronized fashion. That is, only a fraction of the DTE linkers were in a favourable 

conformation to undergo the photoisomerization reaction.  

 MALDI-TOF-MS analysis of photoirradiated Au25 assemblies 

Insights into the molecular composition of the irradiated species was provided by MALDI mass analysis 

and the obtained spectra were compared with the pure Au25(2PET)18 nanocluster. Herein, the mass 

spectrometry results of the S1-F1 sample in different irradiation states are presented. Other analysed 

fractions displayed very similar MALDI-MS spectra, with observed signals originating from both 

unexchanged Au25(2PET)18 and Au25 clusters with one or two molecules of the bidentate o-DTE
2
 ligand 

in the protective monolayer, as discussed in Section 5.6.2.  

The acquired MALDI mass spectra of the non-irradiated S1-F1 sample (Figure 6.3) showed the 

presence of peaks originating from the Au25(2PET)18 cluster (marked with blue dotted lines). 

Furthermore, the appearance of peaks corresponding to exchanged species, Au25(2PET)16(o-DTE
2
) 

marked with red lines, confirmed that Au25 species with unaltered protective ligand shell (i.e., eighteen 

2PET ligands) and the modified ligand shell were coexisting in the sample. Analysis of the relative 

intensities of these species revealed that the ratio of the unexchanged to singly-exchanged Au25 clusters 

was 1:1.1 and doubly-exchanged species, Au25(2PET)14(o-DTE
2
)2 was 1:0.88. Interestingly, upon 

UV light photoirradiation, the peaks corresponding to the monoisotopic species of pure Au25(2PET)18 

(m/z = 7390.94 Da), Au25(2PET)16(o-DTE
2
) (m/z = 7590.92 Da) and Au25(2PET)14(o-DTE

2
)2 

(m/z = 7790.89 Da) were no longer observed in the mass spectrum. However, the presence of 

characteristic fragmentation peaks: Au24𝐿17, Au23𝐿16, Au22𝐿15, and Au21𝐿14, where 𝐿 = 2PET, for both 

exchanged Au25(2PET)16(o-DTE
2
) and pure Au25(2PET)18 clusters, confirmed that the assemblies were 

not decomposed, but rather suggested that their molecular composition was modified. This conclusion 

is supported by the presence of intense fragmentation peaks of pure Au25(2PET)18, indicating that the 
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free single clusters underwent linking reaction after photoirradiation. Additionally, the emergence of 

new relatively intense peaks below m/z ~ 4750 Da and in the region of ~10,000 Da in the spectra of 

photoirradiated samples, suggests that new species with more complex fragmentation patterns were 

formed upon photoswitching.  

 

Figure 6.3 (a, b, c) low-mass and (d, e, f) high-mass MALDI mass spectra of S1-F1 sample in various stages of 

photoirradiation. The dotted blue lines show the signals of pure Au25(2PET)18 cluster and its most characteristic fragmentation 

peaks. The red dashed lines depict the mass peaks of Au25(2PET)16(o-DTE2) and the corresponding fragments. The dotted line 

in the high-mass region denotes the mass of the simplest dimer. 

It is postulated that for the Au25 clusters with exchanged bidentate o-DTE
2
 thiolates in their ligand shell, 

one of the thiolate bonds was broken and the as-formed dangling bond subsequently became available 

for linking with another Au25 cluster. In other words, the photoirradiation caused higher extent of 

intercluster linking, as depicted in Scheme 6.1. 

This hypothesis is consistent with the observed lack of mass signals originating from monomeric 

Au25(2PET)18 clusters in the photoirradiated samples. The mass peaks detected in the low mass region 

could be originating from the multimeric fragments produced in the matrix assisted ionization-desorption 

process. No peaks corresponding to the singly charged dimeric or trimeric species were detected, but it 

has been shown previously that MALDI-MS analysis of Au nanocluster assemblies performed under the 
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same conditions may not be the optimal method to detect such singly charged species11, 12 (see discussion 

in Section 5.6.2). 

 

Scheme 6.1. Proposed scenario for light induced assembly formation in the mixture of monomers and dimers. The DTE ligands 

depicted in blue correspond to the bidentate ligands (o-DTE2) that are postulated to serve as linkers when one of the Au–S 

bonds is cleaved after photoirradiation.  

 Photoluminescence behaviour of photoirradiated Au25 assemblies 

In addition to the UV-vis absorption, the photoluminescence properties of the Au25 assemblies before 

and after photoirradiation were also examined. The steady-state photoluminescence (PL) spectra of the 

various size fractions of the S1 sample, described in Section 6.2.2, in their non-irradiated state (black 

traces) and after several UV/vis irradiation cycles (red traces), are presented in Figure 6.4. The 

SEC isolated Au25 assemblies showed a broad emission signal in the red-NIR region centred around 

12,000 cm−1 (833 nm) with intensities increasing with the size of the S1 sample.  
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Figure 6.4 Steady-state photoluminescence (PL) spectra of the different size fractions of the S1 sample in their non-irradiated 

state (black traces) and after several UV/vis irradiation cycles. The left side panels (a, c, e, g) depict the changes in the 

PL intensity upon photoirradiation of the corresponding fraction. The panels on the right (b, d, f, h) display the shift in the 

PL spectra and changes in the spectral width of the PL band (spectra were scaled). Spectra were acquired in toluene at 293 K 

after excitation at 440 nm.  
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The PL emission of the Au25 assemblies was significantly enhanced with respect to single 

[Au25(2PET)18]
0 nanoclusters (data not shown here). Remarkably, an even further increase in the 

PL intensity was observed for the photoirradiated (i.e., after several ON/OFF cycles) assemblies 

(Figure 6.4-a, c, e, g). In addition, the PL emission bands were showing changes in their spectral widths 

(Figure 6.4-b, d, f, h) with the most pronounced effect noted for the smallest size fractions (i.e., F4 and 

F5). The detected variations in the optical spectra across the different fractions of the S1 sample were 

consistent with the expected size-dependent behaviour. For the absorption spectra of the large fractions 

(F1–F3) a band at ~11,900 cm−1 (840 nm) emerged that was characteristic of large Au25 assemblies in 

agreement with the finding by Sels et al. 11 Furthermore, the rise of the PL emission with the increasing 

size of the Au25 assemblies can be explained by a decrease in non-radiative deactivation pathways, which 

is consistent with the formation of larger and more rigid Au25 network.13 

6.3 Investigation of the light-induced structural changes within the 

Au25 assemblies using small angle X-ray scattering  

The photoswitching reaction induced considerable changes in the photophysical properties of the 

Au25 assemblies, as evidenced by the spectroscopic study discussed in Section 6.2. Moreover, the 

MALDI-MS analysis of the irradiated samples (Figure 6.3), allowed speculation about the possible 

structural transformation of the Au25 assemblies, based on the changes within the ligand shell of single 

Au25 clusters detectable by the MALDI-MS technique. Further investigation was aimed at gaining more 

insight into the size and structure of Au25 assemblies and how these properties evolved with the 

photoirradiation cycles.  

Yet again, the SAXS technique was chosen as an invaluable technique to address these questions. 

Accordingly, samples containing different sizes of Au25 assemblies (separated using SEC) in both the 

ON and OFF states were analysed by SAXS. Essentially, the samples in the OFF state were linked with 

the open-ring isomer of a DTE linker (o-DTE), whereas the sample in the ON state should contain the 

closed-ring DTE from (c-DTE). The primary interest was to identify whether the photoswitching 

reaction induced significant geometric changes to the DTE linker that were further translated to the 

size/shape evolution of the Au25 assemblies.  

Since the SAXS measurements required a substantially larger amount of analyte than the other 

characterization techniques employed so far, the sample was prepared in a few synthetic batches 

according to the procedure described in Appendix A. The crude products were fractionated on a SEC 

column yielding three separate bands (see Figure A.4-b). These SEC isolated fractions were 

characterized by UV-vis-NIR spectroscopy (shown in Section 6.3.1) and subsequently combined 

according to the resemblance of their optical absorption spectra. In total three fractions, S2-F2, S2-F3 
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and S2-F5, were subjected to evaluation with the SAXS technique. Each fraction was divided into two 

portions, one of which was exposed to UV light irradiation. In this way, samples containing different 

isomers of the photoligand could be analysed: the open-ring isomer (i.e., the OFF state, denoted 

S2-Fm_o-DTE), and the closed-ring DTE isomer sample (ON state, S2-Fm_c-DTE) produced during 

the UV-irradiation experiment.  

 Steady-state absorption spectroscopy of the Au25 assemblies connected with o-DTE 

and c-DTE photoligand isomers 

The electronic absorption spectra of the three fractions of the S2 sample containing the open DTE isomer 

(red traces) and the closed-isomer (blue traces) are presented in Figure 6.5. For comparison, the 

absorption spectrum of [Au25(2PET)18]
0 was also included (dotted trace).  

 

Figure 6.5 Normalized optical absorption spectra of three different size fractions of the S2 sample: (a) S2-F2, (b) S2-F3, and 

(c) S2-F5 subjected to SAXS analysis in their non-irradiated state (blue traces) and irradiated with UV light (red traces). The 

spectra of [Au25(2PET)18]0 (dotted traces) are shown for comparison. 
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Evidently, the as-formed Au25 assemblies, in their non-irradiated state, are characterized by absorption 

spectra that greatly resembled that of single [Au25(2PET)18]
0 nanoclusters. The exposure of the samples 

to 340 nm irradiation resulted in their photoswitching to the ON state, as evidenced by the emergence of 

the band at ~18,000 cm−1 (550 nm). 

The absorption spectra of the larger fractions (S2-F2 and S2-F3) displayed clear features of 

[Au25(2PET)18]
0 cluster and were similar to that of the S1-F4 sample shown in Appendix A 

(Figure A.9-e). It needs to be said however that the S2 sample was obtained using an optimized synthetic 

procedure that gave product separation into well-defined bands on the SEC column. Based on the 

appearance of the optical spectra, it is expected that the samples S2-F2 and S2-F3 will contain smaller 

assemblies. Another indication of the smaller size of the formed Au25 assemblies was provided by the 

lack of characteristic absorption band around 11,900 cm−1 (840 nm) exhibited by aggregates constituting 

10–20 Au25 nanoclusters covalently-linked with dithiol molecules.  

 SAXS investigation into photoinduced structural changes of Au25 assemblies  

Figure 6.6 displays the SAX scattering profiles of three different fractions of the S2 sample: S2-F2, 

S2-F3 and S2-F5 measured in toluene in OFF (open symbols) and ON (filled symbols) state. The 

qualitative analysis, based on the ratio of scattering intensities 𝐼(𝑄) at 𝑄 → 0, showed clearly that the 

volume of the species in all three fractions increased upon 340 nm illumination. Of note, the F3 sample 

presented unusual scattering profile at 𝑄 < 0.5 Å−1 (Figure 6.6-b) therefore a quantitative analysis of the 

volume of the scattering species could not be undertaken, since the applied model relies on reaching the 

so-called Guinier plateau at low 𝑄 values, which signifies the finite volume of the scatterer.  

In contrast to the S2-F3 sample, the profiles for both the S2-F2 and S2-F5 sample displayed a Guinier 

plateau indicating a finite size of the scattering objects, accessible within the 𝑄-range of the 

measurement.  

The ratio of the scattering intensities 𝐼(𝑄)𝑄→0 for the fractions connected with two different DTE 

photoisomers, 𝑁, describes the change in the volume of the sample as a result of UV irradiation, 

according to Equation 6.1:  

𝑵 =
𝑰(𝑸)𝑸→𝟎[𝑺𝟐 − 𝑭𝒎_𝒙-𝑫𝑻𝑬]

𝑰(𝑸)𝑸→𝟎[𝑨𝒖𝟐𝟓(𝟐𝑷𝑬𝑻)𝟏𝟖]
 

6.1 

where 𝑚 =2, 3, 5 and 𝑥-𝐷𝑇𝐸 corresponds to o-DTE or c-DTE. 
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Figure 6.6 SAX scattering profiles of three different size fractions of the S2 sample (a) F2, (b)F3, and (c) F5 with o-DTE (open 

symbols) and c-DTE (closed symbols) photoisomers of the linker.  

For the S2-F2_(c-DTE) fraction (Figure 6.6-a) the ratio 𝑁 of 4.02 showed a 15 % increase in the volume 

of the scattering species compared to the o-DTE counterpart. The S2-F5 sample however exhibited 

a more significant 75 % increase in the volume of the c-DTE containing Au25 assemblies (Figure 6.6-

c). Therefore, the most significant evolution of size and/or shape was observed for the smallest 

Au25 assemblies after switching under UV light. The summary of the experimental data for all three 

analysed samples after photoirradiation experiments is presented in Table 6.1.  

Table 6.1 Qualitative analysis of the SAXS data of three different fractions of the S2 sample containing o-DTE and c-DTE 

linker photoisomers.  

 
[Au25(2PET)18]

0 
S2-F2 S2-F3 S2-F5 

o-DTE c-DTE o-DTE c-DTE o-DTE c-DTE 

𝑰(𝑸)𝑸→𝟎 0.0072 0.0253 0.0290 0.0095 n/a 0.0071 0.0125 

𝑵 1 3.51 4.02 1.32 – 0.99 1.73 

 



Photoresponsive Au25 nanoassemblies: structural and spectroscopic investigations 

 

148 

 

All in all, the approximation of the relative volume of the scattering species for each of the fractions of 

the S2 sample before and after UV irradiation revealed photoinduced size and/or shape increase of the 

Au25 assemblies.  

The fitting of the SAXS data for the non-irradiated fractions of the S2 sample was described in 

Section 5.6.3.2. For the UV irradiated S2-F2 and S2-F3 samples the experimental data were fit to the 

same model than their non-irradiated counterparts. i.e., a pearl-necklace model14 that assumed tetramers 

for S2-F2, and dimers in the case of S2-F3 sample. The S2-F5_c-DTE sample, which showed an almost 

doubling of the scattering volume, did not converge with a dimeric pearl-necklace model, however the 

mixed 'sphere15 + pearl-necklace' model gave a satisfactory fit. The fitting curves for the samples in the 

ON state (with c-DTE isomer) are depicted in Figure 6.7 as red traces. The parameters obtained from 

the fits of the photoirradiated samples (i.e., Au25 radius, 𝑅, and intercluster distance, 𝐿) are presented in 

Table 6.2.  

 

Figure 6.7 Fitting of the experimental SAXS data of the different S2 sample fractions connected with the c-DTE isomer of the 

linker, to the pearl-necklace model: (a) fraction F2 (n = 4); (b) fraction F3 (n = 2); and to the mixed 'sphere + pearl-necklace' 

model (c) fraction F5 (n = 2). Fitted curves (in red) are presented against the experimental data (black filled symbols).  
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The fitting for the S2-F2 sample with the c-DTE linker (Figure 6.7-a) gave a satisfactory result up to 

low 𝑄 value range. However, the fit slightly underestimated the experimental data for 𝑄 < 0.03 Å−1. This 

could be explained by the presence of multimers larger than tetramers, given that the contribution of 

bigger species to the scattering intensity is the highest at low 𝑄 values. The applied model yielded the 

cluster size of 4.90 Å, in good agreement with the size of the pure [Au25(2PET)18]
0 cluster. The cluster 

edge-to-edge distance value (𝐿) of 18.20 Å, which is related to the length of the DTE linker, matched 

very well the value of 18.04 Å obtained from the DFT calculations of Au25 dimers linked with a c-DTE 

photoligand (Appendix B).  

The S2-F3_c-DTE sample showed an unusual scattering profile (Figure 6.6-b) with a sudden sharp 

increase in intensity around 𝑄 ~ 0.05 Å −1. Without any follow-up measurements, it is difficult at this 

stage to speculate about the possible origin of this behaviour. Therefore, the fitting for the S2-F3_c-DTE 

sample was performed using the pearl-necklace model for dimeric species in the limited range of 0.055–

0.7 Å−1. Again, the pearl-necklace model for dimers gave a reasonable outcome, with 𝑅 = 5.10 Å and 

a lower value of the edge-to-edge distance (14.77 Å; Table 6.2). The S2-F5_c-DTE sample was fit to 

a mixed 'sphere + pearl necklace' model that assumed coexistence of monomers and dimers in the 

solution.  

Table 6.2 Parameters obtained by fitting the data from SAXS measurements for UV-irradiated fractions of the S2 sample using 

a pearl-necklace and a mixed 'sphere + pearl-necklace' model.  

 [Au25(2PET)18]
0 S2-F2_c-DTE S2-F3_c-DTE S2-F5_c-DTE 

     

Fitting model hard sphere pearl-necklace pearl-necklace 
sphere + 

pearl-necklace 

Core radius, 𝑹 (Å) Rs = 4.55* Rp-n = 4.90 ± 0.01 Rp-n = 5.10 ± 0.01 
Rs = 4.48 ± 0.08 

Rp-n = 4.82 ± 0.18 

Edge-to-edge distance, 𝑳 

(Å) 
n/a 18.20 ± 0.06 14.77 ± 0.23 13.08 ± 2.05 

No. pearls (n) n/a 4 2 2 

𝑹 polydispersity 0.20 (fixed) 0.20 (fixed) 0.20 (fixed) 

sphere = 0.22 

(fixed) 

p-n = 0.24 (fixed) 

𝑳 polydispersity n/a 1.032 ± 0.016 1.691 ± 0.007 1.951 ± 0.035 

𝑴/𝑫 ratio from the 

model 

n/a 
n/a n/a 1.14 

(*) very small error of 0.003 
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From fitting of the experimental data, the monomer-to-dimer ratio, 𝑀/𝐷 = 1.14 was obtained. This value 

for the S2-F5_c-DTE sample was found to decrease almost 7-fold in comparison to the value obtained 

for the S2-F5_o-DTE analogue (see Table 5.4). Therefore, the significant increase in the population of 

dimers at the expense of monomers after UV irradiation has been revealed by the SAXS data analysis. 

