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Gold und Silber lieb ich sehr, 
kann's auch gut gebrauchen, 
hätt ich nur ein ganzes Meer, 

mich hineinzutauchen; 
braucht ja nicht geprägt zu sein,  

hab's auch so ganz gerne, 
sei's des Mondes Silberschein. 

sei's das Gold der Sterne. 

Doch viel schöner ist das Gold, 
das vom Lockenköpfchen 

meines Liebchens niederrollt 
in zwei blonden Zöpfen. 

Darum, du, mein liebes Kind, 
laß uns herzen, küssen, 

bis die Locken silbern sind 
und wir scheiden müssen. 

Seht, wie blinkt der goldne Wein 
hier in meinem Becher; 

horcht, wie klingt so silberrein 
froher Sang der Zecher! 

Daß die Zeit einst golden war, 
will ich nicht bestreiten, 

denk ich doch im Silberhaar 
gern vergangner Zeiten. 

 

—August Schnelzer  
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Not all that Is Gold Does Glitter 
 
When I was introduced to gold colloids, I was amazed about the observation that from quantum 
mechanics—until this moment a merely theoretical construct in my educational life—effects 
manifest to the unaided eye can indeed arise. This fascination has persisted throughout the entirety 
of my pursuit for ligands enwrapping gold nanoparticles that give the colloids a high stability and 
allow the introduction of a singular functional unit for further chemical processing. 
Standing on the shoulders of my predecessors in this endeavor, my efforts in pushing the reach of 
this field were rewarded by three publications. The first of which shows a proof of concept for the 
approach I chose to work on: the introduction of a branching point allowing linear oligomers to cover 
the surface of a nanoparticle more effectively. It was published in Particles and Particle Systems 
Characterization. For the second paper—published in European Journal of Inorganic Chemistry—the 
branching point was decorated with a chemically addressable unit allowing the controlled building of 
larger superstructures. The final manuscript enhanced the scope of my work towards a cage-type 
ligand which stabilized particles of unprecedented resilience, yet challenging our way of thinking 
about chemistry by their unexpected catalytic behavior. The latter was, at the point this thesis was 
handed in, pending its imminent submission to Chemical Communications and was, meanwhile, 
published. Preceding these three manuscripts, a review which was published in CHIMIA upon 
invitation shortly after completion of this dissertation, titled “Monofunctionalized Gold Nano-
particles: Fabrication and Applications” is presented in order to give an overview over the many 
approaches to monofunctionalized gold nanoparticles and their even larger number of applications. 

This cumulative dissertation starts with a brief introduction to the vast field of gold nanoparticles 
and, in particular, their monofunctionalized variant, followed by the aforementioned review article. 
Subsequently, the approach to monofunctionalized gold nanoparticles by branched thioethers—to 
which all my efforts towards completing my doctorate were dedicated—is succinctly outlined before 
the three first-author research publications are presented in chronologic order. For the ease of 
reading, the supplementary information documents to all experimental manuscripts are placed as an 
appendix after the Conclusion and Outlook section. 
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Overview of the Thesis 
Gold nanoparticles, despite being an extensively researched field for well over 150 years, have lost 
none of their fascination. Several approaches have been investigated to find ligands that passivate 
the highly reactive surface of these colloids featuring non-classical optical and electrical properties 
and, moreover, provide them with chemical, biological or physical functionality. In this cumulative 
thesis, three publications on the pathway to gold nanoparticles bearing a single functional unit—i.e. 
monofunctionalized gold nanoparticles—shall be presented as well as a review highlighting alternate 
pathways that ultimately lead to the same goal. For a better understanding, the concept of gold 
nanoparticles will be briefly introduced before summarizing the included publications in short. 

