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Self-assembly of gold nanorods in ordered spherical supraparticles
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Gold nanoparticles exhibit interesting optical properties which arise from their localized surface
plasmon resonance. In particular anisotropic Au nanoparticles, such as Au nanorods (NRs), have
enhanced and highly tunable plasmonic properties due their longitudinal surface plasmon resonance
in the visible and near-infrared range of the spectrum. This makes Au nanorods suitable materials for
numerous optical applications such as surface-enhanced Raman spectroscopy (SERS) [1], data
storage [2], photo catalysis and medical photo thermal applications. Recently, it has been shown that
performance of AuNRs in Raman spectroscopy can significantly be enhanced when placing the NRs
in close proximity in large colloidal crystals, whereby plasmonic hotspots of the individual NRs overlap
and strongly enhanced plasmonic hotspots are created [3].
Here, we present the synthesis of spherical colloidal crystals, so-called supraparticles, of variable size
consisting of silica coated AuNRs (Figure 1). The aim of the study is to compare supraparticles with
and without overlapping plasmonic hotspots between the AuNRs in their performance in Raman
spectroscopy. To this end, silica coated AuNRs with either a 15-20 nm thick mesoporous silica shell or
a 3-4 nm thin silica shell were assembled in supraparticles. The self-assembly was done by using a
solvent evaporation method [4], whereby a polar dispersion of rods was emulsified in a larger apolar
phase. By slowly evaporating the polar phase, the AuNRs in the shrinking droplets assembled into
spherical supraparticles. The 3D-structure of these assemblies was studied in detail with advanced
electron microscopy techniques such as HAADF-STEM tomography and FIB-SEM slice and view,
allowing us to track the position and orientation of the NRs [5]. First, we show the aspect ratio of the
rods strongly influences the degree of order in the orientation of the rods, where the orientation of the
rods changes from random- to smectic order when increasing the aspect ratio of the rods. Second, we
compared the enhancement of crystal violet in Raman spectroscopy in the presence of supraparticles
with and without overlapping hotspots and detect much higher Raman signals in the structures
composed of thin silica coated AuNRs compared to the supraparticles of thick silica coated AuNRs.

Figure 1. Electron microscopy images of ordered spherical supraparticles synthesized via the
self-assembly of 3-4 nm thin silica coated Au nanorods
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Chiral gold nanoparticle superstructures directed by silica
nanohelices: towards innovative chiroptical properties
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In nano-photonics, gold nanoparticle assemblies exhibit strong resonances in the visible range. If
these assemblies are chiral, the strong coupling of localized plasmon resonance between
nanoparticles along the imposed geometrical arrangement locally enhances the chiroptical coupling to
light by orders of magnitude compared to naturally-occurring materials, yielding interesting values of
circular dichroism and optical activity. Most of these existing chiral gold nanoparticle nano-structures
are based on organic scaffolds as DNA or peptides,1 which generally suffer from vulnerability
(chemically, mechanically and thermally), calling for more robust and 3D anisotropic scaffolds as
better candidates for the organization of nanoparticles to fabricate nanophotonic materials. In the
present work, we propose an alternative route to fabricate new chiral plasmonic nano-objects based
on silica nano-helices with finely tunable morphologies covered with calibrated gold nanoparticles (see
figure 1).2 These chiral plasmonic nano-objects are studied first as individual objects then as 2D and
3D hierarchically organized structures. Their plasmonic and chiroptical responses are assessed by
optical measurements.

Figure 1. Gold nanoparticles helicoidally organized on silica nanohelix template and the corresponding
chiroptical spectra.
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Ultrathin gold nanowires: growth mechanism and self-assembly
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Ultrathin gold nanowires (NWs), exhibiting a diameter of 1.7 nm and a micrometric length, have
attracted expanding interests due to their unique properties, as high surface-to-volume ratio,
mechanical flexibility and remarkable conductivity properties, with applications for electrical sensors or
transparent electrodes [1,2]. Their very small diameter, very high aspect ratio (>1000) and the great
importance of the ligand shell organization both on their growth and stability make these fascinating
objects intermediates between metal and 1D supramolecular organization (Fig. 1).
The synthesis is a simple reduction of HAuCl4 in a solution of oleylamine in hexane at room
temperature facilitating in situ measurements [3]. NW growth and self-assembly into hexagonal arrays
were followed by in situ small angle X-ray scattering (Fig. 2). The growth rate was found to strongly
depend on the solvent. The lattice parameter of the hexagonal phase and the interwire distance varied
in the range 9-10 nm and 7.3-8.3 nm, respectively, showing that a bi-layer of oleylamine coats the
wires during the growth [4]. We showed also that the interwire distance could be monitored in the
range 2.5-8.3 nm thanks to ligand exchange at the wire surface [5]. The atomic structure of the gold
core of the ultrathin NWs is still under debate. A fcc structure with stacking faults was reported by
HRTEM studies but the Au NWs faced a strong instability and a recrystallization process under the
electron beam was observed [6]. Recent in situ WAXS measurements and PDF analysis revealed a
non-compact structure. Several structural models are under investigation to fit the PDF patterns that
could shed new light on the growth mechanism and the electronic properties.

Figure 1. (a) TEM image of ultrathin gold nanowires (b) SAXS pattern measured during the ultrathin
gold nanowires synthesis at room temperature in toluene.
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Self-Assembly of nanoparticles (NP) is a promising tool for the synthesis of new materials with tailored
properties.(1) Using polymer-ligands provides additional possibilities to direct the self-assembly and
tune the mechanical, electrical or optical/plasmonic properties of the resulting materials. In the case of
gold nanoparticles (AuNP), the plasmonic properties are especially interesting for surface-enhanced
spectroscopies and fundamental studies. Two recent studies will be presented. In the first study we
show that it is possible to obtain well-ordered, mono- and multilayer films of AuNP coated with
polystyrene-based ligands (PS), with AuNP diameters up to 45 nm. Monolayers > 2x104 µm2, and
freestanding films > 1.6x103 µm2 were obtained. The role of ligand size for functionalization and selfassembly of AuNP ranging from 6-90 nm in diameter was tested.(2) In the second study based on
recent works (3, 4) we observed the crystallization of poly(ethylene glycol) (PEG) coated AuNP in
solution induced by hydrostatic pressure. This new effect was studied by small-angle X-ray scattering
(SAXS) and we describe a parameter study resulting in a phase diagram for the system.