Based on the results obtained from MALDI-MS measurements (described in Section 6.2.3), it is 

reasonable to conclude that this phenomenon was facilitated by the DTE photoligands that were present 

in the ligand shell of Au25 clusters as bidentate ligands (o-DTE
2
). It is postulated that one of the surface 

Au–SDTE bonds was cleaved, and the as-created dangling thiolate bond became available for linking 

together Au25 clusters. The size of the Au25 clusters (𝑅 = 4.48 Å) was in good agreement with the one 

obtained for the other S2 fractions, however the edge-to edge distance of 13 Å was lower compared to 

the theoretical predictions. Note that the DFT simulations assumed a perfect dimeric system which was 

modelled in vacuum. In contrast, the SAXS measurements were acquired for a sample in solution, and 

the solvent could affect the conformation of the linker molecule, especially in a system as small as 

a dimer. Given the dynamic nature of Au NCs in solution,16, 17 it is anticipated that the monomers and 

dimers were constantly undergoing a collision-driven disassembly and reassembly, affecting the 𝐿 values 

obtained from fits.  

6.4 Photoinduced self-assembly of Au25 dimers: insight into structure and 

photophysical properties 

As demonstrated in Section 6.3.2, the isolated fractions S2-F2, S2-F3 and S2-F5 exhibited structural 

transformation when exposed to UV irradiation. In particular, the most significant changes were 

observed for the sample containing the mixture of monomers and dimers. These findings motivated 

further exploration of the photophysical properties of the Au25 assemblies and their structure-

dependence. In order to gain clear insights into structure-property relationships of the Au25 assemblies 

and how they were dictated by the photoirradition, the photophysical properties of the smaller 

Au25 assemblies and their morphological changes induced by the photoirradiation were studied in detail. 

Herein, a systematic study is presented.  

Herein, the investigation of the sample originated from the same synthetic batch as the three isolated 

fractions (S2-Fm; m = 2, 3, 5) analysed with the SAXS technique, is described. This sample was isolated 

from the size-exclusion column as fraction F4. Based on the SAXS analysis (Section 5.6.3) that 

identified the species in F3 as a mixture of dimers and monomers, and F5 as consisting mainly 

monomeric species, the fraction F4 had to therefore contain mixture of monomers, 

Au25(2PET)18−x(oDTE
2
)x (x = 0, 1, 2, 3), and dimers. Henceforth, this sample is denoted as S2-F4. The 

S2-F4 sample was subjected to photoswitching experiments, in a similar fashion to the other samples 
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described in Section 6.2.2. After each irradiation event, the photoluminescence properties of the sample 

were analysed.  

 Photoswitching of Au25 dimers and mixed ligand shell Au25 monomers 

The photoswitching of the S2-F4 sample dissolved in toluene (concentration of ~0.11 mg/mL, total 

volume 2.0 mL) was monitored with UV-vis spectrophotometry. The duration of irradiation necessary 

for the sample to reach a photostationary state (𝑃𝑆𝑆) were significantly longer than for the free 

DTE photoligand described in Section 5.4.1, given the slower response of the sample to the same dose 

of light. The duration of each irradiation experiment (i.e., the half-irradiation cycle) was dictated by 

either the increase or the decrease of the characteristic band ~18,000 cm−1 (550 nm). When, upon visual 

inspection, no more changes were detected, the photostationary state (𝑃𝑆𝑆) was assumed. In general, the 

𝑃𝑆𝑆 for the ON state (𝑃𝑆𝑆340) was attained much faster than the 𝑃𝑆𝑆 after visible light illumination 

(𝑃𝑆𝑆532).  

Figure 6.8 presents the absorption spectral changes resulting from the total of 2 photoswitching cycles 

of the S2-F4 sample: the monitoring of the UV-activated switching ON is depicted in Figure 6.8-a, e 

and switching OFF in Figure 6.8-c, g. The corresponding kinetic profiles are presented in 

Figure 6.8-b, f and Figure 6.8-d, h for the first and second cycle, respectively. The spectrum of the non-

irradiated S2-F4 sample (black trace in Figure 6.8-a) displayed features typical for the [Au25(SR)18]
0 

species, implying that the assemblies preserved the electronic structure of their Au25 cluster building 

unit. It is important to mention that monomeric Au25 species with a mixed ligand shell can have identical 

electronic absorption spectrum, on the condition that newly introduced ligands do not perturb the 

electronic structure of the cluster in a significant way.18-20 The first irradiation with UV light caused the 

three characteristic Au25 bands to disappear and a broad band emerged centred around ~18,000 cm−1 

(550 nm; diagnostic band) ascribed to the c-DTE ligand. The first photoswitching process reached 

a 99.4 % conversion (discounting the by-product formation, data were fit to the exponential decay 

model) after ca. 40 minutes of irradiation (~1.24 mW) at ambient temperature (Figure 6.8-b). The 

reverse reaction, induced via visible light irradiation, took significantly longer than the switching ON 

reaction (~15 h, 23.7 mW; Figure 6.8-d). During the switching OFF reaction a steady decrease in the 

diagnostic band was observed, as expected for the ring-opening reaction. Remarkably, the [Au25(SR)18]
0 

absorption features observed in the spectrum of the non-irradiated S2-F4 sample (containing the open-

ring isomer of the photoligand), could not be restored upon the 532 nm illumination. Furthermore, the 

absorption changes in the UV region (𝜈̅ > 30,300 cm−1; 𝜆 < 330 nm) were also ascribed to the 

cycloreversion reaction of the photoligand (Figure 5.3-c).  
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Figure 6.8 Two photoswitching cycles of the S2-F4 sample in toluene with 340 nm light (a, e) and 532 nm light (c, g) followed 

by absorption spectroscopy. Kinetic traces depict the changes in the diagnostic band intensity (546 nm) with the irradiation 

time. (b, f) 546 nm-absorbance increase upon UV irradiation leading to ON state of the DTE photoligand; (d, h) 

546 nm-absorbance decrease upon visible light irradiation yielding the OFF state of the DTE photoligand. The experimental 

date (black squares) was fitted to the single exponential function (red traces that allowed to calculate the 100 % conversion of 

the one isomer into another (grey dashed lines). 
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These two irradiation events completed one photoswitching cycle. The subsequent second 

UV irradiation, presented in Figure 6.8-e, again showed the growth of the diagnostic band, however the 

extent of the photoswitching (∆𝐴546 𝑛𝑚) was lower. Monitoring the temporal changes of the diagnostic 

band absorbance (Figure 6.8-f) led to the estimation that the conversion from the open- to closed-ring 

isomer reached 99.7 % after 30 min of UV illumination, which was 30 % faster than the switching ON 

reaction in the first cycle. The second switching OFF with visible light (Figure 6.8-g) caused, as 

expected, disappearance of the ~18,000 cm−1 (550 nm) band. Owing to a significantly lower switching 

ON performance in the second cycle, the 532 nm illumination experiment required only 70 min to reach 

a photostationary state (𝑃𝑆𝑆532), which corresponded to ca. 1/16th of the time required to reach 

a 𝑃𝑆𝑆532 after the first cycle.  

The observed spectral changes across all irradiation events suggest that, next to the photoswitching of 

the central DTE moiety embedded in the linker molecule, structural transformations of the species took 

place as evidenced by the difference in their electronic structure. These changes pertained to the 

switching of the DTE linker functionality but were reversible to a certain degree. Indeed, the original 

electronic structure exhibited by the non-irradiated assemblies could not be restored once light 

irradiation was applied to the sample. Notably, the most significant changes occurred after the first 

irradiation with the visible light. Identical photofatigue behaviour was seen for pure DTE(SH) ligand in 

solution. Moreover, the control irradiation experiments of a toluene solution of pure [Au25(SR)18]
0 

clusters (Figure A.11 Appendix A) confirmed the stability of the single clusters to prolonged 

532 nm-irradiation (17 h, 23.7 mW). It is hence reasoned that the DTE-Au25 assemblies demonstrate 

photofatigue behaviour that is ascribed to the DTE linker moiety. An alternative explanation could also 

be offered that ascribes the observed behaviour to the formation of larger assemblies during 

photoirradiation. Indeed, Ho-Wu et al. reported that multimeric Au25 assemblies exhibited both higher 

absorption coefficients and hypsochromic shifts of their absorption bands with growing size.12 This 

hypothesis however requires further corroboration and insights from a theoretical study of the electronic 

structure of the Au25 assemblies. 

 Photoluminescent properties of the Au25 assemblies linked with DTE ligand 

6.4.2.1 Steady-state photoluminescence  

In Section 6.2.4. the photoluminescent properties of various Au25 assemblies were shown to depend on 

their size. Herein, the evolution of the photoluminescence with the photoirradiation of the sample is 

systematically investigated.  
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Figure 6.9 depicts the photoluminescence (PL) emission spectra of the S2-F4 sample after four 

irradiation events (i.e., 2 full ON/OFF cycles). Spectra have been acquired in toluene in a right-angle 

geometry at the 440 nm excitation wavelength with bandpass slits of 3 nm. Long-pass filter (610 nm) 

was placed at the emission collection side. All spectra were corrected for absorbance. The emission 

spectra were found to be excitation wavelength independent. The quantum efficiency relative to 

Rhodamine 6G was calculated according to the Equation 3.1. Sample solutions were analysed 

immediately after each irradiation experiment.  

Evidently, the photoluminescence emission intensities/photoluminescence quantum yields (𝛷𝑃𝐿) varied 

widely. All analysed samples displayed a broad band shapes (FWHM ~3500 cm−1) and emitted over the 

same range of energies, from ~ 16,000 cm−1 (620 nm) to ~7,500 cm−1 (1300 nm). For comparison, the 

spectrum of pure [Au25(2PET)18]
0 (grey trace) showed a very weak emission intensity signal 

(𝛷𝑃𝐿 = 0.15 %, Figure 6.9-c), in accordance with the reports of other groups.21  

 

Figure 6.9 (a, b) Steady-state photoluminescence spectra of the S2-F4 sample measured in non-irradiated state (black trace), 

after first irradiation cycle (red traces, solid for 340 nm and dashed for 532 nm irradiation) and after second irradiation cycle 

(orange traces). Solid lines correspond to the PL emission measured after 340 nm irradiation and the dashed lines-after 532 nm 

irradiation. (c) Change in the PL quantum yields evolving with photoirradiation. 𝛷𝑃𝐿 of [Au25(2PET)18]0 cluster is shown for 

comparison. Spectra acquired after 440 nm excitation, in toluene solution at 293 K. 
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The non-irradiated S2-F4 sample exhibited more intense emission (𝛷𝑃𝐿 = 0.32 %) than the pure 

[Au25(2PET)18]
0 cluster in the visible to near-infrared (NIR) region with the emission peak centred 

around 12,500 cm−1 (800 nm) at 293 K. The first photoswitching induced significant changes in the 

PL emission behaviour of the S2-F4 sample, leading to a two-fold increase in PL intensity 

(𝛷𝑃𝐿 = 0.60 %) after the first irradiation with UV light (40 min, ~1.24 mW). Interestingly, switching the 

sample OFF using the 532 nm light led to a 4-fold increase in emission intensity (red dashed trace, 

𝛷𝑃𝐿 = 2.50 %). The second 340 nm irradiation caused a slight decrease in the emission signal (solid 

orange line, 𝛷𝑃𝐿 = 2.22 %) that was restored to the highest observed value with the second 

532 nm-irradiation (dashed orange line, 𝛷𝑃𝐿 = 2.51 %).  

Furthermore, after one full irradiation cycle a highly emissive species emerged that exhibited a PL band 

at 11,905 cm−1 (840 nm) with a batochromic shift of 590 cm−1 (Figure 6.9-b). This behaviour is 

consistent with the observations by Wang et al. for Au25(2PET)18 upon introduction of new ligands to 

the ligand shell.22, 23 It needs to be said, that the origin of photoluminescence in metal nanoclusters is 

still not well-understood. It is postulated that it may originate from the nanocluster core, as research 

shows that diminishing the size of the metal kernel results in significant enhancement of 𝛷𝑃𝐿.24 A second 

theory attributes the photoluminescence to the ligand effect. Numerous reports reveal a strong PL 

emission dependency on the protective ligand.25 Specifically, the PL intensity was shown to scale with 

the electron donating capacity of the protective ligands.21 Moreover, Au NCs with mixed ligand shells 

exhibited stronger photoluminescence than their analogues protected with a monolayer containing only 

one type of ligand.26 In the case of S2-F4 sample, it is most reasonable to conclude that the observed PL 

originated from the Au25 species as the o-DTE ligand shows no emission (Appendix A, Figure A.12).  

Additionally, the broadening of the emission band was observed for the highly emissive species 

(Figure 6.9-b). More experiments are required to explain the origin of this behaviour. It is however 

consistent with the formation of larger assemblies during the photoirradiation. It is anticipated that the 

nanocluster oligomers would exhibit lowering of the HOMO–LUMO gap as their size increases, in 

analogy to organic polymers with the extended π-conjugation.13, 27  

Further insights into the nature of the emissive species in the S2-F4 sample was provided by the 

PL excitation (PLE) study. The PLE spectra were acquired in the 320–850 nm region using an emission 

wavelength of 950 nm (the highest photon count) and were corrected for the inner filter effect according 

to the procedure reported by Larsson et al.28 Figure 6.10 depicts the excitation spectra (red traces) with 

the corresponding absorption and emission spectra (black and blue traces, respectively) of the 

S2-F4 sample after various photoswitching experiments. Noticeably, the shape the of the PLE spectra 

differed significantly from the corresponding absorption spectra for the S2-F4 sample in all five 

irradiation states: non-irradiated, ON(1), OFF(1), ON(2), and OFF(2). The major divergence was 

observed between the absorption and PLE spectra of the non-irradiated S2-F4 sample. Specifically, the 
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pronounced absorption features at 25,000; 22,727 and 14,750 cm−1 (400, 440 and 680 nm, respectively) 

were not present in the PLE spectra (Figure 6.10-a).  

 

Figure 6.10 PL excitation (PLE) spectra (red) taken 320–850 nm with λem = 950 nm, PL emission spectra (blue) with 

λexc = 440 nm. Samples in toluene at 293 K and corresponding absorption spectra (black) of S2-F4 sample in different 

irradiation states: (a) non-irradiated; (b) after 40 min of 340 nm irradiation (cycle 1)-switching ON; (c) after 15 h of 532 nm 

irradiation (cycle 1)–switching OFF; (d) after 30 min of 340 nm irradiation (cycle 2)–switching ON and (e) after 70 min of 

532 nm irradiation (cycle 2)–switching OFF. PLE spectra were corrected for the inner-filter effect, PL emission spectra were 

corrected for the absorption at the excitation wavelength. 
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Markedly, a new band around 14,500 cm−1 (690 nm) emerged after illuminating the sample with 532 nm 

light. This feature was persistent in the spectra of ON(2) and OFF(2) samples (Figure 6.10-d,e) and its 

appearance was accompanied by the red-shift and increase of PL emission intensity. 

Since PL excitation is a photoluminescence detected absorption, the difference between the two spectra 

supports the conclusion that only a subpopulation of the light-absorbing species relaxed via 

photoluminescence. Interestingly, the population of PL emissive species was found to have evolved 

further after the first full irradiation cycle, as manifested by the appearance of a 14,500 cm−1 (690 nm) 

band in the PLE spectra of OFF(1), ON(2) and (OFF 2) samples.  

As was previously observed in Figure 6.9, Figure 6.10 (blue curves) also shows the significant 

enhancement of PL in the photoirradiated Au25 assemblies. One of the reasons for increased 

photoluminescence in Au NCs is the diminishing size of the Au core.29 This possibility is excluded here 

as the SAXS data showed that upon irradiation the size of the species increased (more specifically, the 

ratio of dimers over monomers: 𝑀/𝐷 ratio). Moreover, during the SAXS measurements, as well as 

irradiation experiments, no decomposition of the sample was observed, which would have been a tell-tale 

sign of the NCs size transformation to lower nuclearity gold species. It is therefore reasonable to argue 

that stronger PL emission in the non-irradiated Au25 assemblies could originate from the modified ligand 

shell in the Au25 units. Indeed, the MALDI-MS analysis confirmed the presence of Au25 species with 

mixed ligand shells (2PET and o-DTE
2
). The further enhancement of the PL emission after 

photoirradiation can be attributed to a rigidified ligand shell after a cross-linking reaction, as was 

proposed in Scheme 6.1. This is in accordance with the report by Pyo et al. demonstrating the significant 

increase in the PL of the Au NCs after reducing the flexibility of its ligand shell with bulky cations.30 

Lastly, changes in the electronic structure of the formed assemblies as a contributing factor to the 

photoluminescence should be considered. Indeed, a theoretical investigation into the structure and 

stability of a model system of Au25 dimers connected with the DTE linker shows the presence of a triplet 

ground state lying quite close in energy to the singlet ground state. Based on this result, it can be 

speculated that both singlet and triplet states could contribute to the PL signal (see Appendix B). 

6.4.2.2 Time-resolved photoluminescence  

In order to obtain more information about the complex nature of the photoluminescent species in the 

S2-F4 sample the emission time dependence was measured at ambient temperature by time-correlated 

single photon detection (details in Section 3.2.4). The photoluminescence decays were recorded for the 

sample in two states: non-irradiated and OFF(2), as well as for pure [Au25(2PET)18]
0 cluster. As 

presented in Figure 6.11, the three samples displayed different photoluminescence decay behaviour. 

First, both the non-irradiated (black trace) and photo-irradiated (blue trace) S2-F4 samples exhibited 

a multiexponential decay. This could be explained by the existence of multiple different chemical 
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species in the solution contributing to the PL emission of the S2-F4 sample. Secondly, the 

photoluminescent population underwent changes upon the photoswitching experiments as evidenced by 

the altered time dependence of the emission decay (blue trace). In the case of photoirradiated 

S2-F4 sample, the PL signal decayed much slower which could be explained by the generation of species 

with longer emission due to structural rearrangement within the Au25 assemblies induced by the 

photoirradiation. Given that the PL lifetimes are a reciprocal sum of the radiative (𝑘𝑟) and non-radiative 

(𝑘𝑛𝑟) decay rates (Equation 6.2): 

𝝉𝑷𝑳 =
𝟏

𝒌𝒓𝒂𝒅 + 𝒌𝒏𝒐𝒏−𝒓𝒂𝒅
 6.2 

it is reasonable to argue that the increased rigidity of the Au25 assemblies caused by a higher degree of 

cross linking would contribute to diminishing of the number on non-radiative relaxation channels, thus 

increasing the PL emission lifetime.31 Remarkably, the shape of the PL decay for the pure 

[Au25(2PET)18]
0 clusters also suggests that multiple processes with different time scales contribute to the 

PL emission—revealing the complex photophysical nature of single Au25 clusters. So far, no 

comprehensive study exists in the literature that addresses this aspect, which requires its own 

independent investigation. Hence, only qualitative description of the time range of the emissive events 

in the S2-F4 sample could be provided, with more in-depth analysis being out of scope of the present 

work. 

