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Abstract: Gold nanoparticles (Au NPs) have many potential applications including nanoelectronics, catalysts and
sensors. These future devices depend on stable and monodisperse NPs and their directed assembly. Herein we
review our efforts to develop oligomeric thioether ligands able to direct the synthesis of Au NPs and their surface
functionalization. A screening of different oligomeric thioethers indicates that the NPs become more stable and
monodisperse with increasing length of the thioether oligomer. The heptameric benzylic thioether 4 stabilizes
monodisperse NPs with a diameter of 1 nm and excellent long-term stability in solution. It is further monofunc-
tionalized with a central protected acetylene. After NP formation in the presence of the ligands we utilize the
peripheral functionality to interlink the NPs. A mild oxidative diacetylene coupling protocol is used to covalently
bind these ‘artificial molecules’. This wet-chemical procedure leads to the formation of hybrid organic-inorganic

superstructures.
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Introduction

Gold is the most frequently used material
for metal nanoparticles (NPs). This is due
to the efficient synthesis of Au NPs, the
advanced state of surface chemistry and
their potential as model system for col-
loids and surfaces.l'-31 Au NPs show size-
dependent features, providing interesting
physical properties, such as room tempera-
ture Coulomb blockade for small NPs.[+-0]
Stable and monodisperse NPs are essential
for their use in many future technologies,
including electronic devices,!’-!1l sensor
applications!!'2-171 and catalysis.[!3:191 The
stabilizing agents in organic solvents are
mainly based on thiolsi?% that show cova-
lent interactions with the gold surface. In
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general, thioethers form weak interactions
to gold compared to thiols.2!l There are
however some examples where thioethers
have been proven to be suitable ligands for
the stabilization of Au NPs.[22-26] Increased
stability and monodispersity have been re-
ported for multidentate ligands comprising
more than one thioether unit.

Below we describe the screening of
several multidentate thioether oligomers
to find a suitable ligand that enables the
formation of stable and monodisperse
NPs. A large multidentate structure favors
monodisperse NP sizes by enwrapping the
whole NP by a well-defined small number
of ligands. This concept enables control
of the number and nature of functional
groups on the NPs’ surface simply by at-
taching the desired functional group to the
ligand. To our knowledge only a few ex-
amples describe the realization of mono-
and bifunctionalized NPs in organic sol-
vents. The former was realized via ligand
polymerization on the NPs’ surfacel?’! and
reaction on solid supports[28.291 and the lat-
ter by profiting from the exposed pole po-
sitions of monodisperse NPs.[30:311 Another
major challenge for the integration of NPs
in hybrid materials and future devices is
their tailored spatial arrangement. Numer-
ous studies geared towards the directed as-
sembly of Au NPs have been reported and
several review articles highlight the impor-
tance of the field.[32-37]

Herein we summarize three recent
publications on our research towards in-

terlinked Au NPs. In a first screening of
thioether oligomers, a benzylic thioether
heptamer was found to be a very promising
ligand to stabilize Au NPs.0381 It was further
functionalized with a protected acetylene.
This peripheral functionality was con-
nected via an oligophenylene ethynylene
(OPE) spacer of different lengths. The
acetylene enabled the covalent interlinking
of NPs by a mild oxidative diacetylene cou-
pling. The NP size and the spatial arrange-
ment of these hybrid organic—inorganic
superstructures were investigated by trans-
mission electron microscopy (TEM).[3]
In addition we investigated self-assembled
monolayers of model compounds to study
the sulfur—gold interactions. High-reso-
lution X-ray photoelectron spectroscopy
(HRXPS), near-edge X-ray absorption
fine structure (NEXAFS) spectroscopy
and scanning tunneling microscopy (STM)
were used for this purpose.?]