Figure 1. Freestanding monolayer film of polystyrene-coated AuNP (d ~ 45 nm)
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The growing interest on plasmonic nanoparticles (Au, Ag) revolve around their optical features that are
dramatically affected when the conduction electrons collectively oscillate in resonance with the
frequency of incident light. This phenomenon is known as localized surface plasmon resonance which
leads to intense colors in the far field and strong electromagnetic fields at the surface of the particles.
Moreover, enhanced plasmonic properties can be obtained when nanostructures are located at very
short distances, increasing dramatically the electromagnetic fields at interparticles gaps. Among the
diversity of possible plasmonic architectures, gold nanorods supercrystals are particularly interesting
for plasmon enhanced spectroscopy.1, 2 In this presentation, recent work will be presented in which we
aim at tuning the assembly of plasmonic nanostructures to ultimately generate new collective optical
properties. In particular, core@shell Au@Ag anisotropic particles have been prepared by wet
chemistry approaches. Starting from colloidal suspensions, solid or colloidal material are obtained with
a controlled hierarchical organization (Figure 1). The supercrystals lattice parameter and local
organization is tuned depending on the thickness of the Ag layer and investigated by complementary
techniques (SAXS, TEM). We believe those nanostructures to be of interest for the broad range of
applications beneficiating from plasmonic materials.

Figure 1. Concept of the proposed work. Gold nanorods are prepared by colloidal chemistry and
coated with an Ag shell. This transform the morphology of the nanoparticles which evolves from an
octagonal cross section to a square cross section. This have important implication when the
nanoparticles are assembled on a TEM grid: a hexagonal superlattice is observed for Au nanorods
while a tetragonal superlattice is observed in the case of Au@Ag nanorods.
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Ultrathin Gold Films with High Flexibility Prepared by Irradiation
with UV Light on Au NPs Monolayer
T. Kawai*, T. Nishimura, M. Nakagawa
Tokyo University of Science, Tokyo, Japan
Indium tin oxide (ITO) as transparent conductive materials has been used in a wide range of
applications, however it cannot be used in optoelectronic devices for ultraviolet (UV) or infrared (IR)
light because of a lack of transparency in UV and IR regions. Moreover, ITO electrodes, in general,
limit their applications in flexible devices due to their inherent brittleness. One of the most successful
bottom-up approaches to these problems is the use of metal nano-materials, particularly one- or twodimensional metal nanowires, due to their high flexibility and transparency of UV, visible and IR light.
However, there have been a few reports on the synthesis methods of metal nanowires 1), and the
fabrication of conductive films comprised of nanowires is inefficient because large quantities of the
nanowires are required to ensure their conductivity. In this study, we show that free-standing
conductive Au films with high transparent can be prepared by irradiating with UV light onto Langmuir
monolayers of Au nanoparticles (NPs). We also demonstrate that the resulting free-standing Au films
can be put on
desired substrates
and
the
sheet
resistance of the Au
films transferred on
filter papers has
retained
almost
constant after 100
cycles
of
the
bending test.
Fig.1 Schematic illustration of the preparation method of ultrathin Au films.
Au NPs monolayer were prepared by spreading a chloroform dispersion of dodecanethiol protected Au
NPs with ca.4.5 nm diameter. The resulting Au NPs monolayer was blue, and UV light was irradiated
on it by using an optical fiber (Fig.1). We examined the effect of UV light irradiation on the morphology
of the NPs monolayer on water. The irradiation with UV light resulted in a considerable morphological
change of Au NPs; Au NPs were fused each other in a few minutes, and a gradual progress of the
fusion process consequently brought about a complete disappearance of Au NPs and the formation of
ultrathin Au films with many tiny holes within 5 min, together with a color change from blue to pale
yellow. Here, FT-IR and XPS measurements revealed that UV light caused an oxidative
decomposition of dodecanethiol as the protected molecule of Au NPs. Continuous further irradiation
with UV light induced a growth of the tiny holes and the formation of nanomesh with dozen
nanometers of holes, accompanied by the color change from pale yellow to pale purple. After 20 min
there was no significant change in the morphology and color. When UV light was irradiated onto Au
NPs monolayer on glass substrates, instead of water, as the control experiment, we obtained no
ultrathin films but larger NPs.
The ultrathin Au films had a thickness of 3.5
nm (Fig. 2), and had a high transmittance of
~80 % in the spectral range of 250-900 nm.
The films were transferred onto filter papers
by Langmuir-Schaefer technique, and the
electrical conductivity was measured by
four-terminal method. The conductivity was
3
5*10 S/cm and kept almost constant values
1 µm
after 100 cycles of the bending test, where
the repeated bending radius was 0.6 mm.
Fig.2 AFM images of ultrathin Au Film

~3.4 nm
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Ionic Liquid-Sputtering Method to Prepare Au Nanoparticles
with Some Configurations
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Ionic liquid (IL) is salt staying in liquid phase even at room temperature. Its extremely low vapor
pressure allows us to put the liquid in vacuum chambers of analytical and manufacturing instruments.
Based on this fascinating feature, we are developing new vacuum technologies with IL. One of them is
metal sputtering onto IL to prepare nanoparticles of metal, alloy, and metal oxides, as schematically
shown as Figure 1(a). The first attempt was gold sputtering onto typical imidazolium ionic liquid. Color
of IL was changed to yellow or red-brown (see Figure 1(b)) after Au-sputtering.1) TEM observation of
the resulting IL revealed that gold nanoparticles with relatively small size distribution were stably
suspended in IL. Simultaneous sputtering of two different metals onto IL gives alloy nanoparticles.2) If
you would like to take the prepared nanoparticles outside of IL, one way is putting the Au
nanoparticles-suspended IL on a carbon substrate with heating, resulting in strong adsorption of
nanoparticles on the surface of the carbon materials including plate substrates and powder materials.
If the carbon electrodes, on which gold or gold alloy nanoparticles were utilized as electrocatalyst. It
was found that the preparation conditions, such as temperature, sputtering rate, and kind of IL
influenced the properties of the nanoparticles.3)
Recently, we succeeded in preparation of membranous gold nanoparticles by the same sputtering
method. This was possible by just using IL having hydroxyl group. For example, sputtering of Au on 1(2-hydroxyelthyl)-3-methylimidazolium tetrafluoroborate (HyEMI-BF4) produced an Au particle film on
the surface of the IL as shown in Figure 2(a).4,5) Some cracks in the film were made by slightly shaking
the IL. The obtained Au film could be transferred onto a glass substrate by horizontal liftoff method as
shown in Figure 2(b). The IL underneath the film was colorless, indicating that all sputtered Au
deposited on the surface of IL. TEM observation of the transferred Au nanoparticles film revealed that
the film on the IL was composed of Au nanoparticles and the amount of Au deposited could be
controlled by the sputtering time.

Figure 1 Schematic illustration of gold
sputtering onto IL (left (a)) and a picture of IL
after Au sputtering (right (b)).