 

Figure 6.11 Time-resolved photoluminescence decay profiles of the S2-F4 non-irradiated sample (black), 

S2-F4 photoirradiated after 2 cycles (blue) and [Au25(2PET)18]0(grey) in toluene solution. The samples were excited at 

λexc = 635 nm and the decay profiles were measured at 800, 839 and 750 nm, respectively, at 298 K. 
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 Characterization of the photoinduced structural changes in small Au25 assemblies  

6.4.3.1 High-resolution transmission electron microscopy (HR-TEM)  

Investigations of the morphology changes of the Au25 assemblies after photoirradiation were performed 

with high-resolution transition electron microscopy (HRTEM). Samples for TEM analysis were prepared 

by drop-casting a freshly prepared solution of either non-irradiated or irradiated S2-F4 sample (after two 

ON/OFF switching cycles) in a toluene:dichloromethane solution (4:1, vol/vol) on a carbon-coated 

copper TEM grid. Samples were then allowed to air-dry overnight prior to imaging. The electron 

micrographs of both S2-F4 samples showed a uniform size distribution with an average size of ~1.5 nm, 

which corresponded well to the size of [Au25(2PET)18]
0 reported in the literature.32 Moreover, the 

comparable morphologies of the two S2-F4 samples (Figure 6.12-a, b) suggested that Au25 assemblies 

did not undergo a decomposition after photoirradiation experiments. Importantly, the TEM images of 

monomeric [Au25(2PET)18]
0 clusters (Figure A.13, Appendix A) revealed that their average size 

(~2.5 nm) was larger than the value of obtained from the single X-ray analysis, implying that clusters 

coalesced after the electron beam irradiation. Since, no aggregation was observed for the S2-F4 samples, 

it was postulated that the linked Au25 assemblies were less prone to aggregation under the e-beam.  

 

Figure 6.12 HRTEM characterization of the Au25 assemblies before and after photoirradiation. Images of a sample containing 

a mixture of Au25 monomers and dimers (a) non-irradiated and (b) irradiated after two ON/OFF switching cycles. The scale 

bar is (a) 20 nm and (b) 10 nm. (c) and (d) depict the fast Fourier transform (FFT) of the (a) and (b) TEM images, respectively. 

(e) Amplitude of the spatial frequency obtained from the FFT analysis of image of non-irradiated sample (black trace) and 

irradiated sample (red trace). 

The analysis of the microtexture of the Au25 assemblies was provided by TEM image processing 

technique.33 The fast Fourier transforms (FFTs) of the images, performed with ImageJ (1.53E) 

software,34 allowed to estimate the average distance between the nanoclusters.  
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The integrated radial profiles of the FFTs of the S2-F4 sample TEM images (Figure 6.12-c, d) produced 

amplitude plots as a function of the spatial frequency, ξ, which quantified the periodicity of the features 

(here, Au25 clusters) observed by TEM (Figure 6.12-e). The peaks at approximately ξ = 0.3 nm−1 

corresponded to a distance between the centre of the features of ~3.3 nm and were assigned to the 

distance between the Au25 clusters. A small change could be observed between the non-irradiated sample 

and the sample after two irradiation cycles, where the intensity peak maximum was seen at 

ξ = 0.248 nm −1 and ξ = 0.307 nm–1, respectively, corresponding to distances of 4.03 nm and 3.25 nm. 

This result provided additional evidence for the light induced reorganization of Au25 assemblies, which 

caused the formation of more tightly bound network of Au25 clusters.  

6.4.3.2 Small angle X-ray scattering (SAXS)   

The unexpected rise in the photoluminescence intensity/quantum yield observed after irradiating the 

Au25 assemblies with UV and visible light motivated the further exploration of the possible origins of 

the electronic changes in the photoirradiated samples. It has been shown earlier (Section 6.3.2) that upon 

UV irradiation the population of dimers increased in the fraction containing the smallest 

Au25 assemblies. To corroborate whether this phenomenon persisted when sample was subsequently 

irradiated with visible light, the SAXS analysis was employed. In this study, the investigation was 

continued with a new sample containing the mixture of monomers and dimers, herein denoted as S3.  

The S3 sample was produced in the non-irradiated, UV-irradiated (ON) and vis-irradiated (OFF) states 

see Figure A.16-b. These samples were then analysed with SAXS to investigate the structural changes 

that occur due to UV and vis light irradiation. Already, in case of the S2 sample, it was demonstrated 

that UV-irradiation induced structural changes to the Au25 assemblies, as the ratio of larger assemblies 

increased within the sample. The observed upsurge in the PL emission intensity for the sample irradiated 

with visible light (S2-F4), sparked interest in pursuing structural characterization of the sample after 

a full photoswitching cycle. The characterization of the S3 sample and the photoirradiation experiments 

are described in Section A.8 (Appendix A). 

The SAXS profiles of the non-irradiated, UV-irradiated, and vis-irradiated samples are presented in 

Figure 6.13.  
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Figure 6.13 Comparison of SAXS profiles of (a) non-irradiated S3 sample (squares) with pure [Au25(2PET)18]0 cluster 

(circles); (b) S3 sample in three different irradiation states: non-irradiated (black squares), UV-irradiated (red triangles) and 

vis-irradiated (blue diamonds).  

The scattering profile of the non-irradiated S3 sample exhibited higher intensity than that of a pure 

[Au25(2PET)18]
0 cluster. According to the SAXS results depicted in Figure 6.13-a, the non-irradiated 

S3 sample closely resembled monomeric species, however the scattering intensity at low 𝑄 values 

indicated presence of larger species. Indeed, the 𝑁 value (𝑁 =
𝐼(𝑄)𝑄→0[𝑆3 𝑛𝑜𝑛−𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑]

𝐼(𝑄)𝑄→0[𝐴𝑢25(2𝑃𝐸𝑇)18]
) of 1.34 

supported this observation. The scattering profiles of the S3 sample in all three irradiation states, 

presented in Figure 6.13-b, showed that the scattering intensity, 𝐼(𝑄)𝑄→0, increased with the number of 

irradiation events. The qualitative analysis, presented in Table 6.3, was based on small but noticeable 

differences in the scattering intensities at 𝐼(𝑄)𝑄→0. A steady increase in the volume of scatterers, from 

1.34 to 1.70 for the vis-irradiated S3 sample, has been observed.  

Table 6.3 Qualitative analysis of the SAXS data of the S3 sample in three different irradiation states. 

 [Au25(2PET)18]
0 S3 non-irr S3 UV-irr S3 vis-irr 

𝑰(𝑸)𝑸→𝟎 0.0066 0.0097 0.0108 0.0123 

𝑵 1 1.34 1.50 1.70 

 

Since the 𝑁 values for all S3 samples fell between one and two, it was reasonable to assume that the 

sample was composed of mainly monomers and dimers. Even though the scattering profiles of the three 

S3 samples closely resembled that of monomeric Au25 species, fitting of the data to the sphere model 

did not converge. In view of the above, the mixed 'sphere + pearl-necklace' model (for dimers) was 

employed, and it was shown to fit the data properly.  

The experimental data for all three samples was fitted within the range of 0.027–0.7 Å−1. The obtained 

fits are presented in Figure 6.14 and showed reasonable agreement with the experimental data. The noise 
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in the data at low 𝑄 was partially ascribed to the background subtraction and was therefore not included 

in the fits. The obtained parameters describing the size and shape of the assemblies in all three 

S3 samples are presented in Table 6.4.  

 

Figure 6.14 Fit to the experimental SAXS data of the S3 sample in three different irradiation states. Fitted curves (in red) 

presented against the experimental data (black open symbols).  

The radius for the Au25 clusters, 𝑅, was fixed at ~4.5 Å when fitting the SAXS data of each S3 sample, 

as this was the SAXS-fitted value obtained for the monomeric [Au25(2PET)18]
0 clusters (Table 5.4). The 

value of the intercluster distance, 𝐿, did not vary much for S3 sample in all irradiation states and was in 

good agreement with the DFT calculations (Appendix B). The lowest value of 18.29 Å was obtained 

for the UV-irradiated sample, and the value for non-irradiated and vis-irradiated sample was 19.90 and 

18.99 Å, respectively. This result was in agreement with the anticipated structural changes for the 

switchable linker upon photoirradiation. Indeed, a small contraction of the terminal sulfur-to-sulfur 

distance, as a result of the cyclization of the central DTE moiety, was revealed by the DFT calculations. 

The increase in the linker length for the vis-irradiated S3 sample was an indication of the ring-opening 

reaction. 
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Table 6.4 Parameters for the S3 sample in different irradiation states obtained from fitting SAXS data to a mixed 

'sphere + pearl-necklace' model. 

 [Au25(2PET)18]
0 S3 non-irr S3 UV-irr S3 vis-irr 

Model hard sphere sphere + 

pearl-necklace 

sphere + 

pearl-necklace 

sphere + 

pearl-necklace 

Core radius (𝑹) 4.553 ± 0.003 4.55 (fixed) 4.55 (fixed) 4.52 (fixed) 

Edge-to-edge distance (𝑳) n/a 19.903 ± 3.499 18.291 ± 1.316 18.992 ± 0.800 

No of pearls (n) n/a 2 2 2 

𝑹 polydispersity 0.20 (fixed) 0.20 (fixed) 0.21 (fixed) 0.22 (fixed) 

𝑳 polydispersity n/a 1.8908±0.0079 1.9728 ±0.0001 1.9725 ± 

𝑰(𝑸)𝑸→𝟎 0.0066 0.0097 0.0108 0.0123 

𝑴/𝑫 ratio from the model n/a 2.50 1.56 0.67 

  

Furthermore, the fitting of the SAXS data yielded the ratio of monomeric to dimeric species in the 

solution (𝑀/𝐷 ratio, Table 6.4). A notable decrease in the 𝑀/𝐷 ratio from 2.50 for the non-irradiated 

sample, to 1.56 for the UV-irradiated and finally to 0.67 for the vis-irradiated sample was observed. In 

other words, an overall four-fold increase in dimers relative to monomers has been induced by one 

photoswitching cycle. These structural changes could explain the increase in the photoluminescence 

intensity for the samples after ON/OFF switching experiment, as the dimers are expected to have 

decreased non-radiative relaxation channels compared to monomeric [Au25(2PET)18]
0 clusters. 

6.4.3.3 Diffusion-ordered NMR spectroscopy (DOSY) 

Diffusion-ordered NMR spectroscopy was employed to further ascertain the possible structural changes 

of Au25 assemblies after the irradiation experiments. Given that the diffusion of species in solution 

depends on their size and shape, the quantification of the diffusion coefficient, 𝐷, inversely related to 

size, could provide valuable insights into the size of the irradiated Au25 species in comparison to the non-

irradiated ones. The 𝐷 values obtained from DOSY NMR measurements are shown in Table 6.5.  

Table 6.5 Diffusion coefficient values of the S3 sample in different irradiation states obtained from DOSY NMR measurements.  

 
[Au25(2PET)18]

0 
S3 

non-irradiated 

S3 

UV-irradiated 

S3 

vis-irradiated 

Diffusion coefficient, 

𝑫 (m2 s−1) 
7.80 × 10−10 9.14 × 10−10 1.02 × 10−9 5.85 × 10−10 
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The value of the diffusion coefficient, 𝐷, obtained for the monomeric [Au25(2PET)18]
0 clusters in 

dichloromethane was 7.80 × 10−10 m2 s−1 which gave the diameter of nanoclusters, 𝑑  = 1.28 nm, when 

plugged into Stokes–Einstein relation (Equation 6.3): 

𝑫 =
𝒌𝑩𝑻

𝟔𝝅𝜼𝒓
 6.3 

where 𝑘𝐵  is Boltzmann constant (1.381 × 10−23 m2·kg·s−2·K−1); 𝑇 is temperature (293 K); 𝜂 is the 

viscosity (0.43 mPa·s for CH2Cl2-d2), and 𝑟 is the particle hydrodynamic radius. This value was lower 

than the value of 1.7 nm reported for [Au25(2PET)18]
0 clusters in CHCl3 solution at 298 K.35 However, 

the diffusion coefficients of particles in solution depend strongly on the effective size and shape under 

the given conditions (temperature, solvent).36 Even though a single crystal structure of [Au25(2PET)18]
0  

revealed an average cluster diameter of 1.9 nm37, it was found that the flexible ligand monolayer 

undergoes some degree of folding, which is more pronounced in solution than in the solid state, yielding 

a smaller nanocluster diameter.38  

For the non-irradiated S3 species, the diffusion coefficient (𝐷  = 9.14 × 10−10 m2 s−1) was found to be 

~1.2 higher than for pure [Au25(2PET)18]
0 species. Plugging this obtained diffusivity into the Stokes-

Einstein equation would yield a 𝑑 value that was smaller than for the pure [Au25(2PET)18]
0 clusters. 

However, Equation 6.3 is valid only for spherical (or nearly spherical) particles. Since the Au25 dimers 

and higher assemblies are expected to have more elongated (boomerang like) shape, this relation cannot 

be used for estimating the size of Au25 assemblies. Moreover, the analysed S3 samples were not 

uniformly dispersed, i.e., they contained the mixture of monomers with mixed ligand shell and dimers. 

Hence the obtained 𝐷 value was averaged over all species that existed in the solution. Therefore, the 

extracted 𝐷 values for the S3 sample after different irradiation stages provided only qualitative evidence 

of the size of the Au25 assemblies.  

Despite this, the diffusion coefficient for the UV-irradiated S3 sample increased to 1.02 × 10−9 m2 s−1, 

indicating that the species were diffusing faster in solution. Interestingly, for the sample irradiated with 

visible light the diffusion coefficient was found to decrease even below the value found for the non-

irradiated species (5.85 × 10−10 m2 s−1). This lower value may signify that the translational motion of the 

sample after one switching cycle was reduced with respect to the non-irradiated species containing the 

photoligand in the OFF state. This observed trend in diffusion coefficients is coherent with theoretical 

findings of Hammouda for a dumbbell model (i.e., two beads connected with a linker) wherein the linker 

rigidity affected the diffusion behaviour of the molecule in solution.39 More specifically, the flexibility 

of the linker dictated how the whole structure responded to collisions in the solution. The enhanced 

flexibility of the linker ensured that the whole structure could bend and, in this way, absorb the collision 

energy, whereas for the more rigid molecule this energy was converted into translational motion.  
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6.5 Conclusions  

Herein, the reversible photoswitching of different size Au25 assemblies (higher aggregates, tetramers, 

dimers) connected with a photoswitchable DTE linker was demonstrated for the first time. This process 

could be observed for several ON/OFF cycles when monitoring with UV-vis spectroscopy. During the 

cycling experiments signs of photofatigue were observed in all Au25 assemblies. Even though it was 

shown by Pijper et al. that the irreversible by-product formation could be prevented when DTE 

molecules were assembled in a monolayer on gold surfaces10 the results presented herein suggest that 

this does not hold for DTE-linked Au25 assemblies. The strong interactions between DTE molecules 

within the monolayer hampered conformational transformations that led to annulated-ring by-products. 

However, such conformational changes could not be completely precluded in the case of Au25 assemblies 

given their dispersion in solution. Moreover, the dynamic behaviour that Au NCs exhibit in solution 

(collision induced ligand-exchange between the species)16, 17 also facilitated the conformational changes 

within the DTE-linked Au25 assemblies during the photoirradiation experiments.  

Interestingly, the photoirradiation was also shown to induce structural rearrangements of the assemblies. 

The examination of the ligand composition of Au25 assemblies by MALDI-MS analysis depicted that 

the nature of the species changed after light exposure. The lack of a signal (or a very low one) from 

intact Au25(2PET)18 clusters combined with the decrease of the mass peaks from the o-DTE
2
 exchanged 

Au25 species was interpreted as a growth of the population of linked Au25 species. Additionally, the 

SAXS analysis confirmed the increasing size of the assemblies after UV/vis light irradiation cycles. It is 

therefore proposed that photoinduced assembly of Au25 and cross-linking was occurring. This effect was 

more pronounced for the smaller Au25 assemblies given their more dynamic nature in solution which 

facilitated their interlinking. The network of Au25 clusters became more tightly bound after 

photoirradiation as shown by HRTEM. Furthermore, a difference in the diffusion behaviour was 

observed when the Au25 assemblies were linked with open- and closed-ring DTE isomer.  

The observed photoluminescent properties of the irradiated Au25 assemblies (enhanced 

emission/quantum yield, increase of PL lifetimes) further supported the formation of photoinduced 

cross-linking of Au25 assemblies. In addition, a supporting DFT study showed that the in Au25 assemblies 

a triplet ground state was more energetically favourable but still very close in energy to the singlet ground 

state. Therefore, it is postulated that multiple states could contribute to the photoluminescence in the 

formed Au25 assemblies.  
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General conclusions and outlook 

The objective of this dissertation was to assess different approaches that could be employed to prepare 

extended assemblies of atomically precise gold nanoclusters (Au NCs) with the idea to bring these 

systems closer to application as functional nanomaterials, e.g., fundamental components of molecular 

electronic devices. This goal has been accomplished by exploring two distinct avenues that differed in 

the type of chemical interaction responsible for linking the nanoclusters.  