From Shiny Metal to Nanoparticle—A Succinct Introduction 
Arguably, metal nanoparticles are humankind’s oldest form of nanotechnology, for it is well before 
the Roman Empire—from whence the famous Lycurgus cup cometh—that gold colloids were used as 
an additive for the fabrication of dichroic ceramics and glasses.[1] A modern example of this art is 
shown in Figure 1. In medieval and post-Renaissance Europe, gold elixirs were used for various 
medical treatments such as, among others, sore limbs (archaic term for arthritis) in the form of 
Aurum Potabile (potable gold)[2] and as stains for decorative glass for e.g. church windows.[3,4] It is not 
before the pioneering works of Faraday, however, that the wet chemical synthesis of colloidal gold 
was mastered and their optical properties phenomenologically described.[5] In 1908, at the dawn of 
quantum mechanics, the German scientist Gustav Mie solved the Maxwell equations for electrons in 
a finitely deep spherical potential well and thus delivered the theoretical description of the surface 
plasmon resonance phenomena observed in nanoparticles, explaining their size-dependent color.[6] 
In the middle of the twentieth century, 
Turkevich and co-workers reported the 
first synthesis of gold nanoparticles of 
narrow size distribution via reduction of 
hydrogen tetrachloroaurate (HAuCl4) by 
citrate which acts as both the reducing 
agent and the weakly stabilizing ligand.[7] 
Later, the two-phase reduction of HAuCl4 
by sodium borohydride in presence of a 
hydrophobic alkylthiol ligand exploiting 
the sulfur’s affinity to gold and giving 
exceptionally stable colloids, was pro-
posed by Brust et al. in 1994.[8] [9] 
In a world of electronics dominated by Moore’s law,[10] these seminal works sparked great efforts for 
the implementation of gold nanoparticles in molecular electronics.[11–15] Several conditions need to 
be fulfilled in order to obtain gold nanoparticles which can be used as components for nanometer-
sized circuits. The nanoparticles must (1) be uniform and of suitable size, (2) exhibit a controlled 
(small) number of functional units addressable via common chemical transformations, and (3) the 
functional unit must allow precise spatial arrangement in superstructural assembly protocols. These 
conditions pose a considerable challenge to the architecture and chemical properties of the ligands 
stabilizing the nanoparticles. Several approaches have been reported for the incorporation of a single 
addressable unit into the ligand shell of gold nanoparticles. Methods using a single[16–19] or multiple 
ligands whereof only one bears a chemical functionality of interest[20–23] are known. In the former 
case, Brust’s thiol approach[8] shows limitations in regard of ligand architecture scope since thiols are 

Figure 1 Example of a dichroic cup. The glass has been stained with 
gold nanoparticles which appear brown when light is reflected and 
purple when light is transmitted. Reproduced from Ref. 9. 
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terminal functions. In 2001, Pankau et al. demonstrated that, in order to overcome these constraints, 
the thiols could be swapped for thioethers,[24] giving ligands that do rather physisorb than chemisorb 
on the nanoparticle surface via quasi-reversible bonds.[25–27] This feature is expected to allow the 
ligand to adapt into a favorable conformation upon stabilizing the nucleating gold nanoparticle and 
thus opens the door to thioether-based multidentate oligomers[28,29] and dendrimers[19,30] as well as 
cages[31] which allow more precise control over size of the particle and number of functional units per 
particle[32] via their tailored architecture. The works presented in this thesis were inspired by 
Pankau’s approach using benzylic thioethers as stabilizing moieties.  

Publications in this Thesis 
I. Monofunctionalized Gold Nanoparticles: Fabrication and Applications (2021, Invited 
Review,CHIMIA) 
As briefly discussed above, the installation of one single chemically addressable unit on a gold nano-
particle often demands for sophisticated solutions. There are many aspects to take into consider-
ation: the size of the nanoparticles, 
the number of ligands stabilizing 
them, the ligand architecture and its 
chemical accessibility, the desired 
application scope et cetera. In order 
to tackle this challenging endeavor, 
many approaches have been repor-
ted, resulting in a plethora of imple-
mentations. In general, monofunc-
tionalized gold nanoparticles can be 
classified into two classes: gold 
nanoparticles stabilized by a single 
ligand (Type I) or by multiple ligands 
(Type II), whereby only one of these 
ligands contains the functionality of 
interest. Both types result from 
different approaches. In Type I nano-
particles, the ligand, to a certain li-
mit, templates their size by its preor-
ganized oligo-,[33] poly-,[16,34–36] den-
drimeric[37,38] or cage-type[31] struc-
ture Type II particles are subjected 
to single-ligand place-exchange reac-
tions in order to achieve monofunc-
tionalization[22,23] or they are synthe-
sized in presence of a finely tuned statistical ligand mixture.[39,40] Figure 2 shows a tentative graphical 
abstract explaining both Types of monofunctionalized gold nanoparticles and how to synthesize 
them. 
In our review “Monofunctionalized Gold Nanoparticles: Fabrication and Applications” (2021), we 
summarize the different approaches to introduce a single functional group into the ligand shell of 
gold nanoparticles and their numerous variations. We, furthermore, discuss the applications of such 