Figure 2 Schematic illustration of gold sputtering
onto IL having OH group (left (a)) and a picture of IL
after Au sputtering (right (b)).
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In situ synthesis of plasmonic nanoparticles in polymer thin films under
laser and solar irradiation
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Plasmonic nanocomposite materials are of great interest in many applications such as
photonics, photovoltaics, catalysis, medicine and biology. This field has been the subject of a large
activity in the past decades. At the same time, chemists have demonstrated the versatility of wet
synthesis approaches to fabricate nanoparticles with well-defined magnetic and optical properties.
However, the insertion in matrices of such nanostructures on a large scale and at high
concentrations in view of applications is still challenging.
In order to address this issue, we developed two original fabrication techniques based on in situ
synthesis of nanoparticles in polymer films under irradiation. In these approaches, the nanoparticle are
synthesized by introducing metallic precursors directly in the polymer matrix before film deposition by
spin coating. The precursors are then photo-reduced under irradiation and a simultaneous or
subsequent annealing triggers the nanoparticle growth. In the first approach, our aim is to control the
spatial organization of the nanoparticles within the polymer films by laser interferometry. We show that
the gold nanoparticle gratings thus formed present unusual diffractive properties that strongly depend
1
on the plasmonic excitation of the system . In the second method, we study the in situ synthesis of
plasmonic nanoparticles in polymer thin films under concentrated solar irradiation. We show that this
technique can be used as an efficient route for the fabrication of gold and silver nanoparticles in
2
several types of polymer matrix . Moreover, we found that adjusting irradiation conditions, and
especially the light flux, affects the size and morphology of the nanoparticles and therefore influences
the optical properties of the system. Regarding the applications, this approach can be readily used for
large-scale production and allows for the insertion of large metal filling fractions in the polymer
films while keeping the nanoparticles from agglomeration. Finally, we have successfully tested this
approach by using biopolymer as matrices, thus meeting the requirements of green synthesis.

m
Figure 1. Principle of the in situ synthesis of gold nanoparticles under concentrated solar irradiation

1
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Double-Target Sputtering for Au Containing Alloy Nanoparticles
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Au and its alloy nanoparticles received great interest in catalyst, plasmonics, biotechnology, and etc.
In our research we have studied a new green method to produce metal alloy nanoparticle dispersion,
in particular Au alloys, called double target sputtering onto liquid polymers. This is based on vacuum
sputtering technique to generate atoms/clusters from the two metal targets followed by the collision of
different elemental metal atoms/clusters in gas phase and liquid/gas interface to form bimetallic alloy
nanoparticles. Our double-target set-up allows simultaneous sputtering of Au and other metal, such as
Ag, Cu, to form Au alloy nanoparticles. In addition, the design offers separately control of sputter
current to each metal target as a tool to control the composition of the alloy nanoparticles. In general,
a less or non-volatile liquid inserted in vacuum chamber is needed to collect the alloy nanoparticles
and at the same time hinder the particle growth by high viscosity and protecting function of the liquid.
Here, liquid polyethylene glycol, PEG, M. W. = 600 was chosen as the liquid substrate for stabilizing
the sputtered alloy nanoparticles. We obtained tailorable composition of Au/Ag and Au/Cu alloy
nanoparticles dispersed in PEG via applying different sputter currents for each metal target. We found
that positions of localized surface plasmon resonance peak of PEG containing Au/Ag nanoparticles
were linearly varied with the compositions of the sputtered nanoparticles, which is an indication of
Au/Ag alloy formation. In addition, we confirmed the Au/Ag alloy in individual nanoparticles with the
STEM-EDS mappings with uniform distribution of two metals for entire nanoparticles being observed
(Figure 1). Similar results were demonstrated for Au/Cu nanoparticles via double target sputtering
(Figure 1). Difference from Au and Ag which make complete solid solutions, Au and Cu form
intermetallic compounds in the bulk state. Thus, the formation of Au/Cu random alloy nanoparticles
with tailorable composition at room temperature via sputtering is very interesting. This demonstrated
that our double target sputtering onto PEG can be a potential approach in bimetal alloy nanoparticle
synthesis.1,2

Figure 1. HAADF and STEM-EDS elemental mapping images of Au/Ag and Au/Cu alloy nanoparticles
prepared via sputtering
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Surface Chemistry Of Colloidal Surfactant-Free Gold Nanoparticles
Generated By Laser Ablation
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Surfactant free gold nanoparticles (AuNPs) have been synthetized by Pulsed Laser Ablation in Liquids
(PLAL). This versatile technological approach is an alternative to the commonly used chemical
reduction synthesis. PLAL provides ligand-free AuNPs which are of great interest for several
applications. The surface chemistry occurring on these surfactant-free AuNPs is of primary importance
not only to develop the associated technological applications but also to understand the origin of the
colloidal stability. We will present here recent results of the surface characterization using a very
surface sensitive characterization technique, namely synchrotron radiation excited photoelectron
spectroscopy. We have studied the surface composition/oxidation of gold NPs produced in aqueous
solutions different salinities and pH. The colloidal suspension prepared using PLAL is aerosolized and
a free-standing AuNP beam is studied, avoiding the influence of substrate or solvent. We have found
signatures of halide-ions and possible gold oxidized atoms on the surface of the AuNPs. The
demonstrated technique provides a promising new way to study bare gold surfaces and a
complementary insight to colloidal stability.

Figure 1. An aerosol of AuNPs is created using an atomizer. An aerodynamic lens focuses the AuNP
beam to the interaction region with soft X-rays of PLEIADES beamline (Synchrotron SOLEIL). The Au
4f and Br 3d photolines are recorded with a hemispherical electron analyzer to learn from the bonding
between AuNPs and the ionic species believed to be responsible for the colloidal stability.
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Insertion of gold nanoparticles within bulk graphite based on
peculiar hydrophobic interactions
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Gold nanoparticles (Au NPs) are usually associated with oxide supports which make them catalytically
1
active for the oxidation of CO at low temperature. The stability of these materials however is poor,
2
due to poisoning of the gold/support interface by in situ formed carbonate-type species. Surface
3
hydroxyl functions are thought to play an active role in the formation of such species. On the other
hand, hydrophobic gold catalysts have been shown to exhibit a much higher stability with time-on4
stream. The future development of gold catalysis is thus expected to rely on the design of such
hydrophobic nanocomposites.
We have recently shown that methylated silica, as well as few layer graphenes, could be decorated
with Au NPs upon direct sodium borohydride reduction of triphenylphosphine gold chloride (AuPPh3Cl)
5
in the presence of the hydrophobic support. Here we show that bulk natural graphite (NG) may
straight-forwardly be both exfoliated and decorated with in situ formed Au NPs by adding a gold
precursor and NaBH4 to sonochemically-destabilized NG suspensions. We will present an extensive
parametric study involving a series of gold precursors (AuPPh3Cl, NaAuCl4, KAuCl4, AuCl3, AuBr3 and
Au(CH3COO)3) and the systematic structural characterization (ICP, FTIR, Raman, XRD, TGA) of the
gold, borax and graphitic components of the resulting solid-state nanocomposite. We will show that
the incorporation process relies on the affinity of the gold surface with boron-based anions on one
6
side and, for the first time, on a soft non-covalent bond between the sodium cation and the graphene
surface on the other side. Finally, we will discuss the implications for the synthesis of gold-based
catalysts and electrocatalysts of such soft, cation- -based decoration of pristine graphenic surfaces,
7
8
with regard to typical covalent and - functionalizations.
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Figure 1. Mechanism of NaBH4-driven insertion of Au NPs within bulk natural graphite.
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Light-induced response in DNA-nanoparticle crystals
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The ability to assemble nanoparticles into programmed 2D or 3D structures by meaning of synthetic
oligonucleotides(1–3) has resulted into the fabrication of novel nanomaterials with unique physical and
chemical properties. In particular this bottom-up approach allows routes to flexible and precise design
of featured materials which can be tuned by varying the constituent building blocks. These combine the
advanced programming of the assembly processes to the use of innovative ligation techniques.
Despite the promising results achieved towards the engineering of different shaped materials(4), by
using different size, shape(5, 6) and composition(7) particles, DNA-nanoparticles materials lack in
stability, which limits their application.
Herein we present a method to fabricate light-responsive self-assembled materials based on synthetic
oligonucleotides and metallic nanoparticles endowed with enhanced stability thanks to the introduction
of a tunable covalent bond within the sequences. This opens the way to a broad series of possible
applications, including their use on surfaces coating and incorporation in hybrid systems.
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Driven by Moore´s Law, performance and density of integrated circuits have dramatically increased over
the past fifty years. But conventional top-down lithography fabrication methods are losing their appeal
due to rising costs, high energy consumption, as well as physical and technical limitations. Alternatives
need to be developed, to overcome a cost explosion and to set a new standard for today’s smart
technology world. One promising way is the introduction of bottom-up techniques for the fabrication of
nanoelectronic circuits. In particular, smart building blocks can be self-assembled by the means of DNANanotechnology. A common strategy is DNA origami that serves as a molecularly defined “breadboard”,
to organize various nanomaterials into hybrid systems.1 Having a self-assembled, programmable
framework allows for the development of nanomaterial constructions with control over dimensions,
stoichiometry, orientation, shape and composition. Based on the idea of using DNA-origami molds for
the seeded growth of Gold nanoparticles (Au NPs)2 our work introduces the self-assembly of
semiconducting nanomaterials, e.g. Cadmiumsulfide nanorods (CdS NRs) with 40 nm length and 4 nm
thickness (see Figure 1). We also show the possibility to assemble two different materials, namely CdS
NRs and Au NPs into one DNA-origami mold structure by the means of different oligonucleotide
sequences. In addition, we demonstrate the subsequent assembly of our smart building blocks for the
build-up of more complex systems, followed by a seeded-growth procedure that allows for electrical
contacting using electron beam lithography. We think that our strategy provides an elegant way towards
the development of unprecedented nanoelectronic structures.