The prototypical Au25(SR)18 nanoclusters were utilized in the study presented in this thesis due to their 

established stability and versatility for ligand exchange. The main approach towards achieving 

self-assembled systems involved modification of the protective ligand shell of nanoclusters via the 

ligand exchange reaction in a solution phase. This afforded species capable of interlinking and was 

shown to be a successful method to obtain assemblies of different sizes. Specifically, the two approaches 

studied, and the overall results are as follows: 

Metalloporphyrins as anchoring points for gold nanocluster assemblies formed via supramolecular 

interactions.  

In this project the functionalization of the surface of Au25(SBu)18 nanoclusters by introducing pyridyl-

thiolate ligands was demonstrated. Importantly, the careful purification of a polydisperse mixture of 

clusters yielded species with varying ratio of the exchanged ligands, which were shown to bind to the 

metalloporphyrin with different affinity. The obtained supramolecular assemblies for two probed 

metallocycles, ZnTPP and CoTPP, exhibited 1:1 binding stoichiometry with the pyridyl-thiolate ligand, 

hence this specific configuration of building blocks did not produce the assemblies via a biaxial 

coordination mode. However, while the 1:1 binding stoichiometry between pyridyl-thiolate ligand and 

metalloporphyrins limits the applications of the latter as anchor nodes for extended self-assembled 

systems, nevertheless this approach gives access to discrete Au25 clusters with metalloporphyrin-

decorated surface. Such architectures could be explored as photocatalytic systems.  

Generally, the question remains open whether the metalloporphyrins could be used as effective structural 

elements in Au NC-based assembled systems since the strong binding of Au NC to both axial positions 

(as yet not demonstrated) is pivotal for obtaining stable architectures. There are several possibilities to 

consider when designing and/or optimizing the metalloporphyrins as reliable anchoring points. These 
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involve the changing the electronic properties by introducing peripheral substituents on the porphyrin 

macrocycle. Indeed, it is desirable that, after the first axial coordination, the central metal ion remain in 

the plane of the macrocycle hence making the other axial coordination site accessible for binding. 

Otherwise, employing metalloporphyrins with a central ion that is more prone to form 1:2 complexes 

with pyridyl derivatives is a viable way forward. Alternatively, different anchoring functionalities in the 

nanocluster monolayer (e.g., imidazole) might be implemented with improved success. Crucially, to 

realize extended Au NC-based assemblies using metalloporphyrins as the anchoring points, the values 

of the two association constants for the axially coordinated ligands need to be on the same order of 

magnitude, otherwise supramolecular complexes with the 1:1 binding stoichiometry will dominate in 

the system.  

Dithiolate photoswitchable ligands as potential linkers for gold nanocluster assemblies formed via 

covalent bonding.  

In this project all the objectives were met. First, the synthesis of the dithiol photoligand with 

a photoswitching functionality based on the dithienylethene moiety was accomplished in a multistep 

reaction and purification process. The obtained dithiol ligand was shown to be effective in linking 

[Au25(2PET)18]
0 nanoclusters with a strong covalent bond. Consequently, oligomeric species with 

different sizes were isolated and they all underwent reversible photoswitching behaviour, which 

represents the first demonstration of Au NC-based assemblies with a light-controlled ON/OFF 

functionality. Overall, this is an important finding showcasing that Au NCs can be suitable building 

blocks for the formation of superstructures that carry out functions controlled by external stimuli. 

Interestingly for the already linked Au25–photoligand structures, the light-induced cross-linking reaction 

yielded assemblies with more compact geometries, as determined by SAXS and NMR measurements. 

This was hypothesized to be facilitated by the dithiols that were present in the protective shell of 

Au25 nanoclusters as exchanged bidentate ligands. This behaviour demonstrates the flexibility and 

dynamics of the assembled system. 

Generally, the nanocluster species exhibit a very dynamic behaviour and undergo a constant exchange 

of ligands when in solution phase. This is true not only for the discrete nanoclusters but also for their 

assemblies. Therefore, the isolation of uniformly dispersed multimeric species (i.e., dimers, trimers, etc) 

could be of interest for the systematic study of the evolution of properties exhibited by nanoclusters in 

assembled structures in comparison to single clusters. Potentially, for future consideration, the design of 

a photoswitchable linker with a (bidentate) dithiol functionality on both terminal sites of the photoligand 

could be attempted. Indeed, it has been demonstrated that dithiol ligands form more robust and stable 

structures with Au NC core since the two sulfhydryl groups have a separation distance that is very close 

to the distance between two S atoms on adjacent staple motifs of the cluster. (Świerczewski et al., 

manuscript under revision) 
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This strategy could also be employed to investigate the impact of the photo-induced cross-linking within 

the formed Au25 assemblies on their limited cyclability of the ON/OFF switching. Indeed, since a low 

photostability has been observed in the dithiol linker, one could hypothesize that this might not 

necessarily occur for more robustly linked Au25 assemblies. In fact, the ability of a linker, which is an 

integral part of an assembled system, to undergo photoswitching is expected to be reduced when the 

bridging molecule is ‘locked’ in a specific geometry within the superstructure. This would prohibit the 

photocyclization or photocycloreversion reaction. Therefore, the photoswitching might be more of 

a localized process that slowly propagates through the formed structure as certain domains undergo 

conformational changes that release the photoligand from an unfavourable steric environment. For the 

same reasons, photoswitching could be completely hindered in this type of system. To investigate this 

hypothesis, the possibility of cross-linking should be eliminated by using the rigid bis(dithiol) linkers.  

The photostability of the dithienylethene(DTE)-based ligand could also be improved by employing 

perfluoro-dithienylethene moiety. Indeed, this structure was shown to exhibit a much higher 

photostability than the perhydro-analogues that were employed in this thesis.  

Moreover, the stability of the free photoligand after the 532 nm irradiation, which caused the 

deterioration of the dithienylethene(DTE)-based linker, should also be addressed. A future study 

investigating the decomposition reaction and/or a by-product formation could perhaps provide some 

answers into the limited cycling of the ON/OFF switchability. Possibly, different irradiation wavelengths 

for the ON/OFF switching reaction could be explored to identify the dependence of the degree of 

photoligand decomposition on the photon wavelength. Ideally wavelengths could be identified to 

minimize the photodegradation. Indeed, a systematic investigation of the irradiation at various 

wavelengths on the stability of the parent Au25(SR)18 nanocluster would complement this future study.  
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Appendix A  

A.1 Photoligand Synthesis and Characterization 

A.1.1 General remarks 

Reagents and starting materials were used as supplied, unless mentioned otherwise. All reactions were 

carried under nitrogen using the standard Schlenk techniques. Distilled and degassed solvents were 

employed in all syntheses. Silica gel (230-400 mesh) was used for column chromatography. Analytical 

thin layer chromatography (TLC) was performed on commercially coated 60 mesh F254 aluminium 

plates. Spots were rendered visible by exposing the plate to UV light.  

A.1.2 Chemicals  

2-chloro-5-methylthiophene (95 %, Fluorochem); glutaryl dichloride (97 %, Acros Organics); 

aluminium chloride AlCl3 (98.5 %, Acros Organics); nitromethane (98+%, Alfa Aesar); zinc powder 

(99.995 % trace metal basis, Sigma Aldrich); titanium tetrachloride TiCl4 (99.0 %, Brunschwig); 

potassium carbonate K2CO3 (≥99.0 %, Sigma Aldrich); 4-bromothiophenol (97 %, Apollo Scientific); 

2-chloro-2-methylpropane (Acros Organics); n-butyllithium n-BuLi (1.6 M in hexanes, Acros 

Organics); tributyl borate B(n-BuO)3 (Bachem); tetrakis(triphenylphosphine)-palladium(0) [Pd(PPh3)4] 

(98 %, Fluorochem); sodium carbonate Na2CO3 (≥99.5 %, Sigma Aldrich); ethylene glycol (99.8 %, 

Acros Organics); sodium sulfate Na2SO4 (anhydrous, Reactolab); acetyl chloride, AcCl (99 %, 

Fluorochem); boron tribromide BBr3 (99.9 %, Sigma Aldrich); caesium hydroxide monohydrate 

CsOH · H2O (99.95 %, Sigma Aldrich), tert-butyl methyl ether MTBE (99 %, Acros Organics);  

Solvents: diethylether Et2O, n-pentane, tetrahydrofuran THF, dichloromethane CH2Cl2, methanol MeOH 

(ACS grade, Fisher Scientific).  
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1,5-bis(5-chloro-2-methylthiophen-3-yl)pentane-1,5-dione (1) 

2-chloro-5-methylthiophene (4.13 mL, 37.7 mmol) and glutaryl 

dichloride (2.41 mL, 18.9 mmol) were dissolved in dry and degassed 

nitromethane CH3NO2 (75 mL) under nitrogen and then cooled to 

0 °C. AlCl3 (5.78 g, 43.3 mmol) was added slowly to the solution and 

was left to stir at ambient temperature for 4 h. Then the reaction mixture was poured into ice-cold water 

(15 mL). Crude product was extracted with CH2Cl2 (3 × 75 mL), dried over anhydrous Na2SO4, filtered 

and concentrated in vacuo. The purification was done with flash chromatography (silica gel 60 Å, 

CH2Cl2) to obtain light brown powder (3.50 g, 51 %). 

1H NMR (CDCl3, 300 MHz): δ (ppm) = 7.18 (s, 2H), 2.86 (t, J=6.85 Hz, 4H), 2.66 (s, 6H), 2.10–2.01 

(m, 2H)   

 

1,2-bis(5-chloro-2-methylthiophen-3-yl)cyclopent-1-ene (2) 

Zinc powder (2.53 g, 38.49 mmol) was suspended in 100 mL of anhydrous 

THF and cooled to 0 °C. TiCl4 (2.14 mL, 19.37 mmol) was added 

cautiously dropwise under nitrogen. The solution was stirred at 50 °C for 

2 h. Then pyridine (1.58 mL, 19.37 mmol) was added. After 10 min, 

compound 1 (3.50 g, 9.69 mmol) dissolved in anhydrous THF (10 mL) 

was added to the stirring mixture. Reaction was left to stir overnight in dark. After cooling the reaction 

mixture to ambient temperature, aqueous K2CO3 (2 mL, 1.46 M) was added followed by Et2O (5 mL). 

The reaction mixture was filtered and washed with a small amount of Et2O. The organic phase was 

placed in the cold bath for 30 min to form a precipitate that was then filtered. The organic phase was 

washed with 2N HCl (3 × 10 mL), dried with anhydrous Na2SO4, filtered, and concentrated in vacuo to 

obtain an orange oil. The purification was done with column chromatography (silica gel 60 Å, hexane) 

to obtain light brown powder (0.99 g, 79 %). 

1H NMR (CDCl3, 300 MHz): δ (ppm) = 6.57 (s, 2H), 2.71 (t, J=7.43 Hz, 4H), 2.07–1.97 (m, 2H), 1.89 

(s, 6H) 

 

1-Bromo-4-tert-butylsulfanylbenzene (4) 

Synthesis was followed according to the procedure reported by Pinault et al.1 

Briefly, 4-bromothiophenol (5.03 g, 26.6 mmol) was dissolved in 2-chloro-2-

methylpropane (20 mL). To the stirring mixture aluminium chloride (179 mg, 

1.34 mmol) was added portionwise. Reaction was left to stir for 1 h at ambient 
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temperature and the solution became light orange in colour. The reaction mixture was extracted with 

Et2O (3 × 25 mL). The combined organic layers were washed with water (3 × 30 mL), dried over 

anhydrous MgSO4, and solvent was removed under reduced pressure. The purification of the crude light-

yellow oil was done using column chromatography (silica gel 60 Å, n-pentane) to afford colourless oil 

(4.1 g, 62 % yield).  

1H NMR (CDCl3, 400 MHz): δ (ppm) = 7.46 (d, 2H), 7.38 (d, 2H), 1.27 (s, 9H) 

13C NMR (CDCl3, 101 MHz): δ (ppm) = 139.07, 131.93, 131.78, 123.60, 46.29, 31.01 

 

1,2-bis(5-di-n-butoxyboryl-2-methylthiophen-3-yl)cyclopent-1-ene (3) 

Synthesis was following the procedure reported by Lucas et al.2  

Compound 2 (1.02 g, 3.1 mmol) was dissolved in anhydrous THF 

(40 mL) under nitrogen, and n-BuLi (4.45 mL, 7.1 mmol, 1.6 M 

in hexane) was added by syringe. The solution was left to stir at 

−78 ºC for 1 h, and B(n-BuO)3 (2.0 mL, 7.41 mmol) was added dropwise. The solution was left to stir 

for 2 h and used directly for Suzuki cross-coupling reaction without any workup.  

 

1,2-bis(5-(4-(tert-butylthio)phenyl)-2-methylthiophen-3-yl)cyclopent-1-ene (5) 

Compound 4 (1.20 mL, 6.47 mmol) was dissolved in THF 

(25 mL), and freshly activated [Pd(PPh3)4] (0.18 g, 

0.16 mmol) was added under nitrogen. The solution was 

left to stir for 15 min at ambient temperature. Aqueous 

Na2CO3 (5 mL, 2 M) and 15 drops of ethylene glycol were 

added, and the solution was heated until reflux (80 ºC). The solution of 3 was added dropwise over 

a period of 50 min. The solution was then left to react under reflux (73 ºC) overnight. After cooling the 

reaction mixture to ambient temperature, Et2O and H2O were added. The organic layer was collected 

and dried with anhydrous Na2SO4, and the solvent was removed under reduced pressure. The purification 

of dark orange oil was done using column chromatography (silica gel 60 Å, n-pentane: Et2O, 100:1) to 

afford magenta-hued solid (1.55 g, 86 % yield).  

1H NMR (CDCl3, 400 MHz): δ (ppm) = 7.50–7.43 (m, 8H), 7.07 (s, 2H), 2.84 (t, J=7.5 Hz, 4H), 2.14–

2.04 (m, 2H), 1.99 (s, 6H), 1.29 (s, 18H)  

13C NMR (CDCl3, 101 MHz,): δ (ppm) = 139.01, 138.00, 136.96, 135.27, 134.92, 134.76, 131.25, 

125.25, 124.62, 46.30, 38.66, 31.08, 23.12, 14.67 



Appendix A 

 

176 
 

1,2-bis[5-(4-acetylthiophenyl)-2-methylthiophen-3-yl]cyclopent-1-ene (6) 

Compound 5 (0.49 g, 0.83 mmol) was dissolved in 

anhydrous CH2Cl2 (10 mL) under nitrogen, and AcCl 

(0.4 mL, 5.63 mmol) was added to a stirring solution at 

0 ºC. The solution of BBr3 (0.18 mL, 1.90 mmol) in 

CH2Cl2 (4 mL) was then added dropwise and solution was 

stirred for 24 h at ambient temperature. The reaction mixture was diluted with Et2O (10 mL) and poured 

over ice. The combined organic phases were dried with anhydrous Na2SO4, and the solvent was removed 

under reduced pressure. The purification of dark green crude product was done using column 

chromatography (silica gel 60 Å, petroleum ether: ethyl acetate, 4:1) to afford white crystals with 

magenta hue (0.31 g, 67 % yield).  

1H NMR (CDCl3, 400 MHz,): δ (ppm) = 7.56–7.50 (m, 4H), 7.40–7.34 (m, 4H), 7.08 (s, 2H), 2.85 (t, 

J=7.5 Hz, 4H), 2.43 (s, 6H), 2.14–2.06 (m, 2H), 2.01 (s, 6H) 

13C NMR (CDCl3, 101 MHz,): δ (ppm) = 194.28, 138.71, 136.93, 135.72, 135.59, 134.96, 134.80, 

126.13, 125.97, 124.94, 38.54, 30.27, 23.10, 14.58, 14.31 

 

1,2-bis[5-(4-mercaptophenyl)-2-methylthiophen-3-yl]cyclopent-1-ene (7) 

Compound 6 (0.021 g, 0.037 mmol) was dissolved in 

degassed methyl tert-butyl ether (MTBE, 10 mL) and 

a solution of caesium hydroxide monohydrate (0.106 g, 

0.632 mmol) in degassed methanol (MeOH, 0.3 mL) was 

added dropwise at ambient temperature. The reaction 

mixture was stirred for 10 min and then slowly acidified with aqueous hydrochloric acid (1.48 mL, 1 M). 

The reaction mixture was extracted with MTBE (3 × 10 mL), dried with anhydrous Na2SO4, and the 

solvent was removed under reduced pressure to afford a pink film.  

1H NMR (CDCl3, 400 MHz,): δ (ppm) = 7.38–7.33 (m, 4H), 7.25–7.21 (m, 4H), 6.98 (s, 2H), 3.45 

(s, 2H), 2.83 (t, J = 7.5, 4H), 2.11–2.03 (m, 2H), 1.99 (s, 6H) 

13C NMR (CDCl3, 101 MHz,): δ (ppm) = 139.03, 136.82, 134.78, 134.59, 132.29, 129.98, 129.25, 

126.01, 124.02, 38.56, 27.12, 23.15, 14.56 
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A.1.3 1H and 13C NMR spectra of 1–7 
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A.1.4 X-ray structure determination of 1,2-bis[5-(4-acetylthiophenyl)-2-methylthiophen-

3-yl]cyclopent-1-ene (6) 

 

Figure A.1 The crystal structure of 1,2-bis[5-(4-acetylthiophenyl)-2-methylthiophen-3-yl]cyclopent-1-ene (6). Colour code: 

C-black, S-yellow, O-red, H-white. 

Table A.1 Crystal data and structure refinement for 1,2-bis[5-(4-acetylthiophenyl)-2-methylthiophen-3-yl]cyclopent-1-ene (6). 

