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Gold und Silber lieb ich sehr,
kann's auch gut gebrauchen,
hditt ich nur ein ganzes Meer,
mich hineinzutauchen;

braucht ja nicht geprdgt zu sein,
hab's auch so ganz gerne,

sei's des Mondes Silberschein.
sei's das Gold der Sterne.

Doch viel schoner ist das Gold,
das vom Lockenkdpfchen
meines Liebchens niederrollt

in zwei blonden Zopfen.
Darum, du, mein liebes Kind,
laf uns herzen, kiissen,

bis die Locken silbern sind

und wir scheiden miissen.

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

horcht, wie klingt so silberrein
froher Sang der Zecher!

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

denk ich doch im Silberhaar
gern vergangner Zeiten.

—August Schnelzer
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Preface ii

Not all that Is Gold Does Glitter

When | was introduced to gold colloids, | 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 | 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.

E. Henrik Peters

Basel, March 2020

edited March 2023
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Overview of the Thesis 1

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

A modern example of this art is

an additive for the fabrication of dichroic ceramics and glasses.
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

) and as stains for decorative glass for e.g. church windows.?# It is not

Aurum Potabile (potable gold
before the pioneering works of Faraday, however, that the wet chemical synthesis of colloidal gold
was mastered and their optical properties phenomenologically described.” In 1908, at the dawn of
guantum 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.®
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 (HAuCl,) by
citrate which acts as both the reducing
agent and the weakly stabilizing ligand."”
Later, the two-phase reduction of HAuCl,
by sodium borohydride in presence of a

hydrophobic alkylthiol ligand exploiting al ’

Figure 1 Example of a dichroic cup. The glass has been stained with
exceptionally stable colloids, was pro- gold nanoparticles which appear brown when light is reflected and
posed by Brust et al. in 1994.[8] purple when light is transmitted. Reproduced from Ref. 9.

In a world of electronics dominated by Moore’s law,

the sulfur’s affinity to gold and giving

19 these seminal works sparked great efforts for

the implementation of gold nanoparticles in molecular electronics."*™ 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

[16-19]

addressable unit into the ligand shell of gold nanoparticles. Methods using a single or multiple

£20-231

ligands whereof only one bears a chemical functionality of interes are known. In the former

case, Brust’s thiol approach®® shows limitations in regard of ligand architecture scope since thiols are
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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,"! giving ligands that do rather physisorb than chemisorb
on the nanoparticle surface via quasi-reversible bonds.?>?” This feature is expected to allow the
ligand to adapt into a favorable conformation upon stabilizing the nucleating gold nanoparticle and

[28,29] [19,30]

thus opens the door to thioether-based multidentate oligomers and dendrimers as well as

cages™" which allow more precise control over size of the particle and number of functional units per

[32]

particle”™ 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 ArFS 793 T
them, the ligand architecture and its Single- e ==
S«.Abﬂ\id-\o\-‘

chemical accessibility, the desired ‘
application scope et cetera. In order
to tackle this challenging endeavor, Gresnsimg

_ Aule . Ou-Suy,
many approaches have been repor Shorchiomeiric 4 /MHZP::“

ted, resulting in a plethora of imple- Ligand Mintuve

mentations. In general, monofunc-
R i . MM-LUM
tionalized gold nanoparticles can be ' S

classified into two classes: gold
nanoparticles stabilized by a single
ligand (Type I) or by multiple ligands
(Type Il), whereby only one of these
ligands contains the functionality of
interest. Both types result from
different approaches. In Type | nano- Lijond- Ex chanre
particles, the ligand, to a certain li- Figure 2 Original graphical abstract for the review ‘Monofunctionalized
mit, templates their size by its preor-  Gold Nanoparticles: Fabrication and Applications’. A nucleating particle is
[33] olv- [16,34-36] den- stabilized by either one ligand with a single functional unit (Type 1) or
POl multiple small ligands which can be on-surface polymerized to a single
or cage-type struc-  Jigand to give Type I particles as well. Alternatively, Gold nanoparticles can
ture Type |l particles are subjected be stabilized by multiple small ligands and a single ligand can be place-
exchanged to a small ligand with a functional unit (Type Il). Another way
. i ) to synthesize Type Il nanoparticles is by synthesizing them in presence of a
tions in order to achieve monofunc- statistical ligand mixture. AuNP =gold nanoparticle, FG = functional
tionalization®*! or they are synthe- group.

ganized oligo-,

[37,38] [31]

drimeric

to single-ligand place-exchange reac-

sized in presence of a finely tuned statistical ligand mixture.94% 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
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[40-42]

systems which cover—to cite only the most prominent examples—labeling, supramolecular

[43-45] [46-48] [49-51]

assembly, molecular electronics, and plasmonics.

Il. Gold Nanoparticles Stabilized by Single Tripodal Ligands (2018, Full Paper, Particle & Particle
Systems Characterization)
In previous works, it was found that in Type | 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. Also, the ligand’s bite angle was shown to have

only limited influence on the particle size.®? For these

reasons, previously reported linear ligands®®?® 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, Figure 3 Graphical abstract of ,Gold Nano-

the unfunctionalized phenyl was expected to stand in Porticles Stabilized by Single Tripodal Ligands”.
53] The claw of the crane represents the ligand which

upright position and would therefore be an ideal has a branching point to which three side-chains

position for the introduction of a single chemically (and are attached. Here, the side-chains have three
joints representing the sulfur atoms between the

individual constituents: two repeating units and
variation of the side-chains showed no influence on the one terminus. Reproduced from Ref. 54.

ultimately, electronically) addressable unit. Interestingly,

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

®
Br O@ E'+ HSR = <

Br

CH2Cl2/H,0
(CgH17)aNBr

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.
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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 H- and *C-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 Haussigner who recorded *C-NMR spectra when the material when deeper insight was
necessary, Dr. Heinz Nadig and MoBIAS laboratory of ETH Zirich who measured HRMS of the
molecules. The gold nanoparticles were characterized by transmission electron microscopy, UV-vis
absorption and *H-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.

lil. 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(l)-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-

Figure 4 Concept picture for “Alkyne-Monofunctionalized Gold
metric analysis (Cedric Wobill). Much in Nanoparticles as Massive Molecular Building Blocks”. The ribbons
contrast to previous reports,[32'37’55] both represent the single ligand per nanoparticle while the hook shows
the homocoupled acetylene. Reproduced from Ref. 64.

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.
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In this work, the synthesis of s g
the central linking tripod had ® ¢
to be redesigned, for the intro- I I
duction of an OPE required a ® ©
Pd-catalyzed coupling reaction & ®

S 5 Gold nanoparticle S £
and it could, therefore, not be )¢ N ) T synthesis )5~ g .
introduced in the last synthe- a KO Q %@
tic step, given the presence of " 599 _Oj g}
the benzylic sulfides. Further,
the OPE can—to our best & '
knowledge—not be installed SAS s < 55

. S S
to a tetraphenylmethane in 1)Dpeprotection 9 <

. . T )= O == O =)
presence of benzylic bromides 2 oo F SO QL O
. . ’. 4‘
via Sonogashira  cross-cou- S 5

pling. For these reasons, the
OPE had to be introduced at

l t v t Scheme 2 Functional ligand concept. Green: central linking unit functionalized
an earfier stage, namely to with a protected acetylene in red, black: bulky side-chains. The ligand monofunc-
tris(p-bromophenyl)-p-iodo- tionalizes the particles and forms AuNP dimers upon acetylene deprotection and

phenylmethane at room tem- subsequent oxidative homocoupling.

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.,*” 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

® >
0 <3¢
- . @OQ@ . @QQOOQ
M Ja. . O g Bas®
O o
@ 1a 1b

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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tribromides with three side-chain
dithiols resulted in inseparable
mixtures of complex pseudo-cage
structures.® 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 i
inseparable mixture of two com- 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
Scheme 3 and the cage with one  conformation.

pounds: the target cage 1a in

inverted branching point 1b in Scheme 3.5 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 Sy2-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 Haussinger 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 'H- and *C-NMR as well as HRMS (MoBiAs laboratory at
ETH Zirich). 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
Figure 5 Tentative concept picture

for “An Organic Cage Controlling
gold atoms which stands in very close agreement with the Auss the Dimension and Stability of Gold
Schmid cluster (1.4 + 0.4 nm),®®*” indicating the effective mono- Nanoparticles”. The bird cage with
the hook represents the mono-
functionalized Cage 1.

Eckert, FHNW) suggested that each ligand covers an average of 53.5

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.”®® 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
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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® 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.”®®¥ 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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Monofunctionalized Gold Nanoparticles:
Fabrication and Applications

E. Henrik Peters? and Marcel Mayor*a°

Abstract: An overview of various approaches to synthesize gold nanoparticles (AuNPs) bearing one single chemi-
cally addressable unit and their diverse fields of application is presented. This comprehensive review not only de-
scribes the strategies pursued to obtain monofunctionalized AuNPs, but also reports their behavior as ‘massive’
molecules in wet chemical protocols and the scope of their applications. The latter reaches from site-specific la-
bels in biomolecules over mechanical barriers in superstructures to building blocks in hybrid nano-architectures.
The complementing physical properties of AUNPs combined with precise chemical control of their attachment
makes these objects promising building blocks for numerous proof-of-concept experiments and applications.
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1. Introduction

Due to the reactivity of their surface, nucleating Au(0) clus-
ters need to be passivated by ligands in order to prevent aggrega-
tion. With the recognition of the potential of gold nanoparticles
(AuNPs) as functional subunits in nanoscale architectures and
molecular devices, the focus of research moved from the bare in-
vestigation of their physical properties to their integration in larg-

*Correspondence: Prof. Dr. M. Mayor, E-mail: marcel.mayor@unibas.ch

er systems. Consequently, their ligand shell was no longer solely
stabilizing the AuNP, but became also of interest as the interface
with the chemical environment. Consequently, the decoration of
the AuNPs’ surface with functional groups enabling their integra-
tion as massive ‘artificial molecules’ by wet chemical protocols
moved into the focus of interest. Owing to their non-classical op-
ticalll-2 and physicall®! properties, in the past decades, consider-
able research efforts were geared towards functional ligand shells
for the implementation of AuNPs in sensing,[*3] catalysis,[6-8]
plasmonics,®-12] labeling,[!3-17] molecular electronics,!'8-201 and
biomedical applications.[1621.22] For many of these applications,
control over the number and spatial arrangement of addressable
moieties, i.e. functional groups, exposed on the ligand shell of
the AuNPs is of primary interest since it allows the integration of
AuNPs with molecular precision.

In this comprehensive review, we provide an overview of vari-
ous strategies to synthesize monofunctionalized AuNPs as well as
the reported proof-of-concept experiments and applications. We
differentiate between two strategic approaches to obtain mono-
functionalized AuNPs, which are sketched in Fig. 1. In the first
part, strategies towards AuNPs stabilized by a single macromo-
lecular ligand exposing a single functional moiety (Type I) are
presented. In the second part, the approach consists of AuNPs
stabilized by multiple ligands — typically dozens or even hundreds
— whereof only one possesses the functionality of interest (Type
IT). To keep the dimension of this review reasonable, exclusively
AuNPs possessing a single functional unit in their ligand shell
are considered. Also, we will only occasionally mention AuNPs
functionalized with antibodies, as this topic has been extensively
reviewed elsewhere.[5:23.24]

2. Single-ligand-coated Gold Nanoparticles (Type )

The most straightforward way to synthesize monofunctional-
ized AuNPs is to design ligands that are large enough to stabilize
an entire particle by steric crowding,[25-291 yet the introduction of a
single functional unit per ligand demands sophisticated synthetic
strategies.

aDepartement of Chemistry, University of Basel, St. Johanns-Ring 19, CH-4056 Basel, Switzerland;
PInstitute for Nanotechnology (INT); Karlsruhe Institute of Technology (KIT); P. O. Box 3640, 76021 Karlsruhe, Germany;
°Lehn Institute of Functional Materials (LIFM), Sun Yat-Sen University (SYSU), Xingang Xi Rd. 135, 510275 Guangzhou, P. R. China
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Fig. 1. lllustration of the two strategies geared towards monofunctiona-
lized AuNPs considered in this review. FG = functional group.

2.1 Oligomers and Polymers
2.1.1 Pre-polymerized Ligands

The first report of AuNPs that were monofunctionalized via
a single polymer ligand comprising only one functional unit was
published by Wilson.[30] He reported the use of a dextran-based
ligand that was decorated with 15 thiol anchors for the stabiliza-
tion of AuNPs as well as a single 2,4-dinitrophenyl hapten as a
recognition site for antibodies. The latter was attached to the li-
gand by a short hydrophobic linker in order to pierce its aqueous
solvation shell. The 12 nm AuNPs were prepared by citrate reduc-
tion of HAuCl,. Subsequently, the citrate shell was conjugated
with various amounts of monofunctionalized dextran polymers.
Stability tests against phosphate-buffered saline (PBS)-induced
flocculation of the AuNPs revealed that a minimum of four li-
gands was needed to give AuNPs with satisfactory stability, yield-
ing AuNPs with a minimum of four functional units per particle.
Increasing the number of sulfur anchors on the ligand by an order
of magnitude gave sufficiently stable AuNPs that were passivated
by a single ligand.!3! In this further developed system, the single
hapten was replaced by 15 biotins for the detection of streptavidin.
Later reports included studies on the functionalization degree de-
pendence for bovine serum albumin detection in lateral flow im-
munoassays,32 single-stranded deoxyribonucleic acid (ssDNA)
detection33 and DNA labeling.[34]

A variation of this approach was proposed by Yao et al.l%]
in which phosphine-stabilized AuNPs were subjected to ligand-
exchange with a poly-adenine chain long enough to enwrap an
entire AuNP, and functionalized with a polynucleotide chain.
The latter acted as a recognition motif for the detection of com-
plementary DNA strands or as an anchor for the formation of
more complex AuNP superstructures upon DNA hybridization
since the number of DNA strands per NP was precisely tuned
by the NP size.

An elegant approach to monofunctionalized AuNPs based
on tailor-made block co-polymers was reported recently. As
sketched in Fig. 2, a linear block co-polymer comprising a
block exposing numerous olefins and a terminal azide was ob-
tained by ring-opening metathesis polymerization (ROMP, Fig.
2a). Upon cross-linking with Grubb’s catalyst, the olefin-rich
block-copolymer formed a cage-like organic NP (ONP) scaf-
fold (Fig. 2b). By oxidizing the olefins of the block co-polymer,
a hydroxyl-rich water-soluble ONP was obtained, which still

exposed an azide group (Fig. 2c). The latter was engaged in a
‘click’ protocol to attach a single DNA strand (Fig. 2d). This
structure was used to graft AuCl," to the hydroxyl groups of the
organic NP (Fig. 2e). Reduction by addition of ascorbic acid led
to AuNP nucleation inside the organic scaffold (Fig. 2f). The
preserved function of the single DNA strand was demonstrated
by titration with the complementary DNA strand comprising a
fluorescence quencher. The monofunctionalization was corrob-
orated by dimer formation with an AuNP functionalized with a
complementary DNA strand (Figs. 2g—h).[3¢! In continuation of
this work, the influence of the polymer size, degree of polymer
crosslinking, and monomer-to-polymerization initiator ratio on
the organic nanoparticle size were investigated in order to tune
the size of the formed metal NPs.[37] Monofunctionalized metal
NPs of diameters up to 40 nm were obtained by this strategy.

2.1.2 On-Surface Polymerization

A different approach to the monofunctionalization of AuNPs
by polymers was proposed by the research group of Andreas
Greiner.38] In contrast to the previously discussed approach,
the polymerization of thiol-derivatives of styrene-based ligand
monomers was performed after AuNP synthesis, i.e. on the par-
ticle surface. The functional group was introduced by a suitable
radical starter initiating the polymer formation. First, AuNPs
were synthesized according to the Brust—Schiffrin two-phase
synthesis in presence of 4-mercaptostyrene as a small passiv-
ating ligand.39 Subsequently, 4,4'-azobis(4-cyanopentanoic
acid) was used as a radical initiator to induce the free-radical
polymerization of the ligands’ vinyl moieties, giving AuNPs
stabilized by a single poly(4-mercaptostyrene) polymer cage.
The formed ligand shell had a single carboxyl — the residue of
the radical starter — accessible for further chemistry at the termi-
nus of the formed polymer shell (Fig. 3). Monofunctionalization
was demonstrated by amide condensation reaction with 1,7-di-
aminoheptane or with polyallylamine which resulted in either
AuNP dimers, or linear AuNP chains respectively.l38! Based
on these results, the scope of this monofunctionalization
method was enhanced by decorating the radical initiator with
a methylcoumarine dye.l*0! Free-radical polymerization of the
ligand shell gave AuNPs functionalized with a single remote
methylcoumarin, making these ‘artificial molecules’ appeal-
ing candidates for labeling applications. In a further study, the
particle-coating surface polymer was engaged in a second poly-
merization reaction. Therefore, the single exposed carboxylic
acid was forming an amide bond with 4-aminostyrene which
was engaged in the polymerization of methyl methacrylate to
give acrylate/ AuNP—styrene copolymers.[#!l Interestingly, these
poly(methyl methacrylate)-grafted polymer ligand shells were
acting as ‘fishing rods’ for size-selective capture of various met-
al nanoparticles once the ligand shells were liberated from the
encapsulated AuNPs templates by NaCN etching (Fig. 3).142:43]

2.2 Dendrons, Dendrimers and Branched Oligomers
Dendrimers as ligands for AuNPs have found significant inter-
est in drug delivery and sensing,[#4 catalysis,[#346] and biomedical
applications.[*”] The sheer number of end groups in dendrimers,
however, poses a major challenge in the monofunctionalization
of AuNPs since reliable methods for the modification of a single
dendrimer subunit have, to the best of our knowledge, not been
reported yet. In first-generation dendrimers with a low number
of branches, a single functional group can be statistically intro-
duced. This has been demonstrated by labeling of ssDNA with
Aug, clusters that were stabilized by a monofunctionalized ben-
zylic thioether-based dendrimer.[8] Inspired by these studies
from Kiedrowski et al., we investigated the potential of benzylic
thioether-based oligomers and dendrimers for the stabilization of
AuNPs. Already first experiments resulted in AuNPs with nar-
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Fig. 3. On-surface polymerization of mercaptostyrene to give mono-
carboxy AuNP 2. Subsequent amide condensation with aminostyrene and
co-polymerization to methyl methacrylate yields acrylate/AuNP-styrene
co-polymers. Etching with NaCN demetalates the polymer cage chains
that can be used for size-selective ‘fishing’ of metal NPs. Reproduced
from ref. [43] according to the CC BY-NC-ND 4.0 license. Copyright (2015)
John Wiley and Sons.

row dispersity suggesting a discrete number of ligands coating
the particle.l?”! Decorating the ligands with a single functional
group enabled to corroborate the presence of a pair of ligands
for meta-benzyl thioether based linear oligomers.[4959 The AuNP
surface covered by the macromolecule was increased by introduc-

110w
e A=
-y

[
;/
JTEA

monovalent
DMNA-AUNP

Fig. 2. a) Synthesis of the linear
block co-polymer comprising a
Y . terminal azide and exposing al-
kene side-chains. b) Formation of
the organic nanoparticle (ONP) by
crosslinking the side-chain alkenes
via ring closing olefin metathesis
(RCM). c) Oxidizing the olefins to
1,2-diols results in a water-soluble
hydroxyl-rich  ONP exposing a
single azide. d) Conjugating the
ssDNA to the exposed azide of
the ONP. e) Collecting AuCl,” in
the ONP. f) Reduction of the Au
salt, yielding the monofunction-
alized AuNP. g) Hybridization to
parent DNA-functionalized AuNP
to form dimers. h) TEM pictures
of the dimers. All images adapt-
ed with permission from ref.
[36]. Copyright (2017) American
Chemical Society.

b) c__"[ :

organic nano particle (ONP)

ing branching units and, indeed, the second-generation dendrimer
was not only catching AuNPs of 1.2 nm diameter during their
growth, but also stabilizing the entire particle.l5!] Introduction of
an exposed alkyne group at the central dendrimer subunit pro-
vided dumbbell-type AuNP dimers upon oxidative acetylene cou-
plingl32l and trimeric or tetrameric AuNP architectures upon expo-
sure to copper(1)-catalyzed alkyne-azide cycloaddition (CuAAC)
‘click’ reaction conditions with central linking units comprising
three or four benzylic azides respectively,!33! all corroborating the
1:1 dendrimer:AuNP ratio. Enlarging the steric demand of the
coating benzyl thioether ligand by tetraphenylmethane subunits
even provided linear(28] and threefold branched(?] oligomers able
to coat entire AuNPs. The central tetraphenyl subunit of the lat-
ter was ideally suited to expose a single alkyne group enabling
again the formation of AuNP dimers or trimers by wet chemical
protocols based on oxidative acetylene homocoupling or CuAAC
respectively (Fig. 4).54

Dendrimers and dendrons were used as host structures for
AuNPs mainly as an instrument to profit from the particles’ cata-
Iytic activity. Parent thioester-based second-generation dendron
structures were attached to SiO, beads as support for AuNPs which
were used as a reusable catalyst for the oxidation of alcohols.[5]
Dendronized polymers[5¢ were used for the AuNP-catalyzed re-
duction of 4-nitrophenol to 4-aminophenol in both aqueous>7! and
organicl®8l media. An alternate dendron motif based on CuAAC-
‘clicked’ triazols!®! was proposed.l®! Upon functionalizing the
focal point of the dendron with a disulfide as anchor, it was shown
that the resulting AuNPs were indeed stabilized by a single li-
gand. The parent ligands, functionalized with free acetylene or
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N-hydroxysuccinimide yielded AuNPs stabilized with two den-
drons each under otherwise identical reaction conditions, pointing
at the importance of the anchoring group for the controlled nucle-
ation of AuNPs to yield a 1:1 ligand-to-particle ratio.

Grafting poly(amido)amine (PAMAM) dendrimers via amide
condensation to solid polymer supports/®!l has been reported as a
means for the facile monofunctionalization of dendrimers: first,
the dendrimers were grafted to cellulose nanocrystals, subse-
quently, the AuNPs were synthesized in presence of these super-
structures via sodium borohydride-mediated reduction of chloro-
auric acid, giving organic superstructures covered by AuNPs.[62]
These AuNP superclusters were used as catalysts in the reduction
of 4-nitrophenol to 4-aminophenol and were recyclable multiple
times. A similar approach was used to monitor laccase activity in
an electronic monitoring sensor for electron-transfer events upon
oxidation of catechin.[63]

3. Multiple-ligand-coated Gold Nanoparticles (Type Il)
As an alternative to large molecules, AuNPs can be stabilized
by dozens or even hundreds of small ligands such as citrate, %4
4-(dimethylamino)pyridine,l%] tetra-n-octylammonium bromide
(TOAB),I661 cetyltrimethylammonium bromide (CTAB),67) tri-
phenylphosphinel68:691 or alkyl thiols.[®] In order to obtain mono-
functionalized AuNPs from such multiple-ligand-coated AuNPs,
two approaches have found widespread application: (1) the syn-
thesis of AuNPs in a stoichiometric ligand mixture containing a
carefully chosen ratio of functional and non-functional ligands or
(2) exploiting the ligand place-exchange reaction that occurs in
presence of a ligand of similar or better affinity to gold than the
ligand coating the NPI70.71] in order to introduce a single functional
ligand per NP via statistical ligand-exchange events. In this section,
methods documenting one of the two approaches are presented.

3.1 Stoichiometric Ligand Mixtures
3.1.1 Au,, Clusters

The first report of trace evidence of a gold cluster with mixed
ligands whereof only one exposed a single chemically addressable
functional group was published as early as 1980,[72 but it is not be-
fore 1984 that parent clusters wereisolated.[73.741In an elaborate pro-
tocol based on stoichiometric functionalization, one single amine
of tricyanoheptakis [4,4',4"-phosphinidynetris(benzenemethane-
amine)Jundecagold ([(P(PhCH,NH,),).1X,Au, , where X = halo-
gen) was functionalized with succinimide or phthalimide respec-
tively.[3! Alternatively, [(P(PhCH,NH,),),]X Au  was modified
with a stoichiometric mixture of phthalic anhydride and acetic
anhydride to give a mono-(N-phthalyl) undecagold cluster which
was further functionalized for tailored needs.[*] These rather la-
borious methods were optimized by Safer et al.l7>-761 who, to syn-
thesize monofunctionalized Au,, clusters, used a stoichiometric

Fig. 4. a) Threefold branched li-
gand structure coating the AuNP.
b) Sketch of its engagement like
a huge molecule in a CuAAC
‘click’ reaction after deprotection
of the masked alkyne group. c)

TEM micrographs of the obtained
i AuNP trimers. Reproduced from
Y ref. [54] according to the CC BY
4.0 license. Copyright (2020) John
Wiley and Sons.

mixture of two triphenylphosphine-based ligands, one bearing
a single free amine while the other was not functionalized. The
monofunctionalized clusters were readily separated in excellent
yields from their un- and overfunctionalized parent structures
by liquid chromatography. After adequate manipulation of the
single free amine per cluster, they were used as site-specific la-
beling agents for actin, myosin and propomyosin. Alternatively,
monofunctionalized Au,, clusters were obtained by stoichiomet-
ric ligand place-exchange with suitably functionalized phosphine
ligands!72l and subsequent chromatography.l’”l These facilitated
synthetic approaches allowed reliable labeling of a multitude of
biomolecules for TEM detection such as proteins,![!378] antibod-
ies!” and RNA,[80-821 whereby, in the latter case, it was shown
that the undecagold label did not interfere with the translation
process in the ribosome due to its minuscule size!83-841— in contrast
to its Au,, counterpart.[85! Recently, N-heterocyclic carbine-mono-
functionalized undecagold was reported to have unprecedented
thermal stability and catalytic activity in the electroreduction of
CO,.181

3.1.2 Au,, Clusters

The stoichiometric ligand mixture approach was expanded
to the monofunctionalization of Au,, Schmid clusters/®”! and was
commercialized in 1990 together with the Au | parent clusters un-
der the name ‘Nanoprobes’.l17:87:881 These commercial gold clusters
were used for the synthesis of precisely organized Au, dimers and
trimers by substitution to sSDNA which could hybridize to com-
plementary Au-labeled strands in pre-defined orientations.[3]
Owing to their minute size, they were further used for the labeling
of sterically challenging sites on antigens.!85! Their ease of han-
dling was further exploited in the fabrication of organic/inorganic
Au-conjugated double-stranded DNA (dsDNA) and RNA struc-
tures.[®) In the same study it was demonstrated that streptavidin
covalently labeled with the Au,-DNA conjugates was still per-
forming its natural immunoglobulin G (IgG) recognition function.