Figure 1. TEM images of self-assembled smart building blocks, containing CdS NRs attached into DNAorigami molds.
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Evaporating colloidal suspension leads to the formation of a variety of solid patterns, ranging from the
concentric rings of a dried coffee drop to the uniform deposits of solid pigments left after paint drying.
In the last decade, several groups have shown that evaporating suspensions of plasmonic
nanoparticles is an efficient way toward the elaboration of nanostructured functional devices such as
for instance gauge sensors,1 substrate for Surface-Enhanced Raman Spectroscopy (SERS)2 or
diagnostic tools3. In spite of these achievements, the final deposited nanostructures are rather big
( µm) compared to the size of the nanoparticles, restricted to a limited number of 2D patterns, and the
interparticle distance is poorly controlled, hindering the development of applications.
To increase the structural control at the nanometric scale, we developed a new method to selfassemble gold nanoparticles in bulk (3D) before deposition on model surfaces with controlled
roughness and charge density. The nanostructuration relies on electrostatic interaction between
negatively charged surfactants stabilizing the gold particles and ammonium functions of a polylysinepolyethyleneglycol copolymer designed on purpose.
This presentation will first present the different structures (SAXS and cryo-TEM) obtained in bulk by
complexation between nanoparticles and polymers (polyelectrolytes or grafted polymers). Then, the
correlation will be established between these 3D structures and the 2D patterns obtained after droplet
deposition and drying as a function of the surface characteristics (sign of surface charge and charge
density) and the speed of droplet deposition (µ-pipette or inkjet printer). These results will be
compared to those obtained with reference individual nanoparticles.

Figure 1. Deposition of nanostructured inks using the inkjet printing technique
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Self-assembly of gold nanoparticles into structurally different
tetramers using a single tetrahedral DNA template
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The self-assembly of metal nanocrystals on DNA scaffolds is an increasingly attracting field for the
design of complex plasmonic nanostructures thanks to the recent development of DNA origami.
Understanding how the presence of nano-objects may modify the DNA hybridization pathways is
therefore of great importance to further synthesize nanostructures with desired geometries. In
particular, it has been suggested that three-dimensional nano-assemblies could be produced by
encoding tetrahedral symmetry into four thiolated DNA strands1. However, the spatial conformation of
these assemblies in solution has not been unambiguously proven.
Here, we investigate multiple pathways to fabricate gold nanoparticle (AuNP) tetramers using a single
tetrahedral DNA template (see Figure 1a). Using electrophoresis, we isolate 10 nm diameter AuNPs
with a single DNA strand tethered onto their surface (named A, B, C and D in Figure 1a). Because the
four strands have complementary sub-sequences, the synthesis of tetramers may include an
intermediary step consisting in assembling dimers with variable interparticle distances (pathways 1 to
3). Electrophoresis is used to purify tetramers from by-products such as unreacted dimers or larger
assemblies (Figure 1b). The different electrophoretic positions of the tetramer bands in the gel (five
arrows at different positions) indicate that they have different hydrodynamic volumes, and therefore
different morphologies2. This suggests that not all the tetramers synthesized are identical AuNP
tetrahedra. We demonstrate that the steric hindrance introduced by the AuNPs prevents the DNA
template from fully hybridizing3. Using steric considerations, we can identify the structures which are
most likely yielded from each pathway as shown for two potential pathways in Figure 1b. Cryogenic
electron microscopy experiments on the different tetramers were performed to confirm the nature of
the synthesized structures and provided new insights into their behavior in solution (Figure 1c).
Moreover, we show that by modifying the AuNP surface chemistry, promote their deposition as
tetrahedra onto a substrate despite classical drying effects3 (Figure 1d).
Overall, these findings will need to be considered for future origami-based AuNP self-assemblies in
order to precisely control the spatial structure of discrete nanostructures. Alternatively, they could be
used to develop a DNA set that would yield different AuNP assemblies with designed shapes
depending on the order in which reactants are mixed.