Ligand-stabilized Gold
Nanoparticles

The linear oligothioether ligands 1-4
(Fig. 1) were synthesized and their ability
to stabilize and ensnare Au NPs was inves-
tigated.[38] The goal of this series was to
find a ligand that directs the size of small
NPs leading to stable and monodisperse
NPs. The thioether structure was intended
to enable an evenly dispersed surface cov-
erage with a low integer number of ligands.
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The number of ligands should be transfer-
rable to the number of functionalities that
could be introduced with the ligand. Au
NPs were formed following a protocol de-
veloped by Brust e al.[20] In a two-phase
system of water and dichloromethane with
tetra-n-octylammoniumbromid (TOAB) as
phase transfer agent, chloroauric acid was
reduced by sodium borohydride in the pres-
ence of oligomers 1-4. Monomer 1 could
not prevent the bulk precipitation of gold
but also stabilized some NPs. UV/vis spec-
troscopy showed the presence of a plasmon
resonance band in the UV spectrum of Au-1
indicating NPs larger than 3 nm.[0l After
several hours these NPs further coagu-
late and precipitate. Oligomers 2, 3 and 4
led to the formation of soluble NPs with-
out precipitation. As the ligand-stabilized
NPs Au-2 precipitated within days upon
storage in dispersion, we only determined
the diameter of NPs Au-3 and Au-4 using
transmission electron microscopy (TEM).
While NPs Au-3 range from 1 nm to 5 nm,
NPs Au-4 showed a narrow size distribution
with a mean diameter of 1 nm (see below).
UV/vis spectroscopy proved the excellent
long-term stability, as the spectrum of NPs
Au-4 did not change upon storage in di-
chloromethane over several months. TEM,
elemental analysis and thermogravimetry
revealed a particle-to ligand ratio of 1:2.
Upon ligand functionalization NPs with two
peripheral groups should become available.
Interestingly, these NPs might be exposed
subsequently to wet chemical procedures
acting as ‘artificial molecules’.

Self-assembled Monolayers of
Thiol/Thioether Ligands

Self-assembled monolayers (SAMs)
of model compounds 5-8 (Fig. 1) were
formed on Au(111) to study the gold-li-
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R'=Bn,R2=tBu,n=3
R'=H,R2=tBu,n=0
R'=H,R2=tBu,n=1
R'=H,R2=tBu,n=2
R

1=H R2=tBu,n=3

© N o a » 0 N2

Fig. 1. Model compounds 1-8 used to
investigate nanoparticle stabilizing features as
well as binding behaviors on gold surfaces.
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Fig. 2. Schematic representation of possible binding modes of the thiol-thioether oligomer 6 to

the gold substrate.

gand interactions.[2!l These assemblies
were investigated by high-resolution X-
ray photoelectron spectroscopy (HRXPS),
near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy and, in the case
of molecules 5 and 6, also by scanning tun-
neling microscopy (STM).

The question addressed within these
investigations is the contribution and qual-
ity of the different binding sites. Thus, we
were wondering if such oligomers are bind-
ing with all binding sites (striped phase,
Fig. 2a) or only with the two terminal
thiols forming bridge phase arrangements
(Fig. 2b). A standing phase (Fig. 2¢) would
result if only one terminal thiol group were
bound to the surface.

The relation of SAM thickness to
oligomer size, found by HRXPS, favors
the bridge phase assembly displayed in
Fig. 2 for these ligands. The monolayer
thickness increased with oligomer size
showing heights which matched the calcu-
lated values for bridge phase arrangements.
This hypothesis is further supported by the
analysis of the sulfur signals of the HRXPS
spectra. In particular the expected ratios of
strongly bound and uncoordinated sulfurs
were found for the model compounds.

While additional NEXAFS spectra also
confirmed the bridge phase model, STM
investigations of shorter oligomers § and
6 revealed a further insight. The monomer
5 formed a dense packed SAM that was in
excellent agreement with the bridge phase
model. However the trimer 6 showed a few
features with heights indicating unfolded
upright standing molecules. This led to the
estimation that about 10-20% of the mol-
ecules bind only with one thiol group to the
substrate (Fig. 2b).

We propose that the observed bridged
geometry is driven by the strong thiol-gold
interaction. The strongly binding terminal
thiols push the weakly coordinating thio-
ether binding sites away from the surface,
reducing the ligands’ multidenticity. As the
multidentate coordination is desired, a ho-
mogenously balanced sulfur—gold interac-
tion over all binding sites is fundamental.

Therefore we omited the use of free thiols
in our future ligand design.

Hybrid Organic-Inorganic
Superstructures

Based on the ligand investigations de-
scribed above we choose heptamer 4 for
addition of a peripheral functional group.
A rigid OPE of different lengths was intro-
duced with a terminal silyl-protected acet-
ylene to obtain ligands 9-11 (Fig. 3).039
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Fig. 3. Ligands 9-11 comprising a protected
acetylene as an additional peripheral functional
group for interlinking nanoparticles to organic—-
inorganic superstructures.