Au,-labeled DNA was further used to study the DNA de- and
re-hybridization as a function of magnetic field-induced tempera-
ture increase: a 38-nucleotide DNA hairpin with self-complemen-
tary ends over 7 bases was labeled with a Au_ cluster (Fig. 5a).[91.92]
The de- and re-hybridization of the 7-base sequence upon ra-
diation with a radio-frequency magnetic field was monitored by
measuring the optical absorbance at 260 nm which reflects the
hybridization state of the loop (Fig. 5b). The temperature calibra-
tion of the experiment was obtained by profiting from an immo-
bilized DNA strand which was conjugated with a complementary
DNA strand decorated with a Au,; cluster and a fluorophore at
opposed ends (Fig. 5c). De-hybridization was triggered by either
heat or the radio-frequency magnetic field with the extent of de-
hybridization monitored by the fluorophore concentration in the
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Fig. 5. a) DNA hairpin loop labeled with Au,,. b) Change in absorbance at 260 nm upon switching of the radio-frequency magnetic field, reflecting the
de- and re-hybridization of the DNA duplex. c) Set-up of paired DNA strands used for temperature calibration in the experiment. Sketched from ref.

[91] and ref [92].

supernatant. Equal fluorophore concentrations in the supernatant
point at comparable effective temperatures experienced by the
paired DNA strands in the set-up.

Willner and co-workers covalently attached Au,, to a DNA
intercalator and profited from a dsDNA as a template to obtain
wire-like arrays of AuNPs.[%3 In the same article, the exposed
amino groups of polylysine were functionalized with mono-N-
hydroxysuccinimido-Au,, from ‘Nanoprobes’ as alternative ap-
proach to AuNP wires.[l The same group profited from Aug, as
functional unit in a biology-inspired electrochemical experiment
monitoring the apo-glucose oxidase activity in real-time.l By
wet chemical control, a single Au,, was coupled to flavin adenine
dinucleotide (FAD). The AuNPs were further place-exchanged to
a gold wire electrode via thiolated bridge molecules. Upon oxidiz-
ing glucose, an electron was transferred from FAD to the attached
AuNP, giving a detectable signal on the electrode. The natural
enzyme relying on electron transfer from FAD to oxygen was
outperformed by a factor of seven.[®4

Pons et al. investigated the fluorescence quenching of CdSe—
ZnS quantum dots (QDs) by AuNPs by controlling the spacing
between both particles with a beta-sheet-forming repeating se-
quence.%! By variation of the length of the beta-sheet rod, the
distance-dependence of the quenching was studied and, indeed,
quenching occurred even beyond separation distances of 200 A,
suggesting nonradiative energy dissipation and dipole-to-metal
nanoparticle energy transfer to be a better model for quantum
dot photoluminescence quenching than Forster resonance energy
transfer.

3.1.3 Ligand-exchange with Stoichiometric Ligand
Mixtures

In order to stabilize larger gold colloids with stoichiometric
ligand mixtures, Brust’s group proposed to exchange the entire
ligand shell of 13 nm and 40 nm citrate-stabilized AuNPs with
a carefully tuned mixture comprising an unfunctionalized, cys-
teine-containing pentapeptide and its DNA-functionalized par-
ent peptide, allowing the controlled supramolecular assembly of
AuNP nanoarchitectures via DNA hybridization.[0 The scope of
the method was enlarged by replacing the DNA-conjugated func-
tional peptide by a biotin-labeled pentadecapeptide containing a
His-tag which can chelate to transition metals.[%7! In the latter
case, isolation of the monofunctionalized AuNPs was achieved by
metal ion affinity chromatography. In order to prove the versatil-
ity of the approach, different functional peptide chains were used,
enabling the AuNPs to bind to proteins.[8] The approach was

later generalized by using an alkyl-poly(ethyleneglycol) ligand
as the non-functionalized ligand.®®] Peptide-monofunctionalized
AuNPs were used to label various proteins,[9-1021 target lipid rafts
of cell membranes,[193] and to study the effect of NP surface func-
tionalization density on the supramolecular assembly behavior of
bis(sulfosuccinimideyl)suberate (BS3) with peptide chains on the
AuNP surface.[194] Interestingly, the experimental data suggest
that thus-synthesized AuNP labels do not interfere with the func-
tion of their target protein.[100]

Using a comparable statistical ligand-exchange protocol, Jun
et al. reported a study monitoring the cleavage of peptide-linked
AuNP superstructures by caspase-3: AuNPs monofunctionalized
with a biotinylated peptide bearing the caspase-3 cleavage site
were attached to NeutrAvidin-coated AuNPs attached to a solid
support. Monitoring the plasmon resonance wavelength as well as
the scattering intensity allowed the recording of single caspase-3
cleaving events by a blue-shift of the plasmon band and a drop
in intensity for each cleaving (Fig. 6).1105! In the same report, this
method was implemented into in vivo systems in order to monitor
caspase-3 activity in apoptosis processes.

Similar studies used mixtures of unfunctionalized hydro-
phobic ligands and linear oligo(phenylene-ethynylene)(OPE) di-
thiols to create AuNP dimers or star-shaped OPE trithiols to create
AuNP trimers respectively.l'% While the existence of both AuNP
dimers and trimers was corroborated by transmission electron
microscopy (TEM), the AuNP superstructures were not isolated.
Mechanically interlinked structures with an AuNP as intrinsic
subunit of the catenated macrocycle were also reported.[1971 Both
phenantroline ligands of a copper complex were terminally deco-
rated with short ethyleneglycol chains exposing a terminal thiol,
allowing to close the macrocycle by immobilizing both ends of
each ligand to an AuNP. The concentration ratios between copper
complex and AuNP were optimized for catenated dimer forma-
tion.

3.2 Single Ligand-exchange Events

For AuNPs stabilized by multiple ligands beyond the 1.4 nm-
Aug cluster, often more elaborate procedures have to be used
in order to obtain reliable monofunctionalization. Single ligand
place-exchange events were reported in liquid phase as well as
on solid support. In the first case, between various assembly and
purification strategies has to be differentiated, namely exploiting
the negative charge of e.g. (but not limited to) DNA in gel elec-
trophoresis, using single polymerase chain reaction (PCR) cycles,
place-exchange at the liquid-liquid interface of biphasic mixtures,
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Fig. 6. a) Monofunctionalized AuNPs attached to stationary AuNP via a peptide chain bearing the caspase recognition motif (DEVD) and caspase-
mediated degrading of the superstructure. b) Sketch of the avidin-biotin immobilization chemistry and the caspase-sensitive DEVD peptide sequence
(Asp-Glu-Val-Asp). c) Gradual plasmon band blue-shift and decreasing of signal-to-noise ratio with increasing number of cleaving events. The solid red
line is the absorption of the intact structure, the increasing fuzziness of the curves reflects the decrease of signal-to-noise ratio when AuNPs are cleaved
off the central AuNP. d) Scattering intensity as a function of time, showing a distinct decrease for each cleaving event. Reproduced from ref. [105].

or separation by centrifugation. Solid-support place-exchange
reactions require pre-functionalized stationary chromatography
phases that will be discussed in the second part of this chapter.

3.2.1 Liquid-phase Place-exchange
3.2.1.1 DNA-monofunctionalized Gold Nanoparticles by
Electrophoresis

In order to circumvent the challenges faced by embedding a
single functional group into the ligand shell, Alivisatos and co-
workers exploited the negative charge of DNA and its influence
on separation behavior: they place-exchanged phosphine-,[108-110]
tannic acid-,[1!1] or citrate-stabilized!!10:111] AuNPs with stoichio-
metric amounts of thiolated ssDNA and separated the obtained
products by number of attached DNA strands via electrophore-
sis,[108.110.111] or anion-exchange HPLC.!%1 The ability for reliable
control over the degree of functionalization allowed, via DNA
strand hybridization, the fabrication of precisely organized AuNP
dimers and trimers,[108.112113] structurally switchable di-,[114! tri-
and tetramers,!!15] extendable hairpin DNA-AuNP tetramers,[!16]
chains,!117] chiral and achiral AuNP tetrahedrons,[!18] AuNP trans-
port machineries!'!9 as well as highly organized 2-dimensional
AuNP arrays,[120.1211 or DNA origami slabs!!?2 on surfaces (Fig. 7).

This method further allowed to probe the NP-NP dis-
tance-dependence of the surface plasmon resonance of AuNP
dimers.[123.124] Both studies found that a significant redshift can
be observed if the AuNPs are moved closer together. Temperature-
dependent UV-vis monitoring of the plasmon absorption signal
in dsDNA-linked AuNP dimers showed a drastic redshift of the
plasmon band upon heating.[25] Further, the size-dependence of
the individual AuNPs in dsDNA-linked heterodimer structures
was investigated.[!124l Forster resonance energy transfer amplifica-
tion for fluorescent donor—acceptor pairs located at the center be-
tween AuNP dimers with well-defined interparticle distance was
reported.!'26] Trimer assemblies with interparticle gaps in the sub-
nanometer regime were shown to act as plasmon nanolenses.[127]

The method was used to fabricate rotaxanes consisting of a
partially double-stranded DNA axle with AuNPs acting as stop-
pers on each end. The macrocycle consisted of a circular ssDNA
which was hybridized with a single-stranded domain of the axle
as well as a third ssDNA-functionalized AuNP or a fluorophore
(Fig. 8a).11281 The thus-functionalized macrocycle was able to
shuttle between the stoppers upon addition of suitable DNA
fuel strands (Fig. 8b). With these structures, geometry-depen-
dent plasmon resonance behavior of AuNP assemblies as well
as distance-dependent fluorescence quenching and amplifying
was investigated, being in close agreement with theoretically pre-
dicted surface plasmon-enhanced luminescence in noble metal
nanoparticles.['2%-130] In a closely related work, both plasmonics
and fluorescence quenching and amplifying behavior of precisely

organized AuNP assemblies were further investigated with the
help of complex catenated AuNP—macrocyclic DNA structures
which were able to change morphology by exchange of DNA fuel
strands.[131] Further, mono-DNA AuNPs served as probes for the
measurement of rotary and shuttling motions of DNA origami ro-
taxanes.[132]

The distance-dependent plasmon properties of AuNP dimers
were exploited to fabricate a ‘plasmon ruler’ where AuNPs
functionalized with a single biotinylated ssDNA were anchored
to surface-immobilized, streptavidin-coated AuNPs. With high-
er NaCl concentration in the buffer, the DNA strand curled up,
bringing the AuNPs closer together and thus resulting in a plas-
mon redshift, while, with lower NaCl concentration, stretching
of the DNA strand resulted in a plasmon blueshift.['33] This type
of ‘plasmon ruler’ was used to monitor endonuclease activity
with high time-resolution as single Au-DNA—Au cutting events
resulted in a drastic drop of scattering intensity upon release of
AuNPs into the buffer solution.!134]

DNA hybridization was exploited for the attachment of sin-
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Fig. 7. a) Examples of superstructure assemblies from DNA-mono-
functionalized AuNPs. a) Chiral and achiral AuNP tetrahedrons. Reprinted
with permission from ref. [118]. Copyright (2009) American Chemical
Society. b) Controlled NP exchange in a trimer structure by a ‘write/erase’
procedure. Adapted with permission from ref. [115]. Copyright (2007)
American Chemical Society.
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gle inactive thiolated hairpin DNA strands to AuNPs: an asym-
metric DNA hairpin bearing a thiol at its sterically crowded
hybridized end while the overhang is not functionalized cannot
bind to a gold surface. In order to attach the inactive hairpin,
phosphine-stabilized AuNPs were subjected to single place-
exchange reaction with thiolated helper DNA strands. Those
acted as competitive strands, allowing the loop to open upon
hybridization and to expose the unreachable thiol. With this
approach, the attached DNA lost its loop structure, but left an
overhang for further functionalization of the AuNPs (Fig. 9a).
Alternatively, a helper DNA with a hybridizable sequence and
an overhang was first hybridized with the overhang of the loop
DNA, thus freeing the inactive thiol while leaving the loop
intact and finally, enabling the attaching to the AuNP surface
(Fig. 9b). Using this procedure left the loop able to hybridize
with further ssDNA as well as a hybridizable overhang from
the helper DNA for individually accessible functionalizations
of the AuNPs. These two methods allowed the controlled fab-
rication of AuNP superstructures such as di-, tri- and tetramers
upon hybridization with either the intact loop, the helper DNA
overhang or the stretched loop overhang (Fig. 9¢).[133] In con-
tinuation of this work, controlled strand displacement events
on the helper strands were used to create AuNP-based ‘AND’,
‘OR’ and ‘YES’ logic circuit functions.!136]

3.2.1.2 Alternate Functional Groups Using Electrophoresis
for Purification

Several groups have shown that the versatility of electrophore-
sis as a means of isolating AuNPs bearing a single functional group

a)

«active» thi'ol—gmup

«helper» A

a-B-5

[128]. Copyright (2017) American
Chemical Society.

is not limited to DNA functionalization. A similar procedure based
on electrophoretic separation was implemented for the mono-
functionalization of AuNPs by monoamino poly(ethyleneglycol)
chains.!!371 This modified method allowed to trace the accumula-
tion of AuNPs in living animals from both intravenous injection
and intratracheal instillation.[138] In another approach, AuNPs were
stabilized by 11-mercaptoundecanoic acid. Ligand-exchange with
stoichiometric amounts of 1,6-hexanedithiol gave interconnected
AuNP structures which could be separated by gel electrophoresis
owing to the anionic charge on the structure’s surface. With this
method, precisely ordered di- and trimers were isolated.!!3% The
potential of electrophoresis for AuNPs was demonstrated with the
self-assembly of protein cage—AuNP hybrid nanoarchitectures
obtained by surface engineering.l'401 The AuNP exposed a single
Ni?** complex which was introduced by place-exchanging citrate
with a thiolated molecule exposing a nitrilotriacetic acid subunit
coordinating Ni** ions. This Ni-complex at the AuNP surface
interacts with the polyhistidine tag exposed by a protein cage.
Depending on the concentrations of the surface-engineered nano-
objects, a variety of discrete AuNP—protein hybrid architectures
were obtained (Fig. 10).

Recently, p-mercaptobenzoic acid-coated Au,, and Au,,
clusters were subjected to stoichiometric place-exchange reac-
tion with biphenyl-4,4'-dithol. After separation of the dimers
from the unreacted monomers and oligomers, it was found that
the dimers were formed by disulfide formation of the exposed
thiol. These well-defined structures of moderate size made them
excellent model compounds for connecting ab initio theoretical
studies and experimental quantum plasmonics. These dimers not
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Fig. 9. a) Opening the hairpin DNA loop via hybridization allows access to the sterically crowded thiol, leaving the loop overhang exposed; b) Helper
DNA hybridizes to DNA loop overhang, exposing the thiol. The helper DNA overhang is accessible for hybridization; c) AUNP tetramer structure demon-
strating the presence of the corresponding DNA architectures at the AuNP surface. Small, ssDNA-monofunctionalized AuNPs hybridize to the specific
target functional units on the large AuNP. Adapted with permission from ref. [135]. Copyright (2013) American Chemical Society.
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Fig. 10. a) Sketch of the concep-
tual approach assembling discrete
hybrid nanoarchitectures con-
trolled by the protein-cage/AuNP
ratio. b) TEM images of discrete
hybrid nano objects isolated by
electrophoresis. Adapted with per-
mission from ref. [140]. Copyright
(2015) American Chemical Society.

only showed large red-shift in their plasmon resonance, but also
a second plasmon resonance mode most likely stemming from
tunneling charge transfer phenomena.[!4!] In a later study, a se-
ries of alternate dithiol linkers was investigated in order to gain
insight into the influence of the linker structure on the AuNP
superstructure polymerization behavior.['42] This approach was
further used as a proof-of-principle method for the imaging of
individual disulfide bonds via electron energy-loss spectroscopy
in scanning transmission electron microscopy experiments on
AuNP dimers.!143]

3.2.1.3 Polymerase Chain Reaction for the
Monofunctionalization of Gold Nanoparticles

In order to functionalize AuNPs with single DNA strands,
PCR was used on AuNPs coated with DNA primers.l'44 It was
demonstrated that, for single PCR cycles, monofunctionalization
is achieved while multiple cycles give AuNPs functionalized with
two or more DNA strands, making this method a powerful can-
didate for automated AuNP superstructure assembly. The scope
of this approach was shown by DNA pairing-driven assembly of
chiral core-satellite and dendriform structures!!45! as well as two-
sized AuNP heterodimers!'46land chiral pyramids that show optical
activity in circular dichroism spectroscopy measurements.[144.147]
Further, alternating heterochains of different-sized AuNPs fabri-
cated by PCR have been shown to exhibit a direct dependence
of structure chain length with plasmon absorption intensity and
strength of surface-enhanced Raman scattering.[148]

3.2.1.4 Two-phase Mixtures

An alternative approach to functionalize AuNPs with a single
DNA strand was proposed by Jhaveri et al. They used methyl
triethylenegylcol thiol for the stabilization of AuNPs. After place-
exchanging the ligand with sub-stoichiometric amounts of thio-
lated ssDNA in a two-phase mixture (water and ethanol/dichlo-
romethane), unreacted AuNPs preferred migrating to the organic
phase while DNA-functionalized AuNPs preferably stayed in the
aqueous phase. Salting out the free DNA was found to be a fac-
ile purification method. Proof of purity of monofunctionalized
AuNPs was shown by gel electrophoresis.[149]

In another study, citrate-stabilized AuNPs in aqueous phase
were brought into contact with an organic phase containing stoi-
chiometric amounts of 11-mercaptoundecyl methacrylate which
place-exchanged with the ligands at the liquid—liquid interface.
In presence of styrene and a radical initiator, styrene—acrylate-
copolymer chains carrying AuNPs were synthesized. Since the
backbone of the polymer was hydrophobic and the AuNPs had
a hydrophilic ligand shell, AuNP chains were formed in organic
media while the structures aggregated to micelles in water.[150]
This method proved to be an attractive pathway for the formation
of AuNP vesicles and core-shell-corona structures(!>1] as well as
vesicles containing Fe,O, NPs embedded in the wall.l!52] In later
reports, this strategy was used to fabricate cross-linked one- and
multi-component hollow capsules which acted as nanocontain-
ers for organic solvents in aqueous media via radical polymeriza-
tion!!33] or anthracene photodimerization.[154]

In an inverted variant of this protocol, AuNPs stabilized by
a hydrophobic ligand shell were dispersed in toluene and place-
exchanged with a stoichiometric aqueous solution of tiopronin,
giving AuNPs carrying a single carboxylic acid function as dem-
onstrated by synthesis of AuNP dimers via amide condensation
with ethylenediamine for the assembly of plasmonic superstruc-
tures.!153]

3.2.1.5 Centrifugation

Since place-exchange reactions are not limited to intrinsically
charged ligands, the obvious limitations of gel electrophoresis re-
garding the nature of the ligand shell and mere sample size have
pushed researchers to find alternate means for the isolation of
discrete AuNP structures. In order to isolate precise AuNP as-
semblies by degree of functionalization, centrifugation has been
used, yielding AuNP dimers connected by a single dithiol for the
measurement of conductance through a single moleculel!>¢I or to
exploit the Raman scattering properties of Au NP dimers in cancer
detection.[!57]

A more elaborate protocol for the assembly of AuNP core—
satellite structures was proposed by the group of Chad Mirkin:
to ssDNA-functionalized SiO, NPs, 27-mer DNA strands were
hybridized on 7 base-pairs to give a 20-base ssDNA overhang
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to which complementary ssDNA-functionalized AuNPs can hy-
bridize over 12 base-pairs. An excess of AuNPs guarantees full
passivation of the SiO,-bound DNA. In order to passivate the free
DNA strands attached to the AuNPs, complementary strands were
incubated with the superstructures. Because of the difference in
hybridization lengths on the respective part of the bridging DNA
between the Au and SiO, NPs (7 base-pairs vs 12 base-pairs),
the DNA was selectively de-hybridized via careful temperature
tuning to give AuNPs with one single 15-base overhang. These
structures were used to form planet—satellite-type structures with
larger, ssDNA-saturated AuNPs, which can be effectively purified
by centrifugation (Fig. 11).1158]

More recently, isolation by centrifugation was used to stopper
a thiol-derivatized cucurbit[7]uril ferrocene pseudorotaxane with
AuNPs to study the electrochemical electron transfer kinetics of
the ferrocene in the rotaxane axle.[15]

3.2.2 Solid-phase Place-exchange

In solid-phase place-exchange strategies, the extent of the
ligand-exchange reaction shall be limited to the small interaction
surface between the AuNP and the solid substrate. The first pro-
tocol profiting from such an approach for the monofunctionaliza-
tion of AuNPs was reported by Worden ef al. in 200411601 and
optimized soon thereafter.[16!] In their approach, Worden et al.
loaded n-butanethiolate-stabilized AuNPs onto a polystyrene
Wang resin which was functionalized by 6-mercaptohexanoic
acid via an ester bond on the carboxyl moiety. In contact with the
resin’s free thiols, a single place-exchange reaction occurred on
the AuNPs due to the limited interaction surface between NP and
solid support. In a subsequent step, the ester bond was cleaved
upon addition of trifluoroacteic acid (TFA), thus releasing the
AuNPs exposing a single carboxyl group. Proof of concept was
brought by amide condensation reaction with 1,7-diaminoheptane
to give AuNP dimers.[1¢0:1611 This procedure opened the doors to
the formation of larger, highly ordered AuNP structures such as
trimers,['92] necklace-type macrocycles via amide condensation
to polylysine and subsequent cyclization to AuNP necklace struc-
tures!163] and amide condensation to oligo-AuNP PAMAM den-
drimers.[1%4] The necklace structures served as a template for the
investigation of the optical, plasmonic and electromagnetic cou-
pling behavior of AuNPs located in close proximity to each other.
The studies favored a dipole—dipole interaction model for the de-

Fig. 11. a) Strategy for the forma-
tion of planet-satellite AUNP struc-
tures. ssDNA-coated silica bead
(1) is hybridized with DNA strand
2, leaving a single-stranded over-
hang (3). ssDNA-functionalized
AuNPs (4) hybridize to the free
DNA overhang to give superstruc-
ture 5. DNA strand 6 passivates all
non-hybridized DNA strands on the
AuNPs (7). Careful heating releases
AuNPs with a single DNA overhang
strand (8) which can be hybridized
to ssDNA-saturated AuNP 9 to
give planet-satellite structure 10.
b) DNA pairing sequences of vari-
ous lengths between the SiO,NP
and the AuNP. c) TEM image of a
planet-satellite AuNP structures.
Adapted from ref. [158].

scription of optical AuNP-AuNP interaction!!63] and suggested
inefficient electron surface scattering as the limiting phenomena
in the optical experiment.[166]

Variations of the Worden procedure were reported using bo-
ronic ester-functionalized polymer resins which had a free thiolate
that place-exchanged with non-functional ligands on AuNPs. The
boronic ester was cleaved by transesterification, giving AuNP func-
tionalized with a single diol ligand.['¢7] A further publication re-
ported AuNPs functionalized with carboxylic acids that underwent
amide condensation on Fmoc-protected lysine-decorated polysty-
rene and poly(ethylene glycol)acrylamide beads. Passivation of the
free carboxyl groups on the AuNP and subsequent cleavage of the
ester gave mono-carboxyl-terminated AuNPs as proven by dimer-
ization reaction with ethylenediamine.!'68] Another closely similar
approach used magnetic beads covered with crown ether acting as
hosts for ammonium guests comprising a disulfide anchor, form-
ing a pseudorotaxane with a dithiol axle. Place-exchange reaction
with non-functional ligands on AuNPs and subsequent deprot-
onation of the ammonium caused pseudorotaxane de-threading,
releasing monofunctional AuNPs. These readily formed pseudor-
otaxane-based supramolecular assemblies with suitable guests.[16%]
In a later publication, the single amine moiety of the pseudo-
rotaxane axle was further functionalized with maleimide which
was then ‘clicked’ to thiolated single-stranded bacterial DNA se-
quences. This system showed promising potential in sensing and
medical applications via hybridization to target DNA strands.!!70]
Alternatively, silica beads or a Rink resin were functionalized with
free amines that bound to the carboxylate of 11-mercaptoundeca-
noic acid ionically. Upon ligand place-exchange with unfunction-
alized AuNPs and subsequent treatment with acetic acid, mono-
carboxyl AuNPs were generated as proven by dimer formation
via amide condensation with ethylenediamine.[!71.172] The usage
of cellulose as the solid support was reported in a further variation
of the method in order to create mono- and divalent AuNPs for the
formation of AuNP chains and rings.[173]

An interesting solid-phase mono-functionalization approach
was reported by Dewi et al., providing AuNPs exposing a terpy-
ridine subunit as coordination site. Silica nanoparticles function-
alized with a terminal carboxylic acid were subjected to amide
condensation with an amine-functionalized terpyridine derivate
first. Upon complexation with an iron ion and another equiva-
lent of the amine-functionalized terpyridine derivate, the silicon
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nanoparticle was decorated by iron terpyridine complexes expos-
ing an amine, which were engaged in an amide formation with
carboxy-functionalized AuNPs. Subsequent extraction of the iron
ion gave AuNPs functionalized with a single terpyridine subunit.
The monofunctionality of the AuNPs was corroborated by form-
ing dumbbell-type dimers resulting from the addition of iron ions
forming the homoleptic iron complex.!174]

3.2.2.1 Janus Nanopatrticles

‘Janus’ particles are micro- and nanoparticles with two dif-
ferent surface compositions, named after the two-faced ancient
Roman god.['75] Although efforts of asymmetrical functionaliza-
tion of AuNPs with few functional groups by partial surface-mask-
ing approaches have been reported,!!76-1781 only very few publica-
tions on reliable monofunctionalization exist in this field. Li et al.
proposed the fabrication of monfunctionalized AuNPs by a com-
bination of Janus-type surface modification and exploiting the
challenging sterics of bulky ligands.!'7] In their approach, AuNPs
were stabilized with phosphine ligands, giving the AuNPs a net
negative charge which allowed them to bind to positively charged
silica beads. Ligand place-exchange with glutathione passivated
the exposed surface while the silica-bound surface was still ac-
cessible for further ligand-exchange with clover-shaped thiolated
DNA after HF-mediated release. Due to its bulkiness, the clover
DNA strand hindered further functionalization of the AuNPs as
proven by hybridization with larger, DNA-functionalized AuNPs,
giving core—satellite structures.