Figure 1. a) Schematic representation of three different pathways (1, 2 and 3) to fabricate AuNP
tetramers using a tetrahedral DNA scaffold. b) Electrophoretic purification of five tetramer structures
(1a, 1b, 2, 3a and 3b) synthesized through three different pathways. Insets: schematic presentation of
structures 3a and 3b. c) Cryo-EM image of structure 3b. d) TEM image of a tetramer deposited into a
3D tetrahedron.
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High quality ultrathin layers of Al2O3 on Ni3Al(111) allow growing high density narrow size
distributed nanoparticles (NPs), particularly well adapted to study small cluster reactivity [1] and that
may be used as a template for nanoelectronic purposes [2]. NP plasmon response can be used to
either lower down activation barrier to improve NP reactivity or enhance charge transfer to adsorbates.
Combining vibrational spectroscopy with microscopy and UV/vis spectroscopy gives an original way to
understand growth mechanism, geometry and interface quality and plasmonic properties of core/shell
NPs.
Vibrational Sum Frequency Generation (SFG), Scanning Tunneling Microscopy and Differential
Reflectance Spectroscopy (DRS) experiments have been conducted at 300 K on high-density, narrow
size distributed core-shell (Pd/Au) NPs grown on ultrathin Al2O3 films on Ni3Al(111) done in UHV
conditions [3]. STM reveals long-range ordered array of Pd NPs and that the shell thickness increase
leads to a disordering of the array before coalescence, in agreement with literature [4]. The surface
plasmon resonance (SPR) is observed by DRS spectroscopy for shell thicknesses larger than three
monolayers (ML) and blue shifts with increasing thicknesses. Smaller the Pd core, stronger and
sharper is the SPR band. NP geometry can be deduced using SFG spectroscopy by probing CO
adsorption on Pd core from only few atoms to several hundred atoms per NP [5-6]. For 1 monolayer
thick Au shell, a new site is observed at higher frequency and narrower bandwidth, indicating a lower
adsorption energy while bridge Pd sites have disappeared. At mbar pressure, CO adsorbs on gold as
expected. On the contrary for 4 and 9 ML thick Au shell, almost no CO are observed unless CO
pressure is raised in the mbar range. New adsorption phase and non-reversible adsorption are
observed. New sites are attributed to CO bonded on isolated Pd which migrated from the Pd core
towards Au shell surface upon CO adsorption in agreement with literature [7]. Pd:Au alloy formation at
the core/shell interface is limited to the first 3 ML of gold, which can be linked to DRS observations.
SPR intensity is strongly affected by Pd diffusion in the shell.
The combination of STM, DRS and SFG have allowed us probing the geometry of the Pd NPs and
the Pd diffusion at the core/shell interface of plasmonic Pd/Au NPs. Simulation of DRS spectra are
under progress in order to extract quantitative information about NP geometry and the impact of the
interface alloying on plasmonic properties.
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From well-defined plasmonic nanoparticles to hybrid materials for
photonic and catalytic applications
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Our team develops research on hybrid materials devoted to optical applications, especially in
the fields of optical protection, bioimaging, photocatalysis. In particular the expertise lies in the design
of original molecular systems, coupled with inorganic materials like plasmonic nanostructures and the
characterization of optical interactions and responses (absorption, emission, nonlinear responses…).
In this context and through various studies, we will see the benefits and the way to use gold
nanoparticles, from their well-controlled synthesis, and also their functionalization and incorporation in
hybrid materials, to their impact on the optical and catalytic properties.
Among numerous classes of nanoparticles like spheres, hollow spheres or nanorods, we have
particularly investigated gold nano-bipyramids (AuBPs) for several years.1 Indeed, these AuBPs
exhibit intense and well-defined plasmon resonance, easily tunable with the aspect ratio, and also
strong localized electromagnetic field in the vicinity of the tips. Currently, our optimized synthesis
method leads to well-designed AuBPs in high yield and in high concentration, with a sharp plasmon
band tunable from 650 nm up to 2000 nm.2
We have recently developed an easy and general gold surface modification by a functional
thiolated silicon polymer.3 In addition to be an alternative to the use of surfactants or long-chain
polymers in order to provide efficient colloidal stabilization in a wide range of solvent, this surface
modification allows us to prepare homogeneous hybrid materials like gold-doped sol-gel silica
presenting clear plasmon band. Association with various photoactive compounds have been explored
and positive impact such as enhancement have been shown for photocatalytic properties of SiO2/TiO2
films,4 or for non-linear optical absorption of dye-doped glasses.5,6 Finally, we will present in particular
our current efforts to synthetize core-shell AuBP@SiO2 NPs combining with rose Bengal for catalysis
based on singlet oxygen generation.
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Figure - Left: TEM of bipyramids prepared with CTAB and 800, 80, 40 and 6 μl of seed
suspension. Middle: Absorption spectra of the synthesized bipyramids versus the volume of seed
solution added. Right: gold-doped sol-gel silica materials. (from ref. 2-3)
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Plasmonic properties of supported Au and Au-Pd nanoparticles:
optical and structural in situ characterization during their growth
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Recent experiments
have shown an important increase of the catalytic activity for chemically
synthesized gold or gold alloyed nanoparticles under visible light exposition. Such phenomenon has
been attributed to surface plasmon resonance modes localized on nanoparticles (LSPR, local surface
plasmon resonance). It is extremely relevant in the context of energy-efficient processes using solar
light, in particular in order to transform visible light into chemical energy via photocatalytic reactions.
In this context, the combination of gold, known for its LSPR, with palladium, characterized by
important catalytic properties, is very promising but very little is known about the plasmonic properties
of Au-Pd bimetallic nanoparticles (NP). However, a deep comprehension of these LSPR-assisted
processes, especially at the nano/atomic level, is a key step in order to allow large scale development
of plasmon assisted photocatalysis.
In the aim of exploring the link between plasmonic properties and structure of the NPs, our approach
3
consists in studying model systems , namely Au and AuxPd1-x nanoclusters deposited by molecular
beam epitaxy (MBE) onto TiO2(110). For the first time, we succeeded in performing in situ coupled
measurements of the morpho-structural and optical properties during the growth of few nanometers
sized bimetallic nanoparticles. Experiments were done at SOLEIL synchrotron (France) by means of
Grazing Incidence Small Angle X-ray Scattering (GISAXS), providing size, shape and inter-particle
distance, Grazing Incidence X-ray Diffraction (GIXRD) for crystallographic properties and UV-Vis
surface differential reflectivity spectroscopy (SDRS) for optical response.
We will firstly present the results obtained during the growth of the Au NP: the influence of the
substrate and of their size on the plasmonic response will be discussed. We will then consider the
influence of Pd adding, both in sequential and co-deposition for several compositions. Our study
shows a great influence of palladium on the NPs growth mechanisms, as well as on their plasmonic
response that critically depends on the NPs composition but also on their structure/morphology.
The presented results show the relevance of our approach in the understanding of the mechanisms
1
underlying the plasmon assisted catalysis observed for the AuPd system .
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Metasurfaces have been gaining increasing attention as they demonstrate exceptional abilities for
controlling the propagation of light, giving rise to properties which are not available by conventional
planar and thin interfaces. They usually consist of flat arrays of optical resonators with spatially varying
geometric parameters and subwavelength separation, classically fabricated by lithography techniques
such as photolithography or electron-beam lithography. We show in this presentation that block
copolymer self-assembly give access to a straightforward and versatile nanofabrication method for this
type of structures.