Empirical formula C31H28O2S4 

Formula weight 560.77 

Temperature/K 149.99(10) 

Crystal system triclinic 

Space group P-1 

a/Å 11.90785(17) 

b/Å 13.22890(19) 

c/Å 18.0154(3) 

α/° 94.0296(12) 

β/° 98.1658(12) 

γ/° 103.5219(12) 

Volume/Å3 2715.45(7) 

Z 4 

ρcalcg/cm3 1.372 

μ/mm-1 3.431 

F(000) 1176.0 

Crystal size/mm3 0.255 × 0.208 × 0.096 

Radiation Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 4.984 to 149.188 

Index ranges -14 ≤ h ≤ 14, -16 ≤ k ≤ 13, -22 ≤ l ≤ 22 

Reflections collected 56794 

Independent reflections 10704 [Rint = 0.0268, Rsigma = 0.0149] 
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Data/restraints/parameters 10704/0/675 

Goodness-of-fit on F2 1.091 

Final R indexes [I>=2σ (I)] R1 = 0.0380, wR2 = 0.1042 

Final R indexes [all data] R1 = 0.0396, wR2 = 0.1054 

Largest diff. peak/hole / e Å-3 1.26/-0.38 

 

Table A.2 Fractional atomic coordinates (×104) and equivalent isotropic displacement parameters (Å2×103) for 1,2-bis[5-(4-

acetylthiophenyl)-2-methylthiophen-3-yl]cyclopent-1-ene (6). Ueq is defined as 1/3 of the trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

S1 6002.4(4) 1577.7(3) 9897.1(2) 30.51(10) 

S2 4593.3(4) 1292.2(3) 6710.2(2) 29.5(1) 

S3 6935.3(4) 6208.8(4) 12228.8(3) 42.12(13) 

S4 1587.8(4) -2860.3(4) 3890.9(3) 37.93(12) 

O3 9230.9(12) 6806.8(12) 12378.6(9) 46.4(4) 

O31 592.2(16) -3316.2(14) 5083.9(8) 57.3(5) 

C1 8359.4(19) 7822.1(18) 13177.8(13) 45.5(5) 

C2 8371.2(16) 6966.2(15) 12587.6(10) 32.8(4) 

C4 7162.1(15) 5201.1(15) 11610.2(10) 31.4(4) 

C5 6647.0(16) 4180.2(16) 11719.4(10) 33.7(4) 

C6 6667.8(16) 3359.9(15) 11208.9(10) 31.6(4) 

C7 7213.5(15) 3541.5(14) 10575.0(10) 27.3(3) 

C8 7758.1(15) 4570.8(14) 10482.2(10) 28.9(4) 

C9 7725.2(15) 5396.8(14) 10990.3(10) 30.4(4) 

C10 7160.6(15) 2673.9(14) 10010.2(10) 27.8(3) 

C11 7884.0(15) 2568.5(14) 9501.5(9) 26.9(3) 

C12 7499.5(15) 1623.1(14) 9003.5(10) 26.8(3) 

C13 6486.0(15) 995.4(14) 9162.7(10) 28.3(4) 

C14 5826.1(17) -63.7(15) 8803.2(11) 35.5(4) 

C15 8139.9(15) 1329.4(14) 8420.3(10) 26.8(3) 

C16 9415.5(16) 1317.7(16) 8618.3(10) 34.3(4) 

C17 9585.6(17) 587.9(18) 7968.8(11) 39.7(5) 

C18 8664.3(16) 676.5(17) 7302.4(11) 34.8(4) 

C19 7731.0(15) 1004.1(14) 7683.8(10) 26.6(3) 

C20 6572.9(15) 961.0(13) 7248.7(9) 26.0(3) 

C21 6016.5(15) 138.8(13) 6662.9(9) 25.1(3) 

C22 4933.1(14) 188.4(13) 6326.7(9) 24.2(3) 

C23 5905.5(16) 1671.6(14) 7326.4(10) 28.3(4) 

C24 6150.4(19) 2677.3(15) 7822.6(11) 37.4(4) 

C25 3048.7(16) -344.9(14) 5418.3(10) 30.9(4) 
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C26 2276.7(16) -1044.1(16) 4860.3(11) 34.5(4) 

C27 2557.0(16) -1949.4(14) 4600.5(10) 30.0(4) 

C28 3623.3(17) -2139.0(14) 4892.5(10) 32.2(4) 

C29 4388.4(16) -1440.1(14) 5448.3(10) 30.9(4) 

C30 558.2(17) -3543.4(15) 4424.6(10) 33.5(4) 

C32 -359.0(19) -4415.1(16) 3960.1(12) 41.5(5) 

C38 4116.5(14) -530.7(13) 5728.1(9) 24.5(3) 

S1B 4888.1(4) 3445.3(3) 3330.4(2) 30.07(10) 

S2B 3885.7(4) 3132.6(3) 105.6(2) 27.57(10) 

S3B 8341.7(4) 7574.5(4) 6049.4(2) 37.37(12) 

S4B 1353.5(4) -1770.3(4) -2171.6(3) 33.50(11) 

O3B 8968.3(15) 8565.7(12) 4894.9(8) 51.1(4) 

O31B 3529.4(13) -1443.0(12) -2457.7(9) 44.7(3) 

C1B 10178.2(17) 9265.2(16) 6074.0(11) 36.9(4) 

C2B 9181.3(16) 8524.7(15) 5559.9(10) 31.8(4) 

C4B 7349.6(16) 6750.5(15) 5302.7(10) 31.2(4) 

C5B 6534.5(17) 7127.5(15) 4840.0(11) 36.0(4) 

C6B 5743.5(16) 6462.8(15) 4278.5(11) 33.6(4) 

C7B 5713.2(15) 5401.0(14) 4168.6(10) 26.9(3) 

C8B 6544.1(17) 5038.4(15) 4632.0(10) 32.9(4) 

C9B 7353.4(17) 5706.5(16) 5191.0(11) 35.5(4) 

C10B 4823.3(15) 4711.0(13) 3588.8(10) 26.3(3) 

C11B 3851.7(15) 4910.0(13) 3187.1(10) 26.1(3) 

C12B 3167.7(15) 4063.1(13) 2652.8(9) 25.5(3) 

C13B 3627.6(16) 3203.2(14) 2673.3(10) 29.0(4) 

C14B 3177(2) 2142.8(15) 2243.2(11) 40.2(5) 

C15B 2073.0(15) 4122.0(13) 2179.9(10) 26.3(3) 

C16B 1167.7(16) 4537.3(16) 2532.3(11) 33.5(4) 

C17B 263.2(18) 4618.7(17) 1860.1(12) 39.4(4) 

C18B 481.6(15) 3945.0(15) 1194.9(10) 31.3(4) 

C19B 1700.7(14) 3807.2(13) 1442.0(10) 25.5(3) 

C20B 2335.7(15) 3377.1(13) 902.6(9) 24.8(3) 

C21B 1886.7(15) 2391.8(13) 457.4(10) 27.1(3) 

C22B 2624.4(15) 2137.2(13) 0.1(9) 26.2(3) 

C23B 3412.2(15) 3880.8(13) 759.6(9) 25.3(3) 

C24B 4132.0(16) 4948.6(14) 1073.2(11) 31.6(4) 

C25B 1759.0(16) 237.7(14)  -337.5(10) 29.5(4) 

C26B 1507.5(16) -664.0(14) -831.5(10) 30.1(4) 

C27B 1927.2(15) -648.4(14) -1512.5(10) 27.9(3) 
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C28B 2649.1(16) 268.4(14) -1679.7(10) 30.7(4) 

C29B 2910.3(16) 1167.2(14) -1178.1(10) 29.9(4) 

C30B 2538.4(17) -1952.9(14) -2631.5(10) 32.2(4) 

C32B 2123.4(19) -2829.5(17) -3260.8(12) 42.0(5) 

C38B 2443.7(15) 1178.9(13) -510.1(9) 26.0(3) 

 

 

Table A.3 Anisotropic displacement parameters (Å2×103) for 1,2-bis[5-(4-acetylthiophenyl)-2-methylthiophen-3-yl]cyclopent-

1-ene (6). The anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

S1 28.6(2) 29.0(2) 32.8(2) -0.93(17) 9.63(17) 3.40(17) 

S2 30.0(2) 27.5(2) 31.2(2) -0.06(16) 0.23(16) 11.52(17) 

S3 25.9(2) 46.3(3) 48.6(3) -18.6(2) 5.40(19) 5.3(2) 

S4 37.8(2) 39.5(3) 27.6(2) -4.73(18) 5.55(18) -5.8(2) 

O3 30.2(7) 53.9(9) 50.5(9) -15.2(7) 7.0(6) 7.2(6) 

O31 64.8(11) 59.9(10) 31.8(8) -0.3(7) 10.1(7) -15.0(8) 

C1 37.8(11) 49.0(12) 43.3(11) -16.1(10) 8.8(9) 3.0(9) 

C2 29.1(9) 37.6(10) 29.3(9) -2.7(7) 3.8(7) 5.8(8) 

C4 24.2(8) 35.6(10) 31.6(9) -5.3(7) -0.6(7) 7.1(7) 

C5 29.9(9) 41.5(10) 28.4(9) 0.2(8) 5.5(7) 6.5(8) 

C6 31.3(9) 31.4(9) 31.3(9) 4.5(7) 4.8(7) 6.2(7) 

C7 25.1(8) 29.3(9) 26.9(8) 1.1(7) 0.9(6) 8.1(7) 

C8 28.0(8) 30.0(9) 27.2(8) 1.5(7) 2.6(7) 5.9(7) 

C9 27.4(8) 28.4(9) 32.8(9) 0.8(7) 0.8(7) 5.1(7) 

C10 26.1(8) 26.3(8) 29.3(8) 1.6(7) 2.2(7) 4.9(7) 

C11 24.5(8) 28.6(9) 24.4(8) 1.7(7) 1.5(6) 1.7(7) 

C12 25.3(8) 27.2(8) 26.7(8) 1.7(7) 0.1(6) 6.9(7) 

C13 27.6(8) 27.8(9) 29.1(8) 1.5(7) 4.5(7) 6.6(7) 

C14 35.0(10) 30.6(9) 37.7(10) -3.3(8) 10.0(8) 1.7(8) 

C15 23.5(8) 28.1(8) 27.9(8) 1.8(7) 3.7(6) 5.1(7) 

C16 24.5(9) 46.6(11) 30.2(9) 0.2(8) 1.6(7) 8.2(8) 

C17 27.2(9) 53.5(12) 38.8(10) -3.3(9) 3.2(8) 14.4(9) 

C18 26.2(9) 46.7(11) 30.9(9) -2.8(8) 5.8(7) 9.1(8) 

C19 23.0(8) 28.8(8) 27.1(8) 1.9(7) 4.7(6) 4.4(7) 

C20 26.9(8) 26.4(8) 23.3(8) 2.1(6) 5.9(6) 2.8(7) 

C21 24.7(8) 25.3(8) 25.6(8) 1.4(6) 4.9(6) 6.9(6) 

C22 25.5(8) 22.0(8) 25.5(8) 2.6(6) 5.9(6) 5.6(6) 

C23 29.7(9) 26.0(8) 28.5(8) 1.7(7) 4.1(7) 6.5(7) 
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C24 46.0(11) 27.4(9) 36.9(10) -0.9(8) -4.3(8) 13.5(8) 

C25 28.0(9) 29.2(9) 34.9(9) -2.5(7) 1.4(7) 9.5(7) 

C26 26.9(9) 37.6(10) 36.7(10) -1.7(8) -0.4(7) 8.4(8) 

C27 30.0(9) 29.6(9) 26.2(8) 0.9(7) 5.3(7) -0.7(7) 

C28 39.0(10) 23.9(8) 33.2(9) 0.5(7) 6.0(8) 7.4(7) 

C29 29.7(9) 27.6(9) 35.0(9) 2.3(7) 1.5(7) 8.8(7) 

C30 35.7(10) 31.1(9) 30.5(9) 2.3(7) 3.1(7) 3.5(8) 

C32 38.9(11) 38.9(11) 38.7(10) -2.3(8) 6.8(8) -4.3(9) 

C38 23.9(8) 23.6(8) 26.0(8) 4.7(6) 5.4(6) 4.1(6) 

S1B 35.0(2) 29.6(2) 29.7(2) 5.06(17) 7.34(17) 14.28(18) 

S2B 23.8(2) 27.4(2) 30.6(2) -1.70(16) 7.27(16) 4.17(16) 

S3B 37.2(2) 43.9(3) 24.7(2) 4.31(18) 5.26(18) -2.7(2) 

S4B 31.9(2) 30.5(2) 34.0(2) -7.20(18) 3.05(18) 3.96(18) 

O3B 59.8(10) 50.6(9) 28.1(7) 7.0(6) 1.7(7) -13.3(7) 

O31B 36.3(8) 43.7(8) 48.2(8) -10.2(7) 6.6(6) 2.6(6) 

C1B 34.1(10) 39.6(10) 32.7(9) -0.4(8) 3.9(8) 3.1(8) 

C2B 32.5(9) 33.6(9) 28.1(9) 2.0(7) 6.4(7) 5.3(8) 

C4B 27.2(8) 37.4(10) 26.1(8) 4.0(7) 6.8(7) 0.8(7) 

C5B 32.7(9) 31.4(9) 41.8(10) 2.2(8) 4.8(8) 5.0(8) 

C6B 28.7(9) 31.5(9) 39.7(10) 5.2(8) 1.1(7) 7.8(7) 

C7B 24.2(8) 30.0(9) 27.4(8) 5.9(7) 8.9(6) 4.9(7) 

C8B 34.3(9) 32.0(9) 33.2(9) 5.7(7) 4.7(7) 9.6(8) 

C9B 33.5(10) 40.2(11) 32.5(9) 9.5(8) 2.0(7) 8.6(8) 

C10B 27.8(8) 26.3(8) 26.9(8) 5.2(7) 9.8(7) 6.6(7) 

C11B 27.1(8) 23.7(8) 28.4(8) 2.8(6) 7.1(7) 7.0(7) 

C12B 27.9(8) 25.2(8) 24.3(8) 2.1(6) 9.0(6) 6.0(7) 

C13B 36.1(9) 27.2(9) 25.9(8) 3.5(7) 9.6(7) 9.6(7) 

C14B 61.7(13) 26.0(9) 34.2(10) -0.3(8) 5.6(9) 15.8(9) 

C15B 26.6(8) 22.6(8) 29.9(8) 0.0(6) 7.8(7) 5.3(6) 

C16B 30.9(9) 38.6(10) 32.8(9) -4.4(8) 7.6(7) 12.9(8) 

C17B 33.0(10) 45.3(11) 40.8(11) -7.5(9) 2.4(8) 17.2(9) 

C18B 26.2(8) 34.8(9) 32.4(9) -0.4(7) 4.2(7) 7.9(7) 

C19B 23.4(8) 22.7(8) 29.1(8) -0.4(6) 5.7(6) 3.0(6) 

C20B 25.1(8) 23.4(8) 24.6(8) 0.2(6) 2.0(6) 5.7(6) 

C21B 25.3(8) 25.8(8) 27.2(8) -1.7(7) 4.4(6) 1.7(7) 

C22B 26.2(8) 25.4(8) 25.9(8) 0.8(6) 3.0(6) 5.7(7) 

C23B 24.5(8) 24.2(8) 26.3(8) 0.2(6) 2.3(6) 6.1(7) 

C24B 27.5(9) 26.7(9) 37.4(10) -2.3(7) 5.9(7) 1.8(7) 

C25B 35.4(9) 28.1(9) 25.5(8) 1.5(7) 6.2(7) 8.2(7) 
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C26B 33.9(9) 24.0(8) 31.5(9) 2.5(7) 5.6(7) 5.4(7) 

C27B 30.3(9) 25.8(8) 26.8(8) -0.7(7) 0.6(7) 9.0(7) 

C28B 33.8(9) 31.5(9) 27.1(8) 1.2(7) 7.3(7) 8.1(7) 

C29B 31.3(9) 28.2(9) 29.9(9) 1.4(7) 7.9(7) 5.5(7) 

C30B 36.6(10) 30.6(9) 28.2(9) -1.4(7) 2.3(7) 9.1(8) 

C32B 43.1(11) 41.9(11) 36.7(10) -12.3(9) 1.2(9) 10.5(9) 

C38B 26.6(8) 26.0(8) 24.5(8) -0.7(6) 1.2(6) 8.0(7) 

  

 

Table A.4 Bond lengths for 1,2-bis[5-(4-acetylthiophenyl)-2-methylthiophen-3-yl]cyclopent-1-ene (6). 

Atom Atom Length/Å 
 

Atom Atom Length/Å 

S1 C10 1.7291(18) 
 

S1B C10B 1.7283(18) 

S1 C13 1.7193(18) 
 

S1B C13B 1.7246(19) 

S2 C22 1.7284(17) 
 

S2B C22B 1.7276(17) 

S2 C23 1.7286(18) 
 

S2B C23B 1.7240(17) 

S3 C2 1.7717(19) 
 

S3B C2B 1.7821(19) 

S3 C4 1.7712(19) 
 

S3B C4B 1.7703(19) 

S4 C27 1.7698(18) 
 

S4B C27B 1.7684(17) 

S4 C30 1.784(2) 
 

S4B C30B 1.7887(19) 

O3 C2 1.197(2) 
 

O3B C2B 1.196(2) 

O31 C30 1.197(2) 
 

O31B C30B 1.199(2) 

C1 C2 1.502(3) 
 

C1B C2B 1.498(3) 

C4 C5 1.387(3) 
 

C4B C5B 1.393(3) 

C4 C9 1.391(3) 
 

C4B C9B 1.383(3) 

C5 C6 1.379(3) 
 

C5B C6B 1.379(3) 

C6 C7 1.400(2) 
 

C6B C7B 1.396(3) 

C7 C8 1.397(2) 
 

C7B C8B 1.396(3) 

C7 C10 1.463(2) 
 

C7B C10B 1.465(2) 

C8 C9 1.387(3) 
 

C8B C9B 1.387(3) 

C10 C11 1.365(2) 
 

C10B C11B 1.365(2) 

C11 C12 1.427(2) 
 

C11B C12B 1.430(2) 

C12 C13 1.375(2) 
 

C12B C13B 1.374(3) 

C12 C15 1.465(2) 
 

C12B C15B 1.474(2) 

C13 C14 1.488(2) 
 

C13B C14B 1.494(2) 

C15 C16 1.514(2) 
 

C15B C16B 1.513(2) 

C15 C19 1.349(2) 
 

C15B C19B 1.344(2) 

C16 C17 1.531(3) 
 

C16B C17B 1.530(3) 

C17 C18 1.538(3) 
 

C17B C18B 1.531(3) 
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C18 C19 1.515(2) 
 

C18B C19B 1.513(2) 

C19 C20 1.473(2) 
 

C19B C20B 1.474(2) 

C20 C21 1.428(2) 
 

C20B C21B 1.426(2) 

C20 C23 1.377(3) 
 

C20B C23B 1.368(2) 

C21 C22 1.363(2) 
 

C21B C22B 1.367(2) 

C22 C38 1.462(2) 
 

C22B C38B 1.467(2) 

C23 C24 1.494(2) 
 

C23B C24B 1.494(2) 

C25 C26 1.386(3) 
 

C25B C26B 1.383(2) 

C25 C38 1.397(2) 
 

C25B C38B 1.401(2) 

C26 C27 1.385(3) 
 

C26B C27B 1.389(2) 

C27 C28 1.389(3) 
 

C27B C28B 1.392(3) 

C28 C29 1.380(3) 
 

C28B C29B 1.387(2) 

C29 C38 1.396(2) 
 

C29B C38B 1.396(2) 

C30 C32 1.496(3) 
 

C30B C32B 1.504(2) 

 

 

Table A.5 Bond angles for 1,2-bis[5-(4-acetylthiophenyl)-2-methylthiophen-3-yl]cyclopent-1-ene (6). 