In a similar approach, citrate-stabilized AuNPs were ligand-
exchanged to a glass slide functionalized with 3-mercaptopro-
pyl-trimethoxy-silane. The exposed surface of the AuNPs was
ligand-exchanged with cysteamine which was then attached to
Cytochrome C, yielding AuNPs functionalized with a single pro-
tein. The absorption spectrum of these structures showed distinct
dips next to the typical plasmon band in comparison with their
unfunctionalized counterparts. This sharpening of the plasmon
absorption was attributed to plasmon resonance energy transfer
and identified as a promising property towards activity monitor-
ing of biomarker proteins or in vivo electron transfer events.!180]

3.3 Ligand-exchange in Living Systems

Based on the pioneering accounts on the immunological re-
sponse of biological systems on colloids by Steabben in the early
twentieth century,!!8!1 Huang and co-workers proposed in vivo
ligand-exchange to obtain AuNPs carrying one single immuno-
globulin G for the measurement of the flexibility of immunoglob-
ulin via TEM images!!82] or the construction of a piezoelectric
sensor chip.!'831In a later report, they fabricated a transistor where
the source-drain contact was established by an immunoglobulin
G to which AuNPs were attached at each end, giving a molecular
transistor which was not only gate-voltage dependent, but also
modulated by the wavelength of the incident light.[184]

4. Conclusion

In the present review, the variety of methods yielding AuNPs
exposing a single functional group are summarized. The so-ob-
tained AuNPs become addressable by wet chemical protocols
and behave like massive molecules. The reported AuNPs can be
coarsely categorized in two types: Type I AuNPs that are stabilized
by asingle ligand comprising only one functional moiety and Type
IT AuNPs that are stabilized by multiple ligands, whereof only one
bears the additional functionality of interest. The examples show
that, despite their size and mass, monofunctionalized AuNPs in
solution behave molecule-like with respect to their chemical func-
tion, exhibiting plasmonic and electrochemical behavior and are
powerful tags in TEM experiments. With the methods presented
here, large, highly ordered plasmonic AuNP assemblies can be
fabricated with good control at the single-particle level. The re-

ported AuNP assemblies act as model systems giving access to
a variety of physical features such as plasmon quenching, fluo-
rescence amplification, plasmon lensing, heat transfer via induc-
tive coupling, as well as Forster- and plasmon resonance energy
transfer processes. Alternatively, AuNPs, with a properly tuned
functionality, act as effective, site-selective labels for a plethora of
biomolecules and as physical barriers in mechanically interlinked
superstructures. While the diversity of applications and the level
of control achieved are impressive, the challenging aspect of most
approaches is the limited sample size. While this is not an issue
for biological systems where the handled sample size is usually
equally tiny, it limits more the application potential of the methods
in material science. There is plenty of room for improvements as
far as the strategies towards larger batches of monofunctionalized
AuNPs are concerned.
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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.m] Earlier contributions in this group comprised
variation of the number of sulfur atoms in oligomeric ligand chains,®*™ studies on the bite angle of
the Iigand[e] as well as monofunctionalized dendrimer structures that enable the controlled synthesis
of nanoparticle superstructures.”® 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,[g'm] 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.

previous work: linear ligands and bite angle variation this work: breaking the linearity...
Peterle 2008 Lehmann 2016 F FG=H or {%O%T"DS
©\/S S \©\,S O © S SR R= s or O ' O s
o D357 357 1,2 357
a B ! s
FG
Lehmann 2017 ...and molecular cages O
Y i
a<B<uy S S
) B
\©\,S ® Cls ) O™\ Q\ Q ¢
3,57
ol ST

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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Gold Nanoparticles Stabilized by Single Tripodal Ligands

Erich Henrik Peters, Mario Lehmann, and Marcel Mayor*

In order to coat the entire surface of gold nanoparticles (AuNPs) by a single
ligand, tripodal macromolecules comprising benzylic thioethers coordinating
to the AuNP surface are synthesized and their abilities to stabilize AuNPs are
investigated. Out of the five studied ligands 1-5, the tetraphenylmethane-
based oligomers 4 and 5 display excellent AuNP coating features. Both ligand
structures are able to control the dimensions of the AuNPs by stabilizing
particles of narrow size distributions during their syntheses (1.05 £ 0.28 nm
for Au-4, and 1.15 % 0.34 nm for Au-5). Closer inspection of these AuNPs by
transmission electron microscopy and thermogravimetric analyses suggests
that single ligands 4 and 5 are able to stabilize entire AuNPs. These particles
Au-4 and Au-5 are obtained in good yields and display promising thermal
stabilities (110 °C for Au-4, and 95 °C for Au-5), making them interesting
nanoscale inorganic—organic building blocks for further functionalization/

have been investigated, ranging from oli-
gomeric, 233 tripodal **3% and dendrim-
ericB*! to even cage-likel*? thioether-based
ligands, most of them yielding AuNPs with
narrow size distributions. Cages control-
ling the size of the nanoparticles were also
developed for other noble metals like pal-
ladium, displaying catalytic activity.>~*]
Also, the periodically arranged cavities of a
covalent organic framework were used as
“caging” structure for catalytically active pal-
ladium and platinum particles.*¢l

It has furthermore been shown that
such oligomeric benzyl sulfide ligand-sta-
bilized AuNPs are accessible by wet chem-
ical procedures, and ligand-coated AuNPs

processing by wet chemistry.

1. Introduction

Beyond its monetary value and inertness as a bulk material,
colloidal gold has exerted great fascination on scientists in the
past century and beyond.'%l Due to their availability and ease
of handling, thiol-based organic ligands have been in the focus
of interest for the stabilization of gold nanoparticles (AuNPs)
which found application in various fields such as catalysis,”™!
medical diagnostics,'”) and therapeutics,'''¥ chemicall’>-17]
and Dbiological sensing,"#23 molecular electronics®2¢ or as
building blocks for hybrid materials.’]

In the past decade, the variety of ligand designs has been
enlarged toward benzylic sulfide-based oligomers due to their
reversible binding to gold surfaces, enabling supramolecular
approaches toward AuNP stabilization. The flexibility of the
benzyl sulfide linkers enables favorable conformations of the
ligands upon passivation of the AuNP and various ligand designs
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exposing reactive functional groups have

been interlinked forming nanoarchitec-

tures.227313738] [n the approach, the ligand
not only controls the particles’ sizes, but also the number and
the spatial orientation of exposed functional groups.

While rather complex and synthetically demanding den-
tritic ligands already displayed their ability to stabilize an entire
AuNP B39 3 more recent ligand design showed that also linear
oligomers are able to stabilize an entire particle when bulky
enough to sterically protect the surface of the ligand-coated
AuNP.32 With a series of linear oligomers of various sulfur—
sulfur distances, a correlation between the size of the stabilized
AuNP and both parameters, the distance between coordination
points of these multivalent ligand structures and the equiva-
lents of gold salt used has been observed.?*l The study, however,
also unraveled some limitations of the approach, namely an
increasing loss over the control of the NP’s size going along with
a decrease in the stability of these AuNPs with increasing size.

An alternative approach to increase both the number of coordi-
nating sulfide groups and the AuNP surface covered by the ligand
is the use of suitable branching points, increasing the number of
oligomeric branches per ligand. Further, such architectures break
the linearity of the ligand, enabling better coverage of the surface
of AuNPs upon passivation. Of particular interest was to which
extent a local density of concave, pre-organized coordinating sites
might steer the dimensions of the stabilized particle.

Already slightly larger AuNPs with diameters in the order of
about 2 nm display surface plasmon bands and are thus inter-
esting target structures opening the door for sensing and labeling
applications.l’! The here reported research is motivated by our
interest in optically active, ligand-stabilized AuNPs with a con-
trolled exposition of functional groups as potential building blocks
for hybrid nanoarchitectures interacting with optical signals.

In order to benefit from surficial rather than linear coverage,
we introduce a central tetraphenylmethane-based tripodal unit,
which interlinks three oligomeric side-chains. In addition, the
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Scheme 1. Overview over the ligand concept and the resulting AuNPs. The tripodal central linking unit 6 offers a free phenyl moiety for further func-
tionalization. 6 reacts with oligomeric thioether side-chain thiols 7-10 or p-methylbenzylthiol via Sy2-substitution to give ligands 1-5, which stabilize

AuNPs by surface passivation.

fourth phenyl ring is expected to be arranged in an upright
position, pointing away from the AuNP’s surface and is thus
ideally suited for the decoration with functional groups in a
latter molecular design (see Scheme 1). Tripodal tetraphenyl-
methane-based structures exposing benzylic thiols have already
been reported®’=% and we recently investigated similar model
compounds exposing three phenylic thiols.%-3]

2. Results and Discussion

The approach toward ligand-stabilized AuNPs is sketched in
Scheme 1. The series of benzylic thioether-based multidentate
tripodal oligomers 1-5 were assembled and gold particles were
synthesized by reduction of chloroauric acid in the presence
of the ligand of interest. The ligand-stabilized particles Au-
1-Au-5 were purified by size-exclusion chromatography (SEC)
and characterized. The thermal stability of the ligand-coated
particles was investigated to explore the suitability of the ligand
structure as potential building block for hybrid architectures
based on covalently interlinked coated AuNPs.

2.1. Ligand Syntheses
The syntheses of the tripodal ligand structures 1-5 are displayed

in Scheme 1. The three benzylic bromides of 6 were substituted
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with terminally thiol-functionalized linear oligomers 7-10 of
various length and bulkiness.

The smallest tripodal ligand 1 was assembled by treating 6
with a considerable excess (6 equivalents) of the commercially
available p-tolylmercaptan and 10 equivalents of sodium hydride
(NaH) in degassed tetrahydrofurane (THF) for 15 h at room
temperature. After aqueous work-up, the ligand 1 was isolated
by column chromatography (CC) as pale yellow oil in very good
92% yield. The synthesis of 2 serves as representative example
of the assembly of tripodal ligands with the more precious mer-
captans that had to be synthesized. The central tetraphenyltri-
bromide 6 and 3.5 equivalents of the benzylmercaptan 7 were
treated with an excess (5-10 equivalents) of NaH in degassed
THEF for 2 h at room temperature. After aqueous workup, CC
provided the tripodal ligand 2 in 77% isolated yield. Applying
similar reaction conditions with the benzylic mercaptans 8, 9,
and 10 provided the ligands 3, 4, and 5. While 4 was isolated
in 61% yield after CC, the two second generation ligands 3 and
5 were isolated by gel permeation chromatography (GPC) in
39%, respectively 89% yield.

The syntheses of the central tripodal building block 6 and
the oligomers exposing a benzylic thiol 7-10 are displayed in
Scheme 2. Both series of oligomers were assembled with a
comparable strategy. With a bifunctional monomer (14 and 15)
comprising a masked benzylic mercaptan and a benzylic bro-
mide, the controlled elongation of the oligomer by a single
repeat unit was possible. The terminal thiol of the n-generation
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Scheme 2. Syntheses of the tripodal central linking subunit 6 and the benzyl thioether oligomers 7-10 with a terminal benzylic thiol. Reagents and
conditions: a) 1) Mg, THF, reflux, 24 h; 2) H,0, sat. NH,Cl, 98 %; b) aniline, HCl, AcOH, 140 °C, 3 h, 66 %,; c) 1) BF*OEt,, 'BuNO,, THF, -10 °C, 2 h;
2) FeSO4 DMF, 2.5 h; 3) H,O, 0 °C 80%; d) NBS, AIBN, hv, methyl formate, reflux, 15 h, 50%. €) p-methylbenzylthiol, NaH, THF, rt, 2 h, 91%;
f) Et;SiH, TFA, DCM, rt, 1 h, 91%; g) 14, NaH, THF, rt, 2 h, 79%,; h) Et;SiH, TFA, DCM, rt, 1 h, 77%; i) p-methylbenzylthiol, NaH, THF, rt, 2 h, 93%
j) EtsSiH, TFA, DCM, rt, 1 h, quant.; k) 15, NaH, THF, rt, 2 h, 85%; |) Et;SiH, TFA, DCM, rt, 1 h, 89%. rt: room temperature; Trt: trityl.

oligomer attacked the benzylic bromide of the bifunctional
monomer, resulting in the n+1 generation oligomer after lib-
eration of the masked benzylic mercaptan.

The central linking subunit 6 (Scheme 2) was synthesized
using a modified literature protocol.”¥ Triphenylmethanol
derivative 11 was obtained via twofold Grignard reaction of
the Grignard reagent obtained from 1-bromo-4-methylbenzene
and solid magnesium in THF with methyl p-toluate. Subse-
quent electrophilic aromatic substitution to aniline in glacial
acetic acid (AcOH) with hydrochloric acid as catalyst gave tetra-
phenylmethane derivative 12. Defunctionalization of the amine
moiety towards compound 13 was carried out via in situ for-
mation of the diazionium salt in dichloromethane (DCM) and
subsequent treatment with iron sulfate in dimethylformamide.
Finally, the central subunit 6 was obtained via Wohl-Ziegler
reaction to compound 13 with N-bromosuccinimide (NBS)
as a bromine source and azobis(isobutyronitril) (AIBN) as a
radical starter in methyl formate, exploiting the solvent’s low
boiling point and therefore hindering the overbromination of
the benzylic position upon illumination with a halogen lamp.
The threefold benzylic bromide 6 as central building block was
isolated by CC as white solid in a moderate yield of 26% over
the four steps.

Mono- and dimeric side-chains 7 and 8 were obtained via a
controlled stepwise deprotection—elongation strategy following
a modification from a protocol previously reported by Peterle
et al.?l (see Scheme 2). Asymmetrically trityl-protected benzylic
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thiol 14 was end-capped with p-methylbenzylthiol and subse-
quently deprotected by treatment with trifluoracetic acid (TFA)
and Et;SiH as cation scavenger in DCM to yield monomeric
side-chain 7. In contrast to the reported protocol, benzylthiol
was replaced by p-methylbenzylthiol, providing more character-
istic features in the 'H NMR spectra of the model compounds.
The Sy2-reaction of compounds 7 and 14 in THF in presence
of NaH yielded the protected dimeric side-chain, which was
converted to the free benzylic thiol 8, using the same deprotec-
tion conditions as stated above.

For the mono- and dimeric side-chains 9 and 10, the bifunc-
tional monomer 15 was assembled in six steps following an
already reported protocol.?? In short, a similar elongation—
deprotection strategy as described for the side-chains 7 and 8
above was applied: monomeric side-chain 9 was obtained by
end-capping with p-methylbenzylthiol followed by trityl depro-
tection under similar reaction conditions. Elongation with the
bifunctional building block 15 followed by deprotection gave
the dimer 10 with a terminal benzylic thiol.

All ligand precursors as well as ligands 1 and 2 were fully
characterized by 'H and *C NMR spectroscopy, and high-
resolution ESI-ToF mass spectrometry. The NMR-based
characterizations of ligands 3-5 were complemented by their
MALDI-ToF mass spectrometry data. Syntheses of previously
published compounds 6, 11-15, as well as the trityl-pro-
tected side-chain precursors can be found in the Supporting
Information.
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2.2. Gold Particle Syntheses

AuNP syntheses from all five ligands 1-5 were carried
out following an already implemented protocoll28-33:36-38]
based on a variation of the AuNP synthesis proposed by
Brust et al, but also considering the dimensional dif-
ferences of the various ligands. In the aqueous phase of
a biphasic system, one equivalent of gold salt (HAuCl,)
for each sulfur atom in the ligand, dissolved in the
organic phase (DCM), was added. This means that
3 equivalents of HAuCl, were used for the tridentate ligand 1,
6 equivalents of the gold salt for the hexadentate ligands 2 and
4, and 9 equivalents of gold for the nonadentate ligands
3 and 5. The transfer of the gold salt from the aqueous to
the organic phase was achieved by addition of tetra-n-octyl-
ammonium bromide (TOAB, 2 equivalents with respect to
HAuCly) to the organic phase. Nucleation of the AuNPs was
induced via reduction by addition of an aqueous solution of
sodium borohydride (NaBH,, 8 equivalents with respect to
HAuCly). Upon addition of the reducing agent, an imme-
diate color change of the organic phase from bright red to
opaque dark brown was observed. After rigorous stirring for
15 min, the phases were separated and the particles were
precipitated by addition of excess ethanol. Separation of the
AuNPs from excess TOAB, NaBH, and ligand molecules was
achieved by centrifugation and SEC. It is noteworthy that the
colloidal gold particles were the only detectable form of gold
throughout all syntheses, pointing at the favorable mass bal-
ance with respect to the precious metal. In the following, we
will refer to the AuNPs by the coating ligands. For example,
the AuNP coated with 1 will be named Au-1, the one coated
with 2 Au-2 and so on.

2.3. AuNP Analysis and Characterization

During synthesis, Au-1 and Au-2 did not show any signs of
precipitation, suggesting reasonable ability of the ligands 1 and
2 to stabilize colloidal gold. However, their stability was limited
to a few hours at RT, as formation of insoluble black powdery
residue was observed during workup, pointing at aggrega-
tion of the particles. We therefore concluded that the ligands
1 and 2 provide only limited particle stabilization features, at
least under the conditions of interest here. Also Au-3 displayed
limited stability features, but in a different time window. While
it was stable for 5 d at room temperature, it took more than
10 d at —20 °C before indispersible black powdery residues
were observed. While the delayed aggregation of Au-3 ena-
bled its characterization, the limited temporal stability reduces
considerably its application potential and consequently also
our interest in the structure. In general, it seems that only
transiently stable AuNPs were obtained with these merely
p-methylbenzylthiyl- and m-xylene-based oligomer-decorated
tripodal ligand structures 1-3, and thus these particles Au-1,
Au-2, and Au-3 moved out of the focus of interest.

Much more promising were the features of Au-4 and
Au-5, which did not display any stability issues during the
observation period (several months). The UV/UV-vis absorp-
tion spectra of Au-4 and Au-5 dissolved in DCM remain
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constant over months with the samples stored at room tem-
perature. Also, these AuNPs can be dried in vacuum and re-
dissolved in DCM with neither any remaining indissoluble
residue nor any observable alteration of the UV-vis spectra.
It is important to note that the stability claims are exclu-
sively for the here reported AuNPs, which were synthesized
with one equivalent HAuCl, per sulfur atom in the ligand.
Experiments using larger ratios of chloroauric acid resulted
in larger particles with considerably reduced stability fea-
tures, as will be discussed below. We attribute the large dif-
ference in the AuNP stabilities to the variation in bulkiness
of the attached side-chains. It seems that the voluminous
tetraphenylmethane-based side-chains of Au-4 and Au-5
sterically protect the coated AuNP much more efficiently than
the considerably less bulky m-xylene-based side-chain of Au-2
and Au-3.

The AuNPs Au-3, Au-4, and Au-5 were analyzed and
characterized by UV-vis absorption spectroscopy, 'H NMR
spectrometry, transmission electron microscopy (TEM) and
thermogravimetric analysis (TGA). Au-4 and Au-5 were further-
more subjected to thermal stability experiments.

The UV-vis spectra of the three AuNPs are displayed in
Figure 1. The very comparable spectra of the three AuNPs sam-
ples are pointing at comparable dimensions of the stabilized
nanoparticles. Of particular interest is the absence of a plasmon
band, which is characteristic for small particles with diameters
smaller than 2 nm.P’!

The 'H NMR spectra of the AuNPs Au-3, Au-4, and Au-5
are displayed in the Supporting Information of the article
(Figure S1-S3, Supporting Information). They display the char-
acteristic broadening of the ligand signals due to the reduced
tumbling motion of the 'H labels in comparison to the free
ligands 3-5, corroborating that the ligands are tightly immo-
bilized in a coating layer at the particle surface. Furthermore,
the 'TH NMR spectra also document the successful separation
of the coated AuNPs from the phase transfer catalyst TOAB and
the excess ligand by repeated centrifugation and SEC.
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Figure 1. UV-vis absorption spectra of Au-3, Au-4, and Au-5 recorded in
DCM at room temperature and offset for clarity. The absence of a plasmon
band points at AuNPs with diameters bellow 2 nm. The similarity of all
three spectra suggests comparable particle sizes for all three samples.
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Figure 2. Representative TEM micrographs for the AuNPs Au-3, Au-4, and Au-5 complemented by the size distributions extracted from the micrographs

(Gaussian fits: black dashed lines).

The dimensions of the central Au-core of the three particles
were analyzed by recording TEM pictures from samples pre-
pared by spreading a DCM solution of the AuNP of interest
on a TEM grid. Representative examples of the recorded TEM
images are displayed in Figure 2. For the size determination of
the AuNPs based on the recorded TEM images, the threshold
and particle analysis functions of Image]®® were used. Prof-
iting from the automated particle analyzing features of the
program, the following diameters and size distributions were
obtained: 1.24 + 0.34 nm for Au-3, 1.05 + 0.28 nm for Au-4,
and 1.15 + 0.34 nm for Au-5. The diameters of the AuNPs con-
siderably below 2 nm are in agreement with the absence of a
plasmon band in the UV-vis absorption spectra. While for
Au-4 and Au-5 a reasonable size distribution was observed, the
one obtained for Au-3 seems to be the combination of parti-
cles of two different sizes. Applying a twofold Gaussian fit
revealed about 80% of the particles belonging to a distribution
with a maximum at 1.11 + 0.20 nm (Gaussian fit: orange solid
line in Figure 2), and about 20% of the AuNPs belonging to a
second distribution with a maximum at about 1.71 £ 0.18 nm
(Gaussian fit: yellow solid line). The sum of both distributions
results in the size distribution of 1.24 + 0.34 nm for Au-3.

It is tempting to hypothesize that this second maximum is
the consequence of the AuNP agglomeration resulting in the
limited stability of Au-3, already described before.

Of particular interest is the stoichiometry between coating
ligand and stabilized AuNP. Profiting from the fact that
the AuNPs have been purified by SEC and thus the samples
comprise neither excess ligand nor remaining phase transfer
catalysts, the ratio between coating ligand and Au-core was
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determined by TGA after excessive drying of the AuNP samples
in vacuum to get rid of solvent molecules. For all three samples
(Au-3, Au-4, and Au-5), a considerable weight loss between 100 °C
and 600 °C was observed which is due to the degradation/evap-
oration of the organic coating (see Figure S4 in the Supporting
Information). The recorded weight losses were 38.54% for Au-3,
25.97% for Au-4, and 30.71% for Au-5. With the diameters of
the AuNPs determined by the TEM analyses, the volumes of
the particles were estimated assuming perfect ball shapes. With
these volumes and the bulk density of gold (19.32 g cm™3), the
mass of the average particle was determined and consequently
also the number of gold atoms present in the average sized par-
ticle. The obtained numbers are summarized in Table 1.

In spite of the simplifying assumptions required for the
estimation of the stoichiometry, the obtained ligand-to-particle
ratios provide key information about each ligand’s ability to
enwrap the AuNP. As our strategy is to profit from the coating to
introduce functional groups at the particles’ periphery, ligands
able to stabilize an entire particle are particularly appealing.
While approximately 4 ligands 3 are required to cover the sur-
face of the AuNP Au-3, the calculations suggest that a single
ligand 4 or 5 seems to be able to passivate the entire surfaces of
the AuNPs Au-4 and Au-5, respectively.