Scheme 1: General diagram of the fabrication process, A) Block copolymer self-assembly, B)
Selectively gold salt incorporation C) Oxygen plasma treatment to reduce the gold salt to metallic gold
We present a large variety of metasurfaces (Figure 1), from simple metallic hexagonal dots or
continuous metallic lines to more complex structures such us raspberry-like bimetallic nanoclusters, all
produced by a simple process involving self-assembled thin films of different molecular weight
poly(styrene)-b-poly(2-vinyl pyridine) (PS-b-P2VP) copolymers, synthetized by living anionic
polymerization : thin polymer films of chosen morphology are first deposited on the chosen substrate,
then the metallic precursor is deposited and selectively incorporated into the P2VP domains and then
reduced in a subsequent step by O2 RIE (Schema 1). Grazing-Incidence Small Angle X-ray Scattering,
Atomic Force Microscopy, Scanning Electron Microscopy, X-ray Photoelectron Spectrometry, and
Kelvin Probe Force Microscopy have been used to follow each step of the fabrication process.
Besides, the optical properties of the nanostructured films, strongly affected by their plasmon
resonances, are studied by variable-angle spectroscopic ellipsometry.

Figure 1. AFM micrographs of gold plasmonic metasurfaces obtained using PS-b-P2VP as a template
(A) Continuous gold lines (bar=200nm) (B) Gold dots with hexagonal order (bar=500nm, inset
bar=63nm) and (C) Raspberry-like bimetallic nanoclusters also with hexagonal order (bar=500nm,
inset bar=63nm)
This work was supported by the LabEx AMADEus (ANR-10-LABX-42) in the framework of IdEx
Bordeaux (ANR-10-IDEX-03-02), France.
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Geometry Dependent Plasmon Resonance Mode Evolution in
Crystalline, Faceted Gold Nanotriangle Dimers
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The localised surface plasmon resonances of two metallic nanoparticles in close proximity can interact with
each other to form a coupled plasmon mode. This type of interaction results in large electric field
enhancements in the interparticle space, and this kind of enhancement increases proportionally to reduction
in interparticle separation[1]. Assembly of chemically grown nanoparticles allows for a minimization of
interparticle separation as the lower distance limit is set by primary protecting ligand contact. Furthermore,
unlike fabrication techniques which necessarily cause morphological changes and modify optical
properties[2], assembly retains the structural integrity of the nanoparticles.
We report the scattering spectra for a series of gold nanotriangle dimers with varying geometries[3] (see Fig.
1a). The gold nanotriangles were chemically grown and have unique three-dimensional morphology. A
symmetrical dimer assembled into a bowtie-like arrangement has a longitudinal mode at 893 nm (see Fig.
1b) this is a 294 nm red-shift relative to a monomer nanotriangle of equivalent size. Given the extremely
large red-shift and three-dimensional morphology of the component nanotriangles, it is likely that this bowtie
exhibits a large electric field enhancement and localisation in the in interparticle space. Additionally, by
varying the edge-edge offset of a nanotriangle dimer, it is possible to tune the longitudinal plasmon
resonance within a 170 nm range (see Fig. 1c), and this simultaneously affects the energy of the transverse
mode (see Fig. 1d).
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Figure 1: (a) SEM images and Lorentzian fits of single particle scattering spectra for a series of
nanotriangle dimers. All nanotriangles have an edge length of 80nm. (b) Lorentzian fits of polarisation
resolved single particle spectra for the bowtie-arranged dimer indicated. (c & d) Mode evolution of the
longitudinal (c) and transverse (d) bands for nanotriangle dimers with respect to edge-edge offset.
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New Advances in Chemistry of Hybrid Plasmonic Nanoparticles
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In this talk, we present the design of hybrid plasmonic nanostructures, combining gold nanoparticles
and functional polymers (smart, reactive and molecularly imprinted polymers). We will first describe an
original strategy for the regioselective functionalization of gold nanoparticles, based on a combination
1-4
of photo-induced plasmon excitation and aryl diazonium salt chemistry . The aryl films derived from
diazonium salts are specifically grafted in areas of maximum near field enhancement, as confirmed by
numerical calculation based on the discrete dipole approximation method - DDA. This emerging field
at the interface between plasmonics and surface functionnalization offer exciting perspectives for the
nanoscale confinement of functional layers on surface, of particular interest for molecular sensing or
nanooptics applications. We will then describe the coupling between plasmonic nanostructures and
5,6
thermosensitive polymers to yield smart nanosystems for sensing and active plasmonic applications
(see Figure 1). The grafting of molecularly imprinted polymer shells is also shown to provide optical
nanosensors enabling the direct, label-free detection of various kinds of molecules, such as folic acid
7,8
and paracetamol . The combination of plasmonic nanostructures and polymers therefore offers
promising outlook to merge multiple functions at the nanometer scale. It allows integrating building
materials of various chemical natures into the same active plasmonic platform to provide smart
devices with unprecedented performances..

Figure 1. Regular array of gold nanoparticles, elaborated by electron beam lithography, and
functionalized by smart thermoresponsive polymer brushes.
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NEW SYNTHESIS OF GOLD NANOPARTICLES USING NHETEROCYCLIC CARBENE BORANES
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Gold nanoparticles have been known for a long time and have found applications in many fields such
as medicine, optics, electronics or catalysis. Their most common syntheses generally require three
components: a gold precursor, a reducing agent and a stabilizing ligand.
N-Heterocyclic carbenes (NHCs) are persistent carbenes with highly tunable structures. In recent years
their chemistry has blossomed and they have shown a strong affinity for a wide range of metals 1. In the
case of gold, this affinity has been shown to be higher than with thiols 2.
A few studies have shown the possibility to use NHCs to stabilize gold nanoparticles3-5, starting from
NHC-gold complexes, (benz)imidazolium-gold complexes or by exchanging a sacrificial ligand with free
NHCs.
NHCs, which are Lewis bases, can also form with borane (Lewis acid) stable adducts6, which exhibit
reducing properties. NHC-boranes were thus explored as "2-in-1" reagents, ie. reducing agent and
source of stabilizing ligands, in the synthesis of gold nanoparticles.
A synthesis of NHCs stabilized gold nanoparticles is reported for the first time from NHC-boranes and
AuClSMe2 as gold precursor7. XPS analysis confirms the presence of NHCs as surface ligands. Varying
the reaction conditions allows tuning the average nanoparticle size in the range 5-10 nm.

Figure 1. Scheme of the nanoparticles synthesis, TEM image of obtained nanoparticles and
corresponding size distribution
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Tailoring the shape of core-shell Au-Ag nanoparticles for SERS
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The shape and size control of metal nanoparticle at the nanoscale is a crucial step in the
development of diverse applications ranging from catalysis to plasmonics and surface-enhanced
Raman spectroscopy (SERS). Among the nanomaterials reported, Au and Ag nanoparticles are the
most popular and their geometry-dependent optical properties have been extensively studied. In
particular, the seed-mediated growth method proved to be a very powerful route to fine-tune the size,
morphology and elemental composition of the nanoparticle by simply reducing additional metal ions on
pre-existing metal seeds. The formation of core-shell hybrid nanostructures where gold nanorods (Au
NRs) serve as template for the overgrowth of Pd, Pt and Ag shell has been described. [1] Specifically,
silver-coated Au nanorods of various shapes have been synthesized by adjusting the conditions
(ligand, additives, solvent, temperature, etching…). Still, the exact mechanism of Ag anisotropic
deposition for some specific shapes remains to be unraveled. [2]
We present a novel method for the synthesis of a series of anisotropic core-shell Au@Ag of various
shapes starting wih the same AuNR template. The control of Ag overgrowth on single crystalline gold
nanorods was mainly tailored by organic ligand (additive) added in the growth medium. [3] The
combination of UV-visible extinction spectroscopy and SEM provided information about morphology at
each step of the overgrowth process and transient morphological changes. Surfactant halide counterion exchange on the gold surface and coordination of the organic additive were clearly revealed by
SERS and XPS. This study has contributed to establishing the key parameters that govern the
overgrowth mechanism.