Figure 2 Original graphical abstract for the review ‘Monofunctionalized 
Gold Nanoparticles: Fabrication and Applications’. A nucleating particle is 
stabilized by either one ligand with a single functional unit (Type I) or 
multiple small ligands which can be on-surface polymerized to a single 
ligand to give Type I particles as well. Alternatively, Gold nanoparticles can 
be stabilized by multiple small ligands and a single ligand can be place-
exchanged to a small ligand with a functional unit (Type II). Another way 
to synthesize Type II nanoparticles is by synthesizing them in presence of a 
statistical ligand mixture. AuNP = gold nanoparticle, FG = functional 
group. 
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systems which cover—to cite only the most prominent examples—labeling,[40–42] supramolecular 
assembly,[43–45] molecular electronics,[46–48] and plasmonics.[49–51] 

II. Gold Nanoparticles Stabilized by Single Tripodal Ligands (2018, Full Paper, Particle & Particle 
Systems Characterization) 
In previous works, it was found that in Type I gold nano-
particles stabilized by benzylic thioether-based ligands, it 
is the bulkiness of the ligand and not the number of 
sulfur atoms that controls the stability and size of the 
particles as well as the number of ligands coating 
them.[29] Also, the ligand’s bite angle was shown to have 
only limited influence on the particle size.[52] For these 
reasons, previously reported linear ligands[28,29] were 
attached to a tetraphenylmethane-based central linking 
point comprising benzylic bromides in the para position 
of three of its phenyls in order to enable more effective 
surficial covering in contrast to linear oligomers. Further, 
the unfunctionalized phenyl was expected to stand in 
upright position[53] and would therefore be an ideal 
position for the introduction of a single chemically (and 
ultimately, electronically) addressable unit. Interestingly, 
variation of the side-chains showed no influence on the 
particle size within statistical error. A comprehensive drawing of this ligand system is shown in 
Scheme 1. Figure 3 was used as a graphical abstract for the publication. This preliminary work 
represents a proof of principle in which it was shown that the nonlinearity of the ligand offers 

Scheme 1 Molecular concept for the branched ligand: Side-chain thiols 7–10 substitute the bromides of 6. Resulting ligands 
4 and 5 stabilize AuNPs in a 1:1 ligand-to-particle ratio. Ligands 1 and 2 don’t yield stable gold nanoparticles. Particles 
synthesized in presence of 3 are typically stabilized by three to four ligands Reproduced from Ref. 50. 

Figure 3 Graphical abstract of „Gold Nano-
particles Stabilized by Single Tripodal Ligands”. 
The claw of the crane represents the ligand which 
has a branching point to which three side-chains 
are attached. Here, the side-chains have three 
joints representing the sulfur atoms between the 
individual constituents: two repeating units and 
one terminus. Reproduced from Ref. 54. 
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enhanced thermal and bench stability and enables reliable coating by a single ligand.  
The manuscript titled “Gold Nanoparticle Stabilized by Single Tripodal Ligands” published in Particle 
& Particle Systems Characterization in 2018 serves as the cornerstone on which all other articlespre-
sented in this thesis—with the exception of the abovementioned review—are based. At this point, it 
is most important to point out that this work would not have been possible without the preceding 
work of Dr. Mario Lehmann who established the synthetic route to our favored ligand side-chain and 
performed the full characterization by 1H- and 13C-NMR as well as HRMS thereof. The few missing 
pieces toward the full characterization of the ligands and their precursors were complemented by PD 
Dr. Daniel Häussigner who recorded 13C-NMR spectra when the material when deeper insight was 
necessary, Dr. Heinz Nadig and MoBiAS laboratory of ETH Zürich who measured HRMS of the 
molecules. The gold nanoparticles were characterized by transmission electron microscopy, UV-vis 
absorption and 1H-NMR spectroscopy, thermogravimetric analysis performed by Cedric Wobill from 
the Constable–Housecroft group (University of Basel) and thermal stability experiments. Further, we 
were interested in exploring the size limits of the nanoparticles by using more gold equivalents for 
their synthesis. It was found that gold nanoparticles fare best in regard to stability, size-distribution 
and ligand-to-particle ratio when one gold equivalent for each sulfur per ligand was used. 