An equally important feature as the ligand-to-particle ratio
is the stability of the coated AuNP, determining the window
of potential reaction conditions for subsequent wet chemical
transformations. As experimentally accessible parameter, the
thermal stabilities of the AuNPs were investigated. The AuNPs
of interest were dispersed in p-xylene and starting at 40 °C,
the temperature was ramped in 5 °C steps every 30 min while
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Table 1. Ligand-to-gold ratio based on TGA analysis data.
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Entry myig [mg] My [g mol™] nig [mol] M, [mg] Nay [mol] nAu [mol] NP @ [nm] Au/NP Lig/NP
Au-3 1.53 1925 7.94x 1077 2.44 1.23x107° 15.51 1.24+0.34 58.97 3.80
Au-4 1.54 2243 6.87 x 1077 4.39 2.22x10°° 32.30 1.05+0.28 35.80 1
Au-5 1.25 3716 3.36x 1077 2.82 1.42x107° 42.35 1.15+0.34 47.04 ™

m;g: mass of disappearing ligand; My, ligand molar mass; n;,: number of moles of ligand; my,: mass of remaining gold; nu,: number of moles of
gold; Au/Lig: average number of gold atoms per ligand; NP @: NP diameter; Au/NP: average number of gold atoms per NP; Lig/NP: average number

of ligand per NP; Molar mass of gold: Ma,: 196.97 g mol™".

monitoring the sample by UV-vis spectroscopy. No alterations
in the UV-vis spectra of Au-4 and Au-5 were observed up to
110 and 95 °C, respectively (see Figure S5 in the Supporting
Information). At higher temperatures, the broad and feature-
less UV-vis absorption assigned to the Au core disappeared
and the precipitation of black, insoluble material was observed,
pointing at the uncontrolled agglomeration of AuNPs.
Interestingly, the AuNPs Au-4 coated with the one generation
smaller and thus synthetically easier accessible ligand 4 are ther-
mally about 15 °C more stable than Au-5 with the extended ligand
structure 5. It seems that the four central tetraphenylmethane
subunits of 4 and 5 are coating the AuNP and that the additional
three subunits of 5 do not contribute further to the AuNP surface
passivation. In contrast, these bulky extensions either handicap
the coating sterically or destabilize the coated particle by other
effects like, e.g., offering additional coordination sites, which
might lead to a less tight arrangement of the coating ligand.

2.4. Variation of the Ligand to Gold Salt Stoichiometry

While these AuNPs Au-4 and Au-5 stabilized by a single ligand
are promising building blocks for hybrid architectures, they
are too small to interact with visible light efficiently. To be able
to compare the particle stabilization potential of the different
ligand structures, the amount of gold salt employed during
the AuNPs synthesis was so far fixed to the number of sulfur
atoms present in the ligand structure. The limited availability
of gold salt during the particles’ syntheses is one of the factors
defining the AuNP size and it might be that the dimensions of
AuNPs being stabilized by a particular ligand structure are not
fully explored with this restricted protocol. In order to explore
the size limits of potentially stabilized AuNPs by 4 and 5, the
amount of HAuCl, used for the particle synthesis was doubled
systematically.?*>7°8] Thus the AuNP passivation features
of 4 were also investigated with particles formed with 12 and
24 equivalents of chloroauric acid. It seems that the maximum
size of AuNPs stabilized by 4 was already reached with 6 equiv-
alents of gold salt, as the size distributions of these samples
recorded by TEM all displayed very comparable maxima for the
AuNP diameter of about 1 nm (see Figure S6 in the Supporting
Information). The increased concentration of gold salt however,
considerably reduced the stability of the particles. The parti-
cles Au-4),., obtained with 24 equivalents were not even stable
enough for SEC to remove the remaining ligand and phase
transfer catalyst. The samples Au-4,,.q synthesized with 12 equiv-
alents were a little bit more stable and did not decompose during
chromatography. However, the deposition of a gold film upon
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extended storage (7 d) dissolved in DCM at —20 °C indicated as
well a reduced stability compared to the parent sample Au-4,.

With a comparable approach, the dimensional limits for
AuNPs stabilized with 5 were investigated. The size distribu-
tions of the AuNPs synthesized with 18, 36, 72, and 144 equiva-
lents of HAuCl, in the presence of 5 are displayed in Figure S7
in the Supporting Information. Also in the case of 5, it seems
that the ideal dimension of the AuNP coated by 5 is already
reached with the initial protocol using 9 equivalents chloroauric
acid, as the size distribution of Au-5;g.; with a maximum of
1.18 nm is barely shifted to larger diameters. With increasing
equivalents of gold salt present, the maximum of the distribu-
tions shifts slightly to larger dimensions, accompanied by a pro-
nounced broadening of the shoulder of the distribution towards
larger particles. Also in the case of 5-coated AuNPs, a reduced
stability of too large AuNPs was observed, but at considerable
larger dimensions compared to 4. The sample Au-5;,,, for
example, was stable enough for the purification processes and
for drying/re-dispersing cycles. Dispersed in DCM, however,
Au-55,, displayed limited stability features comparable with
those of Au-4;,.,. The samples Au-5;g¢q and Au-53¢,, were even
stable enough to determine the ligand-to-gold ratio by TGA
(see Table S1 in the Supporting Information). While Au-5;g,
is, with 1.29 ligands per particle, only slightly above the favored
1/1 ratio, more than two ligands 5 are required to stabilize the
average particle in Au-534¢,.

3. Conclusion

A new tripodal central ligand motif has been developed to
improve the surface coverage of benzylthioether-based oligomers
upon passivation of AuNPs. The potential of the tripodal architec-
ture has been explored by two different oligomer motifs, namely a
meta-xylene-based motive (in 2 and 3) and a tetraphenylmethane-
based repeat unit (in 4 and 5). In particular, the second series 4
and 5 displayed promising AuNP stabilization features. The par-
ticles Au-4 and Au-5 are not only isolated in excellent yields with
respect to the gold salt, they are stable enough for purification by
SEC. They have comparable dimensions of about 1.1 nm and in
both cases, a single ligand is able to cover and stabilize the entire
AuNP. Interestingly, improved thermal stability was recorded for
Au-4, coated with the smaller ligand of the two.

We are currently further developing the easily accessible
ligand motif by introducing functional groups at the remaining
phenyl of the central tetraphenylmethane unit, in order to pro-
vide coated AuNPs as “heavy” molecules and labels attached by
wet chemical coupling reactions.
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4. Experimental Section

Materials: All commercially available starting materials were of
reagent grade and used as received, unless stated differently. Absolute
THF was purchased from |. T. Baker, stored over 4 A molecular sieves,
pre-dried with CaH, handled under argon and freshly distilled before
each use. Pure DCM was purchased from ]. T. Baker. Pure toluene was
purchased from Romil. Pure DMF was purchased from Acros Organics.
tert-butylmethylether (TBME), c-hexane, ethyl acetate (EtOAc), and DCM
were used for purification and were of technical grade. CC purifications
were carried out on SilicaFlash P60 (particle size 40-63 um) from
SiliCycle. Deuterated solvents were purchased from Cambridge Isotope
Laboratories.

Equipment and Measurements: 'H and '3C NMR spectra were
recorded with a Bruker DPX 400 instrument ("H resonance 400 MHz,
13C resonance 101 MHz) or a Bruker DRX 500 instrument ("H resonance
500 MHz, '3C resonance 126 MHz) at 298 K. The chemical shifts (6) are
reported in ppm and are referenced to the residual proton signal of the
deuterated solvent (CDCl3: 7.26 ppm) for 'H spectra or the carbon of
the solvent (CDCl3: 77.1 ppm) for *C spectra. The coupling constants
()) are given in Hertz (Hz), the multiplicities are denoted as: s (singlet),
d (duplet), t (triplet), m (multiplet), and br (broad). MALDI-ToF mass
spectra were performed on a Bruker microflex mass spectrometer,
calibrated with Csl;, and o~cyano-4-hydroxycinnamic acid (unless
stated differently) was used as matrix. Important signals are given in
m/z. Gas chromatography-mass spectrometry (GC-MS) was performed
on a Shimadzu GCMS-QP2010 SE gas chromatography system with
a ZB-5HT inferno column (30 m x 0.25 m x 0.25 m), at 1 mL min™'
He-flow rate (split = 20:1) with a Shimadzu mass detector (El 70 eV).
High-resolution mass spectra (HRMS) were measured as HR-ESI-
ToF-MS with a Maxis 4G instrument from Bruker with the addition of
formic acid. SEC for the purification of AuNPs was performed manually
using Bio-Rad Bio-Beads S-X1 (operating range 600-14 000 g mol™)
with DCM as eluent. For purification of the ligands, a (automated)
Shimadzu Prominence System was used with SDV preparative columns
from Polymer Standards Service (two Showdex columns in series,
20 mm X 600 mm each, exclusion limit: 30 000 g mol~') with chloroform
as eluent. UV—vis measurements were recorded on a Shimadzu UV
spectrometer UV-1800 using optical 1115F-QS Hellma cuvettes (10 mm
light path). TEM was performed on a Philips CM100 TEM at 80 kV using
copper grids (Cu-400HD) from Pacific Grid Tech. TGA was measured on
a Mettler Toledo TGA/SDTA851¢ with a heating rate of 10 °C min~".

(3-(tert-Butyl)-5- (((4-methylbenzyl)thio) methyl) benzyl) (trityl)sulfane
(16): In a dry, degassed 25 mL one-neck flask, compound 14 (693 mg,
1.34 mmol, 1 eq.) and p-tolylmercaptan (273 pL, 2.02 mmol, 1.5 eq) were
dissolved in dry, degassed THF (7 mL). NaH (60% dispersed in mineral
oil, 268.4 mg, 6.7 mmol, 5 eq.) was added to the solution, which was
then allowed to stir at room temperature for 2 h. The reaction mixture
was quenched with water, then extracted three times with TBME dried
over Na,SO, and the solvent removed in vacuo. The crude product was
subjected to CC (c-hexane 10:1 DCM) to yield 16 as a white solid (698
mg, 91%). TH NMR (400 MHz, CDCl;, §): 7.49-7.46 (m, 6H), 7.33-7.19
(m, 9H), 7.18-7.07 (m, 4H), 7.00-6.97 (m, TH), 6.90-6.87 (m, TH), 3.52
(d, J = 2.9 Hz, 4H), 3.31 (d, J = 1.4 Hz, 2H), 2.32 (s, 3H), 1.27 (s, 9H).
13C NMR (101 MHz, CDCls, §): 151.57, 144.88, 137.99, 137.02, 136.59,
135.17, 129.78, 129.21, 129.03, 128.01, 126.97, 126.77, 125.03, 124.82,
67.62, 37.30, 35.72, 35.35, 34.70, 31.41, 21.20. HRMS (ESI): m/z = [M +
Na]* caled for C3gH4oNaS; 595.2464; found, 595.2464.

(3- (tert-Butyl)-5-(((4-methylbenzyl)thio) methyl) phenyl) methanethiol
(7): In a 25 mL one-neck flask, compound 16 (698 mg, 1.22 mmol,
1 eq.) was dissolved in DCM (6 mL). Thriethylsilane (590 uL, 3.66 mmol,
3 eq.) was added to the solution, which was then bubbled with argon for
15 min after which time trifluoroacetic acid (240 puL, 4% of DCM volume)
was added to the solution. An immediate color change to a bright yellow
hue which faded a few seconds after was observed. The mixture was
stirred for another hour at room temperature before quenching upon
addition of saturated aqueous sodium bicarbonate. The aqueous phase
was extracted three times with DCM, the combined organic phase was
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dried over Na,SO, and the solvent was removed in vacuo. The crude
product was subjected to column chromatography (c-hexane 10:1 DCM)
to yield 7 as colorless oil (368 mg, 91%). "H NMR (400 MHz, CDCl;, §):
7.21-7.10 (m, 6H), 7.07 (t, ) = 1.6 Hz, TH), 3.72 (d, j = 7.5 Hz, 2H), 3.57
(s, 4H), 2.33 (s, 3H), 1.76 (t, J = 7.5 Hz, TH), 1.31 (s, 9H). *C NMR (101
MHz, CDCl;, §): 151.78, 140.92, 138.26, 136.60, 135.08, 129.18, 128.95,
125.88, 125.00, 123.73, 35.73, 35.46, 34.73, 31.39, 29.18, 21.16. HRMS
(ESI): m/z = [M + Na]* calcd for CyoHpsNaS, 353.1369; found 353.1368.
(3- (tert-Butyl)-5-(((3- (tert-butyl)-5-(((4-methylbenzyl)thio) methyl)
benzyl)thio) methyl)benzyl) (trityl)sulfane (17): In a dry, degassed 25 mL
one-neck flask, compound 7 (56.2 mg, 0.17 mmol, 1 eq.) and compound
14 (87.4 mg, 0.17 mmol, 1 eq.) were dissolved in dry THF (10 mL), and
bubbled with argon for 15 min. NaH (60% dispersion in mineral oil,
17.1 mg, 0.428 mmol, 7.4 eq.) was added to the mixture, which was then
stirred for 2 h at room temperature, and then quenched by addition of
water. The aqueous phase was extracted three times with TBME, and
the combined organic fraction was dried over Na,SO,. The solvent was
removed in vacuo. The crude product was subjected to CC (c-hexane
10:1 DCM) to afford 17 as pale, colorless solid (102.8 mg, 79%). 'H
NMR (400 MHz, CDCls, 8): 7.53-7.41 (m, 6H), 7.36-7.01 (m, 17H), 6.99
(s, TH), 6.91 (s, TH), 3.55 (d, J = 2.2 Hz, 8H), 3.31 (s, 2H), 2.31 (s, 3H),
1.30 (s, 9H), 1.27 (s, 9H). *C NMR(101 MHz, CDCl;, §): 151.61, 151.52,
144.82, 138.05, 138.03, 138.00, 137.11, 136.55, 135.14, 129.74, 129.19,
128.98, 127.98, 126.86, 126.84, 126.74, 124.90, 124.85, 124.70, 67.61,
37.26, 35.97, 35.84, 35.46, 34.70, 34.68, 31.46, 31.42, 21.18. HRMS
(ESI): m/z = [M + Na]" calcd for Cs;HssNaS; 787.3437; found 787.3436.
(3- (tert-Butyl)-5-(((3- (tert-butyl)-5-(((4-methylbenzyl)thio) methyl)
benzyl)thio) methyl)phenyl)methanethiol (8): In a 25 mL one-neck
flask, dimeric branch compound 17 (100 mg, 0.131 mmol, 1 eq.) was
dissolved in DCM (5 mL). Triethylsilane (63.4 uL, 0.393 mmol, 3 eq.) was
added to the mixture, which was then bubbled with argon for 15 min.
Trifluoroacetic acid (200 pL, 4% of DCM volume) was added to the
mixture upon which an immediate color change to bright yellow and a
subsequent fading of the color was observed. The reaction mixture was
allowed to stir at room temperature for 2 h, then quenched by addition of
saturated aqueous sodium bicarbonate. The aqueous phase was extracted
three times with DCM. The combined organic phase was dried over
Na,SO, and the solvent was removed in vacuo. The crude product was
subjected to CC (c-hexane 10:1 DCM) to afford 8 as colorless oil (53 mg,
77%). 'TH NMR (400 MHz, CDCl;, &): 7.24-7.15 (m, 6H), 7.14- 7.07
(m, 4H), 3.73 (d, J = 7.5 Hz, 2H), 3.60 (dd, J = 6.8, 2.3 Hz, 8H), 2.34
(s, 3H), 1.77 (t, ] = 7.5 Hz, TH), 1.33 (s, 9H), 1.33 (s, 9H). 3C NMR (101
MHz, CDCl5, &): 151.90, 151.55, 140.96, 138.28, 138.00, 136.57, 135.11,
129.19, 128.96, 126.86, 125.90, 124.94, 124.86, 124.70, 123.80, 35.99,
35.89, 35.85, 35.50, 34.76, 34.70, 31.44, 31.43, 29.18, 21.17. HRMS
(ESI): m/z = [M + NaJ]* calcd for C3,H4,NaS; 545.2341; found 545.2341.
(4-(Bis(4-(tert-butyl) phenyl) (4- (((4-methylbenzyl)thio) methyl) phenyl)
methyl) benzyl) (trityl)sulfane (18): To a dry, degassed 25 mL one-neck
flask, compound 15 (35 mg, 0.043 mmol, 1 eq.) was added and dissolved
in dry THF (2 mL). p-tolylmercaptan (8.8 uL, 0.065 mmol, 1.5 eq.)
was added to the solution, which was then bubbled for 15 min. NaH
(60% dispersed in mineral oil, 8.6 mg, 0.215 mmol, 5 eq.) was added
to the reaction mixture. The mixture was stirred at room temperature
for 2 h, and then quenched by addition of water, extracted two times
with TBME, dried over Na,SO, and the solvent was removed in vacuo.
The crude product was subjected to CC (c-hexane 10:1 DCM) to afford
18 as pale, yellowish solid (35 mg, 93%). "H NMR (400 MHz, CDCls, §):
7.48-7.42 (m, 6H), 7.30-6.98 (m, 29H), 3.56 (d, J = 10.5 Hz, 4H), 3.28
(s, 2H), 231 (s, 3H), 1.29 (s, 18H). 1*C NMR (101 MHz, CDCl;, §):
148.45, 146.00, 145.85, 144.73, 143.66, 136.55, 135.52, 135.13, 134.33,
131.24, 130.67, 129.66, 129.16, 128.91, 128.10, 127.94, 126.70, 124.21,
67.42, 63.69, 36.66, 35.49, 35.23, 34.33, 31.40, 29.74, 21.14. HRMS
(ESI): m/z = [M + Na]* calcd for Cg,Hg,NaS, 893.4186; found 893.4185.
(4-(Bis(4-(tert-butyl) phenyl) (4-(((4-methylbenzyl)thio) methyl) phenyl)
methyl) phenyl)methanethiol (9): In a 25 mL one-neck flask, compound
18 (91 mg, 0.104 mmol, 1 eq.) was dissolved in DCM (5 mL). After
addition of triethylsilane (150.9 pL, 0.936 mmol, 9 eq.), the solution
was bubbled with argon for 20 min after which time trifluoroacetic acid
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(200 pL, 4% of DCM volume) was added to the mixture. An immediate
color change to yellow, lasting for 30 s was observed. The mixture was
stirred 1 h at room temperature. The reaction was quenched by addition
of saturated aqueous sodium bicarbonate. The aqueous phase was
extracted three times with DCM, dried over Na,SO, and the solvent was
removed in vacuo. The crude product was subjected to CC (c-hexane
10:1 DCM) to afford 9 as colorless oil (65.6 mg, quant.). '"H NMR
(400 MHz, CDCls, 9): 7.26-7.21 (m, 4H), 7.20-7.12 (m, 10H), 7.12-7.06
(m, 6H), 3.70 (d, ] = 7.5 Hz, 2H), 3.57 (d, ] = 9.8 Hz, 4H), 2.31 (s, 3H),
1.75 (t, ) = 7.5 Hz, TH), 1.30 (s, 18H). 3C NMR (101 MHz, CDCls, §):
148.54, 146.06, 145.84, 143.65, 138.40, 136.57, 135.62, 135.14, 131.47,
131.28, 130.72, 129.18, 128.93, 127.98, 127.00, 124.27, 63.72, 35.54,
35.26, 34.36, 31.43, 28.58, 21.17. HRMS (ESI): m/z = [M + NaJ" calcd for
Cy43H4gNaS, 651.3090; found 651.3090.

(4-(Bis(4-(tert-butyl) phenyl) (4-(((4-methylbenzyl)thio) methyl) phenyl)
methyl)  benzyl) (4-(bis(4- (tert-butyl) phenyl) (4-((tritylthio) methyl) phenyl)
methyl)benzyl) sulfane (19): In a dry, degassed 25 mL one-neck flask,
compound 9 (73.2 mg, 0.119 mmol, 1 eq.) and branch precursor 15 (107
mg, 0.131 mmol, 1.1 eq.) were dissolved in dry THF (5 mL), and bubbled
with argon for 15 min. NaH (60% dispersion in mineral oil, 23.8 mg,
0.595, 5 eq.) was added to the mixture, which was then stirred for 2 h at
room temperature, and then quenched by addition of water. The mixture
was extracted three times with TBME, dried over Na,SO, and the solvent
was removed in vacuo. The crude product was subjected to CC (c-hexane
10:1 DCM) to afford 19 as pale solid (136 mg, 85%). "H NMR (400 MHz,
CDCl;, 8): 7.48-7.43 (m, 6H), 7.35-7.01 (m, 43H), 7.02- 6.98 (m, 2H),
3.60 (d, J = 2.4 Hz, 4H), 3.58 (d, J = 9.5 Hz, 4H), 3.27 (s, 2H), 2.32
(s, 3H), 1.29 (s, 18H), 1.28 (s, 18H). 3C NMR (101 MHz, CDCl;, §):
148.49, 148.42, 145.96, 145.92, 145.90, 145.84, 144.70, 143.65, 143.62,
136.54, 135.55, 135.43, 135.36, 135.10, 134.30, 131.28, 131.25, 131.19,
130.68, 130.63, 129.68, 129.63, 129.14, 128.88, 128.40, 128.08, 127.92,
127.77,127.72,126.67, 124.21, 124.19, 67.39, 63.70, 63.66, 35.49, 35.37,
35.23, 34.32, 34.30, 34.28, 31.38, 31.37, 21.12. HRMS (ESI): m/z = [M +
NaJ* calcd for CoyHyoNaS; 1384.6913; found 1384.6912.

(4-((4-(((4- (Bis(4-(tert-butyl) phenyl) (4-(((4-methylbenzyl)thio) methyl)
phenyl)  methyl)benzyl)thio) methyl) phenyl) bis (4- (tert-butyl) phenyl) methyl)
phenyl) methanethiol (10): To a solution of compound 19 (117 mg,
0.086 mmol, 1 eq.) in DCM (5 mL) in a 25 mL one-neck flask,
triethylsilane (41.6 uL, 0.258 mmol, 3 eq.) was added. After bubbling
the solution with argon for 15 min, trifluoroacetic acid (200 uL, 4% of
DCM volume) was added upon which a brief color to bright yellow was
observed. The reaction mixture was allowed to stir at room temperature
for 1 h, and was thereafter quenched by addition of saturated aqueous
sodium bicarbonate. The aqueous phase was extracted three times with
DCM, dried over Na,SO, and the solvent was removed in vacuo. The
crude product was subjected to CC (c-hexane 10:1 DCM) to afford 10 as
pale solid (86 mg, 89%). '"H NMR (400 MHz, CDCls, §): 7.25-7.03 (m,
36H), 3.71 (d, J = 7.5 Hz, 2H), 3.63-3.54 (m, 8H), 2.32 (s, 3H), 1.75 (t,
J=17.5Hz, TH), 1.29 (s, 18H), 1.29 (s, 18H) 3C NMR (101 MHz, CDCl;,
5): 148.65, 146.16, 146.08, 146.03, 145.98, 143.79, 143.73, 143.69, 138.50,
136.69, 135.69, 135.57, 135.55, 135.24, 131.56, 131.43, 131.40, 131.38,
130.82, 130.79, 129.28, 129.02, 128.09, 128.06, 127.09, 124.37, 124.35,
63.84, 63.82, 35.65, 35.51, 35.38, 34.46, 31.52, 28.67, 21.26. HRMS (ESI):
m/z =[M + Na]" calcd for C;3HggNaS; 1141.5784; found 1141.5784.