Figure 1. Representative SEM micrographs of various shapes of core-shell Au@Ag designed by silver
overgrowth on the same gold nanorods template.
The core-shell Au@Ag nanoparticles obtained via this synthetic strategy tend to self-assemble on
large area on solid substrate (silicon, or glass). Through a bottom-up approach, these densely packed
nanoparticle films showed very promising SERS-active substrates in terms of homogeneity, stability
over time and overall cost-effectiveness.
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THERMODYNAMIC EQUILIBRIUM AND MAXIMUM YIELD IN
COLLOIDAL NANOCRYSTALS SYNTHESIS
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Intensive production of colloidal nanocrystals is becoming increasingly essential considering the high
amount of nanomaterial required in several applications (catalysis, biomedical and therapeutic,
optoelectronics, etc.), and the growing spreading of nanocrystal-based devices. Therefore, the
concept of synthesis yield is of paramount importance for the large-scale fabrication of colloidal
nanostructures. A modification of the classical nucleation theory is proposed to model the size
evolution and to identify an equilibrium (final) size of the nanocrystals, taking into account the
consumption of precursor during nanocrystal growth in solution, a common situation for all batch
syntheses of nanostructures. The modification consists on the addition of a new supersaturation term
in the potential equation, whose curve now displays a minimum when the system has reached
thermodynamic equilibrium and the reaction yield exhibits its maximum value (Figure 1). A specific
nanocrystal size is associated to the minimum: it represents the maximum size crystals could reach
under the specified set of synthetic conditions (without considering other aging processes like, for
example, Ostwald ripening). Assessment of the model has been performed by comparing simulated
results to experimental data found in literature. The modified nucleation theory, with its equilibrium size
feature, represents a valuable tool for the efficient design of scalable colloidal nanocrystal syntheses.

Figure 1. Exemplificative chemical potential curve for a closed system
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Colloidal Alchemy: Conversion of
Polystyrene Nanoclusters into Gold
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Isotropic plasmonic clusters consisting of a controlled number of gold satellites around a silica core
were fabricated by using the concept of patchy particles. The versatile chemical approach that we
have developed offers the possibility to produce Platonic solids, such as tetrapods (tetrahedra),
hexapods (octahedra) and dodecapods (icosahedra) like nanoclusters on a large scale i.e. in gram
quantities. These plasmonic clusters, in particular the dodecapods ones, have unique plasmonic
properties and may be suitable for many applications in the field of optics, biosensing, photonics.
These nano-objects have indeed extraordinary optical responses including magnetic response and
metafluid behavior.

Figure 1: EDX image of well-defined SiO2/Au dodecapods
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As researchers began to investigate the Surface enhanced Raman scattering (SERS) effect using
colloidal nanoparticles (NPs), it soon became apparent that the extremely intense SERS signals
originate mainly from aggregated NPs.[1]
Our group reported on a simple and efficient strategy to assemble gold nanorods (AuNRs) into longterm stable dimers. [2] Both experimental (SERS) and theoretical (DDA calculations) studies of the
near-field characteristics revealed two-orders of magnitude increase of the SERS enhancement factor
for the dimers as compared to isolated AuNRs. [3] The removal of isolated AuNRs (unavoidable byproducts) from aggregates is particularly desirable given that AuNRs dimers have been clearly shown
to provide much higher enhancement. However, important issues related to the purification of the final
colloidal assembly containing AuNRs dimers and monomers remain unresolved for solution-based
SERS. In this work, a bottom-up approach has been adopted for addressing these critical issues in
solution-based SERS experiments and advancing the search for an optimal SERS substrate.

Figure 1. SEM micrographs of different Metal-silica Janus anisotropic nanoparticles
The control of the number of AuNRs involved in each cluster and their relative arrangement would rely
on the partial and regioselective coating of GNRs tips with a mesoporous silica layer (Au@SiO2 Janus
nanorods). We explored different synthetic strategies to obtain anisotropic Janus particles which are
the building blocks for assembly. Besides thermal and colloidal stability, mesoporous silica coating of
nanoparticles imparts other notable advantages due to its porosity which can be exploited for drug or
dye loading.
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Novel synthesis and characterization of doxycycline-loaded gold
nanoparticles. The golden doxycycline for antibacterial applications
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Doxycycline (DOXY) is a tetracycline antibiotic with a potent antibacterial activity against a wide variety
1,2
of bacteria . However, poor cellular penetration limits its use for the treatment of infectious disease
caused by intracellular pathogens. One potential strategy to overcome this problem is the use of
nanotechnology that can help to easily target the intracellular sites of infection. Their large surface
area to volume ratio, biocompatibility and bioconjugation possibilities, inorganic nanoparticles are
3,4
promising candidates for delivering large amounts of antibiotics without changing their activity . The
combination of antibiotics to inorganic nanoparticles might enhance their antimicrobial effectiveness
5-7
against multidrug resistant bacteria .
In this study, we report for the first time the synthesis, physico-chemical characterization of DOXYcomplex–gold-COOH-terminated PEG-coated nanoparticles (DOXY-PEG-AuNPs) according to two
synthesis schemas. The first synthetic approach (DOX IN–PEG–AuNPs) consists in four steps:
Complexation between doxycycline (DOXY) and tetrachouric acid (HAuCl4) to form gold clusters;
adsorption of COOH-terminated PEG molecules (PEG) onto DOXY-Au complex; reduction of metal
ions in that vicinity, growth of gold particles and colloidal stabilization. The second is the synthesis of
polymer-modified AuNPs loaded with DOXY by covalent linkage, referred as DOXY ON-PEG-AuNPs.
The obtained nanoparticles were fully characterized by transmission electron microscopy (TEM), using
dynamic light scattering (DLS), zeta-potential, UV-Vis and Raman spectroscopy.
The stability and sustained activity of the drug loaded nanoparticles was seen in the above bacterial
culture and the results were compared with the native form of the drug. This combined therapeutic
agent showed greater bactericidal activity against E.coli and P. aeruginosa. Tests were also
performed on several P.aeruginosa strains harboring several resistance mechanisms to antibiotics.
The minimal inhibition concentration (MIC) values showed significant reduction for the DOXYconjugated AuNPs compared to the free DOXY.
Furthermore, the interactions among DOXY, PEG, and Au (III) ions in DOX IN–PEG–AuNPs differed
significantly from DOXY ON–PEG–AuNPs. The bacteriological experiments indeed demonstrated that
such differences strongly influenced the anti-bacterial potential of AuNPs.
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The Gold Ampicilin Interface At the Nanoscale : A Numerical
Simulation Study
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The accelerating emergence of multi-drug-resistant (MDR) pathogenic microbia has become a
significant global public health threat [1]. The World Health Organization estimates 10 millions death a
year due to these MDR [2]. Since the discovery of new antibiotic family stopped in the 90's, new
methods to fight this increasing threat have to be found. Very recently, it has been shown that gold
nanoparticles (AuNPs) conjugated with antibiotics are potential bactericidal agents with unique
properties that subverted antibiotic resistance mechanisms of MDR bacteria. Furthermore, resistance
to antibiotics-conjugated gold nanoparticles develops significantly more slowly than to the last
commercial molecules generation [3].
The ampicillin molecule (C16H19N3O4S), belonging to the β-lactam family, is a broad spectrum
antibiotic used to treat a lot of different diseases. It acts by inhibiting the creation of the bacterial cell
wall, thus leading to lysis. However, its overuse as a prevention agent in fields like livestock battery led
to a huge decrease in its efficiency. Bhattacharya and al. [4] have conjugated AuNPs with several
antibiotics including ampicillin. The results showed that the AuNP-ampicillin complex exhibits
outstanding properties. It is stable (UV, heat and prolonged storage), allowing for transportation and
industrialization. It is also more efficient than the free antibiotic in the fight against bacteria. A. N.
Brown and al [5] also shown that such complex is able to kill MDR while the free ampicillin molecule is
inefficient.
To rationalize and control the stability of such promising hybrid systems, a deep understanding
of these complexes at the atomic scale is essential. Using numerical simulations (DFT and ab initio
Molecular Dynamics), we have investigated the structure of the interface between the ampicillin
antibiotics and three flat gold facets Au(111), Au(110) and Au(100) for different antibiotics coverage
(from single molecule to auto-organization). These calculations indicate that the adsorption of a single
ampicillin on these facets goes through multiple partially covalent bonding, the corresponding large
adsorption energies explaining the stability of the AuNP/ampicillin nanoconjugates [6]. Moreover,
these calculations have shown that the grafted antibiotic has a constrained spatial orientation which
could be very favorable towards the antibacterial activity of these hybrid systems. When increasing the
coverage, hydrogen bonds and van der Waals dispersion forces play an important role in the
stabilization of the whole system. At high coverage, a possible auto-organization of the ampicillin
molecules on the AuNP surfaces can be found, without loss of the favorable orientation of the
antibiotics active site.