NPs were formed in the presence of
these monofunctionalized ligands follow-
ing the same protocol as for Au-(1-4). Af-
ter removal of excess ligand the samples
only contained ligand-stabilized NPs Au-
9, Au-10 and Au-11. The obtained UV/vis
spectra were very similar to the spectrum
of heptamer-stabilized NPs Au-4 with dif-
ferences between 300 nm and 400 nm, due
to the elongation of the functional OPE
unit in the ligands center. As this feature
was clearly visible we confirmed that we
obtained functional NPs with the OPE
structure at their periphery. The ligand-
stabilized NPs were further investigated
by TEM. The analysis of micrographs in-
dicated the same narrow NP size distribu-
tions of 1 nm as the unfunctionalized hep-
tamer 4 (see below). This indicates that the
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Fig. 4. Representative TEM micrograph of gold
nanoparticle oligomers (Au-10) , a dimer (circle)

and a trimer (rectangle) are present as well as
monomeric nanoparticles.

thioether oligomer stabilizes the NPs and
is not affected by the new functionality.
Thus, we assume that again two ligands are
needed to stabilize one NP, which was cor-
roborated by combining TEM results with
thermogravimetric analysis data.

The protected acetylene of these ‘arti-
ficial molecules’ enabled the covalent cou-
pling of NPs with a mild oxidative diacety-
lenecoupling protocol developed by Hay.[41]
This copper-catalyzed wet-chemical pro-
cess was performed after deprotection of
the acetylene and led to hybrid organic—in-
organic superstructures (Au-9) , (Au-10)
and (Au-11) . Fig. 4 depicts a representa-
tive TEM micrograph showing a dimer
(n = 2), trimer (n = 3) and monomeric
NPs. Besides dimers and trimers tetramers
(n = 4) were also obtained. These three
different oligomers were used for further
analysis. Higher oligomers precipitated
from solution due to their low solubility.
The reaction time was thus reduced to

frequency /%

frequency / %

05 10 15 20 25
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Fig. 5. a) Size distribution of ligand-stabilized particles, b) distance distribution of superstructures

reflecting the various spacer lengths.

15 minutes to favor short oligomers instead
of long insoluble polymers. The success of
the coupling was preliminary detected by
UV/vis. The elongation of OPE due to di-
acetylene formation was clearly shown by
a bathochromic shift. Investigations of the
interparticle spacings of these superstruc-
tures via TEM revealed that the different
lengths of rigid-rod linkers were reflected
in the interparticle distances (Fig. 5).

We obtained Gaussian-like distance
distributions with increasing maxima for
larger spacer lengths. The shape of the
Gaussian-like fit broadens with each ex-
tension of the OPE linker and the maxima
are at shorter values than the calculated
distances for the outstretched rods. These
two aspects lead to the assumption that
the ligands arrange with various possible
angles on the NP’s surface. A tangential
alignment is favored over a perpendicular
arrangement probably due to the steric re-
pulsion of the aromatic hydrogen, which

anchors the central functionality. This hy-
pothesis was further corroborated by recent
studies with model ligands comprising a
central pyridine unit.[*2] The coordination
of the pyridine’s nitrogen to the Au NP re-
sulted in a perpendicular arrangement of
the rod at the NP’s surface. Thus the cal-
culated length of the rod and the observed
interparticle spacings perfectly matched.

Summary and Conclusion

Our efforts towards the realization of
covalently bound NPs are presented. After
two ‘casting’ series we choose a ligand de-
sign that is able to stabilize Au NPs with
a narrow size distribution and controlled
thioether gold interactions. It was found
that two ligands stabilize one NP. The li-
gand structure was further functionalized
with a peripheral protected acetylene pro-
viding bifunctional NPs (see Fig. 6).
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Fig. 6. The concept of using ligand-functionalized nanoparticles as ‘artificial molecules’. The oligomeric ligand 10 stabilizes particles with diameters
of about 1 nm by covering its surface. As two ligands are required to cover the particles surface, exactly two triisopropylsilyl (TIPS) protected
acetylenes are available as functional group on the periphery of the particle allowing their interlinking to form hybrid organic-inorganic oligomers or

polymers by wet chemistry.
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These ‘artificial molecules’ enabled
the formation of organic—inorganic archi-
tectures via diacetylene coupling. In a se-
ries of interlinked NPs the spacer length
was reflected in the spatial arrangement of
the NPs in these hybrid superstructures.

Currently we are working on a greater
control over the arrangement of the spacer
group at the NP’s surface, the realization
of increased NP sizes, other metal NPs and
hybrid materials consisting of periodically
arranged subunits.
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