III. Alkyne-Monofunctionalized Gold Nanoparticles as Massive Molecular Building Blocks (2021, Full 
Paper, European Journal of Inorganic Chemistry) 
As a direct continuation of the previous work, here the central linking tetraphenylmethane unit was 
decorated with a short oligo(phenyleneethynylene) (OPE) with a terminal protected acetylene, giving 
a ligand which was not only able to enwrap 
an entire gold nanoparticle but also exhibi-
ted a single functional unit. It was demon-
strated that—once the acetylene was de-
protected—the nanoparticles could be 
used in the same manner as conventional 
molecules in wet chemistry. Proof of 
principle was shown with two reactions: 
first, acetylene deprotection–homocou-
pling to give gold nanoparticle dimers and 
second, copper(I)-catalyzed azide-alkyne 
1,3-cycloaddition (CuAAC) “click” reaction 
with 1,3,5-tris(p-(azidomethyl)phenyl)ben-
zene to yield trimer structures, both of 
which reflected the one-to-one ligand-to-
particle ratio measured by thermogravi-
metric analysis (Cedric Wobill). Much in 
contrast to previous reports,[32,37,55] both 
these superstructures withstood repeated 
size-exclusion column conditions. Unfortunately, it was only possible to isolate the dimer structures. 
The fact that only few larger aggregates were found testifies of the ligand’s ideal monofunctionaliza-
tion properties of the nanoparticles. The obtained nanoparticles, furthermore, showed thermal 
stability up to 105 °C, pointing at the excellent properties of the ligand. Scheme 2 depicts the 
functionalized ligand published in this report, showing deprotection–homocoupling as an example of 
supramolecular assembly. 

Figure 4 Concept picture for “Alkyne-Monofunctionalized Gold 
Nanoparticles as Massive Molecular Building Blocks”. The ribbons 
represent the single ligand per nanoparticle while the hook shows 
the homocoupled acetylene. Reproduced from Ref. 64. 
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In this work, the synthesis of 
the central linking tripod had 
to be redesigned, for the intro-
duction of an OPE required a 
Pd-catalyzed coupling reaction 
and it could, therefore, not be 
introduced in the last synthe-
tic step, given the presence of 
the benzylic sulfides. Further, 
the OPE can—to our best 
knowledge—not be installed 
to a tetraphenylmethane in 
presence of benzylic bromides 
via Sonogashira cross-cou-
pling. For these reasons, the 
OPE had to be introduced at 
an earlier stage, namely to 
tris(p-bromophenyl)-p-iodo-
phenylmethane at room tem-
perature to prevent reaction with the bromophenyl moieties. The subsequent installation of the 
three benzylic bromides proved to be a non-trivial task that required careful screening for optimal 
bromination conditions as bromine has a strong tendency to brominate the acetylene moieties, thus 
disrupting the rigidity of the OPE and making us lose control over the spatial arrangement in the 
superstructures.  
This paper was published in 2020 in European Journal of Inorganic Chemistry titled “Alkyne-Mono-
functionalized Gold Nanoparticles as Massive Molecular Building Blocks” with Figure 4 as the concept 
art.  

IV. An Organic Cage Controlling the Dimension and Stability of Gold Nanoparticles (2023, 
Communication, Chemical Communications)  
In continuation of this work, our focus was directed towards increasing the particle size and 
obtaining narrower size-distributions. Inspired by a publication of McCaffrey et al.,[31] we chose to 
macrocyclize the ends of the three side-chains of our successfully OPE-functionalized ligand reported 
in the previous manuscript. With this, a cage-type thioether-based ligand was obtained—so far only 
the second of its kind. We found, with the help of molecular modeling, that the cavity of the 
envisaged cage would be of the order of 1.5 nm. Yet, the realization of this endeavor was anything 
but straightforward. First attempts at statistically forming a cage from two tetraphenylmethane 

Scheme 2 Functional ligand concept. Green: central linking unit functionalized 
with a protected acetylene in red, black: bulky side-chains. The ligand monofunc-
tionalizes the particles and forms AuNP dimers upon acetylene deprotection and 
subsequent oxidative homocoupling. 