(((Phenylmethanetriyl)tris (benzene-4, 1-diyl) ) tris(methylene) ) tris ((4-
methylbenzyl)sulfane) (1): In a dry, degassed 15 mL two-neck flask,
compound 6 (52.4 mg, 0.087 mmol, 1 eq.) and p-tolylmercaptan (71.1 ul,
0.53 mmol, 6 eq) were dissolved in dry THF (5 mL). After bubbling the
mixture with argon for 15 min, NaH (60% dispersed in mineral oil,
35 mg, 0.87 mmol, 10 eq.) was added. The mixture was allowed to stir at
room temperature for 15 h, after which time the reaction was quenched
upon addition of water. The aqueous phase was extracted three times
with TBME. The combined organic phases were washed three times with
water, dried over MgSO4, and evaporated to dryness. The product 1
was afforded by CC (c-hexane 5:1 DCM, and c-hexane 3:2 DCM) as a
yellowish oil (61.9 mg, 92%). 'H NMR (400 MHz, CDCl;, 8): 7.25-7.06
(m, 29H), 3.58 (d, J = 11.6 Hz, 12H), 2.31 (s, 9H). 3C NMR (101 MHz,
CDCls, 6): 146.72, 145.47,136.61, 135.85, 135.07, 131.19, 131.08, 129.19,
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128.91, 128.14, 127.53, 126.00, 64.32, 35.60, 35.22, 21.15. HRMS (ESI):
m/z =M + NaJ" calcd for Cs,HsoNaS; 793.2967; found 793.2967.
(((Phenylmethanetriyl)tris(benzene-4, 1-diyl) ) tris(methylene) ) tris((3-
(tert-butyl)-5- (((4-methylbenzyl)thio) methyl) benzyl)sulfane) (2): In a dry,
degassed 25 mL one-neck flask, compound 6 (50 mg, 0.083 mmol, 1 eq.)
and thiol 7 (96.5, 0.292 mol, 3.5 eq.) were dissolved in dry THF (5 mL).
After bubbling the mixture with argon for 15 min, NaH (60% dispersed
in mineral oil, 16.7 mg, 0.86 mmol, 5 eq.) was added. The mixture was
allowed to stir at room temperature for 2 h, after which time the reaction
was quenched upon addition of water. The aqueous phase was extracted
three times with TBME. The combined organic phases were dried over
Na,SO,, and evaporated to dryness. The product was afforded after CC
(1:1 DCM) as a yellowish oil (86 mg, 77%). "TH NMR (400 MHz, CDCl,,
8): 7.23-7.06 (m, 38H), 3.59 (d, J = 14.4 Hz, 12H), 3.55 (d, J = 3.8
Hz, 12H), 2.31 (s, 9H), 1.29 (s, 27H). 3C NMR (101 MHz, CDCl;, §):
151.48, 146.72, 145.51, 138.07, 137.89, 136.56, 135.73, 135.10, 131.21,
131.07, 129.18, 128.95, 128.19, 127.57, 126.83, 126.02, 124.92, 124.81,
64.35, 36.17, 35.79, 35.43, 35.29, 34.68, 31.42, 21.17. HRMS (ESI): m/z =
[M + NaJ* calcd for CggHggNaSg 1369.5885; found 1369.5868.
(((Phenylmethanetriyl)tris(benzene-4, 1-diyl) ) tris(methylene) ) tris((3-
(tert-butyl)-5-(((3-(tert-butyl)-5- (((4-methylbenzyl) thio) methyl) benzyl)thio)
methyl)benzyl) sulfane) (3): To a dry, degassed 25 mL one-neck flask,
compound 6 (17.4 mg, 0.029 mmol, 1 eq.) and thiol 8 (53.1, 0.102 mol,
3.5 eq.) were added and dissolved in dry THF (5 mL). After bubbling the
mixture with argon for 15 min, NaH (60% dispersed in mineral oil, 11.6
mg, 0.29 mmol, 10 eq.) was added. The mixture was allowed to stir at
room temperature for 2 h, after which time the reaction was quenched
upon addition of water. The aqueous phase was extracted three times
with TBME. The combined organic phases were dried over Na,SO,, and
evaporated to dryness. The crude product was filtrated and purified by
automated GPC (chloroform) thereafter to recover 3 as yellowish oil
(22 mg, 39%). 'H NMR (400 MHz, CDCls, §): 7.22-7.12 (m, 35H),
7.11-7.08 (m, 9H), 7.06 (s, 3H), 3.62 (s, 6H), 3.59-3.55 (m, 30H), 2.32
(s, 9H), 1.30 (s, 27H), 1.29 (s, 27H). 13C NMR (101 MHz, CDCls, §):
151.54, 151.51, 146.69, 145.47, 138.09, 137.98, 137.90, 136.54, 135.69,
135.09, 131.19, 131.04, 129.16, 128.93, 128.15, 127.54, 126.84, 126.79,
125.99, 124.90, 124.86, 124.76, 124.68, 64.32, 36.24, 35.92, 35.80, 35.44,
35.35, 34.66, 31.42, 31.41, 21.15. HRMS (MALDI-ToF): m/z = [M + Na|*
caled for Cyp4Hq46NaSy 1945.8803; found 1945.8803.
(((Phenylmethanetriyl)tris (benzene-4, 1-diyl) ) tris (methylene) ) tris((4-
(bis(4-(tert-butyl) phenyl) (4-(((4-methylbenzyl)thio) methyl) phenyl) methyl)
benzyl)sulfane) (4): In a dry, degassed 25 mL one-neck flask, compound
6 (20 mg, 0.033 mmol, 1 eq.) and thiol 9 (71.9 mg, 0.117 mol, 3.5 eq)
were dissolved in dry THF (5 mL). After bubbling the mixture with argon
for 15 min, NaH (60% dispersed in mineral oil, 13.4 mg, 0.334 mmol,
10 eq.) was added. The mixture was allowed to stir at room temperature
for 2 h, after which time the reaction was quenched upon addition of
water. The aqueous phase was extracted three times with TBME. The
combined organic phases were dried over Na,SO,, and evaporated to
dryness. The product 4 was afforded by CC (c-hexane 2:1 DCM) as a
yellowish oil (44 mg, 61%). '"H NMR (400 MHz, CDCl;, §): 7.22-7.12
(m, 35H), 7.11-7.08 (m, 9H), 7.06 (s, 3H), 3.62 (s, 6H), 3.59-3.55
(m, 30H), 2.32 (s, 9H), 1.30 (s, 27H), 1.29 (s, 27H). 13C NMR (101 MHz,
CDCls, 6): 148.63, 146.78, 146.09, 145.97, 145.61, 143.78, 136.67, 135.84,
135.70, 135.54, 135.24, 131.43, 131.38, 131.29, 131.12, 130.82, 129.27,
129.02, 128.26, 128.05, 128.04, 127.65, 126.10, 124.34, 64.44, 63.84,
35.65, 35.63, 35.54, 35.38, 34.45, 31.52, 21.25. HRMS (MALDI-ToF):
m/z = [M + NaJ* calcd for C;57H;64NaSg 2264.1050; found 2264.1050.
(((Phenylmethanetriyl)tris (benzene-4, 1-diyl) ) tris(methylene) ) tris ((4- ((4-
(((4-(bis(4-(tert-butyl) phenyl) (4-(((4-methylbenzyl)thio) methyl) phenyl)
methyl)benzyl) thio)methyl) phenyl) bis(4- (tert-butyl) phenyl) methyl) benzyl)
sulfane) (5):1n adry, degassed 25 mL one-neckflask, compound 6 (13.1 mg,
0.022 mmol, 1 eq.) and thiol 10 (85.8 mg, 0.077 mol, 3.5 eq.) were
dissolved in dry THF (5 mL). After bubbling the mixture with argon for
15 min, NaH (60% dispersed in mineral oil, 8.8 mg, 0.219 mmol, 10 eq.)
was added. The mixture was allowed to stir at room temperature for 2 h,
after which time it was quenched upon addition of water. The aqueous
phase was extracted three times with TBME. The combined organic
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phases were dried over Na,SO,, and evaporated to dryness. The crude
product was filtrated, and purified by automated GPC (chloroform)
thereafter to recover 5 as yellowish oil (72 mg, 89%). "H NMR (400 MHz,
CDCly, 8): 7.25-7.16 (m, 35H), 7.14=7.11 (m, 57H), 7.09-7.04 (m, 33H),
3.60-3.54 (m, 36H), 2.31 (s, 9H), 1.28 (s, 54H), 1.27 (s, 54H). 1°C NMR
(101 MHz, CDCl;, §): 148.67, 148.66, 146.82, 146.11, 146.11, 146.09,
146.02, 145.65, 143.84, 143.82, 136.71, 135.90, 135.74, 135.62, 135.62,
135.59, 135.29, 131.48, 131.46, 131.43, 131.34, 131.17, 130.87 (x2),
130.85, 129.33, 129.07, 128.31, 128.13, 128.12, 128.11, 128.10, 127.70,
126.15, 124.40 (x2), 64.48, 63.89 (x2), 35.69 (x2), 35.60, 35.58, 35.58,
35.41, 34,51, 34.50, 31.58 (x2), 21.32. HRMS (MALDI-ToF): m/z = [M +
Na]* caled for Cyg,H;78NaSq 3734.9132; found 3734.9132.

General Procedure for AuNP Formation and Purification: AuNP syntheses
were carried out on a 30-50 pmol scale with respect to the Au equivalents.
Tetrachloroauric acid (n eq., where n is the number of sulfur atoms in
the used ligand) was dissolved in deionized water (2.5 mL). A solution of
tetraoctylammonium bromide (2n eq.) dissolved in DCM (2.5 mL) was
added and the two-phase mixture was stirred for 15 min after which time
the aqueous phase had turned colorless. The ligand (1 eq.), dissolved
in DCM (2.5 mL), was added to the reaction mixture, which was stirred
for 15 min, allowing the thioether moieties and the gold to preorganize
their conformation. A freshly prepared solution of sodium borohydride
(8n eq.) in water (2.5 mL) was then added quickly to the reaction mixture,
causing an immediate color change to dark brown. After 15 min stirring,
the resulting opaque organic phase was separated from the aqueous
phase via Pasteur pipette and the aqueous phase was extracted twice with
DCM. The combined organic fractions were concentrated to a volume of
approximately 0.5 mL in a Falcon tube by constant bubbling of protection
gas. 35 mL ethanol was added in order to precipitate the particles,
which were then centrifuged three times at during 25 min at 5 °C and
4000 rpm, discarding the supernatant after every centrifugation step. After
redispersion in DCM, the AuNPs were separated from excess ligand via
SEC, evaporated to dryness and stored in the freezer.
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Abstract: Using a tripodal, thioether-based ligand comprising
a remote protected acetylene, we efficiently stabilize small gold
nanoparticles (@ = 1.2 nm) which are isolated and purified by
chromatography. The 1:1 ligand-to-particle ratio is obtained by
comparing the particles' dimensions measured by transmission
electron microscopy with the weight fraction of the coating
ligand determined by thermogravimetric analysis. The single li-
gand coating of the gold particle guarantees the presence of a
single masked alkyne per particle. It can be addressed by wet

\chemical protocols providing the particles with the properties

of “massive molecules”. The “massive molecule” nature of the
particles is demonstrated by involving them in wet chemical
coupling protocols like oxidative acetylene coupling providing
gold nanoparticle dimers (34 % isolated yield) or alkyne-azide
“click”-chemistry with a suitable triazide, giving trimeric particle
architectures (30 % determined by transmission electron mi-
croscopy). The particle stabilization obtained by the coating li-
gand allows, for the first time, to treat these multi-particle archi-
tectures by size exclusion chromatography.

/

Introduction

Colloidal gold has experienced large interest due to its optical
and physical properties.’~*! Since the pioneering work by Brust
et al.'®”! various thiol-based organic ligands have been investi-
gated for the stabilization of gold nanoparticles (Au NPs), owing
to their synthetic tunability and availability, ease of handling,
and favorable stabilization properties. Thiol-stabilized Au NPs
were applied in a plethora of fields including catalysis,'®%
sensing and labeling applications,"'~"") medical diagnostics
and therapeutics°-24 or as building blocks for hybrid materi-
als!?>! and molecular electronics.'?-281 For many of these appli-
cations, Au NPs exposing a single functional group, behaving
like “massive molecules” enabling their positioning and integra-
tion by covalent chemistry are desirable.?°-32 Several ap-
proaches resulting in monofunctionalized Au NPs stabilized
with thiol-based ligands have been reported, including single-
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ligand place-exchange reactions on solid support®33# or in so-
lution, followed by separation by electrophoresis,*> on-Au NP
surface polymerization of suitable ligands'3®! or exchange of the
entire ligand shell with carefully tuned thiol mixtures on citrate-
stabilized Au NPs.3”! Recently, the scope of sulfur-containing
ligands for Au NPs has been enhanced towards more complex
benzylic thioether-based ligands. The reversible coordinative
binding of the thioether to the Au NP surface and the flexible
adaptive structure of the multidentate coating ligand holds the
promise of efficient and size-selective Au NP passivation. In-
deed, oligomeric,38#3! tripodal,*44¢! dendrimeric,*¢->% and
even cage-like®"! thioether-based ligands yielded Au NPs with,
in some cases, narrow size-distributions, good yields and re-
markable stability features. We reported earlier about the favor-
able Au NP stabilization features of a family of ligands consist-
ing of a central tetraphenylmethane subunit decorated three-
fold with multidentate oligomeric chains.>? Particularly appeal-
ing were these ligands with tetraphenylmethane-based benz-
ylic thioether oligomers, as in these cases, a single ligand
turned out to be able to stabilize an entire Au NP. Interestingly,
as only three of the four phenyl units of the central tetraphenyl-
methane are decorated with an oligomer, the molecular design
leaves the fourth phenyl ring upright-standing on the coated
Au NP as ideal site for further chemical functionalization.’3->5]

Here, we report the successful functionalization of the re-
maining free phenyl ring by an oligo(phenylene-ethynylene)
(OPE) rod exposing a triisopropylsilyl(TIPS)-masked alkyne
group. As sketched in Scheme 1, the ligand 1 exposing the OPE
rod as a functional group keeps the ability to stabilize an entire
Au NP, resulting in monofunctionalized Au NPs which readily
undergo chemical reactions in a single position. The combina-
tion of a reasonably stable Au NP with a reactive functional
group makes these particles addressable by wet chemistry and

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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1) HAUCI,, H,0
(CgH17)sNBr, CH,Cl, 1t, 15'

2)1, CH,Cly, 1t, 15'

3 s
N— 1
fg=-—= _3:<

3) NaBH, H,0, 1t, 15'

Au-1-TIPS

Au-1-TIPS

Scheme 1. a) Conceptual overview and synthesis of the Au NP exposing a single functional group (fg). b) Sketch of the ligand-coated Au NP as massive

object exposing a functional group accessible by wet chemistry.

they can be considered as “massive molecules”. The chemical
accessibility of the exposed alkyne was demonstrated by
standard coupling reactions like oxidative acetylene cou-
pling!34148! resulting in “dumbbell”-type dimers and alkyne-
azide “click” chemistry!>>7] providing Au NP trimers thanks to
a suitable triazide linker. Interestingly, the here reported ligand
shell stabilizes the Au NP to an extent enabling to expose these
small nano-architectures consisting of interlinked Au NPs to
size-exclusion chromatography (SEC), which was not the case
for previously reported ligand designs.3941:4849]

Results and Discussion

Ligand Synthesis

The synthesis of tripodal ligand 1 is shown in Scheme 1. The
three benzylic bromides of precursor 2 were substituted with a
moderate excess of thiol 3 (1.23 equivalents per bromide), using
sodium hydride (NaH) as a base in freshly distilled tetrahydro-
furan (THF). After aqueous work-up, the ligand was isolated in
55 % yield by silica plug filtration and automated gel permea-
tion chromatography (GPC, in chloroform).

The synthesis of the central linking unit was performed in
six steps with an overall yield of 54 % (Scheme 2). Precursor 4
was obtained via Sandmeyer-type reaction applied to 4-tritylan-
iline in good 80 % yield. Subsequent treatment with bromine
gave the tribromide 5 quantitatively. Profiting from the im-
proved reactivity of the iodine substituent in palladium-cata-
lyzed coupling reactions,*® the OPE-rod exposing the TIPS-pro-
tected alkyne was introduced via Sonogashira cross-coupling
reaction performed at room temperature, providing the OPE-
rod 6 exposing three terminal para-bromophenyls. Threefold
lithium-halogen exchange was achieved with tert-butyl-lithium
in =78 °C cold THF, and quenching with N,N-dimethylformamide
(DMF) gave the trialdehyde 7 in excellent 88 % yield after aque-
ous work-up and column chromatography. The three aldehydes
were quantitatively reduced to benzylic alcohols in 8 with so-

Eur. J. Inorg. Chem. 2020, 2325-2334 www.eurjic.org
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R'=H; R?=NH
"

R'=H;R?=1:4
b) c)
R'=Br;R?=1:5 ——~ R=Br:6

R=COH: 7
e
)ER—CHZOH:B

Scheme 2. Synthesis of functionalized central linking unit 2. a) 1) BF;Et,0,
CH,Cl,, =10 °C, 45’, 2) tBUONO, CH,Cl,, -10 °C, 45, 3) I,, KI, =10 °Cto r.t,, 15 h,
80 %; b) Br,, neat, r.t., 30", quant.; ¢) Pd(PPh;),Cl,, TIPSC=C-pC¢H,-C=CH, Cul,
EtsN, CH,Cl,, r.t., 2 h, 76 %; d) 1) tBuLi, THF, =78 °C, 2 h, 2) DMF, -78 °C to r.t.,
2 h, 88 %; e) 1) NaBH,, MeOH, 0 °C, 2 h, 2) HCI (aq.), 0 °C, r.t, quant,; f) CBr,,
PPhs, CH,Cl,, -10 °C, 1 h quant.

dium borohydride. Finally, in a threefold Appel-reaction, the
benzylic alcohols were converted into the benzylic bromides of
2 quantitatively.

The assembly of the teraphenylmethane building block 3 ex-
posing a benzylic thiol was achieved following a previously
published protocol.#?

All new compounds were characterized by "H- and "*C-NMR
spectroscopy and high-resolution mass spectrometry.

Au NP Synthesis

The Au NPs stabilized by ligand 1 were synthesized following a
previously published protocol® based on a variation of the Au
NP synthesis proposed by Brust et al.®! In the aqueous phase
of a biphasic system, one equivalent of gold salt (HAuCl,) for
each sulfur atom in the ligand, i.e. 6 equivalents, was added.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The transfer of the gold salt from the aqueous to the organic
phase was achieved by addition of tetra-n-butyl ammonium
bromide (TOAB, 2 equivalents with respect to HAuCl,, i.e. 12
equivalents) to the organic phase. The ligand was added dis-
solved in CH,Cl,. Nucleation of the Au NPs was induced via
reduction by aqueous NaBH, (8 equivalents with respect to
HAuCl,, i.e. 48 equivalents). Upon addition of the reducing
agent, an immediate color change of the organic phase from
bright orange to opaque dark brown was observed. After rigor-
ous stirring for 15 min, the organic phase was separated and
concentrated in a N, stream to prevent possible thermal aggre-
gation of NPs. Precipitation of the Au NPs from the concen-
trated organic solution was achieved by addition of ethanol.
Repeated centrifugation and subsequent SEC provided pure
samples of the Au NPs without remaining traces of ligand mol-
ecules or TOAB. The colloidal gold particles stabilized by ligand
1 are labeled as Au-1-TIPS and were isolated in excellent yields
above 95 %. Au-1-TIPS was the only detectable form of gold
throughout the synthesis and the mass losses were due to the
handling during the purification procedures.

Au NP Analysis and Characterization

The Au NPs were characterized by variable temperature UV/
Vis absorption spectroscopy, transmission electron microscopy

0.8
— Au-1-TIPS
—1

0.6

0.4 4

0.2 1

normalized absorption / a.u.

0.0

T T T T T
200 300 400 500 600 700
wavelength / nm

(TEM), and thermogravimetric analysis (TGA). Finally, the
“molecule-like” behavior of Au-1-TIPS was demonstrated by en-
gaging them in wet chemistry coupling protocols producing
small nano-architectures like dimers and trimers which could
be detected by TEM.

The UV/Vis absorption spectrum of Au-1-TIPS (Figure 1c) dis-
plays discrete bands between 300-350 nm, characteristic for
the absorbance of the OPE subunit of the ligand 1. Apart from
these features, the continuous increase towards shorter wave-
length without a surface plasmon band points at Au NPs with
diameters below 2 nm. Only with Au NPs of dimensions below
2 nm, the rate of surface scattering exceeds the rate of bulk
scattering and the electron-donating character of the coordi-
nating sulfur atoms of the coating ligand increases the surface
electron density significantly, reflected in a broadening of the
surface plasmon band.® It is noteworthy that very similar opti-
cal behavior was reported for the parent ligand structure with-
out the exposed functional group.®? The OPE subunit of 1 acts
as an optical label and the very comparable absorption of the
OPE subunit of Au-1-TIPS compared with the free ligand 1 not
only proves the presence of the ligand on the Au NP, but also
supports the hypothetical picture of an exposed and dissolved
OPE rod which does not interfere with the Au NP surface. The
dimensions of the Au NPs were further analyzed by TEM (Fig-

. @ Au-1-TIPS
1.21+£0.36 nm

count

0.0 0.5 1.0 15 2.0 25 3.0
diameter / nm

normalized absorption / a.u.

0.4

T T T T T
300 400 500 600 700
wavelength / nm

Figure 1. a) TEM micrograph of Au-1-TIPS; b) size-distribution of Au-1-TIPS obtained from TEM micrographs; ¢) UV/Vis absorption spectrum of Au-1-TIPS in
comparison with ligand 1; d) UV/Vis absorption spectra at selected temperatures, offset for clarity.
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ure Ta-b) and the recorded diameters of 1.21 £ 0.36 nm con-
firmed the initial claims derived from the UV/Vis experiments.
The Au NP size distribution was determined with TEM micro-
graphs comprising more than 6000 NPs, using the threshold
and particle analysis tools from Image).'°”!

TGA of Au-1-TIPS revealed a mass loss of 19.0 % between
200 and 600 °C which was attributed to the combustion of the
coating organic ligand 1. Assuming a spherical shape, the Au
NP diameter of 1.21 nm determined by TEM allowed to deter-
mine the Au NP's volume (0.93 nm3). With the density of gold
(19.32 g cm™3), the mass of an average Au NP was determined
to be 1.79x 1072° g, and, by multiplication with Avogadro’s
number (Na: 6.022 x 102> mol™"), the molecular weight of the
average uncoated Au NP was determined to be 10792 g mol=".
The molecular weight of the ligand 1 with the formula
Ci76H188S6Si is 2523.89 g mol~'. The molecular weight of the
proposed particle Au-1-TIPS coated by a single ligand is, with
13316 g mol™’, the sum of both. The weight contribution of the
coating ligand 1 fits, with 18.95 %, perfectly the weight loss
recorded during TGA (19.0 %), corroborating the claim that a
single ligand 1 is coating and stabilizing an entire Au NP. The
same issue is examined in Table 1 displaying that the same
number of gold atoms per particle is obtained from the TGA
and the TEM analysis.

The Au NPs Au-1-TIPS coated with a single ligand exposing
an OPE rod can be regarded as “massive molecules” with a
peripheral TIPS-protected alkyne as functional group. To ex-
plore the stability of this “massive molecule” and thus also the
scope of potential reaction conditions, samples of Au-1-TIPS
were dispersed in ortho-xylene and gradually heated while their
optical features were monitored by UV/Vis spectroscopy. Apply-
ing a heating gradient of 10 °C per hour, the UV/Vis spectra of
the sample remained unchanged up to 105 °C (Figure 1d).
Above this temperature, the samples turned red and the emer-
gence of a plasmon band in the UV/Vis was observed. Upon
extended exposure to temperatures above 105 °C, decoloration
of the sample due to precipitation was observed. The thermal
decomposition of Au-1-TIPS above 105 °C is interpreted as ag-
glomeration to larger particles, either due to too violent colli-
sions for the delicate steric protection provided by coating 1 or
due to prior thermal detachment of 1. It is noteworthy that a
comparable decomposition temperature was observed for the
parent ligand structure (110 °C),®?! documenting further the
separation between the coating ligand subunit of 1 and the
attached OPE rod.

After the determination of the thermal stability of Au-1-TIPS,
its potential as precursor in wet-chemical reactions as building
block for nano-architectures was explored.

Au-1-TIPS as Precursor in Coupling Reactions I:
Dimerization

The analytical data of Au-1-TIPS displayed a Au NP coated by a
single ligand and, consequently, also only one OPE rod per Au
NP. Furthermore, the comparison of the UV/Vis spectra of Au-
1-TIPS and the free ligand 1 suggested an entirely dissolved
and thus wet-chemically addressable OPE subunit exposed at
the Au NP surface. The OPE rod exposes a TIPS-protected termi-
nal alkyne as masked but reactive functional group which can
be involved e.g. in various coupling protocols. To demonstrate
the engagement of Au-1-TIPS as “massive molecule” in cou-
pling chemistry, the TIPS-masked alkyne was deprotected prof-
iting from the fluoride ions of tetra-n-butylammoniumfluoride
(TBAF) in CH,Cl, (Scheme 3). After aqueous work-up, the depro-
tected Au NPs were exposed to typical Glaser-Hay oxidative
acetylene coupling conditions.[©"62 They were re-dissolved in
CH,Cl, and Cu® ions were added together with N,N,N’,N'-tetra-
methylethane-1,2-diamine (TMEDA) as ligand dissolving the
copper ion. The reaction was vigorously stirred at ambient air
to guarantee the presence of dissolved oxygen. To avoid aggre-
gation of the coated gold particles, the reaction was kept for 4
hours at room temperature. After aqueous work-up and subse-
quent repetitive separation by SEC using CH,Cl, and toluene as
eluent, Au NP dimers [(Au-1),] were isolated in 34 % yield. It is
noteworthy that these dimeric Au NP architectures based on
the ligand 1 were the first larger systems resisting decomposi-
tion on the SEC column, documenting further the superior sta-
bility of Au NP coated by the ligand 1. All our earlier ligand
designs based on benzylic thioethers survived SEC conditions
as monomers, but the resulting interlinked NP architectures dis-
integrated when exposed to the shear forces of SEC.394148]

The yield of (Au-1), was also determined by analyzing TEM
micrographs of the crude reaction mixture. The reaction mix-
ture was diluted to an extent avoiding the agglomeration of Au
NPs on the TEM grid. 53 micrographs (each 340 nm x 260 nm)
comprising a total of 2077 Au NPs were analyzed, covering
4.69 um? of the TEM grid. Pairs of Au NPs with a spacing up to
3.2 nm were considered as (Au-1),. With 826 of 2077 NPs being
part of a dimer corresponding to a yield of 39.8 %, the TEM
analysis confirmed the yield isolated by SEC.

Table 1. Ligand-to-gold ratio of Au-1-TIPS. The number of gold atoms of an average particle is calculated from the TGA data (top) and from the dimension
of the NP determined by TEM (bottom). m(1): mass loss due to burned ligand 1; M(1): molar mass of 1; n(1): number of mol of ligand 1; ma,: mass of
remaining gold; na,: number of mol of gold; na,/n(1): average number of gold atoms per ligand according to the TGA data; @yp: diameter of an average NP
determined by TEM; Vyp: volume of the NP = 4/37tr®; myp: mass of the NP = Vypepa, (With pa, = 19.32 g cm™3); Ma,: molar mass of gold (196.97 g mol™"); nay:
number of mol of gold=myp/Ma,; Nau/NP: average number of gold atoms per NP = nayNa (N = 6.022 x 1023 mol™").

Au-1-TIPS m(1) M(1) n(1) May Nay Nau/n(1)
[mg] [g/mol] [mol] [mg] [mol]

TGA 0.545 2523.9 2.18 x 1077 233 1.18 x 107° 54.7
Dnp Ve mNP Mau Nay Nau/NP
[nm] [nm?] [g] [g/mol] [mol]

TEM 1.21+0.36 0.928 1.79 x 10720 196.97 9.1x 10723 54.8
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Scheme 3. Nano-architectures obtained by using Au-1-TIPS as starting materials. a) Dimerization by oxidative acetylene coupling. b) Trimerization profiting

from alkyne-azide “click”-chemistry.

Additional structural features of (Au-1), were extracted from
TEM micrographs (Figure 2a). The size-distribution of the Au
NPs after the coupling reaction (Figure 2b) resembles, with
1.18 £ 0.29 nm, within the limits of the method, the one re-
corded for the parent sample Au-1-TIPS. This suggests that, dur-
ing the entire deprotection—-homocoupling protocol, the Au NPs
remain stable and protected by the coating ligand, corroborat-
ing the “massive molecule” behavior of Au-1-TIPS in the reac-
tion sequence.