Atom Atom Atom Angle/˚ 
 

Atom Atom Atom Angle/˚ 

C13 S1 C10 92.91(9) 
 

C13B S1B C10B 92.96(8) 

C22 S2 C23 92.95(8) 
 

C23B S2B C22B 92.84(8) 

C4 S3 C2 103.63(9) 
 

C4B S3B C2B 102.23(8) 

C27 S4 C30 101.34(8) 
 

C27B S4B C30B 106.16(9) 

O3 C2 S3 123.60(15) 
 

O3B C2B S3B 123.62(15) 

O3 C2 C1 125.13(18) 
 

O3B C2B C1B 123.93(18) 

C1 C2 S3 111.27(14) 
 

C1B C2B S3B 112.45(13) 

C5 C4 S3 117.06(14) 
 

C5B C4B S3B 121.07(15) 

C5 C4 C9 119.75(17) 
 

C9B C4B S3B 119.67(15) 

C9 C4 S3 122.87(15) 
 

C9B C4B C5B 119.23(17) 

C6 C5 C4 120.41(17) 
 

C6B C5B C4B 120.06(18) 

C5 C6 C7 120.72(17) 
 

C5B C6B C7B 121.62(18) 

C6 C7 C10 120.25(16) 
 

C6B C7B C8B 117.54(17) 

C8 C7 C6 118.35(16) 
 

C6B C7B C10B 119.94(16) 

C8 C7 C10 121.34(16) 
 

C8B C7B C10B 122.52(16) 

C9 C8 C7 120.93(17) 
 

C9B C8B C7B 121.09(18) 

C8 C9 C4 119.80(17) 
 

C4B C9B C8B 120.42(18) 

C7 C10 S1 119.50(13) 
 

C7B C10B S1B 121.50(13) 

C11 C10 S1 109.86(13) 
 

C11B C10B S1B 109.72(13) 

C11 C10 C7 130.60(16) 
 

C11B C10B C7B 128.77(16) 
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C10 C11 C12 114.24(16) 
 

C10B C11B C12B 114.52(16) 

C11 C12 C15 124.13(16) 
 

C11B C12B C15B 122.40(15) 

C13 C12 C11 111.82(16) 
 

C13B C12B C11B 111.67(16) 

C13 C12 C15 123.96(16) 
 

C13B C12B C15B 125.85(16) 

C12 C13 S1 111.13(13) 
 

C12B C13B S1B 111.11(13) 

C12 C13 C14 129.07(17) 
 

C12B C13B C14B 129.84(18) 

C14 C13 S1 119.79(13) 
 

C14B C13B S1B 119.02(14) 

C12 C15 C16 120.54(15) 
 

C12B C15B C16B 119.86(15) 

C19 C15 C12 128.32(16) 
 

C19B C15B C12B 128.83(15) 

C19 C15 C16 111.08(15) 
 

C19B C15B C16B 111.24(15) 

C15 C16 C17 102.81(15) 
 

C15B C16B C17B 104.27(15) 

C16 C17 C18 104.68(15) 
 

C16B C17B C18B 105.82(15) 

C19 C18 C17 103.29(15) 
 

C19B C18B C17B 104.07(14) 

C15 C19 C18 110.63(15) 
 

C15B C19B C18B 111.31(15) 

C15 C19 C20 128.88(16) 
 

C15B C19B C20B 127.59(16) 

C20 C19 C18 120.48(15) 
 

C20B C19B C18B 121.10(15) 

C21 C20 C19 121.50(15) 
 

C21B C20B C19B 123.74(15) 

C23 C20 C19 126.84(16) 
 

C23B C20B C19B 124.18(15) 

C23 C20 C21 111.65(15) 
 

C23B C20B C21B 112.07(15) 

C22 C21 C20 114.68(15) 
 

C22B C21B C20B 114.18(15) 

C21 C22 S2 109.77(12) 
 

C21B C22B S2B 109.80(13) 

C21 C22 C38 129.06(15) 
 

C21B C22B C38B 127.95(16) 

C38 C22 S2 121.17(13) 
 

C38B C22B S2B 122.24(13) 

C20 C23 S2 110.89(13) 
 

C20B C23B S2B 111.07(13) 

C20 C23 C24 131.00(17) 
 

C20B C23B C24B 128.23(16) 

C24 C23 S2 118.09(14) 
 

C24B C23B S2B 120.66(13) 

C26 C25 C38 121.34(17) 
 

C26B C25B C38B 120.94(16) 

C27 C26 C25 119.94(17) 
 

C25B C26B C27B 120.27(17) 

C26 C27 S4 121.05(14) 
 

C26B C27B S4B 116.63(14) 

C26 C27 C28 119.55(16) 
 

C26B C27B C28B 119.59(16) 

C28 C27 S4 119.40(14) 
 

C28B C27B S4B 123.31(14) 

C29 C28 C27 120.24(17) 
 

C29B C28B C27B 119.86(16) 

C28 C29 C38 121.24(17) 
 

C28B C29B C38B 121.21(17) 

O31 C30 S4 123.27(15) 
 

O31B C30B S4B 124.25(15) 

O31 C30 C32 123.71(18) 
 

O31B C30B C32B 124.87(18) 

C32 C30 S4 113.01(14) 
 

C32B C30B S4B 110.89(14) 

C25 C38 C22 122.14(15) 
 

C25B C38B C22B 119.57(15) 

C29 C38 C22 120.19(15) 
 

C29B C38B C22B 122.42(16) 

C29 C38 C25 117.67(16) 
 

C29B C38B C25B 118.00(16) 
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Table A.6 Torsion angles for 1,2-bis[5-(4-acetylthiophenyl)-2-methylthiophen-3-yl]cyclopent-1-ene (6). 

A B C D Angle/˚ 
 

A B C D Angle/˚ 

S1 C10 C11 C12 1.7(2) 
 

S1B C10B C11B C12B -1.75(19) 

S2 C22 C38 C25 2.4(2) 
 

S2B C22B C38B C25B 149.59(14) 

S2 C22 C38 C29 -177.34(13) 
 

S2B C22B C38B C29B -31.8(2) 

S3 C4 C5 C6 172.40(15) 
 

S3B C4B C5B C6B -177.75(15) 

S3 C4 C9 C8 -172.82(14) 
 

S3B C4B C9B C8B 176.85(14) 

S4 C27 C28 C29 -179.72(14) 
 

S4B C27B C28B C29B 169.58(14) 

C2 S3 C4 C5 126.73(15) 
 

C2B S3B C4B C5B -63.32(17) 

C2 S3 C4 C9 -59.69(17) 
 

C2B S3B C4B C9B 118.94(16) 

C4 S3 C2 O3 4.7(2) 
 

C4B S3B C2B O3B 5.9(2) 

C4 S3 C2 C1 -175.47(16) 
 

C4B S3B C2B C1B -174.28(14) 

C4 C5 C6 C7 0.4(3) 
 

C4B C5B C6B C7B 1.6(3) 

C5 C4 C9 C8 0.6(3) 
 

C5B C4B C9B C8B -0.9(3) 

C5 C6 C7 C8 1.4(3) 
 

C5B C6B C7B C8B -2.3(3) 

C5 C6 C7 C10 -175.76(17) 
 

C5B C6B C7B C10B 177.11(17) 

C6 C7 C8 C9 -2.2(3) 
 

C6B C7B C8B C9B 1.3(3) 

C6 C7 C10 S1 26.2(2) 
 

C6B C7B C10B S1B 169.69(14) 

C6 C7 C10 C11 -156.24(19) 
 

C6B C7B C10B C11B -11.4(3) 

C7 C8 C9 C4 1.2(3) 
 

C7B C8B C9B C4B 0.3(3) 

C7 C10 C11 C12 -176.02(17) 
 

C7B C10B C11B C12B 179.24(16) 

C8 C7 C10 S1 -150.85(14) 
 

C8B C7B C10B S1B -11.0(2) 

C8 C7 C10 C11 26.7(3) 
 

C8B C7B C10B C11B 167.95(18) 

C9 C4 C5 C6 -1.4(3) 
 

C9B C4B C5B C6B 0.0(3) 

C10 S1 C13 C12 -0.44(14) 
 

C10B S1B C13B C12B -0.17(14) 

C10 S1 C13 C14 178.46(16) 
 

C10B S1B C13B C14B -178.22(15) 

C10 C7 C8 C9 174.93(16) 
 

C10B C7B C8B C9B -178.05(17) 

C10 C11 C12 C13 -2.1(2) 
 

C10B C11B C12B C13B 1.7(2) 

C10 C11 C12 C15 -178.91(16) 
 

C10B C11B C12B C15B 178.53(15) 

C11 C12 C13 S1 1.44(19) 
 

C11B C12B C13B S1B -0.77(19) 

C11 C12 C13 C14 -177.32(18) 
 

C11B C12B C13B C14B 177.02(18) 

C11 C12 C15 C16 53.2(3) 
 

C11B C12B C15B C16B -46.5(2) 

C11 C12 C15 C19 -129.8(2) 
 

C11B C12B C15B C19B 136.66(19) 

C12 C15 C16 C17 158.43(17) 
 

C12B C15B C16B C17B 172.40(16) 

C12 C15 C19 C18 -174.15(17) 
 

C12B C15B C19B C18B 175.93(16) 

C12 C15 C19 C20 7.2(3) 
 

C12B C15B C19B C20B -4.2(3) 

C13 S1 C10 C7 177.29(14) 
 

C13B S1B C10B C7B -179.81(14) 

C13 S1 C10 C11 -0.71(14) 
 

C13B S1B C10B C11B 1.09(14) 

C13 C12 C15 C16 -123.3(2) 
 

C13B C12B C15B C16B 129.91(19) 
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C13 C12 C15 C19 53.7(3) 
 

C13B C12B C15B C19B -46.9(3) 

C15 C12 C13 S1 178.30(14) 
 

C15B C12B C13B S1B -177.50(13) 

C15 C12 C13 C14 -0.5(3) 
 

C15B C12B C13B C14B 0.3(3) 

C15 C16 C17 C18 26.7(2) 
 

C15B C16B C17B C18B 17.0(2) 

C15 C19 C20 C21 -144.20(19) 
 

C15B C19B C20B C21B 124.4(2) 

C15 C19 C20 C23 37.1(3) 
 

C15B C19B C20B C23B -56.8(3) 

C16 C15 C19 C18 3.1(2) 
 

C16B C15B C19B C18B -1.1(2) 

C16 C15 C19 C20 -175.65(17) 
 

C16B C15B C19B C20B 178.77(16) 

C16 C17 C18 C19 -25.1(2) 
 

C16B C17B C18B C19B -17.6(2) 

C17 C18 C19 C15 14.2(2) 
 

C17B C18B C19B C15B 12.0(2) 

C17 C18 C19 C20 -166.99(16) 
 

C17B C18B C19B C20B -167.92(16) 

C18 C19 C20 C21 37.2(2) 
 

C18B C19B C20B C21B -55.7(2) 

C18 C19 C20 C23 -141.53(19) 
 

C18B C19B C20B C23B 123.06(19) 

C19 C15 C16 C17 -19.0(2) 
 

C19B C15B C16B C17B -10.2(2) 

C19 C20 C21 C22 178.15(15) 
 

C19B C20B C21B C22B -179.28(16) 

C19 C20 C23 S2 -178.77(14) 
 

C19B C20B C23B S2B 179.29(13) 

C19 C20 C23 C24 3.0(3) 
 

C19B C20B C23B C24B -3.0(3) 

C20 C21 C22 S2 2.06(19) 
 

C20B C21B C22B S2B -0.9(2) 

C20 C21 C22 C38 -178.33(16) 
 

C20B C21B C22B C38B 178.38(16) 

C21 C20 C23 S2 2.39(19) 
 

C21B C20B C23B S2B -1.80(19) 

C21 C20 C23 C24 -175.88(19) 
 

C21B C20B C23B C24B 175.91(17) 

C21 C22 C38 C25 -177.15(17) 
 

C21B C22B C38B C25B -29.6(3) 

C21 C22 C38 C29 3.1(3) 
 

C21B C22B C38B C29B 148.95(19) 

C22 S2 C23 C20 -1.09(14) 
 

C22B S2B C23B C20B 1.11(14) 

C22 S2 C23 C24 177.43(15) 
 

C22B S2B C23B C24B -176.80(15) 

C23 S2 C22 C21 -0.55(13) 
 

C23B S2B C22B C21B -0.09(14) 

C23 S2 C22 C38 179.79(14) 
 

C23B S2B C22B C38B -179.45(15) 

C23 C20 C21 C22 -2.9(2) 
 

C23B C20B C21B C22B 1.8(2) 

C25 C26 C27 S4 179.77(15) 
 

C25B C26B C27B S4B -169.33(14) 

C25 C26 C27 C28 -1.2(3) 
 

C25B C26B C27B C28B 3.0(3) 

C26 C25 C38 C22 -178.87(17) 
 

C26B C25B C38B C22B 175.64(17) 

C26 C25 C38 C29 0.9(3) 
 

C26B C25B C38B C29B -3.0(3) 

C26 C27 C28 C29 1.3(3) 
 

C26B C27B C28B C29B -2.2(3) 

C27 S4 C30 O31 3.4(2) 
 

C27B S4B C30B O31B 5.6(2) 

C27 S4 C30 C32 -177.48(15) 
 

C27B S4B C30B C32B -174.50(14) 

C27 C28 C29 C38 -0.2(3) 
 

C27B C28B C29B C38B -1.2(3) 

C28 C29 C38 C22 178.91(16) 
 

C28B C29B C38B C22B -174.80(17) 

C28 C29 C38 C25 -0.9(3) 
 

C28B C29B C38B C25B 3.8(3) 

C30 S4 C27 C26 -79.55(17) 
 

C30B S4B C27B C26B -143.47(14) 
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C30 S4 C27 C28 101.44(16) 
 

C30B S4B C27B C28B 44.50(18) 

C38 C25 C26 C27 0.1(3) 
 

C38B C25B C26B C27B -0.4(3) 

 

 

Table A.7 Hydrogen atom coordinates (Å×104) and isotropic displacement parameters (Å2×103) for 1,2-bis[5-(4-

acetylthiophenyl)-2-methylthiophen-3-yl]cyclopent-1-ene (6). 

Atom x y z U(eq) 

H1A 7971.19 8324.98 12944.81 68 

H1B 9165.42 8179.11 13404.26 68 

H1C 7933.89 7520.78 13569.58 68 

H5 6277.45 4044.87 12148.55 40 

H6 6307.95 2664.25 11288.25 38 

H8 8156.62 4706.72 10065.09 35 

H9 8085.96 6094.21 10915.43 36 

H11 8583.47 3080.63 9480.89 32 

H14A 5088.88 -17.66 8503.88 53 

H14B 5658.6 -529.2 9194.88 53 

H14C 6296.17 -342.12 8474.12 53 

H16A 9570.35 1040.2 9108.68 41 

H16B 9933.68 2026.84 8638.83 41 

H17A 9455.17 -140.52 8099.29 48 

H17B 10385.41 812.49 7846.69 48 

H18A 9000.54 1209.05 6982.26 42 

H18B 8343.69 -2.76 6988.41 42 

H21 6372.94 -400.07 6518.85 30 

H24A 5712.82 3142.93 7583.36 56 

H24B 6990.49 3011.09 7899.19 56 

H24C 5908.64 2537.56 8310.77 56 

H25 2847.87 273.29 5593.67 37 

H26 1555.69 -902.53 4656.32 41 

H28 3826.51 -2752.05 4708.93 39 

H29 5113.68 -1580.33 5644.28 37 

H32A -247.18 -4424.47 3431.37 62 

H32B -1136.13 -4309 4001.46 62 

H32C -294.54 -5082.76 4143.29 62 

H1BA 9983.68 9322.86 6583.4 55 

H1BB 10319.22 9954.97 5888.11 55 

H1BC 10884.08 9002.17 6087.01 55 
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H5B 6523.61 7843.36 4911.51 43 

H6B 5205.95 6734.07 3958.57 40 

H8B 6555.47 4322.51 4563.33 39 

H9B 7913.68 5445 5499.03 43 

H11B 3646.67 5558.41 3256.74 31 

H14D 3479.64 2138.49 1765.13 60 

H14E 2319.35 1971.57 2141.21 60 

H14F 3435.93 1623.06 2541.32 60 

H16C 1523.67 5230.84 2820.88 40 

H16D 805.23 4051.24 2874.03 40 

H17C 365.28 5354.19 1749.33 47 

H17D -540.91 4355 1966.09 47 

H18C -101.02 3261.13 1100.3 38 

H18D 444.47 4302.66 730.69 38 

H21B 1139.52 1950.47 476.92 33 

H24D 4537.7 4921.21 1581.53 47 

H24E 3621.24 5429.29 1096.44 47 

H24F 4709.26 5195.62 747.36 47 

H25B 1463.34 218.74 125.5 35 

H26B 1045.7 -1296.52 -704.49 36 

H28B 2962.19 278.34 -2136.41 37 

H29B 3415.94 1786.33 -1291.17 36 

H32D 1275.65 -3106.56 -3303.3 63 

H32E 2519.33 -3386.88 -3153.07 63 

H32F 2304.88 -2566.07 -3736.05 63 
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A.2 Au25–DTE assemblies 

A.2.1 Synthesis of [Au25(2PET)18]
0 building blocks  

Purity of the synthesized [Au25(2PET)18]
0 clusters was assessed by electronic absorption 

spectrophotometry, MALDI-TOF-MS and 1H NMR spectroscopy (Figure A.2 and Figure A.3). The 

MALDI mass spectrum of pure Au25(2PET)18 is presented in Figure 6.3-g, h.  