Scheme 3 Cage design by Dr. Mario Lehmann. The precursor side-chain can flip over the branching unit or the bottom 
branching unit can insert in the wrong way, giving an inseparable mixture of two cage-type structures (1a and 1b). 
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Figure 5 Tentative concept picture 
for “An Organic Cage Controlling 
the Dimension and Stability of Gold 
Nanoparticles”. The bird cage with 
the hook represents the mono-
functionalized Cage 1. 

tribromides with three side-chain 
dithiols resulted in inseparable 
mixtures of complex pseudo-cage 
structures.[33] A second approach 
attaching first the side-chain bars 
to one of the branching points 
and then closing the cage with a 
second tetraphenylmethane-
based branching unit yielded an 
inseparable mixture of two com-
pounds: the target cage 1a in 
Scheme 3 and the cage with one 
inverted branching point 1b in Scheme 3.[33] In order to overcome these challenges, we decided to 
attach the cage bars to our OPE-bearing branching unit and to close the cage with a simple 1,3,5-
tris(bromomethyl)benzene via threefold SN2-type macrocyclization reaction, giving Cage 1 in Scheme 
4. Using this strategy, the flipping of the side-chains presented a sterically impossible hurdle as can 
be seen in Scheme 4. Using 1,3,5-tris(p-(bromomethyl)phenyl)benzene to close the cage was also 
investigated, giving a ligand which had cage bars that freely, yet slowly rotated in and out of the 
cage’s cavity, thus giving a cage of little use. Despite the unfavorable odds, we tried to grow gold 
nanoparticles inside this larger cage but only obtained particles of a size which by 
far exceeded the size of the ligand and, moreover, aggregated after few days. PD 
Dr. Daniel Häussinger measured variable temperature NMR spectra up to 
125 °C. Only at this temperature, a coalescence behavior of the molecule could 
be observed at NMR timescale. For these reasons, we decided to focus on Cage 1. 
We were able to synthesize Cage 1 in surprisingly high yields and fully 
characterize it by 1H- and 13C-NMR as well as HRMS (MoBiAs laboratory at 
ETH Zürich). Our first gold nanoparticle synthesis efforts were, alas, 
unfruitful as the nanoparticles seemed to prefer to nucleate outside the 
cage and swiftly formed aggregates much larger than the cage’s cavity 
with a very broad size distribution and low thermal stability. Careful 
scoping for conditions revealed that the gold salt needed to be reduced 
in solutions as concentrated as possible in order to give reproducible 
samples of gold nanoparticles of the size expected by the cage’s 
dimensions (1.42 ± 0.46 nm). Thermogravimetric analysis (Patrik 
Eckert, FHNW) suggested that each ligand covers an average of 53.5 
gold atoms which stands in very close agreement with the Au55 
Schmid cluster (1.4 ± 0.4 nm),[56,57] indicating the effective mono-
functionalization of the particles. Further indication that the particles 
willingly nucleated inside the cage was given by measuring their 
thermal stability limit which was, with 130 °C, found to be significantly higher than gold nanoparticles 
stabilized by non-cage parent structures. It is with great surprise, however, that we observed that 
these particles need not be subjected to our standard acetylene deprotection–homocoupling 
protocol in order to dimerize or form larger aggregates, suggesting the nucleating Au(0) 
nanoparticles catalyze oxidative acetylene homocoupling as has been reported for Au(0) species 
before.[58–63] Despite our greatest efforts in reproducing gold nanoparticle-catalyzed acetylene 
homocoupling on model compounds, we were only able to find the particles catalyzed the reduction 

Scheme 4 Optimized design for Cage 1. The bulky OPE in the central linking 
unit prevents flipping of the side-chain and the planar 1,3,5-tris(bromomethyl)-
benzene cannot be inserted in the wrong way, giving only one accessible cage 
conformation. 
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of terminal acetylenes to terminal olefins, only adding more mystery to the apparent homocoupling 
conundrum than solving it. For this reason, we decided to leave the scoping of catalytic activity and 
investigations in the control over the acetylene chemistry to future research. 
Figure 5 shows a tentative concept picture for the manuscript which was, at the point of defending 
this work, to be submitted for publication to Chemical Communications and has meanwhile (2023) 
been accepted in the latter. 