TEM micrographs of the isolated, “dumbbell-like” Au NP di-
mers (Figure 2a) enabled to analyze the inter-NP distances in
more details. Interestingly, the distribution of the NP spacing
clearly displayed two maxima (Figure 2c). The majority of about
80 % of the recorded Au-NP distances was, with 2.62 £ 0.21 nm,
in the dimensions of the diethynyl-linker expected as product
of the oxidative acetylene coupling, as the distance for the fully
stretched linker estimated by simple MM2 simulation was
2.8 nm (distance between both tertiary methane carbon atoms
of the rod-terminating tetraphenylmethane subunits, see
Scheme 3a). In principle, any shorter distance might be attrib-
uted to the projection of the Au NPs of a “dumbbell” dimer not
lying flat on the TEM grid. For such an explanation, one would,
however, rather expect a continuous tailing to shorter distances
and not a discrete maximum. Thus, in similarity to “dumbbell”
architectures based on dendrimer-coated Au-NPs,“8  the
shorter inter-NP distance of 1.64 + 0.20 nm (recorded for about
20 %) most likely points at direct coordinative contacts be-
tween an Au NP and the terminal acetylene exposed by the
OPE rod of the deprotected Au-1.5%' Such a coordination be-
tween alkyne and Au NP requires access to the Au NP surface,
showing that the ligand 1 is not covering the entire surface of
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the stabilized Au NP in Au-1. Interestingly, trimeric structures
e.g. consisting of “dumbbell”-type dimers formed by oxidative
acetylene coupling with one of its terminal Au NPs engaged in
a coupling with the terminal acetylene of a third deprotected
Au-1 were, with only 4 observed cases, too rare to exclude ran-
dom arrangements on the TEM grid. The Au NP dimers with
short spacing are of comparable stability to the longer ones
and do also not decompose during the SEC process. Also, we
were not able to distinguish both structures during the SEC
experiment, which was not surprising, considering the working
hypothesis that both structures exclusively differ in the inter-
linking of two Au-1-type subunits.

Au-1-TIPS as Precursor in Coupling Reactions Il
Trimerization

The lack of trimers observed in the homocoupling protocol dis-
cussed above raised the question if there could be an intrinsic
limitation disqualifying trimerization. As alternative approach to
couple three Au NPs to a trimeric nano-architecture, alkyne-
azide “click”-chemistry has already been applied successfully for
dendrimer-stabilized Au NPs.*! Thus, a sample of Au-1-TIPS
was deprotected and the liberated alkynes were exposed to a
“click” protocol with the triazide 1,3,5-tris[p-(azidomethyl)phe-
nyllbenzene (9 in Scheme 3) as threefold central coupling unit.
To the deprotected Au-1 dissolved in CH,Cl,, the triazide 9 was
added and, while vigorously stirring, aqueous solutions of cop-
per sulfate and sodium ascorbate as reducing agent were
added (Scheme 3b). To avoid aggregation of the coated gold
particles, the reaction was kept for 4 hours at room tempera-
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for all 8 micrographs). b) Size-distribution of Au NPs after the deprotection-homocoupling protocol. ¢) Distribution of the interparticle distance in (Au-1),.

ture. After extraction with CH,Cl,, the composition of the crude
reaction mixture was analyzed by TEM. 42 micrographs (each
340 x 260 nm) comprising a total of 1587 Au NPs were ana-
lyzed, covering 3.71 um? of the TEM grid. Groups of 3 NPs with
a maximal separation smaller than 4.5 nm were considered as
the trimeric (Au-1)39. The slightly larger accepted radius com-
pared with the homocoupled (Au-1), is due to both the larger
dimensions and the increased flexibility of the particle-interlink-
ing organic structure. From the 1587 NPs, 477 NPs or 30.1 %
were engaged in a (Au-1)39 structure, 324 NPs or 20.4 % were
observed as dimers of Au NPs, and 786 NPs or 49.5 % were
recorded as monomers. Whether the dimers are formed due to
only twofold “click”-chemistry-type coupling to 9, or to homo-
coupled (Au-1),, cannot be distinguished in the TEM micro-
graphs.

Also for the “click”-chemistry protocol, a very comparable
size-distribution (Figure 3b, 1.28 + 0.30 nm) of the Au NPs after
the coupling reaction was observed, pointing at the integrity
of Au-1 during the applied reaction conditions. In analogy to
the homocoupled (Au-1),, also (Au-1);9 survived SEC condi-
tions. However, while fractions comprising (Au-1)39 and the di-
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meric Au NP architectures could be separated from the mono-
meric Au NPs, the method failed to isolate pure (Au-1)39
fractions.

TEM micrographs of (Au-1)39 (Figure 3a) enabled the analy-
ses of the interparticle distances (Figure 3c). The rather broad
and unspecific distance distribution reflects the increased struc-
tural variety in the arrangement of the three Au NP in (Au-1)39,
due to the flexibility of the interlinking scaffold comprising tri-
azole subunits attached at benzylic positions.

While the spatial grouping of Au NPs by TEM analyses of
the reaction mixtures support for both coupling reactions the
formation of the desired oligo-NP nano-architectures, the
method does not comprise any further chemical information.
As example, an interesting chemical issue was the rather mod-
erate yield of the desired oligo-NP objects with 39.8 % for
(Au-1), and 30.1 % for (Au-1)39 respectively. Whether these
moderate yields reflect the lack of reactivity of the “massive
molecule” Au-1 in the coupling reaction or, in the step before,
an incomplete deprotection of Au-1-TIPS cannot be distin-
guished by the here reported studies.
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Conclusion

In summary, a new ligand for the efficient and controlled syn-
thesis of monofunctionalized Au NPs combining the massive
nature of the particles with the wet chemical addressability of
a molecule and thus behaving as “massive molecules” with su-
perior stability properties is reported. The ligand design is
based on a central tetraphenylmethane subunit unifying three
oligomeric benzyl sulfide chains forming the Au NP-stabilizing
subunit and exposing a masked alkyne on an OPE rod attached
to the fourth phenyl ring of the central unit. Au NPs with narrow
size distribution around 1.2 nm coated by a single ligand are
obtained efficiently and display very good stability features,
withstanding decomposition up to 105 °C in dispersion. The
“massive molecule”-like behavior is displayed by deprotecting
the terminal alkyne of the coated Au NP and engaging it in
coupling protocols providing interlinked dimeric and trimeric
Au NP systems as displayed by TEM analyses. With the here
reported coating ligand, the particles of these nano-architec-
tures are stable enough to resist the shear forces during purifi-
cation by SEC.

We are currently investigating the catalytic activity of these
ligand-coated Au NPs and explore their scope as labels in pro-
teins and even larger biological systems.
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Experimental Section

Materials

All commercially available starting materials were of reagent grade
and used as received, unless stated differently. Absolute THF was
purchased from Acros, stored over 4 A molecular sieves, pre-dried
with CaH, handled under argon and freshly distilled from sodium
before each use. Pure CH,Cl, was purchased from J. T. Baker. Pure
toluene was purchased from Acros. Pure DMF was purchased from
Acros Organics. tert-butylmethyl ether (TBME), c-hexane, ethyl acet-
ate (EtOAc), and CH,Cl, from Biosolve were used for purification
and were of technical grade. Column chromatography was carried
out on SiliaFlash P60 (particle size 40-63 um) from SiliCycle. SEC for
the purification of Au NPs mono-, di- and trimers was performed
manually using Bio-Rad Bio-Beads S-X1 (operating range 600-14
000 g mol™') with CH,Cl, or toluene as eluent. Deuterated solvents
were purchased from Cambridge Isotope Laboratories.

Equipment and Measurements

'H- and '3C-NMR spectra were recorded with a Bruker DPX 400
instrument ("H resonance 400 MHz, '3C resonance 101 MHz) or a
Bruker DRX 500 instrument ("H resonance 500 MHz, '3C resonance
126 MHz) at 298 K. The chemical shifts (0) are reported in ppm and
are referenced to the residual proton signal of the deuterated sol-
vent ([D]chloroform: 7.26 ppm) for 'H spectra or the carbon of the
solvent ([D]chloroform: 77.1 ppm) for '3C spectra. The coupling con-
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stants (J) are given in Hertz (Hz), the multiplicities are denoted as:
s (singlet), d (duplet), t (triplet), m (multiplet), and br (broad). High-
resolution mass spectra (HRMS) were measured as HR-ESI-ToF-MS
with a Maxis 4G instrument from Bruker or a Bruker UltraFlex Il -
MALDI-ToF-MS. For purification of the ligands, a (automated) Shim-
adzu Prominence System was used with SDV preparative columns
from Polymer Standards Service (two Showdex columns in series,
20 mm x 600 mm each, exclusion limit: 30 000 g mol~") with chloro-
form as eluent. UV/Vis measurements were recorded on a Jasco V-
770 spectrophotometer using 117.100F-QS cuvettes from Hellma
Analytics (10 mm light path). TEM was performed on a Philips
CM100 TEM at 80 kV using copper grids (Cu-400HD) from Pacific
Grid Tech. TGA was measured on a Mettler Toledo TGA/SDTA851¢
with a heating rate of 10 °C min~".

p-lodophenyltriphenylmethane (4):°4 To a degassed 250 mL
two-neck flask equipped with rubber septum and thermometer,
BF;OEt, (3.67 mL, 29.0 mmol, 2 equiv.) was added and cooled to
-10 °C. In a separate flask, 4-tritylaniline (5.01 g, 14.5 mmol, 1 equiv.)
was dissolved in 100 mL of degassed CH,Cl, and was added drop-
wise via transfer cannula. The mixture was stirred at =10 °C for 45
minutes after which time tBuNO, (3.00 mL, 25.0 mmol, 1.75 equiv.)
dissolved in 50 mL of degassed CH,Cl, was added dropwise via
transfer cannula. The mixture was stirred at —10 °C during 45 min-
utes. |, (4.78 g, 18.9 mmol, 1.3 equiv.) and Kl (3.61 g, 21.8 mmol,
1.5 equiv.) were added to the mixture which was thereafter stirred
vigorously during 15 h and allowed to slowly warm up to r.t. Excess
halogen was quenched upon addition of saturated aqueous
Na,S,0s. After phase separation, the aqueous phase was extracted
twice more with CH,Cl, and dried with Na,SO,. After evaporation
of the volatile in vacuo, compound 4 was purified by column chro-
matography (c-hexane) as a pale solid (5.2 g, 11.6 mmol, 80 %). 'H-
NMR (400 MHz, [D]Chloroform): ¢ = 7.60-7.55 (m, 2H), 7.25-7.20 (m,
6H), 7.20-7.17 (m, 6H), 7.17-7.15 (m, 3H), 7.00-6.96 (m, 2H).

p-lodophenyltri(p-bromophenyl)methane (5):°>! In a 250 mL
flask, 4 (4.91 g, 11.0 mmol, 1 equiv.) was dissolved in Br, (20 mL,
385 mmol, 35 equiv.) and stirred at r.t. for 30 minutes. The reaction
was diluted with CH,Cl, and crushed ice was added. The mixture
was further cooled with an ice bath and saturated aqueous Na,S,03
was slowly added until all the excess bromine was quenched. The
mixture was extracted twice with CH,Cl,, dried with Na,SO,, and
the volatile evaporated in vacuo. The crude was subjected to silica
plug filtration (CH,Cl,) and recrystallized from hot c-hexane to yield
5 as a pale solid (7.51 g, 11.0 mmol, quant.). "H-NMR (400 MHz,
[DIChloroform): ¢ = 7.63-7.57 (m, 2H), 7.41-7.37 (m, 6H), 7.04-6.99
(m, 6H), 6.92-6.84 (m, 2H).

p-[p-(Triisopropylsilylethynyl)phenylethynyl]phenyltri(p-bromo
phenyl)methane (6): In a dry, degassed 100 mL flask, 5 (1.4 g,
2.05 mmol, 1 equiv.), bis(triphenylphosphine)palladium(ll)chloride
(0.24 g, 0.205 mmol, 0.1 equiv., cat.) and Cul (0.195 g, 1.03 mmol,
0.5 equiv., cat.) were dissolved in 40 mL of CH,Cl, and 10 mL of
triethylamine (71.2 mmol, 35 equiv.). The mixture was bubbled with
Ar for 20 minutes after which time, p-(triisopropylsilylethynyl)-
phenylethyne (1.16 g, 4.1 mmol, 2 equiv.) was added portionwise
while stirring for 2 hours at r.t. The solvent was then evaporated in
vacuo and the crude subjected to column chromatography (c-hex-
ane 10:1 CH,Cl,) to afford 6 as a yellow foam (1.3 g, 1.55 mmol,
76 %). "H-NMR (400 MHz, [D]Chloroform) 6 = 7.47-7.39 (m, 12H),
7.17-7.13 (m, 2H), 7.08-7.02 (m, 6H), 1.16 (s, 21H). "3C-NMR
(101 MHz, [D]Chloroform) 6 = 145.71, 144.55, 132.45, 132.00, 131.40,
131.20, 131.09, 130.70, 123.50, 122.93, 121.40, 120.80, 106.64, 92.96,
90.62, 89.77, 63.98, 18.72, 11.35. HRMS (MALDI-ToF): m/z = [M]*
calcd. for C44H4,Br3Si: 834.0522, found 834.0531.
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p-[p-(Triisopropylsilylethynyl)phenylethynyllphenyltris[p-
(formyl)phenyllmethane (7): In a dry, degassed 250 mL flask, 6
(2.10 g, 2.51 mmol, 1 equiv.) was dissolved in 50 mL of freshly dis-
tilled THF and cooled to -78 °C. tBuLi (1.7 m in pentane, 20 mL,
34.1 mmol, 13.5 equiv.) was added to the mixture and stirred for 2
hours. DMF (5 mL, 65.3 mmol, 26 equiv.) was added to the mixture
which was warmed up to r.t. over 2 hours and was thereafter stirred
for 2 more hours. The reaction was cautiously quenched by addition
of water, the organic phase separated, and the aqueous phase ex-
tracted twice with CH,Cl,. The combined organic phase was dried
with Na,SO,, and the solvent evaporated. The purification was af-
forded by column chromatography (c-hexane 4:1 EtOAc) to yield 7
as a yellowish solid (1.51 g, 2.20 mmol, 88 %). 'H-NMR (400 MHz,
[D]Chloroform) 6 = 10.00 (s, 3H), 7.89-7.77 (m, 6H), 7.51-7.39 (m,
12H), 7.25-7.16 (m, 2H), 1.13 (s, 21H). "*C-NMR (63 MHz, [D]Chloro-
form) 6 = 191.43, 151.52, 144.71, 134.75, 131.99, 131.56, 131.40,
131.29, 130.64,129.50, 123.59, 122.76, 121.89, 106.56, 93.08, 90.38,
90.11, 65.96, 18.69, 11.32. HRMS (ESI): m/z = [M + Nal* calcd. for
CasHayBrsSiNa: 707.2952, found 707.2942.

p-[p-(Triisopropylsilylethynyl)phenylethynyllphenyltri(p-
hydroxymethylphenyl)methane (8): In a 100 mL flask, 7 (1.51 mg,
2.20 mmol, 1 equiv.) was dissolved in 20 mL of MeOH and 20 mL
of THF and cooled to 0 °C. NaBH, (749 mg, 19.8 mmol, 9 equiv.)
was added to the solution portionwise over 1 hour. The mixture
was allowed to stir for T more hour until the reaction was quenched
upon careful addition of aqueous HCl (10 %). The mixture was di-
luted with CH,Cl, and transferred to a separation funnel. The aque-
ous phase was extracted three times with CH,Cl,, the combined
organic phase dried with Na,SO, and the solvent removed in vacuo.
The crude product was filtered through a silica plug (c-hexane 1:1
EtOAC), to afford 8 as a yellowish solid (1.52 mg, 2.20 mmol, quant.).
TH-NMR (400 MHz, [D]Chloroform): & = 7.49-7.41 (m, 4H), 7.39-7.34
(m, 2H), 7.17 (s, 14H), 4.51 (s, 6H), 3.02-2.86 (s, 3H), 1.17 (s, 21H).
3C-NMR (63 MHz, [D]Chloroform) & = 147.23, 145.70, 138.63,
131.98, 131.37, 131.01, 130.94, 130.89, 126.45, 123.33, 123.07,
120.61, 106.69, 92.85, 91.03, 89.34, 64.57, 64.42, 18.71, 11.34. HRMS
(ESI-ToF): m/z = [M + Na]* calcd. for C,;HsoNaO5Si: 713.3421, found
713.3420.

p-[p-(Triisopropylsilylethynyl)phenylethynyl]phenyltri[p-(bro-
momethyl)phenyllmethane (2): In a dry, degassed 100 mL flask,
8 (419 mg, 0.606 mmol, 1 equiv.) was dissolved in 10 mL of dry,
degassed CH,Cl, and cooled to =10 °C. Triphenylphosphine
(965 mg, 3.64 mmol, 2 equiv.) and carbon tetrabromide (1.21 g,
3.64 mmol, 2 equiv.) were added portionwise over 20 minutes. The
mixture was allowed to stir T more hour and was then quenched
by addition of saturated aqueous NaHCOs. The organic phase was
separated, dried with Na,SO,4 and the solvent evaporated. The
crude was subjected to silica plug filtration (CH,Cl,) to afford 2 a
yellowish foam (533 mg, 0.606 mmol, quant.). "H-NMR (400 MHz,
[D]Chloroform): 6 = 7.47-7.38 (m, 6H), 7.34-7.27 (m, 6H), 7.23-7.15
(m, 8H), 4.48 (s, 6H), 1.15 (s, 21H). '3C-NMR (101 MHz, [D]Chloro-
form): 0 = 146.46, 146.20, 135.75, 131.98, 131.38, 131.24, 131.05,
130.89, 128.53, 123.39, 123.04, 120.98, 106.66, 92.87, 90.85, 89.50,
64.53, 33.07, 18.71, 11.34. HRMS (MALDI-ToF): m/z = [M]* calcd. for
C47H47Br3Si: 876.0992, found 876.1003.

Ligand 1 (p-[p-(Triisopropylsilylethynyl)phenylethynyllphenyl-
tris{p-[({p-[bis[p-(tert-butyl)phenyl]l(p-{[(p-methylbenzyl)-
thiolmethyl}phenyl)methyllbenzyl}thio)methyllphenyl}meth-
ane): In a dry, degassed 25 mL flask, 2 (28 mg, 0.032 mmol, 1 equiv.)
and 3 (74 mg, 0.118 mmol, 3.7 equiv.) were dissolved in 10 mL of
freshly distilled THF. In order to start the reaction, NaH (60 % dis-
persed in mineral oil, 40 mg, 1.0 mmol, 10 equiv.) was added. The
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mixture was allowed to stir at room temperature for 15 hours after
which time, the reaction was quenched upon addition of minimum
amounts of water. The mixture was dried with Na,SO, and the
solvents evaporated to dryness. The crude was filtered through a
silica plug (CH,Cl,) and subjected to automated GPC (chloroform)
to give an orange oil (44 mg, 0.018 mmol, 55 %). "H-NMR (400 MHz,
[DIChloroform): & = 7.44 (s, 2H), 7.43-7.33 (m, 2H), 7.26-7.20 (m,
12H), 7.19-7.08 (m, 64H), 3.61 (d, J = 5.3 Hz, 12H), 3.59 (d, /= 9.7 Hz,
12H), 2.33 (s, 9H), 1.30 (s, 54H), 1.15 (s, 21H). "*C-NMR (126 MHz,
[D]Chloroform) 6 = 148.53, 147.28, 146.00, 145.85, 145.07, 143.67,
136.55, 135.98, 135.60, 135.41, 135.13, 131.97, 131.70, 131.37,
131:.33: 131.26, 131.09; 131.01,: 130.85,, 130,71 130.66; 130.57;
129.16, 128.90, 128.29, 127.95, 127.93, 124.55, 124.24, 123.28,
120.62, 106.71, 92.75, 64.33, 63.74, 35.55, 35.39, 35.26, 34.34, 3141,
21.14, 18.71, 11.35. HRMS (MALDI-ToF): m/z = [M + Na]* calcd. for
Cy76H188565i: 2544.2697, found 2544.2725.

Gold Nanoparticle Formation and Purification

Au NP syntheses were carried out on a 30-50 pmol scale with re-
spect to the Au equivalents. Tetrachloroauric acid (6 equiv., where
6 is the number of sulfur atoms in the used ligand) was dissolved
in 2.0 mL of deionized water. A solution of TOAB (12 equiv.) dis-
solved in 2.0 mL of CH,Cl, was added and the two-phase mixture
was stirred for 15 minutes after which time, the aqueous phase had
turned colorless and the bright orange color of the organic phase
indicated complete phase transfer of the gold. The ligand (1 equiv.),
dissolved in 2.5 mL of CH,Cl,, was added to the reaction mixture
which was stirred for 15 minutes, allowing the thioether moieties
and the gold to pre-organize their conformation. A freshly prepared
solution of sodium borohydride (48 equiv.) in 2.0 mL of water was
then added quickly to the reaction mixture, reducing the gold spe-
cies and thereby causing an immediate color change to dark brown.
After 15 min stirring, the resulting opaque organic phase was sepa-
rated from the aqueous phase via Pasteur pipette and the aqueous
phase was washed three times with CH,Cl, and separated in the
same manner. The combined organic fractions were concentrated
to a volume of approximately 0.5 mL in a Falcon tube by constant
bubbling of protection gas to avoid possible thermal decomposi-
tion. 35 mL of ethanol was added in order to precipitate the parti-
cles which were then centrifuged three times at during 25 minutes
at 5 °C and 4000 rpm, discarding the supernatant after every centrif-
ugation step. After redispersion in CH,Cl,, the Au NPs were sepa-
rated from excess ligand via size-exclusion chromatography, and
stored in the freezer dispersed in CH,Cl, at a concentration of
1 mgmL™".

Gold Nanoparticle Dimerization

The formation of Au NP dimers was done on a 2 mg scale with
respect to Au-1. The acetylene-functionalized Au NPs (Au-1-TIPS)
were dispersed in CH,Cl, (200 pL) and TBAF (1 m in THF, 50 pL) was
added. The mixture was left stirring for 1 hour, quenched with wa-
ter, extracted with dichloromethane and dried with Na,SO,. After
filtration, the solvent was evaporated and the deprotected particles
were redispersed in CH,Cl, (200 pL). TMEDA (50 pL) and copper(l)
chloride (2 mg) were added. The dimerization reaction was left stir-
ring for 4 hours and then quenched with a saturated aqueous solu-
tion of ammonium chloride, extracted with CH,Cl, and dried with
Na,SO,. After filtration, the solution was concentrated and sub-
jected to size-exclusion chromatography (once in CH,Cl, and twice
in toluene). The obtained fractions were investigated by TEM on
carbon-coated copper S5 grids in order to identify pure dimer frac-
tions. 0.67 mg of dimers were obtained (34 %; with respect to Au-
1-TIPS containing 54.7 Au atoms in average). Highly diluted solu-
tions were used for deposition on the grids to avoid accidental
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proximity of non-linked NPs. Interparticle distances were measured
manually from the TEM micrographs.

Gold Nanoparticle Trimerization

The Au NP “click” reactions were carried out with 3 mg of Au NPs
(MW 13357 g/mol [one ligand 1 with 55 Au atoms]). The acetylene-
monofunctionalized Au NPs were dispersed in dichloromethane
(200 pL) and TBAF (1 m in THF, 50 pL) was added. The mixture was
left stirring for 1 hour and quenched with water, extracted with
dichloromethane and dried with Na,SO,. After filtration, the solu-
tion was concentrated by vacuum at 30 °C. The dry, deprotected
Au NPs were dissolved in 50 pL dichloromethane. Corresponding to
the amount of azide moieties, 0.33 equiv. 1,3,5-tris[p-(azido-
methyl)phenyllbenzene was dissolved in 50uL CH,Cl, and added to
the solution. While intensely stirring, CuSO,4 (20 mol-% in respect
to Au-1-TIPS dissolved in 20 pL water) and sodium ascorbate
(30 mol-% in respect to Au-1-TIPS dissolved in 20 uL water) were
added. After 4 h reaction time, the mixture was extracted with di-
chloromethane and dried with Na,SO, and dried in vacuo to yield
a mixture of Au NP mono-, di- and trimers. The crude was subjected
to four cycles of SEC with toluene as an eluent to remove unreacted
monomers. Di- and trimers were not separated. Highly diluted solu-
tions were used for deposition on the grids to avoid accidental
proximity of non-linked NPs. Interparticle distances and di- and tri-
merization yields were measured manually from the TEM micro-
graphs.
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A molecular cage encapsulating gold nanoparticles is presented. Six
benzylic thioethers are pointing into its cavity, stabilizing the particles
in a 1:1 ligand-to-particle-ratio in excellent yields. They are bench-
stable for several months and can withstand unprecedented thermal
stress of up to 130 °C, documenting the advantages of the cage-type
stabilization over open-chain analogues.

145 4,6-9

Owing to their optical,"™ physical®” and catalytic*®*™® proper-
ties, gold nanoparticles (Au NPs) are of major importance in
labeling applications®'°~*° and as functional building blocks in
molecular devices and materials.>*”">* Ever since the pioneer-
ing works of Brust et al.,>**” great attention has been drawn to
thiol-based organic ligands for the stabilization of Au NPs due
to the thiolates’ affinity for gold.>®?°

Based on those seminal works, Pankau et al. proposed the use
of benzylic thioether-based structures,***' benefiting from the
quasi-reversible character of the dispersion force-type bond
between thioether and gold,**** allowing the ligand to adopt its
most favorable conformation upon Au NP formation. This ligand
design allowed the synthesis of more complex sulfur-based
ligands such as linear,**® dendritic>’° and branched**** oligo-
mers that allow the synthesis of Au NPs passivated by a small,
discrete number of ligands. While these oligomers were opti-
mized to cover and thereby passivate a well-defined area of the
particle surface, the particle itself acted as the template, shaping
and arranging the multidentate oligomeric ligand by the attractive
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Synthesis and characterization of compounds 1 and 3-9, Fig. S1: "H NMR of Au-1,
Fig. S2: TEM image of Au-1, Fig. S3: TGA trace of Au-1, and Fig. S4: Chem3D MM2
simulation rendering 1. See DOI: https://doi.org/10.1039/d3cc00277b
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An organic cage controlling the dimension and
stability of gold nanoparticlesti:

) xabc

interaction between the ligand’s thioether and the particle’s gold
surface.