 

Figure A.2 Steady-state electronic absorption spectrum of [Au25(2PET)18]0 in toluene recorded at 298 K. 
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Figure A.3 1H NMR spectrum of [Au25(2PET)18]0 in CH2Cl2-d2 at 298 K. (*) denotes the signal from residual toluene; (°) 

signals are attributed to the pump oil. Assignments made according to Fulmer et al.3 The 1H NMR spectrum of [Au25(2PET)18]0 

in accordance with the reported spectra in the literature.4 

A.2.2 Synthesis of Au25-DTE linked assemblies 

Assemblies of Au NCs linked by the DTE(SH) ligand were produced via the ligand-exchange method 

in solution by mixing discrete [Au25(SC2H4Ph)18]
0 clusters with the freshly synthesized photoligand in 

a 2:1 Au25-to-DTE molar ratio. 

Method A:  

Freshly purified (SEC column) [Au25(2PET)18]
0 clusters (5.12 mg; 0.692 µmol) were dissolved in 

0.6 mL of toluene-d8 and then 20 µL (0.16 mg; 0.336 µmol) of the newly synthesized DTE photoligand 

in toluene (1.68 mM) was added. The reaction mixture was kept in a dark and slowly mixed for 18 h at 

293 K. Next, the sample was loaded on a SEC column and eluted with toluene yielding 3 different colour 

bands that were isolated as 5 fractions (Figure A.4-a). 

Method B: 

Freshly purified (SEC column) [Au25(2PET)18]
0 clusters (5.90 mg; 0.798 µmol) were dissolved in 3 mL 

of degassed toluene and then 75 µL (0.20 mg; 0.425 µmol) of the newly synthesized DTE photoligand 
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in degassed toluene (5.66 mM) was added. The reaction mixture was left to stir under nitrogen at ambient 

temperature in the dark for 24 h. Then, the crude product was washed with MeOH to remove free thiols. 

The product mix was fractionated on a size-exclusion chromatography (SEC) column (BioBeads S-X1) 

in toluene. Typically, 3 main separation bands were observed on the column (see Figure A.4-b), and 

were isolated as main fractions denoted, F1, F3, and F5. All fractions were analysed with standard 

characterization techniques: UV-vis-NIR spectroscopy and MALDI-MS analysis and compared with the 

pure [Au25(2PET)18]
0 clusters.  

 

A.2.3 SEC of the crude mixture of Au25 assemblies 

  

Figure A.4 Digital photograph of size-exclusion chromatography columns depicting separation of the mix of products after the 

ligand-exchange reaction during which the Au25 assemblies were formed (a) SEC column for the S1 sample; (b) SEC column 

for optimized reaction producing the S2 and S3 samples. 
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A.2.4 MALDI-TOF-MS  

Table A.8 Calculated MALDI m/z (for z = 1, 2) values of the symmetric and non-symmetric Au25 dimers connected with a DTE 

linker.  

species notation M+ m/z 

calculated 

M2+ m/z 

calculated 

Au25(2PET)17–oDTE– Au25(2PET)17 0–0 14981.85 7490.93 

SYMMETRICAL DIMERS 

Au25(2PET)15(oDTE2)–oDTE–Au25(2PET)15(oDTE2) 1–1 15381.81 7690.90 

Au25(2PET)13(oDTE2)2–oDTE–Au25(2PET)13(oDTE2)2 2–2 15781.76 7890.88 

Au25(2PET)11(oDTE2)3–oDTE–Au25(2PET)11(oDTE2)3 3–3 16181.71 8090.85 

NON-SYMMETRICAL DIMERS 

Au25(2PET)17–oDTE–Au25(2PET)15(oDTE2) 0–1 15181.83 7590.91 

Au25(2PET)17–oDTEAu25(2PET)13(oDTE2)2 0–2 15381.81 7690.90 

Au25(2PET)17–oDTE–Au25(2PET)11(oDTE2)3 0–3 15581.78 7790.89 

Au25(2PET)15(oDTE2)–oDTE–Au25(2PET)13(oDTE2)2 1–2 15581.78 7790.89 

Au25(2PET)15(oDTE2)–oDTE–Au25(2PET)11(oDTE2)3 1–3 15781.76 7890.88 

Au25(2PET)13(oDTE2)2–oDTE–Au25(2PET)11(oDTE2)3 2–3 15981.73 7990.87 

0: Au25(2PET)17; 1: Au25(2PET)15(oDTE2); 2: Au25(2PET)13(oDTE2)2; 3: Au25(2PET)11(oDTE2)3 

 

A.3 Actinometry 

In order to determine the photoswitching quantum yields of the unknown samples, the photoirradiation 

setup was tested by measuring a system with known quantum yield. Here, the actinometric system that 

deemed suitable for validation with spectroscopic detection was the o-nitrobenzaldehyde → 

o-nitrosobenzoic acid photoisomerization (see Scheme A.1).5, 6 

 

Scheme A.1 Photochemical transformation of o-nitrobenzaldehyde to o-nitrosobenzoic acid under UV light irradiation.  

o-nitrobenzaldehyde is a commonly used actinometer with the quantum yield of ~ 0.5 reported over its 

300–410 nm absorption spectral region.7 
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The electronic absorption spectrum of the o-nitrobenzaldehyde (reactant) is depicted in Figure A.5 

(black line for 0 s). The measurements were performed with 340 nm light irradiation of 1 mL of 

1.33 × 10−4 M solution of o-nitrobenzaldehyde in acetonitrile for ~ 35 min until the photostationary state 

(PSS) was reached. During the photoirradiation the decrease in the absorption band at 40,000 cm−1 

(250 nm) with concomitant increase of two bands at 35,220 cm−1 (284 nm) and 32,474 cm−1 (308 nm) 

was evident.  

 

Figure A.5 Temporal evolution of electronic absorption spectra of o-nitrobenzaldehyde upon irradiation with 340 nm light. 

Spectra acquired in acetonitrile at 298 K. 

Clear isosbestic point at 37,090 cm−1 (270 nm) was observed. However, closer inspection revealed that 

after ~10 min the isosbestic point started to shift (see Figure A.6). This behaviour is attributed to the 

degradation of the formed o-nitrosobenzoic acid product as it undergoes further transformation to 

a byproduct after the photon absorption, a phenomenon that has also been reported by others.8, 9 
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Figure A.6 Change in the position of the isosbestic point at 270 nm as a function of time. Due to the shift in the position of 

isosbestic point only the data points of the first 10 min of the experiment were used for the calculations of the quantum yields. 

Monitoring the isosbestic point is important for determination of the spectra of the individual 

components participating in the photoreaction. Specifically, the invariance of the isosbestic point 

position allows assumption of the simple reaction reactant → product that is occurring. As soon as that 

position starts to shift the reactant-to-product model fails, because the obtained product undergoes the 

follow-up reaction. This scenario is observed in the case of o-nitrobenzaldehyde after 10 min of the 

irradiation experiment (see Figure A.6).  

Determination of the basis spectra of the species that participate in the photoreaction is crucial for the 

calculation of the photoreaction quantum yield. The spectrum of the pure o-nitrosobenzaldehyde is the 

first spectrum recorded during the time-scan experiment (black trace in Figure A.5), given that the 

photoreaction is not excessively fast. Additionally, the spectrum of o-nitrobenzaldehyde was acquired 

without the 340 nm irradiation, and these two spectra matched perfectly (data not shown here). The 

spectrum of the product (i.e., o-nitrosobenzoic acid) was obtained by taking the spectrum acquired after 

10 min of the reaction and subtracting from it the spectrum corresponding to the o-nitrobenzaldehyde 

that was still left in the reaction mixture (scaled by factor 𝑘), according to Equation A.1:  

𝑺𝒐−𝒏𝒊𝒕𝒓𝒐𝒔𝒐𝒃𝒆𝒏𝒛𝒐𝒊𝒄  𝒂𝒄𝒊𝒅(𝝀) =
𝑨(𝝀, 𝟏𝟎 𝒎𝒊𝒏) − 𝒌𝑺𝒐−𝒏𝒊𝒕𝒓𝒐𝒃𝒆𝒏𝒛𝒂𝒍𝒅𝒆𝒉𝒚𝒅𝒆

𝟏 − 𝒌
 A.1 

The resulting spectrum was compared to the spectrum of the o-nitrosobenzoic acid obtained by Stadler et 

al. who investigated the same photoreaction but under 385 nm LED irradition.10 Under these conditions, 

no formation of by-product from the o-nitrosobenzoic acid irradiation was demonstrated. Moreover, full 
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conversion of the starting o-nitrobenzaldehyde was shown. This allowed extraction of the spectrum of 

the by-product that was forming during the photoreaction.  

With the established basis spectra of the species of interest, the concentration of each species, 𝑐𝑖, at each 

time point was obtained by decomposing every spectrum of the illumination experiment, 𝐴(𝑡𝑖 , 𝜆), into 

these basis spectra by solving the linear system of equations (Equation A.2):  

𝑨(𝒕𝒊, 𝝀) = (𝝐𝟏(𝝀) … 𝝐𝒎(𝝀)) (
𝒄𝟏(𝒕𝒊)

⋮
𝒄𝒎(𝒕𝒊)

) A.2 

These concentration dependences are then simulated/fitted (until reasonable residuals are obtained) 

using the approach described by Volfova et al.9 Briefly, it consists of solving the system of ordinary 

differential equations for the individual concentrations (Equation A.3), which contain a time-dependent 

pump-term (i.e., number of photons absorbed at each time step by the reactant), that corrects for the 

inner-filter effect due to absorption of species other than the reactant (here, o-nitrobenzaldehyde). 

𝒅𝒄(𝒕)

𝒅𝒕
= 𝑲(𝒕)𝒄(𝒕) A.3 

where c(t) is the (time-dependent) concentration vector and K(t) is the (time-dependent) 

Kirchhoff-matrix, the off-diagonal elements of which are given by Equation A.4:  

𝑲𝒋𝒊 =
𝜱𝒋𝒊

𝑽𝑵𝑨
∫

𝜺𝒊(𝝀)𝒅

𝑨(𝒕, 𝝀)
(𝟏 − 𝟏𝟎𝑨(𝒕,𝝀) 𝒇(𝝀)

𝑷(𝒕)𝝀

𝒉𝒄
𝒅𝝀 

A.4 

and the diagonal elements, 𝐾𝑖𝑖, are given by Equation A.5 

𝑲𝒊𝒊 = − ∑ 𝑲𝒋𝒊

𝒋≠𝒊

 
A.5 

Here, 𝛷𝑗𝑖 is the quantum yield associated with the reaction from 𝑐𝑖 to 𝑐𝑗 and 𝜀𝑖(𝜆) and 𝑑 are the extinction 

coefficient spectrum of species i and the optical pathlength, respectively. 𝑉 is the sample volume (in 

cm3), 𝑁𝐴 – the Avogadro number, 𝐴(𝑡, 𝜆) is the total sample absorbance, 𝑓(𝜆) is the spectrum of the 

irradiation light source (see Figure 3.1) and 𝑃(𝑡) is (time-dependent) power. ℎ and 𝑐 are the Planck 

constant and the speed of light, respectively.  

In the simplest case, e.g., for o-nitrobenzaldehyde (assuming no follow-up reactions are taking place), K 

is given by Equation A.6:  
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𝑲 = (
−𝑲𝟐𝟏 𝟎
𝑲𝟐𝟏 𝟎

) A.6 

With the known basis spectra of the species involved in the photoreaction (red traces in Figure A.7), the 

only optimization parameters are the quantum yields, Φ𝑗𝑖, and the initial conditions, i.e., c(0). 

 

Figure A.7 UV-vis absorption spectra of the two species involved in the photoreaction (λirr = 340 nm): o-nitrobenzaldehyde 

(solid lines) and o-nitrosobenzoic acid (dashed lines). The spectra obtained in this study (red traces) were juxtaposed with the 

spectra reported by Stadler et al.10 performing the irradiation at 385 nm. 
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Figure A.8 Time evolution of the concentrations during the photoirradiation experiment of o-nitrobenzaldehyde in acetonitrile 

after illumination with 340 nm light.  

The two most recent publications that reporting on the quantum yield of o-nitrobenzaldehyde 

photoreaction, using an identical approach that was employed in this study, have obtained similar values 

of Φ: 0.43 ± 0.0210 and 0.41,9 which is quite surprising given that the data analysis used by the two 

groups was different. More specifically, Stadler at al. analysed only the initial slope after the sample was 

excited at 385 nm. On the other hand, Volfova el al. performed similar analysis to the one presented in 

this study and their sample was also excited at 340 nm.  

Interestingly, however, there are very large uncertainties found for the excitation coefficient, 𝜀, of 

o-nitrobenzaldehyde (Table A.9).  

 

Table A.9 Molar extinction of o-nitrobenzaldehyde obtained from different studies.  

 Ref [10] Ref [9] Ref [11] this study 

𝜺 (225 nm)/ M−1 cm−1 11 800 15 200 14 300 16 600 

 

Even though there is almost a 40 % spread in the value of molar extinction, the reported quantum yield 

values are almost the same. This requires further investigation that was outside of the scope of this thesis.  

The quantum yield value for o-nitrobenzaldehyde photoreaction excited at 340 nm obtained in this study 

was 0.35 ± 0.005.  
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A.4 Photoswitching of the isolated Au25 assemblies  

 

Figure A.9 UV-vis-NIR spectra of different size fractions of the S1 sample exposed to photoirradiation. The spectra of the non-

irradiated sample are shown as black traces. The irradiation with UV light produced ON samples (solid lines), and visible 

light–OFF samples (dashed lines). Spectra acquired in toluene at 298 K.  
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A.5 Stability of [Au25(2PET)18]0 nanoclusters upon light irradiation 

Electronic absorption spectra of [Au25(2PET)18]
0 (𝑐 = 2.26 × 10−5 M) cluster solution in toluene 

monitored with constant irradiation with 340 nm light (1.24 mW) for 17 h.  

 

Figure A.10 Temporal changes in the UV-vis-NIR spectra of [Au25(2PET)18]0 in toluene (2.26 × 10−5 M) during irradiation 

with UV light. 

Electronic absorption spectra of [Au25(2PET)18]
0 (𝑐  = 5 × 10−6 M) cluster solution in toluene monitored 

with constant irradiation with 532 nm light (23.7 mW) for 14 h.  

 

Figure A.11 Temporal changes in the UV-vis-NIR spectra of [Au25(2PET)18]0 in toluene (6.05 × 10−6 M) during irradiation 

with visible (532 nm) light. 
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A.6 Photoluminescence of free DTE(SH) linker  

The photoluminescence spectrum of the DTH(SH) linker were recorded after the UV illumination of the 

o-DTE isomer yielding the closed-ring product.  

 

Figure A.12 Steady-state photoluminescence spectrum of c-DTE(SH) linker in toluene solution excited at 440 nm. The intense 

signal around 11,300 cm−1 originated from the second order diffraction.  

 

A.7 HR-TEM study of photoirradiated small Au25 assemblies 

 

Figure A.13 HRTEM images of pure [Au25(2PET)18]0 and the S2-F4 sample in two irradiation states. The irradiated sample 

was exposed to two ON/OFF cycles. Samples were prepared by drop-casting the solution of analyte and air-drying for several 

hours.  
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A.8 Characterization of the S3 sample containing mixture of monomers and 

dimers  

A.8.1 MALDI-TOF-MS 

MALDI-MS analysis of the starting S3 sample showed the distinctive fragmentation pattern of the 

Au25(SR)18 cluster with the loss of four Au–SR units (Figure A.14). Additionally, the peaks were 

observed corresponding to the Au25(SR)18 species with 2PET ligands exchanged for dithiol o-DTE 

molecules, anchored through a bidentate mode, yielding Au25 clusters with (i) one dithiol molecule 

(Au25(2PET)16(o-DTE
2
), m/z = 7591 Da) or (ii) two o-DTE (Au25(2PET)12(o-DTE

2
)2, m/z = 7791 Da) 

in their ligand shell. 

 

Figure A.14 MALDI mass spectrum of S3 non-irradiated sample acquired in linear positive mode at 20% laser fluence. The 

solid lines denote the monoisotopic mass peaks of Au25(2PET)18, in grey; Au25(2PET)16(o-DTE2), in red; and 

Au25(2PET)14(o-DTE2)2, in blue. Corresponding mass fragments are indicated with dotted lines. 

A.8.2 1H NMR spectroscopy 

The 1H NMR spectrum of the S3 sample, depicted in Figure A.15, showed no difference between the 

pure [Au25(SR)18]
0 cluster and the mixture of monomers and dimers in the S3 sample, suggesting that 

either the monomers were the dominant fraction in the S3 sample, or that the dimeric structures were 

undistinguishable from monomers since the protons in the Au25 clusters greatly outnumbered these in 
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the o-DTE linker. For the simplest dimer, Au25(2PET)17–oDTE–Au25(2PET)17, the ratio of protons 

HAu25:HoDTE = 306:24, making these species difficult to detect.  