Summary and Future Prospects 
In this thesis, a series of ligands for the passivation of gold nanoparticles is presented. Their 
architecture is based on the branched interlinking of three benzylic thioether side-chains by a central 
tetraphenylmethane tripod. This central unit possesses one unfunctionalized phenyl. The resulting 
gold nanoparticles have unprecedented thermal stability when a bulky tetraphenylmethane side-
chain is used and stabilize the gold nanoparticles in a 1:1 ligand-to-gold ratio. For this reason, we 
regard this system as the preferred candidate for the introduction of a single rigid TIPS-protected 
acetylene derivative at the central branching unit’s free phenyl, allowing further chemical 
modification as well as electronic addressability. The promising chemical features are demonstrated 
by acetylene homocoupling dimerization reaction as well as CuAAC “click” reaction to 1,3,5-tris(4-
(azidomethyl)phenyl)benzene to give trimers. In a final step, the ligand is macrocyclized to give a 
monofunctionalized cage-type structure with a cavity of defined size. Surprisingly, we observe this 
structure to readily undergo dimerization under standard Brust–Schiffrin gold nanoparticle synthesis 
conditions[8] without the need for a separate deprotection step. The mechanism of this observation is 
not yet understood and has to be elucidated in the near future. It is expected that the forming Au(0) 
nanoparticle play the role of the active catalyst during nucleation, as Au(0)-catalyzed acetylene 
homocoupling has been reported on several occasions.[58–63] Catalytic screening of the obtained 
structures reveals that the nanoparticles are catalytically active in acetylene reduction, yet no 
acetylene homocoupling was so far observed, let alone deprotection of the TIPS moiety. Further tests 
in gold nanoparticle-catalyzed acetylene chemistry should allow gaining deeper insight. 
Once their catalytic scope is understood, the here presented gold nanoparticles should be 
implemented in labeling applications of, for instance, lysine or insulin or as functional devices for 
molecular electronics. Further progress in this work is thought to lie in the decoration of the ligands 
by water-solubilizing groups—e.g. polyethylene glycol chains or sugars—in order to obtain water-
soluble nanoparticles stabilized by only one benzylic thioether-based ligand bearing a single 
functional group. In further efforts, enlarging the cavity of the cage by introduction of suitable larger 
bottom connectors should be investigated as well. 
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About the Project 
This project aims at the reliable synthesis of stable, monofunctionalized gold nanoparticles. As 
outlined in the preceding review article, there are, in principle, two ways of achieving this goal: (1) 
using a single, large enough ligand which passivates the entire surface of a nanoparticle and contains 
a single chemically addressable moiety or (2) stabilizing the particles with multiple ligands whereof 
only one bears a functionality of interest. Our attention was drawn to the former case since it allows 
insight into the ligand architecture-dependence of the size and stability of the gold nanoparticles. In 
order to follow this endeavor, we chose to use ligands bearing benzylic thioethers as anchoring group 
for the surface of the particles, exploiting the flexibility of the benzylic position and the thioether’s 
quasi-reversible, physisorbed-type bond to the gold.[1,2] Earlier contributions in this group comprised 
variation of the number of sulfur atoms in oligomeric ligand chains,[3–5] studies on the bite angle of 
the ligand[6] as well as monofunctionalized dendrimer structures that enable the controlled synthesis 
of nanoparticle superstructures.[7,8] In direct continuation of these foregoing efforts the benzylic 
thioether ligand design was improved by the introduction of a branching point which enabled 
surficial rather than linear coverage of the particles and allowed the study of the influence of 
different side-chains on the particle size and stability (see Scheme 5). 
As a proof of concept, we were able to show that branched ligands can stabilize gold nanoparticles in 
a 1:1 ligand-to-particle fashion, which are, moreover, highly stable against thermal stress. Hereby, 
elongating or exchanging the side-chain had very little influence on the particle size but on the 
stability: it was found that bulky side-chains gave more stable particles. The exceptional stability of 
our gold nanoparticles was further exploited by the introduction of a rigid TIPS-protected acetylene-
terminated OPE to the free phenyl. The OPE was used for oxidative acetylene homocoupling as well 
as CuAAC “click” chemistry with 1,3,5-tris(4-(azidomethyl)phenyl)benzene as shown by di- and 
trimerization reaction protocols without losses in particle stability. It is noteworthy that, in contrast 
to our earlier systems,[9,10] the nanoparticle superstructures presented in this thesis were repeatedly 
dried, redispersed and columned without any material perdition, corroborating the ligand’s excellent 
stabilization properties. In a last step, the branched tripodal structure was macrocyclized to form a 
cage which gave monofunctionalized gold nanoparticles of so far unmatched stability for thioether-
based systems. Contrary to our previous systems, here it is the cage cavity that templated the 
nanoparticle size and not the nucleating particle that governed the ligand conformation. 