As an alternative strategy, the synthesis of a cage-type
structure with a well-defined cavity for the nanoparticle is
considered in this work. In particular, the impact of a pre-
defined organic cage on the particle size and stability is the focus of
interest. The difference between both approaches is sketched in
Fig. 1. Organic cages to grow metal nanoparticles have been
reported for catalytic applications,”* and there is also a single
example of a rigid cage as the template for Au NP growth.*?

The cage design 1 is a variation of our already reported
threefold branched ligand structure for Au NPs (2)*" and is
displayed in Scheme 1. In analogy to the threefold branched
oligomer 2, the central tetraphenylmethane subunit 7 was

Q Au NP
O templated
ligand
Q arrangement
+ _
tripodal seeds of growth control
ligand growing by surface
Au NPs coating
cage
synthesis
O . AuNP
growing inside
O the cage
+ _

t'ripodal cage seeds of growth control
with pre(}eflned growing by cavity
cavity Au NPs filling

Fig. 1 Conceptual difference between oligomeric ligands passivating the
Au NP growth by surface coating (top) and Au NP growth inside an organic
cage (bottom).
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Scheme 1 Synthesis of Cage-type ligand 1. (a) TrtSH, NaH, THF, rt, 2 h, 34%; (b) KSAc, DMF, rt, 307, 93%; (c) (1) K,COs, MeOH/THF 1:1, rt, 30, (2) HCl
(aq.), 96%; (d) THF, NaH, rt, 15 h, 84%; (e) SiEtsH, TFA, CH,Cl,, rt, 5, 93%; (f) 10, NaH, THF, rt, 72 h, 52%. Trt = trity, DMF = N,N-dimethylformamide,
THF = tetrahydrofurane, TFA = trifluoroacetic acid. In red, cage 1's cavity's expected dimensions are displayed. Note that the threefold branched oligomer

2 has been previously synthesised41 and is thus displayed in grey.

decorated with three bifunctional tetraphenylmethane sub-
units 6 which were subsequently tied together to a cage by
reacting with 1,3,5-tris(bromo methyl)benzene (10). The central
tetraphenylmethane exposes an oligo(phenyleneethynylene)
(OPE)-type molecular rod which turned out to be instrumental
to define the outer side of the cavity. It is noteworthy that initial
attempts without a sterically demanding molecular rod
mounted at the central tetraphenylmethane had a pronounced
tendency to close the cage with the remaining phenyl subunit
of the central building block inside the cage, already occupying
the cavity intended for the Au NP growth. Furthermore, the
exposed triisopropylsilyl (TIPS)-protected terminal alkyne may
act as a functional group, such that monofunctionalized Au
NPs are expected.**

The synthesis of the cage target structure 1 is displayed in
Scheme 1. The assembly of the central benzylic tribromide 7
bearing a lengthy OPE was already reported.*’ The main cage
building block 6 was obtained from the benzylic dibromide 3
via the orthogonally protected disulfide 5. One bromide was
substituted by trityl mercaptan (TrtSH) in THF, using sodium
hydride (NaH) as a base to give precursor 4 in mediocre yields.
The substitution of the second bromide by thioacetate provided
the orthogonally protected precursor 5. Subsequent selective
deprotection of the acetate-protected benzylic thiol under basic
conditions gave the monoprotected cage building block 6.
Treating the tribromide 7 with 4 equivalents (eq.) of thiol 6 in
THF with NaH as the base provided 8 in good 84% isolated
yield after gel permeation chromatography (GPC). Acidic depro-
tection with TFA and triethylsilane (SiEt;H) as a cation scaven-
ger gave trithiol 9 in very good 93% isolated yield.

Threefold nucleophilic substitution of the bromines of 10
with the thiols of 9 resulted in the cage target structure 1. After
a first Sy2 reaction between 9 and 10, intramolecular ring
closure was favored over intermolecular reactions under high-
dilution conditions. A 1: 1 mixture of 9 and 10 with about 10 eq.
of NaH was stirred as 0.4 mM solution in THF for 72 hours at

Chem. Commun.

room temperature, giving cage 1 as a colorless solid after
GPC in a very good 52% yield, considering the threefold
macrocyclization.

To be able to benchmark the Au NP formation in cage 1 with
the one passivated by the coating ligand 2, a similar Au NP
synthesis protocol was used,*" which is a variation of the one
reported by Brust et al.?® 1 eq. of tetrachloroauric (III) acid
(HAuCly) for each sulfur atom of the stabilizing structure, ie.
6 eq. with respect to cage 1, was dissolved in minimum amounts
of water (0.3 ml). The transfer of the gold salt from the aqueous
to the organic phase was enabled by addition of tetra-n-
octylammonium bromide (TOAB, 2 eq. with respect to HAuCl,,
i.e. 12 eq. with respect to 1) dissolved in minimum amounts of
CH,Cl, (0.3 ml). After completion of the phase transfer, indi-
cated by complete decoloration of the aqueous phase, cage 1 as
the stabilizing structure (1 eq.) was added as a solid. Nucleation
and growth of the Au NPs was triggered by the quick addition of
the reducing agent sodium borohydrate (NaBH,, 8 eq. with
respect to HAuCl,, i.e. 48 eq. with respect to 1) dissolved in
minimum amounts of water (0.3 ml). Upon addition of the
reducing agent, an immediate color change of the organic
phase from bright orange to auburn was observed. After rigor-
ous stirring for 15 min, the organic phase was separated, dried
in vacuo and the particles were suspended in ethanol. Separa-
tion of the Au NPs from excess TOAB, NaBH, and cage
molecules was achieved by three subsequent centrifugations
in ethanol, followed by size-exclusion chromatography (SEC) to
provide cage 1-stabilized Au NPs (referred to as Au-1) as black
powder. The colloidal gold particles grown inside the cage were
the only detectable form of gold and were collected in yields
exceeding 90% with respect to the gold source. It is noteworthy
that Au NPs lacking surface-passivating agents were inherently
unstable in our hands and aggregated immediately, e.g. on the
SEC column. Note that the determined masses were assuming a
1:1 ratio between cage 1 and Au NP, and this hypothesis that
the cage structure is controlling the particle’s growth by

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) TEM image of Au-1; (b) size-distribution of Au-1; (c) Normalized UV-vis absorption spectra of 1 and Au-1. Offset for clarity.

encapsulation was corroborated by the analyses discussed in
the following. The observed small mass loss most likely occurs
during the separation and purification steps.

The Au NPs of Au-1 were characterized by transmission
electron microscopy (TEM, Fig. 2(a) and Fig. S2 in the ESI:
displaying a larger area) from which the particle dimensions
and their size distribution (Fig. 2(b)) was determined. The mass
ratio between organic cage 1 and Au NP was determined by
thermogravimetric analysis (TGA). UV-vis absorption spectro-
scopy (Fig. 2(c)) not only complemented the characterization of
Au-1, but also allowed the investigation of the thermal stability
of the hybrid architecture consisting of the particle inside the
organic cage to be carried out.

Over 5000 Au NPs on the TEM micrograph gave an average
NP diameter of 1.42 + 0.46 nm, which is in good agreement
with the estimated cavity size of cage 1 of about 1.5 nm
obtained by simple MM2 simulation of the structure in
Chem3D version 19 (sketched in red in Scheme 1; Fig. S4 in
the ESI%). The Au NP size distribution was analyzed using the
threshold and particle analysis tools from Image].*> The NPs of
Au-1 are enlarged compared with the ones coated and stabilized
by the threefold symmetric ligand 2 (1.21 + 0.36 nm).** This
suggests a more compact arrangement of the three branches
of 2 on the Au NP surface and that the closing of the cage
with a mesitylene subunit widens their spatial arrangement
in 1.

Thermogravimetric behavior of Au-1 was analyzed up to
900 °C with a temperature gradient of 10 °C min~" (Table S1
and Fig. S3 in the ESI%). The sample (2.053 mg) lost 18.1%
(0.371 mg) which was attributed to the organic ligand 1. Thus,
0.16 pmol of 1 were burned from the Au-1 sample, while
1.682 mg of gold remained, corresponding to 8.54 pmol Au.
Thus, on average 53.4 gold atoms are forming the Au NP in the
cavity of 1 in the hybrid architecture Au-1. The analysis is in
excellent agreement with the TEM-based particle size analysis,
as the extensively investigated Auss clusters are reported with
diameters of 1.44 + 0.40 nm.***® Combined TEM and TGA
analyses not only corroborate the 1:1 ratio between organic
cage 1 and Au NP in Au-1, but also support the hypothesis of Au
NP growth inside the cage’s cavity.

This journal is © The Royal Society of Chemistry 2023

The comparison between the UV-vis absorption spectra of
Au-1 and 1 (Fig. 2(c)) shows a broad and shallow bump between
450 and 600 nm, characteristic for the Au NPs’ plasmon band
absorption. The broadness of the absorption points at particle
diameters below 2 nm since this is the limit below which the
rate of surface scattering exceeds bulk scattering, resulting in a
drastic surface plasmon band broadening. The electron-
donating nature of the sulfur-gold bond increases the surface
electron density below this size, contributing in addition to the
surface scattering.® Interestingly, the absorption bands of the
OPE subunit between 300 and 350 nm are well-defined for both,
1 and Au-1, documenting a well-dissolved OPE subunit in both
cases and suggesting that the OPE rod of Au-1 is exposed to the
solvent. At this stage, the accessibility of the OPE is less
important but becomes instrumental in the currently ongoing
studies, profiting from the exposed alkyne as a reactive handle
allowing these monofunctionalized particles to be considered
as “massive molecules”.

The remarkable stability of the caged Au NPs in Au-1 already
became apparent in their separation by SEC. To evaluate their
thermal stability, a sample was dispersed in o-xylene and
gradually heated while investigated by UV-vis spectroscopy
(Fig. 3). Of particular interest was the plasmon band bump

0.8
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0.0 1

normalized absorption / a.u.

-0.2 4

T T T
500 600 700

wavelength / nm

T T
300 400

Fig. 3 Normalized UV-vis absorption spectra of Au-1 in o-xylene at
selected temperatures, showing thermal aggregation. Offset for clarity.
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between 450 and 600 nm. Starting at 60 °C, the temperature
increment was 5 °C per 30 minutes. The series of recorded
UV-vis absorption traces dispiays the first slight redshift of the
bump at 135 °C. Exceeding this temperature threshold, the
particles aggregated, resuiting in a considerable redshift visible
to the naked eye. Exposure of samples to temperatures above

135 °C for lo onger neriodg reguilted in the nrecinitation of
1009 v 1ulL 1vU. 5 lJ\.llUuD 1Ldultvu 111 uiv l_ll\.Lll.llLdLlUll v
agglomerated Au NPs as a purple solid. Interestingly, the caged
Au NPs in Au-1 have an increased decomp051t10n temperature

compared with the ones coated with 2, which are reported to
decompose above 105 °C.*' We hypothesize that, in Au-1, the
NP coating sulfides cannot easily detach from the particle
surface due to their spatial pre-organization and fixation in
the polycyclic cage structure, being reflected in the observed
improved resistance against thermal stress. Furthermore, the
superior thermal stability features also support the claim of the
Au NP grown and caged inside the cavity in the Au-1 hybrid
architecture.

In summary, the cage-type polycyclic ligand 1 is reported
which acts as a growth and stabilization cavity for originating
Au NPs. Cage 1 not only controls the dimension of the trapped
Au NP in Au-1, but also protects it better against decomposition
and aggregation than uncaged analogues. We are currently
exploring the size limitation of the concept as well as the
potential of these monofunctionalized Au NPs as labels and
building blocks of devices. Furthermore, we intend to explore
the catalytic activities of these structures and to investigate the
entrapment of other metal clusters in the cage.
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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 Auss 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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Analysis of AuNPs
"H-NMR of AuNPs
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Figure S1. "H-NMR spectrum of Au-3 (above) and of the pure ligand 3 (below).
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Figure S2. 'TH-NMR spectrum of Au-4 (above) and of the pure ligand 4 (below).
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Figure S3. 'H-NMR spectrum of Au-5 (above) and of the pure ligand 5 (below).
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Figure S4. TGA traces of Au-3, Au-4 and Au-5.
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TGA Data of Au-412eq, Au-51seq, Au-53seq, and Au-572eq

Table S1. Ligand-to-gold ratio based on TGA analysis data (mLig: mass of disappearing
ligand; MLig: ligand molar mass; nLig: number of moles of ligand; mAu: mass of remaining
gold; nAu: number of moles of gold; Au/Lig: average number of gold atoms per ligand; NP
@: NP diameter; Au/NP: average number of gold atoms per NP; Lig/NP: average number of
ligand per NP; Molar mass of gold: MAu: 196.97 g mol™!).

Entry Miig MLig Niig May NAu nAu NP @ Au/NP Lig/NP
[mg] [gmol™]  [mol] [mg] [mol] [mol] [nm]

Au-445., 1.45 2243 6.46 x 107 1.00 5.09-10° 7.87 N/A N/A N/A

Au-54geq 0.79 3716 2.13x107 1.65 8.38:10°® 39.29 1.18 £0.37 47.04 1.29

Au-536eq 0.97 3716 2.61x107 1.59 8.07-10° 30.92 1.30 £ 0.41 50.82 2.20

Au-575¢4 0.96 3716 258 x107 0.70 3.56-10° 13.78 1.62 +0.55 131.49 N/A

0,30 Au-4 100 °C 0,51 Au-5 85°C
——105°C ——90°C
—95°C
0,25
) ~ 04 100 °C
3 5 ——105°C
© 0,20+ o —110°C
c c 031
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g 0154 g
§ § 0,2
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Figure S5. UV-vis absorption spectra of heated AuNPs at selected temperatures showing the
thermal agglomeration of the particles due to ligand detaching visible by significant loss of
absorption. Left: Au-4; right: Au-5. Offset for clarity.
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TEM Micrographs and Size Analysis of Bigger NPs
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Figure S6. Representative TEM micrograph extracts and size distributions of the respective

AuNPs. AuNPs synthesized using 12 (above) and 24 (below) equivalents of HAuCly
stabilized by ligand 4. No statistics were made on these distributions for the lack of

meaningfulness.
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Figure S7. Representative TEM micrograph extracts and size distributions of the respective
AuNPs. AuNPs synthesized using 18 (top), 36 (second), 72 (third) and 144 (bottom)
equivalents of HAuCly stabilized by ligand 5. Note that the bottom micrograph was obtained
from a crude, unpurified sample. Gaussian fits: dashed curves.
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Syntheses
Central Tripodal Linking Unit

tri-p-tolylmethanol (11)!"

In a dry degassed 500 ml three-neck flask equipped with rubber septum, reflux condenser and
addition funnel, Mg turnings (2.02 g, 83.2 mmol, 2.5 eq) were suspended in dry, degassed
THF (100 ml) under argon atmosphere. 4-bromotoluene (14.2 g, 83.2 mmol, 2.5 eq) dissolved
in dry, degassed THF (50 ml) were added drop-wise. In order to activate the Grignard
reagent, the mixture was heated with a heat gun until a reaction was observed, and
subsequently stirred for three hours. Methyl p-toluate (5 g, 33.3 mmol, 1 eq) was dissolved in
dry, degassed THF (50 ml) and added to the mixture, which was then allowed to stir at 75 °C
for 24 hours. After cooling to room temperature, the reaction was worked up with a saturated
aqueous solution of NH4Cl. The aqueous phase was washed twice with TBME. The combined
organic phases were washed twice with water, dried over MgSO4 and the solvent was
evaporated. The crude product was subjected to CC (n-hexane 5:1 DCM) to obtain 11 as a
white solid (9.87 g, 32.7 mmol, 98 %). 'H-NMR (400 MHz, Chloroform-d 8): 7.17-7.12 (m,

6H), 7.09 (m, 6H), 2.70 (s, 1H), 2.32 (s, 9H).

4-(tri-p-tolylmethyl)aniline (12)/?

To a 250 ml two-neck flask, freshly distilled aniline (11.1 ml, 121 mmol, 4 eq) was added and
dissolved in concentrated HCI (7.7 ml, cat.) and acetic acid (AcOH, 30 ml). Compound 11
(9.17 g, 30.4 mmol, 1 eq) was dissolved in AcOH (15 ml) and added portion-wise. The
mixture was heated to 140 °C and refluxed during three hours, then allowed to cool to room
temperature. The volatile was evaporated by rotavapor, the remaining solid was dissolved in
DCM and neutralized with 1 M NaOH. The organic phase was washed three times with water,

dried over Na;SO4 and concentrated. The product was allowed to precipitate by addition of
S7
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cold MeOH to afford 12 as a white solid (7.6 g, 66 %). 'H-NMR (400 MHz, Chloroform-d §):
7.08 (m, 6H), 7.02 (m, 6H), 6.98-6.93 (m, 2H), 6.57 — 6.52 (m, 2H), 3.55 (s, 2H), 2.30 (s,

9H).

Tris(p-tolyl)methylbenzene (13)1%/

To a dry, degassed 500 ml two-neck flask, BF;OEt> (1.7 ml, 13.2 mmol, 2 eq) was added and
cooled to -10 °C. Compound 12 (2.50 g, 6.62 mmol, 1 eq) was dissolved in dry, degassed
THF (35 ml) in a separate dry and degassed flask, and was added drop-wise. The mixture was
stirred at -10 °C for 2 hours after which time '‘BuNO> (1.4 ml, 11.6 mmol, 1.75 eq) dissolved
in ml THF (35 ml) was added drop-wise. A 500 ml flask was prepared with FeSO4 (1.11 mg,
7.32 mmol, 1.1 eq) dissolved in DMF (200 ml). The crude reaction mixture was slowly
poured into the FeSO4 solution, leading to evolution of N>. The mixture was stirred at room
temperature for 2.5 hours, then poured into ice water. The mixture was extracted twice with
DCM, washed twice with 1 M aqueous HCI, twice with water and dried over MgSQO4. After
evaporation of the volatile in vacuo, 13 was purified by CC (c-hexane 20:1 EtOAc) as a pale
solid (1.92g, 80 %). 'H-NMR (400 MHz, Chloroform-d §): 7.24-7.19 (m, 4H), 7.18-7.13 (m,

1H), 7.12-7.00 (m, 12H), 2.30 (s, 9H).

Tris((p-bromomethyl)phenyl)methylbenzene (6)/°

A dry, degassed 500 ml two-neck flask was equipped with a reflux condenser and a glass
stopper. Compound 13 (1.87 g, 5.16 mmol, 1 eq), NBS (5.51 g, 31 mmol, 6 eq) and AIBN
(169 mg, 1.03 mmol, 0.2 eq) were suspended in methyl formate (200 ml) under argon
atmosphere. The suspension was bubbled with argon for 30 minutes, then illuminated with a
500 W halogen lamp. The mixture was refluxed for 15 hours and then allowed to cool to room
temperature. The crude precipitate was concentrated, and redissolved in DCM. The solution

was washed four times with water, dried over MgSOs, and the solvent was evaporated in
S8
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vacuo. The crude product was subjected to automated CC (c-hexane 20:1 DCM, c-hexane
10:1 DCM after 4 column volumina) to give 6 as a white solid (1.56 g, 50 %). 'H-NMR (400
MHz, Chloroform-d 8): 7.30-7.27 (m, 6H), 7.26-7.20 (m, 3H), 7.20-7.16 (m, 8H), 4.47 (s,

GH).

m-Xylene-Based Oligomeric Side-Chains

1,3-bis(bromomethyl)-5-(tert-butyl)benzene (20)'¥

In a 500 ml two-neck flask 1-(zerz-butyl)-3,5-dimethylbenzene (5 g, 30.8 mmol, 1 eq) was
suspended in methyl formate (300 ml). NBS (21.9 g, 123 mmol, 4 eq) and AIBN (1.01 g, 6.16
mmol, 0.2 eq) were added to the suspension which was then bubbled with argon for 30
minutes. The mixture was illuminated by a 500 W halogen lamp and refluxed for 15 hours.
The solvent was evaporated in vacuo, and the crude mixture redissolved in DCM. The
mixture was washed once with a saturated aqueous solution of Na>S>03 and four times with
water. The organic phase was dried over Na>SQOy4, and the solvent evaporated. The purification
was afforded by automated CC (c-hexane 20:1 DCM and c-hexane 10:1 DCM after 4 column
volumes) to yield 20 as a white solid (6.36 g, 65 %). 'H-NMR (400 MHz, Chloroform-d 3):

7.33 (d,J = 1.6 Hz, 2H), 7.26-7.25 (m, 1H), 4.48 (s, 4H), 1.32 (s, 9H).

(3-(bromomethyl)-5-(tert-butyl)benzyl) (trityl)sulfane (14)"/

In a dry, degassed 100 ml 3-neck flask, compound 20 (871 mg, 2.72 mmol, 1 eq) and
tritylthiol (465 g, 1.63 mmol, 0.6 eq) were dissolved in dry, degassed THF (25 ml). NaH
(60% dispersed in mineral oil, 326 mg, 8.16 mmol, 3 eq) was added to the solution which was
then allowed to stir at room temperature for 2 hours. The reaction mixture was quenched with
water, then extracted three times with TBME, dried over Na>xSO4 and the solvent removed in

vacuo. The crude product was subjected to CC (c-hexane 10:1 DCM), yielding 14 as a white

S9
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solid (528 mg, 38 %). 'H-NMR (400 MHz, Chloroform-d §): 750-7.42 (m, 6H), 7.35-7.20 (m,

10H), 7.02 (s, 1H), 6.95 (s, 1H), 4.43 (s, 2H), 3.32 (s, 2H), 1.27 (s, 9H).

Tetraphenylmethane-Based Oligomeric Side-Chains

bis(4-(tert-butyl)phenyl) (p-tolyl)methanol (21)!%

In a dry degassed 500 ml two-neck flask equipped with rubber septum, reflux condenser and
addition funnel, magnesium turnings (4.0 g, 166.7 mmol, 2.5 eq) were suspended in dry,
degassed THF (100 ml) under argon atmosphere. 1-Bromo-4-zert-butylbenzene (29.1 ml,
166.7 mmol, 2.5 eq) dissolved in dry degassed THF (100 ml) was added drop-wise. In order
to activate the Grignard reagent, one pellet of iodine was added to the mixture, which was
subsequently stirred for 3 hours. Methyl p-toluate (10 g, 66.7 mmol, 1 eq) was dissolved in
100 ml dry degassed THF and was added to the mixture, which was then allowed to stir at 75
°C for 22 hours. After cooling to room temperature, saturated aqueous ammonium chloride
and water were added. The aqueous phase was extracted three times with TBME. The
combined organic phases were washed twice with water, dried over MgSQsg, filtrated and the
solvent was evaporated. The crude product was subjected to CC (c-hexane 1:1 DCM) to
obtain compound 21 as a white solid (22.5 g, 87 %). 'H-NMR (400 MHz, Chloroform-d): §
7.33-7.28 (m, 4H), 7.20-7.16 (m, 6H), 7.13-7.09 (m, 2H), 2.70 (s, 1H), 2.34 (s, 3H), 1.30 (s,

18H).

4-(bis(4-(tert-butyl)phenyl) (p-tolyl)methyl)aniline (22)!"/

To a solution of freshly distilled aniline (22.7 ml, 248.6 mmol, 4.75 eq) and conc. HCI (21 ml)
in AcOH (150 ml) in a 500 ml two-neck flask, compound 21 (20.1 g, 52.3 mmol, 1 eq) was
added portionwise. The reaction mixture was refluxed and stirred at 140 °C for 15 hours.