 

Figure A.15 1H NMR spectra of [Au25(2PET)18]0 and the S3-non-irradiated sample acquired in CH2Cl2-d2 at 298 K. A– signals 

from acetone, T– toluene, and PO– signals from pump oil. Assignment of the residual signals was made according to the data 

published by Fulmer at al.3 

A.8.3 UV-vis-NIR spectroscopy 

Figure A.16 depicts the optical absorption spectra of the S3 sample after various irradiation events. The 

normalized spectra (at 25,000 cm−1; 400 nm) of both non-irradiated S3 and pure [Au25(2PET)18]
0 

depicted in Figure A.16-a showed similarities in the visible part of the spectrum, the evident difference 

being the stronger absorption of the S3 sample at the frequencies below 25,000 cm−1 which was ascribed 

to the strong absorption of the o-DTE photoligand in this spectral region. The irradiation experiments 

were carried out with the experimental set-up described in Section 3.3. The S3 sample was prepared by 

combining the almost identical (in terms of their absorption spectra) products isolated from several 

batches (synthesized under identical conditions) and dissolving them in toluene. The as-obtained 

solution was split into two portions (1:2, vol/vol), the smallest of which was kept intact, called hereafter 

as “S3 non-irradiated”. The second portion was divided into 15 aliquots of 100 µL. Each aliquot was 

diluted to 1200 µL (c ≈ 0.2 mg/mL) and subsequently exposed to UV irradiation under constant stirring 

for about 1 h (~98 % conversion from open- to closed-ring form according to the fitting of the data, not 
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shown here). After irradiation, the toluene solvent was removed under reduced pressure. This procedure 

was repeated for all remaining aliquots. Next, the UV-irradiated sample was dissolved in toluene and 

again divided into two portions (1:1, vol/vol). The first part was reserved for SAXS measurements 

(“S3 UV-irradiated”) and the second portion was exposed to visible light irradiation by dissolving the 

“S3 UV-irradiated” in toluene (0.2 mg/mL per aliquot) and irradiating under constant stirring for about 

12 h (98 % conversion from closed- to open-ring DTE isomer) to obtain “S3 vis-irradiated” sample. The 

electronic absorption spectra of photoirradiated samples still possessed the characteristic bands of 

[Au25(2PET)18]
0 species (Figure A.16-b), indicating the electronic structure of clusters in the S3 sample 

was largely preserved. Noticeable differences could be found in the 16,667–20,000 cm−1 (500–600 nm) 

and > 31,000 cm−1 (< 322 nm) regions, as expected, where the c-DTE photoligand absorbs, indicating 

that the photoreaction has occurred. 

 

Figure A.16 UV-vis-NIR spectra of (a) non-irradiated S3 sample (solid line) showing the large resemblance of the electronic 

structure to monomeric [Au25(2PET)18]0; (b) S3 sample in different irradiation states—non-irradiated (black), UV-irradiated 

(red) and vis-irradiated (blue).  

A.8.4 Steady-state photoluminescence 

The photoluminescence properties of the S3 sample after the photoswitching was investigated with 

steady-state photoluminescence spectroscopy in solution. Comparably to the S2-F4 sample, a significant 

rise in the PL emission intensity, accompanied by a red-shift in emission signal, is observed for the S3 

vis-irradiated sample (Figure A.17-a, b).  
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Figure A.17 Steady-state photoluminescence spectra of the S3 sample before and after UV and visible light irradiation. (a) 

Normalized spectra depicting red shift of the emission peak maximum after visible light irradiation experiment; (b) Evolution 

of a PL quantum yield of S3 sample with light irradiation. Samples were measured in toluene at 293 K, excitation wavelength–

440 nm lambda excitation, bandpass slits 3 nm, right angle geometry. 

A.8.5 SAXS 

 

Figure A.18 Residuals from SAXS data fitting of fraction linked with open-form isomer of DTE photoligand using (a, b) pearl-

necklace and (c) mixed ‘sphere +pearl-necklace’ model. 

 

Figure A.19 Residuals from SAXS data fitting of fraction linked with closed-form isomer of DTE photoligand using (a, b) pearl-

necklace and (c) mixed ‘sphere +pearl-necklace’ model. 
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A.8.6 DOSY NMR  

 

Figure A.20 DOSY NMR spectrum of the non-irradiated S3 sample containing mixture of monomers and dimers. Spectrum 

acquired in CH2Cl2-d2.  

 

 

Figure A.21 DOSY NMR spectrum of the UV-irradiated S3 sample. Spectrum acquired in CH2Cl2-d2. 
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Figure A.22 DOSY NMR spectrum of the S3 sample irradiated with 532 nm light. Spectrum acquired in CH2Cl2-d2. 
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Appendix B  

A DFT study of [Au25(SMe)17]–DTE–[Au25(SMe)17], 

a model of the [Au25(2PET)17]–DTE–[Au25(2PET)17] dimer 

B.1 Objectives 

The [Au25(2PET)18] clusters were connected in a ligand substitution reaction using a dithiolate-

functionalized dithienylethene (DTE) which in their antiparallel conformation can undergo 

a photocyclization. For two clusters, the reaction reads:  

 

2 [Au25(2PET)18] + DTE(2−) → 2 2PET(−) + [Au25(2PET)17]–DTE–[Au25(2PET)17] 

 

The photocyclizable ligand can attach to so-called ‘in’ and ‘out’ staple positions, which will be referred 

to by the ‘i’ and ‘o’ letters in the following.  

Actually, species with different sizes, hence with different degree of linking, have been isolated. Their 

absorption spectra differ from the one of the [Au25(2PET)18] cluster. Insights into the origin of this 

difference could be gained from the computational studies of the Au25 polymers.  

To proceed, only Au25 dimers are considered. More precisely, the model dimers obtained by replacing 

the 2PET(−) ligand by SMe(−) are considered:  [Au25(SMe)17]–DTE–[Au25(SMe)17]. There exist three 

regioisomoers, denoted DTE_ii, DTE_oi and DTE_oo, for which the photocyclizable ligand can be in 

the open (‘o’) or closed formed (‘c’). There are thus a total of 6 isomers to characterize: namely, 

oDTE_xy and cDTE_xy with (x,y) in (‘i’, ‘o’)2.  
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B.2 Computational details 

The geometries of the clusters have been optimized within density functional theory1, 2 using the 

dispersion-corrected PBE-D3 functional3, 4 and the hybrid Gaussian and planewave (GPW) method5 as 

implemented in the CP2K/QUICKSTEP program.6 The core electrons of the atoms were described with 

Goedecker–Teter–Hutter pseudopotentials,7-9 while their valence states were described with the 

Gaussian-type MOLOPT DZVP-MOLOPT-SR-GTH basis set of double-zeta polarized quality from the 

CP2K package.10 The electron density was expanded in a planewave basis set using a planewave cutoff 

of 300 Ry and a relative density cutoff of 40 Ry was employed. The ability of the GFN-xTB 

semiempirical tight-binding method11 to describe the investigated clusters was also examined.  

For the characterization of the clusters in the high-spin (HS) triplet state, the calculations have been 

performed within the restricted open-shell Kohn-Sham (ROKS) scheme. Test calculations have shown 

that ROKS and unrestricted Kohn-Sham (UKS) calculations give identical results for this type of clusters 

in the triplet state. For characterizing the clusters in the low-spin (LS) open-shell singlet state, the 

calculations have been performed using the LS ROKS scheme implemented in CP2K.12 

The optimizations have been performed using initial geometries constructed from the X-ray crystal 

structures of [Au25(2PET)18]
0 reported by Zhu et al.13 and the o-DTE(SH) ligand measured in-house. 

B.3 Results and (brief) discussion 

B.3.1 Electronic structures 

The neutral [Au25(2PET)18] cluster and its [Au25(SMe)18] model is a radical. In the DTE-bridged dimer, 

the question which then arises is to know if, in the triplet state, the electronic spin density is delocalized 

over the whole dimeric system. Table B.1 shows the calculated spin densities for the closed and open 

forms of all isomers in the triplet states. In all cases, the spin density remains localised on the 

Au25 clusters. That is, the Au25 dimers are (open-shell) diradicals, and for this reason, they have to be 

treated in the singlet state as open-shell singlet diradical systems. 
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Table B.1 Spin densities of the DTE-bridged Au25 dimers in the triplet state (ROKS PBE-D3/DZVP results). 

oDTE_ii 

 

 

cDTE_ii 

 

oDTE_oi 

 

cDTE_oi 

 

oDTE_oo 

 

 

 

cDTE_oo 

 

 

The localization of the spin density on the Au25 clusters indicates that, with the DTE linker in either 

form, the clusters tend to retain their physico-chemical identity. This can be confirmed by inspecting the 

frontier molecular orbitals (MOs) of the dimers. The frontier MOs are plotted in Table B.2 for the 

oDTE_ii isomer, which is predicted to be the most stable isomer (see Section B.3.3) and wherein the 
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Au25 clusters are chemically equivalent. The considered MOs (565a-578a) are all localized on either 

cluster, with the exception of the MOs 567a and 568a, which are localized on the oDTE bridge. The four 

doubly-occupied and nearly-degenerate 569a-572a as well as the two singly-occupied and nearly 

degenerate 573a and 574a MOs can be identified to the P super atom molecular orbitals (SAMOs) of the 

individual clusters.14 That is, there is a set of three P SAMOs per Au25 cluster, and in each set, there are 

two doubly-occupied and nearly-degenerate SAMOs lying ~0.3 eV below a singly-occupied P SAMO. 

Such a splitting of the three P SAMOs located on each cluster can be ascribed to Jahn-Teller distortions 

undergone by each Au25 cluster.15  

 

Table B.2 Frontier molecular orbitals of the oDTE_ii Au25 dimer in the triplet state with their indices, energies, and occupations 

numbers (ROKS PBE-D3/DZVP results). 

Index ε /eV occ. Molecular orbital 

565a -4.872 2 

 

566a -4.844 2 

 

567a -4.733 2 
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568a -4.607 2 

 

569a -4.221 2 

 

570a -4.216 2 

 

571a -4.211 2 

 

572a -4.201 2 

 

573a -3.888 1 
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574a -3.875 1 

 

575a -3.009 0 

 

576a -2.977 0 

 

577a -2.976 0 

 

578a -2.951 0 

 

B.3.2 Structural properties 

Figure B.1 shows the optimised geometry of the oDTE_ii cluster in the triplet state and the atom 

labelling used.  
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Figure B.1 Optimised geometry of oDTE_ii in the triplet state with the atom labelling used; H atoms are hidden for the sake 

of clarity (PBE-D3/DZVP results).  

The following parameters have been selected to characterize the geometries of the clusters: namely, the 

dihedral angle C2-C3-C3’-C2’ and the interatomic distances C1-C1’, S2-S1, S1-S1’, S1’-S2’ and S2-S2’. Their 

values are reported in Table B.3 for the clusters in the LS and HS states.  

 

Table B.3 Selected angle (deg) and distances (Å) characterizing the optimized structures of the clusters in the triplet (T) and 

singlet (S) states (see Figure B.1 for the atom labelling used). 

  C2-C3-C3’-C2’ C1-C1’ S2-S1 S1-S1’ S1’-S2’ S2-S2’ 

oDTE_ii T -6.1 3.558 7.170 5.863 7.270 18.522 

 S -6.6 3.570 7.155 5.898 7.272 18.535 

        

cDTE_ii T -9.3 1.545 7.166 3.740 7.196 18.015 

 S -9.2 1.546 7.168 3.745 7.204 18.028 

        

oDTE_oi T 11.4 3.663 7.213 6.377 7.274 19.638 

 S 10.3 3.665 7.208 6.371 7.280 19.645 

        

cDTE_oi T 10.2 1.547 7.124 3.707 7.189 17.883 

 S 10.6 1.545 7.120 3.691 7.182 17.850 

        

oDTE_oo T -12.3 3.645 7.007 6.446 7.229 19.755 

 S -12.2 3.651 7.012 6.460 7.231 19.746 

        

cDTE_oo T -8.9 1.549 7.248 3.804 7.379 18.263 

S -9.7 1.549 7.257 3.777 7.359 18.233 

 

Inspection of Table B.3 shows that the structures of a given cluster in the singlet and triplet states are 

quite similar. Ongoing from the open to the closed form, the C2-C3-C3’-C2’ dihedral angle does not 
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significantly change for the DTE_oi isomers while its magnitude decreases by ~3 deg for the DTE_oo 

isomer and increases by ~3 deg for the DTE_ii isomer. For all isomers, the formation of the C1-C1’ bond 

translates into a ~2.0 Å decrease of the C1-C1’ distance, while the S2-S1 and S1’-S2’ distances exhibit 

minor changes of ca ± 0.2 Å, at most. In all cases, the formation of the C1-C1’ bond is also accompanied 

by a 2.2~2.7 Å decrease of the S1-S1’ distance, by a ~0.5 Å decrease of the S2-S2’ distance for the DTE_ii 

and DTE_oo isomers, and by a ~1.7 Å decrease of the S2-S2’ distance for the DTE_oi isomer.  

B.3.3 Energetics 

Table B.4 gives for all isomers: the triplet-singlet energy difference: 𝛥𝐸𝑆𝑇 = 𝐸(𝑇) − 𝐸(𝑆); the energy 

difference between the open and closed form in either state: 𝛥𝐸1 =  𝐸(𝑐𝑙𝑜𝑠𝑒𝑑) − 𝐸(𝑜𝑝𝑒𝑛); and the 

relative energies 𝛥𝐸2 of the studied isomers with respect to the most stable one.  

 

Table B.4 Calculated values of the triplet-singlet energy difference ΔEST, of the energy difference ΔE1 between the closed and 

the open forms, and the relative energy ΔE2 of studied isomers (energies in cm−1, PBE-D3/DZVP results).  

 𝜟𝑬𝑺𝑻 𝜟𝑬𝟏(𝑻) 𝜟𝑬𝟐(𝑻) 𝜟𝑬𝟏(𝑺) 𝜟𝑬𝟐(𝑺) 

oDTE_ii -140 
5165 

0 
5151 

0 

cDTE_ii -127 5165 5151 

      

oDTE_oi -151 
5775 

2216 
6109 

2227 

cDTE_oi -486 7991 8337 

      

oDTE_oo -201 
4936 

2682 
4792 

2742 

cDTE_oo -57 7618 7535 

 

The triplet and singlet states are found to be nearly degenerate for all isomers in the open or closed form, 

with the triplet lying slightly lower in energy (Hund rule). For each isomer, the open form is found to be 

the most stable one; furthermore, the energy difference depends on the staple positions occupied by the 

DTE ligands. The most stable isomer is oDTE_ii.  

 

B.3.4 Performance of the GFN-xTB method 

The GFN-xTB and PBE-D3/DZVP methods have been used to optimize the geometries of the oDTE_ii 

and cDTE_ii isomers in the triplet state (UKS calculations). The GFN-xTB and PBE-D3/DZVP 
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geometries obtained with both methods are very close (Table B.5) with root-mean-square deviations 

(RMSDs) of atomic positions of 0.81 Å and 0.78 Å for the open and closed forms, respectively. 

 

Table B.5 Comparison of the optimized GFN-xTB (blue) and PBE-D3/DZVP (red) geometries of cDTE_ii and oDTE_ii in the 

triplet state (UKS calculations). 

cDTE_ii 

 

oDTE_ii 

 

 

With both methods, the open form is found to be the most stable form, with an energy difference 𝛥𝐸1 of 

5336 cm−1 and 2098 cm−1 for the PBE-D3/DZVP and GFN-xTB methods, respectively.  

B.4 Concluding remarks 

The DFT study of the DTE-bridged Au25 dimer ([Au25(2PET)17]–DTE–[Au25(2PET)17]) indicates that 

this dimer is a diradical wherein the radical Au25 cluster tends to retain its physico-chemical identity. For 

each of the 3 regioisomers which have been considered in the open or in the closed form, the triplet and 

the open-shell singlet state are found to be quasi-degenerate, with the triplet state lying slightly lower in 

energy; furthermore, the structure of the dimer undergoes minor changes on passing from the triplet to 

the singlet state. The oDTE_ii regioisomer is predicted to be the most stable one. The inspection of its 

frontier MOs indicates that its highest-occupied MOs correspond to the P SAMOs of the Au25 cluster16 

whose splitting reflects the Jahn-Teller distortions of the Au25 cluster.15  

 

The semiempirical GFN-xTB method has been used for the determination of the geometries of oDTE_ii 

and cDTE_ii in the triplet state: these geometries are in a very satisfactory agreement with those 
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similarly determined at the PBE/DZVP level. This suggests that the GFN-xTB method offers an efficient 

means for determining the structures of Au clusters and derivatives.  

Although the GFN-xTB and PBE/DZVP methods both predict the DTE_ii regioisomer to be most stable 

in the open form, they give very different results for their energy difference (5336 cm−1 and 2098 cm−1 

for the PBE-D3/DZVP and GFN-xTB methods, respectively). Quoting Bannwarth et al. dealing with the 

GFN2-xTB method:17 

“As for the predecessor [GFN-xTB], properties around energetic minima, such as geometries, vibrational 

frequencies, and noncovalent interactions, are the target quantities. Already in our work for the GFN-

xTB scheme, we have identified that the preference for geometries (instead of covalent bond energies) 

in the fit procedure resulted in systematically overestimated covalent bond energies. We have not 

deviated from this strategy, as covalent bond energies are not of primary interest for this method, and 

furthermore, the errors are very systematic as in GFN-xTB. This way, the errors will be less random and 

more useful, once the systematic errors have been removed— (see ref. [18]) for such a correction scheme 

which in combination with GFN-xTB outperforms any other semiempirical method of comparable 

complexity.” 

Consequently, regarding the determination of the energetics of Au clusters and derivatives with the 

GFN-xTB method, additional benchmarking is required. In absence of such a benchmark study, the 

computationally cheapest and most reliable approach involving the GFN-xTB consist in a determination 

of the systems structures at the GFN-xTB level followed by single-point DFT calculations.  

The electronic absorption spectrum of the dimers has not been investigated in the present study. Still, 

from the inspection of the frontier MOs of the oDTE_ii isomer (Table B.2), it is clear that in addition to 

cluster-centred and DTE-centred transitions, DTE ↔ Au25 charge transfer transitions are to be expected. 

Thus, for oDTE_ii, the 568a → Na (N = 573–578) MO → MO transitions depict low-lying DTE → Au25 

charge transfer transitions.  
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