The detailed concepts, syntheses and characterizations of the ligands as well as the gold 
nanoparticles are described in the ensuing manuscripts. 

 
Scheme 5 Previously published systems relied on a high number of sulfides per ligand, variation of the bite angle and were 
linear. The approach presented in this thesis uses a two-dimensional ligand architecture to give better coverage of the gold 
nanoparticle surface. Additionally, functional groups (FG) for monofunctionalization are introduced to the free phenyl in the 
branching subunit. 
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Conclusion and Outlook 
In this thesis, a series of branched, benzylic thioether-based ligands for the monofunctionalization of 
gold nanoparticles was presented. We have shown that breaking the linearity of oligomeric ligands 
by introducing a central linking unit gives a better surficial covering of gold nanoparticles and results 
in an enhanced stability in comparison with parent linear ligands. This was demonstrated by 
attaching previously reported benzylic thioether ligands three times to a tripodal central tetraphenyl-
methane moiety. It was observed that ligands with bulkier thioether side-chains were more stable 
than their less bulky parent structures and were more effective in giving gold nanoparticles stabilized 
by a single ligand. 
In a next step, we showed that this approach reliably gives monofunctionalized gold nanoparticles by 
introducing a protected acetylene-terminated OPE moiety to the free phenyl of the central linking 
tripod. Deprotection of the acetylene and subsequent homocoupling or CuAAC “click” reaction to 
1,3,5-tris(4-(azidomethyl)phenyl)benzene gave gold nanoparticles dimers and trimers, respectively, 
with no notable observation of higher-order structures. The near-to-complete lack thereof points at 
the favorable surface passivation of the ligand. It was, nonetheless, found that a fraction of the gold 
nanoparticle dimers had a very short interparticle distance. Statistical analysis of the latter showed 
two distinct peaks which speaks against dimers that may not lie flat on the sample surface but rather 
for dimers where the acetylene is directly coupled to an exposed part of the neighboring gold 
nanoparticle surface. 
Finally, the monofunctionalized ligand’s side-chains were tied together, closing a cage with a cavity 
diameter of approximately 1.5 nm. The particles synthesized in presence of this cage had a diameter 
in close agreement with the expected cavity size and were measured to contain 53.5 gold atoms in 
average, which compares well with reported Au55 clusters. A most striking feature of these gold 
nanoparticles is the spontaneous di- and polymerization which was observed without subjecting the 
compound to deprotecting or acetylene-homocoupling conditions. While a direct attachment of a 
naked acetylene to an exposed gold atom of a neighboring particle seems an obvious structural 
explanation and is also supported by the very narrow interparticle distance, the mechanism 
polymerization has not been elucidated and is, as of this moment, still subject of further research. 

This point of the work gives several opportunities for pushing our research further. The mono-
functionalized tripodal ligand can be decorated with larger side-chains in order to investigate how far 
such systems can be enlarged to give bigger gold nanoparticles that still bear a single functionality. 
Owing to its favorable stabilization conditions, the closing benzene of the cage can be swapped for 
alternate, bulkier moieties, giving the cage a larger cavity and thus the prospect of optically more 
interesting gold nanoparticles. Since the present systems have proven to be suitable for further wet 
chemical processing, screening their suitability as labels for biomolecules or as catalysts should be 
envisaged. Finally, the ligands can be decorated with water-solubilizing groups, e.g cyclodextrin 
introduced by “click” chemistry with suitably modified ligands, in order to obtain the first ever 
reported water-soluble monofunctionalized gold nanoparticles stabilized by a single benzylic 
thioether-based ligand. 
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