After cooling to room temperature, the acetic acid was evaporated. The solid was dissolved in
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DCM, washed four times with water, dried over magnesium sulfate, filtrated and the solvent
evaporated. The crude product was subjected to CC (c-hexane 5:1 EtOAc and 1 % Et3N) to
give 22 as a white solid (17.0 g, 71 %). 'H-NMR (400 MHz, Chloroform-d §): 7.21 (d, J = 8.6
Hz, 4H), 7.11-7.06 (m, 6H), 7.05-7.01 (m, 2H), 6.96 (d, J = 8.6 Hz, 2H), 6.56 (d, J = 8.6 Hz,

2H), 2.31 (s, 3H), 2.34 (s, 3H), 1.29 (s, 18H)

4,4'-((4-iodophenyl) (p-tolyl)methylene)bis (tert-butylbenzene) (23)!"/

To a dry, degassed 1000 ml three-neck flask equipped with thermometer and rubber septa,
boron trifluoride diethyl etherate (8.23 ml, 65 mmol, 2 eq) was added and the flask was
cooled to -10 °C. Compound 22 (15 g, 32.5 mmol, 1 eq) dissolved in dry, degassed DCM
(200 ml) was added drop-wise. fert-butyl nitrite (7.58 ml, 56.9 mmol, 1.75 eq) was dissolved
in dry, degassed THF (200 ml) and added drop-wise. The mixture was allowed to stir for 3
hours. Potassium idiode (8 g, 48.7 mmol, 1.5 eq) and iodine (10.9 g, 42.2 mmol, 1.3 eq) were
added to the mixture. The reaction mixture was allowed to gradually warm up to room
temperature, stirred for 15 hours and then quenched with saturated aqueous sodium
thiosulfate. A pale solid precipitated which was filtrated through hyflo, and redissolved in
DCM. The organic phase was washed three times with water, dried over MgSQO4 and the
solvent was removed in vacuo. The crude product was subjected to CC (c-hexane) to afford
23 as a colorless solid (15.7 g, 84 %). '"H-NMR (400 MHz, Chloroform-d §): 7.23-7.21 (m,

4H), 7.11-7.06 (m, 8H), 7.03 (d, J = 8.3 Hz, 4H), 2.31 (s, 6H), 1.29 (d, ] = 1.1 Hz, 18H).

bis(4-(tert-butyl)phenyl)di-p-tolylmethane (24) [/

Under inert atmosphere, compound 23 (16 g, 27.9 mmol, 1 eq) was dissolved in dry, degassed
THF (250 ml) in a dry, degassed 500 ml two-neck flask. The solution was cooled to -60 °C
and methyl lithium (1.6 M solution in hexane, 52.3 ml, 83.8 mmol, 3 eq) was added drop-

wise. The mixture was allowed to slowly warm up to room temperature and was stirred for 2
S11
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hours. The reaction mixture was quenched upon addition of water, extracted three times with
DCM and dried over MgSOQg4. After filtration, the volatile was evaporated by rotavapor to
afford 24 as a white solid (12.6 g, quant.). 'H-NMR (400 MHz, Chloroform-d §): 7.56-7.52

(m, 1H), 7.25-7.21 (m, 2H), 7.09-7.03 (m, 4H), 6.98-6.94 (m, 1H), 2.31 (s, 1H), 1.29 (s, 9H).

bis(4-(bromomethyl)phenyl)bis (4-(tert-butyl)phenyl)methane (25)"

In a dry, degassed 500 ml two-neck flask equipped with a reflux condenser and a glass
stopper, compound 24 (5 g, 10.9 mmol, 1 eq), NBS (7.8 g, 43.4 mmol, 4 eq) and catalytic
amounts of AIBN (180 mg) were suspended in methyl formate (150 ml) under inert
atmosphere and bubbled with argon for 30 minutes. The reaction was activated by
illumination with a 500 W halogen lamp and refluxed for 15 hours, then cooled to room
temperature. The solvent was evaporated, and the residue dissolved in DCM. The mixture was
washed four times with water and dried over MgSOa. After filtration, the volatile was
evaporated and the crude product subjected to automated CC (c-hexane 20:1 DCM and c-
hexane 10:1 DCM after 4 column volumes) to afford 25 as a white solid (4.0 g, 60 %). 'H-
NMR (400 MHz, Chloroform-d 3): 7.28-7.27 (m, 2H), 7.25 (s, 6H), 7.23 (d, ] = 2.0 Hz, 2H),

7.20-7.16 (m, 2H), 7.10-7.05 (m, 4H), 4.48 (s, 4H), 1.30 (s, 18H).

(4-((4-(bromomethyl)phenyl)bis (4-(tert-butyl)phenyl)methyl)benzyl) (trityl)sulfane (15)"
Compound 25 (100 mg, 0.162 mmol, 1 eq) was dissolved in dry THF (5 ml) in a 10 ml
Schlenk tube. Trithylthiol (27.6 mg, 0.097 mmol, 0.6 eq) was added to the solution, which
was then degassed for 30 minutes with argon. Sodium hydride (60 % dispersion in mineral
oil, 2 eq) was added to the flask. The mixture was stirred at room temperature for 15 hours,
and then quenched by addition of water, extracted two times with TBME, washed twice with
water, dried over MgSO4, filtrated and the solvent was removed in vacuo. The crude product

was subjected to CC (c-hexane 2:1 DCM) to afford compound 15 as white foam (37.9 mg,
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48%). 'H-NMR (400 MHz, Chloroform-d 8): 7.48-7.43 (m, SH), 7.30 (s, 4H), 7.26 (d, J = 1.7

Hz, 6H), 7.24-7.18 (m, 7H), 7.15 (d, J = 8.4 Hz, 2H), 7.08-7.04 (m, 5H), 7.00 (d, J = 8.3 Hz,

2H), 4.47 (s, 2H), 3.28 (s, 2H), 1.29 (s, 18H).
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"H- and 3C-NMR of Ligand 1

IH NMR (400 MHz, Chloroform-ly.24 — 7.22 (m, 2H), 7.20
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'H- and 3C-NMR of Ligand 5
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Analysis of AUNPs

"H-NMR-Spectrum of Au-1-TIPS
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Blue: "TH-NMR-Spectrum of Au-1-TIPS, red: "H-NMR-spectrum of ligand 1. The close
similarity corroborates the coating of the Au NP by the ligand. Furthermore, the line-

broadening caused by the restricted tumbling motion documents the immobilization of
the ligand on the NP surface.
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Figure S3. Representative TEM micrograph of the “click” reaction comprising dimers
and (Au)39 trimers.

Thermogravimetric Analysis of Au-1-TIPS

2,94

2,84

2,74
Loss of Mass:

264 0,545 mg = 19,0%

2,54

Sample Mass (mg)

2,4~

2,31

2,2

0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Figure S4. TGA mass loss trace for Au-1-TIPS.
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Analytical Data of Compounds 6-8, 2 and 1
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Mass Spectrum of Compound 8
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670 680 690 700 710 720 730 740 miz

Meas.miz # Formula Score miz err[mDa] err [ppm] méigma 7 rdb e C;)ﬂf z -
6913601 1 C47H5103Si 100.00 691.3602 0.1 0.1 265 235 even 14+
7083870 1 C47H54NO3Si 100.00 708.3867 -0.2 0.3 95 225 even
7133420 1 C47HS50NaO3Si 100.00 7133421 0.1 0.2 10.0 235 even
7293160 1 C47HS50KO3Si 100.00 729.3161 0.0 041 80 235 even

'H- and "®*C-NMR-Spectra of Compound 2
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Mass Spectrum of Compound 1
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Analysis of Au-1

'H-NMR Spectra of 1

|
kl MJULM

T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0

flé(t'.JSD ™ 4‘.0 3‘.5 3{0 2‘.5 2‘.0 1‘45 1‘.0 01.5 0‘.0

Fig. S1 '"H NMR spectrum of cage 1 (blue) and Au-1 (red). The close similarity
corroborates the coating of the Au NP by the ligand. The characteristic line-
broadening caused by the restricted tumbling motion documents the immobilization of

the ligand on the NP surface.
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TEM micrograph of Au-1

Fig. S2. Representative TEM micrograph of Au-1
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Thermogravimetric Analysis of Au-1
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1.9 1
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E
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5 |~ L 000 =
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............... 4}, §
1.7
- -0.02
Peak = 28.283 min
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Area =-0.371 mg - -0.04
1.5 4
- -0.06
1.449 T T T T T T T T -0.06742
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Time (min)
06.09.2019 09:40:21
r1) Hold for 1.0 min at 30.00°C 2) Heat from 30.00°C to 900.00°C at 10.00°C/min ]
Fig. S3. TGA mass loss trace for Au-1.
Table S1. Ligand-to-gold ratio as taken from TGA and TEM images.
Au-1 m(1) M(1) n(1) May Nau May nAu/n(1)
[mg] [g/mol] [mol] [mg] [mol] [gmol]
TGA 2.053 2325.58 1.60-10” 1.682 8.54:10° 196.97 53.5




Fig. S4. Chem3D MM2 simulation render of 1.
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Materials

All commercially available starting materials were of reagent grade and used as
received, unless stated differently. Absolute THF was purchased from Acros, stored
over 4 A molecular sieves, pre-dried with CaH, handled under argon and freshly
distilled over sodium before each use. Pure CH,Cl, was purchased from J. T. Baker.
Pure toluene was purchased from Acros. Pure DMF was purchased from Acros
Organics. tert-butylmethylether (TBME), c-hexane, ethyl acetate (EtOAc), and CH,Cl,
from Biosolve were used for purification and were of technical grade. Column
chromatography was carried out on SiliaFlash P60 (particle size 40—63 pm) from
SiliCycle. SEC for the purification of AUNPs mono-, di- and trimers was performed
manually using Bio-Rad Bio-Beads S-X1 (operating range 600—14 000 g mol™") with
CHCI, or toluene as eluent. Deuterated solvents were purchased from Cambridge
Isotope Laboratories.

Equipment and Measurements

'H and *C NMR spectra were recorded with a Bruker DPX 400 instrument ('H
resonance 400 MHz, "*C resonance 101 MHz) or a Bruker DRX 500 instrument ('H
resonance 500 MHz, "*C resonance 126 MHz) at 298 K. The chemical shifts (3) are
reported in ppm and are referenced to the residual proton signal of the deuterated
solvent (Chloroform-d: 7.26 ppm) for 'H spectra or the carbon of the solvent
(Chloroform-d: 77.1 ppm) for "*C spectra. The coupling constants (J) are given in
Hertz (Hz), the multiplicities are denoted as: s (singlet), d (duplet), t (triplet), m
(multiplet), and br (broad). High-resolution mass spectra (HRMS) were measured as
HR-ESI-ToF-MS with a Maxis 4G instrument from Bruker or a Bruker UltraFlex Il —
MALDI-ToF-MS. For purification of the ligands, a (automated) Shimadzu Prominence
System was used with SDV preparative columns from Polymer Standards Service
(two Showdex columns in series, 20 mm x 600 mm each, exclusion limit: 30 000 g
mol™") with chloroform as eluent. UV—vis measurements were recorded on a Jasco V-
770 spectrophotometer using 117.100F-QS cuvettes from Hellma Analytics (10 mm
light path). TEM was performed on a Philips CM100 TEM at 80 kV using copper grids
(Cu-400HD) from Pacific Grid Tech. TGA was measured on a Mettler Toledo
TGA/SDTAB851° with a heating rate of 10 °C min™".
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Synthesis and Analytical Data of Cage 1 and Compounds 3-9

TIPS

I/
O EN
[ @ Br
Br

tris(p-(bromomethyl)phenyl)-p-(p-(triisopropylsilylethynyl)phenylethynyl)phenyl-
methane (7)’

Compound 7 was synthesized as described in Ref. 1.

g
J Qe

bis(p-(bromomethyl)phenyl)-bis(p-tert-butylphenyl)methane (3)?

Compound 3 was synthesized as described in Ref. 2.

og

Br: O O STrt

p-(tritylthiomethyl)phenyl-p-(bromomethyl)phenyl-bis(p-tert-butylphenyl)methane (4)?

In a 250 ml flask, compound 3 (2.75 g, 4.45 mmol, 1 eq.) was dissolved in 100 ml
freshly distilled THF in. Tritylthiol (1.27 g, 4.45 mmol, 1 eq.) was added to the solution
which was then bubbled with argon for 15 minutes. NaH (60% dispersion in mineral
oil, 200 mg, 5.03 mmol, 1.1 eq.) was added to the flask. The mixture was stirred at rt
for 2 hours, quenched by careful addition of minimum amounts of water, dried over
Na,SO,4 and evaporated to dryness. The crude product was subjected to automated
column chromatography (c-hexane: CH,Cl, 10:1 and 2:1) to afford compound 4
(1.22 g, 1.50 mmol, 34%) as a white foam. "H NMR (400 MHz, Chloroform-d) & 7.48 -
7.43 (m, 5H), 7.30 (s, 4H), 7.26 (d, J = 1.7 Hz, 6H), 7.24 -7.18 (m, 7H), 7.15 (d, J =
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8.4 Hz, 2H), 7.08 -7.04 (m, 5H), 7.00 (d, J = 8.3 Hz, 2H), 4.47 (s, 2H), 3.28 (s, 2H),
1.29 (s, 18H).

p-(tritylthiomethyl)phenyl-p-(acetylthiomethyl)phenyl-bis(p-tert-butylphenyl)-methane
(5)

In a 100 ml flask, 4 (1.22 g, 1.50 mmol, 1 eq.) was dissolved in 50 ml dry DMF.
Potassium thioacetate (0.343 g, 3.00 mmol, 2 eq.) was added and the mixture was
stirred for 30 minutes after which time the mixture was diluted in excess TBME and
washed five times with water to remove the DMF. The mixture was dried over
Na,SOg4, evaporated to dryness and subjected to column chromatography (c-hexane:
CH.CI, 1:1) to give asymmetrically protected side-chain 5 as a green foam (1.13 g,
1.40 mmol, 93%). "H-NMR (400 MHz, Chloroform-d) & 7.49 — 7.44 (m, 6H), 7.30 —
7.25 (m, 6H), 7.23 - 7.17 (m, 7H), 7.11 (s, 4H), 7.08 — 7.03 (m, 6H), 7.02 — 6.98 (m,
2H), 4.09 (s, 2H), 3.28 (s, 2H), 2.33 (s, 3H), 1.29 (s, 18H). ®*C-NMR (101 MHz,
CDCl3) 6 195.17, 148.48, 146.28, 145.92, 144.75, 143.59, 134.70, 134.40, 131.40,
131.22, 130.67, 129.67, 128.12, 127.95, 127.72, 126.71, 67.44, 63.69, 36.67, 34.33,
33.07, 31.41, 30.39. HRMS (ESI-ToF): m/z = [M+Na]" calcd. for CssHs60S,Na™
831.3665, found: 831.3652.
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b YHRGRBRETHLGHENR § 2
NN S N i i 0
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“og

is L W st

p-(mercaptomethyl)phenyl-p(tritylthiomethyl)phenyl-bis(p-tert-butylphenyl)-methane
(6)

In a 100 ml flask, 5 (939 mg, 1.16 mmol, 1 eq.) was dissolved in 30 ml MeOH:THF
1:1 and degassed with argon for 20 minutes after which time K.CO3; (321 mg, 2.32
mmol 2 eq.) was added. The mixture was stirred for 4 hours and therafter acicified by
addition of 10% aqueous HCI (50 ml). The mixture was extracted three times with
CHCl,, dried over Na,SO,4 and subjected to automated column chromatography (c-
hexane: CH,Cl, gradient 4:1 to 1:1) to afford thiol 6 as a white foam (854 mg, 1.11
mmol, 96%). '"H NMR (400 MHz, Chloroform-d) & 7.48 — 7.45 (m, 6H), 7.29 — 7.14
(m, 17H), 7.10 - 7.06 (m, 6H), 7.02 — 6.99 (m, 2H), 3.68 (d, J = 7.5 Hz, 2H), 3.29 (s,
2H), 1.73 (t, J = 7.5 Hz, 1H), 1.29 (s, 18H). *C NMR (101 MHz, CDCl;) 5 148.50,
146.09, 146.02, 144.81, 143.71, 138.39, 134.44, 131.47, 131.27, 130.73, 129.72,
128.20, 128.01, 127.04, 126.76, 124.31, 67.49, 63.75, 36.73, 34.38, 28.61, 27.03.
HRMS (ESI-ToF): m/z = [M+Na]" calcd. for Cs4Hs4S,Na™: 789.3559, found: 789.3536.
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Tris(p-(p-(p-(tritylthiomethyl)phenyl-bis(p-tert-butylphenyl)methyl)phenylmethylthio-
methyl)phenyl)-p-(p-(triisopropylsilylethynyl)phenylethynyl)phenylmethane (8)

In a 25 ml flask, tribromide 7 (100 mg, 0.114 mmol, 1 eq.) and thiol 6 (350 mg, 0.456
mmol, 4 eq.) were dissolved in 10 ml dry THF and bubbled with argon for 30 minutes.
NaH (60% dispersion in mineral oil, 50 mg, 1.25 mmol, 11 eq.) was added and the
mixture was stirred at rt for 15 hours after which the reaction was quenched by
careful addition of minimum amounts of water. The mixture was dried over Na;SOy,
filtrated over a silica plug (CH.Cl;) and evaporated to dryness. Isolation by
automated GPC (chloroform) gave S-protected cage precursor 8 as a yellow solid
(279 mg, 0.096 mmol, 84%). '"H NMR (500 MHz, Chloroform-d) & 7.49 — 7.45 (m,
18H), 7.44 — 7.41 (m, 4H), 7.41 — 7.37 (m, 2H), 7.30 — 7.25 (m, 18H), 7.25 (s, 2H),
7.24 — 717 (m, 23H), 7.15 (d, J = 5.6 Hz, 10H), 7.13 (s, 12H), 7.10 — 7.05 (m, 18H),
7.03 — 6.99 (m, 6H), 3.60 (d, J = 3.1 Hz, 12H), 3.29 (s, 6H), 1.29 (s, 54H), 1.16 (s,
21H). *C NMR (126 MHz, CDCl3) & 148.47, 147.30, 145.98, 145.07, 144.74, 143.66,
135.99, 135.36, 134.37, 131.97, 131.38, 131.30, 131.23, 131.10, 131.03, 130.86,
130.68, 129.66, 128.30, 128.12, 127.95, 127.93, 126.71, 124.23, 123.27, 123.23,
120.62, 106.75, 92.75, 91.16, 89.24, 67.43, 64.33, 63.71, 36.66, 35.54, 35.39, 34.33,
31.42, 18.73, 11.37. HRMS (MALDI-ToF): m/z = [M+Na]" calcd. for Cop9H206S6SiNa™
2958.4105, found: 2958.4105.

12
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Intens. FT13102_0_C3_000002.d: +MS
x107 1+
2960.4171
2.0 & ”
2959.4145 2961.4196
1.5
1+
2962.4196
1.01
1+ 1+
2958:4105 ‘ 2963.4187
0.54 | 1+
[ “ ‘ | 2964.4245
1
09 R TN T VRN WO N SARTOe
x100 ] FT131020_C3000002.d:C205H206Na1S6Sis, 2958.4105
+
2960.4160
6.
1+ |
2959.4138 | 1+
2962.4190
44
1+
1% 2963.4202
24 2958.4105 1+
| 2964.4211 .
| 29654221
0 , . ; L, o N S— — .
2956 2958 2960 2962 2964 2966 2968 2970 m/z
Evaluation Spectra / Validation Formula:
# lon Formula Adduct m/z z Meas. m/z mSigma N-Rule err [mDa] err [ppm]
1 C209H206NaS6Si M+Na 2958.4105 1+ 2958.4105 102.4 ok -0.0 -0.0
TIPS
| N
Z
| N
Z

Tris(p-(p-(p-(mercaptomethyl)phenyl-bis(p-tert-butylphenyl)methyl)phenylmethylthio-
methyl)phenyl)-p-(p-(triisopropylsilylethynyl)phenylethynyl)phenylmethane (9)

In a dry, degassed 25 ml flask, cage precursor 8 (576 mg, 0.196 mmol, 1 eq.) and
SiEtsH (0.20 ml, 0.745 mmol, 3.8 eq.) were dissolved in 20 ml CH,Cl, and degassed
for 30 minutes. The deprotection was started upon addition of 0.8 ml TFA (4 vol-%)
which was visible from the color change to bright orange. The mixture was stirred

14
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until the color had faded, indicating completion of the reaction (5 minutes) and
quenched by addition of saturated aqueous NaHCOs3;. The phases were separated
and the aqueous phase extracted twice with CH,Cl,. The organic phase was dried
over Na,SO, and evaporated in vacuo. Purification was performed by column
chromatography (c-hexane: CH,Cl, gradient 4:1 to 1:1) to yield cage precursor trithiol
9 (404 mg, 0.183 mmol, 93%) as a white solid. 'H NMR (500 MHz, Chloroform-d) &
7.45-7.41 (m, 4H), 7.40 — 7.37 (m, 2H), 7.24 — 7.21 (m, 14H), 7.20 — 7.11 (m, 34H),
7.10 - 7.06 (m, 14H), 3.70 (d, J = 7.5 Hz, 6H), 3.60 (d, J = 5.6 Hz, 12H), 1.75 (t, J =
7.5 Hz, 3H), 1.29 (s, 54H), 1.14 (s, 21H). *C NMR (126 MHz, CDCl;) & 148.52,
147.25, 146.00, 145.93, 145.05, 143.58, 138.37, 135.95, 135.39, 131.95, 131.41,
131.35, 131.29, 131.07, 130.99, 130.83, 130.66, 128.27, 127.93, 126.96, 124.24,
123.28, 123.17, 120.61, 106.69, 92.76, 91.07, 89.24, 64.31, 63.69, 35.52, 35.36,
34.32, 31.38, 28.53, 18.69, 11.33. HRMD (MALDI-ToF): m/z = [M+Na]" calcd. for
C152H164S6SiNa™: 2232.0819, found: 2232.0837.

NN AN RORN T IO AONO NN ONUNTMNNCOARNN 2O =0 N v r
eI RRARARRONAANNERRIAZARCER AR08 8856RREH RER LR
NRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRNRRNRRR KRR e A BE b 1300000
GO P - — | Lofl D

280000
TH NMR (500 MH:z, Chloroford)$ 7.45 — 7.41 (m, 4H), 7.40 — 7.37 (m, 2H). 7.24 —= 7.21 (m

14H), 7.20 = 7.11 (m, 34H), 7.10 — 7.06 (m, 14H), 3.J6 (@5 H=, 6H), 3.60 (d= 5.6 H=, 12H) 1260000
| 1.75 (tJ = 7.5 H=, 3H). 1.29 (s, 54H). 1.14 (s, 21H)
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220000
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Appendix C

“% gauEa 3 ® L 16000
‘D(\"; i ‘g
L ] S000
DCNMR (126 MH=, (“Dp‘ﬁ 148.52. 147.25, 146.64. R000
145 93, 145.05, 143,58, 138 37, 135,95, 133 39, 13p.95, B
686,
pel.
106.6%, 92.76. 91.07, 89.24 64. 33.36,
343231 35,2972, 28 53, 26.94, 1569 11 33. iy
- 5000
= 5000
4000
- 3000
)
2000
! 3 L ] 3 | coo
° ‘ : : e | | 1
e o
l | . . } J{
ol DLWLES e e f e 0
150 140 150 120 110 100 a0 80 70 6 50 40 30 20 i6 a
1 {ppm}
Intens. B8S0L000692_0_P10_000001.d: +MS
x107 1+
2233.0865
61 1+
22340904
1+
44 22320837
1+
2235.0948
21 1+
2236.0832 1+
2231.0708 2243.0709
0 L1 11 I . I
x107 2 BSOLocoseza_Proo00001.d:CrsaHiceNaSeSh, 2232.0819
+
4+ 22340865
1+
31 2235.0875
1+
2232.0819 1+
21 2236.0883
1+
14 2237.0888
1+
l 2238.0892
ol : : : L ) | . —— :
22225 22250 22275 22300 22325 22350 22375 2240.0 22425 miz
Evaluation Spectra / Validation Formula:
# lon Formula Adduct mi/z z Meas. m/z mSigma N-Rule err [mDa] err [ppm]
1 C152H164NaS6Si M+Na 2232.0819 1+ 2232.0837 177.6 ok -1.8 -0.8
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Cage-Type Ligand 1

In a 250 ml flask, trithiol 9 (175 mg, 0.079 mmol, 1 eq.) and 1,3,5-tris(bromo-
methyl)benzene (28 mg, 0.079 mmol, 1 eq.) were dissolved in 200 ml dry THF and
degassed with an argon stream for 30 minutes. NaH (60% dispersion in mineral oil,
30 mg, 0.751 mmol, 9.5 eq.) was added and the reaction mixture was allowed to stir
at rt for 3 days. The reaction was quenched upon careful addition of minimum
amounts of water, dried over Na,SO4 and the solvent removed in vacuo. The crude
was filtrated over a silica plug (CH,Cl,) and cage 1 was isolated by automated GPC
(chloroform) to give a colorless solid (95 mg, 0.041 mmol, 52%). '"H NMR (500 MHz,
Chloroform-d) & 7.45 — 7.38 (m, 4H), 7.20 (d, J = 8.5 Hz, 12H), 7.12 — 7.01 (m, 55H),
3.58 (s, 6H), 3.54 (s, 6H), 3.51 (s, 6H), 3.49 (s, 6H), 1.28 (s, 54H), 1.14 — 1.12 (m,
21H).*C NMR (126 MHz, CDCls) 5 148.54, 147.19, 146.02, 146.01, 145.10, 143.58,
138.57, 135.91, 135.52, 135.25, 131.99, 131.39, 131.31, 131.28, 131.04, 131.01,
130.88, 130.72, 128.43, 128.33, 127.99, 127.98, 124.28, 123.31, 123.18, 120.61,
106.72, 92.77, 91.12, 89.28, 64.31, 63.72, 35.53, 35.38, 35.17, 35.07, 34.34, 31.43,
18.72, 11.35. HRMS (MALDI-ToF): m/z = [M]" calcd. for Cyg1H170SeSi"™: 2323.1391,
found: 2323.1408.
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Intens. FT13440_0_A10_000001.d: +MS
x1077 1+

1+ 2325.1512
259 2324.1462

2.0 1+
2326.1565

2323;2408 1+
1.0 2327.1605

0.5 2328.1488
23221317

0.0 1 )\ ,l A a " |

x167 FTisaaco_A10000001.d:CresH1roSeSiy, 2323.1391
1+

1.257 2325.1439

1+ .
1.001 P P calcd: 2323,1391

0.754 1+ 1+
2323.1391 2327.1458

0.50 .
2328.1465

14
0.251 2329.1470

0001, | 1 N

2320 2322 2324 2326 2328 2330 2332 miz

Evaluation Spectra / Validation Formula:

% lon Formula Adduct m/z z Meas. m/z mSigma N-Rule err [mDa] err [ppm]
1 C161H170S6Si M 2323.1391 1+ 2323.1408 2138 ok 1.7 0.7
References

1E. H. Peters and M. Mayor, Eur. J. Inorg. Chem., 2020, 2020, 2325-2334.
2M. Lehmann, E. H. Peters and M. Mayor, Chem. — Eur. J., 2016, 22, 2261-2265.
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