Figure 1. Auto-organization of ampicillin molecules on Au(111)
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Understanding the role of gold in production of ordered protein
assemblies
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The unusual properties of gold nanoparticles (GNPs) has resulted in them gaining considerable interest
in a number of fields including bionanotechnology, mainly due to easy surface functionalization which
can enable connection with a wide range of biological molecules, e.g. proteins and peptides. This has
led to the development of delivery systems or sensing probes1,2. However, many questions still remain
related to GNP interaction with living systems and biological molecules: A number of studies have shown
that proteins can interact with GNPs forming a corona3,4, which is structured but not highly-ordered. In
contrast, we have shown interaction of a protein with GNPs resulting in ordered superstructure
formation. Specifically, we showed that the protein TRAP, in presence of gold does not simply
stochastically bind or form a corona, but instead forms an ordered protein cage5,6. The precise role of
gold in this reaction is still unclear: does it act as a catalyst, a template or a linker? In the light of recent
studies, we now have a clearer understanding of the function of gold in protein-cage formation and can
go some way to answering these questions. This understanding along with mechanistic implications will
be discussed.

1.
2.
3.
4.
5.
6.
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Stabilization of Au Monatomic-High Islands on the (2×2)-Nad
Reconstructed Surface of Wurtzite AlN(0001)
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RHEED spectra and low temperature NC-AFM images demonstrate that Au grows on the
AlN(0001) (2×2)-Nad reconstructed surface as large (>100 nm) monolayer islands that form moiré
patterns [1]. These experimental data allow us to build atomic models that are used as input for firstprinciples DFT calculations. These calculations show that the hexagonal Au adlayer interacts locally
with the substrate via the acceptor and donor sites existing on the (2×2)-Nad reconstructed surface [2].
These interactions lead to local distortions of the hexagonal layer. Au adsorption is accompanied
(i) by a global vertical charge transfer from the AlN substrate, that fulfills the electrostatic stability
criterion for a polar surface,
(ii) by lateral charge transfers mediated by the reaction of Au with the acceptor and the donor sites of
the polar substrate.
The stabilization of the monolayer is the consequence of these two mechanisms that lead to
energy gains of electrostatic and chemical origin. This study rationalizes the physico-chemical effects
associated with the adsorption of metallic islands on a polar substrate with a nonstoichiometric
reconstructed surface and opens routes for the fabrication of metallic pads particularly interesting in
the context of molecular electronics. These 2D metallic pads can also be the seeds for the growth of
thick 2D gold electrodes. Such electrodes with a controlled metal-semiconductor interface could
improve the reliability of the nitride active devices.

Figure 1. (left) NC AFM image of Au nano-islands on AlN(0001) ; (middle) Atomic resolution NC AFM
image obtained at low temperature (5K) showing the moiré pattern formed by the Au monolayer;
(right) Superposition of the model calculated by DFT (yellow : Au atom , violet : Al atom, grey : N
atom) on the experimental NC-AFM image.
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Size-Controlled Synthesis of Citrate-Stabilized Gold Nanoparticles:
Surface Reactivity, Optical and Catalytic Properties.
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Gold nanoparticles (Au NPs) are still one of the most interesting nanomaterials because of their
exceptional chemical stability, catalytic activity, processability, and metallic nature, which provide them
unique size-dependent optical and electronic properties. In spite of its fundamental and technological
importance, the challenge of synthetically controlling their size and surface chemistry has been
traditionally a challenging task. Herein, we present our recent advances on the seeded-growth
synthesis of citrate-stabilized Au NPs with controlled morphology and nanometric size resolution
between 3.5 and 200 nm1-2. The use of similar conditions and reagents for the production of all sizes
allow us to properly asses the role of NP size and surface coating on their final optical and catalytic
properties3-4. Besides, we also explore how NP size affects surface reactivity, melting effects and
interactions with proteins5. These studies are relevant in the design of the final selectivity, activity and
compatibility of Au NPs, especially in those applications where size is a critical parameter.
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Gold Nanorods with Ultranarrow LSPR Bands
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Although seeded-growth methods have made available to us an extensive library of anisotropic metal
nanoparticles [1], the chemical complexity of the growth solution, often involving organic additives [2],
and the structural instability of the seeds hinder the quest for high quality products. For the sake of
synthetic simplicity, merging different synthetic protocols by finding common growth routes, is a
mandatory step to reach a universal growth mechanism and reproducible fabrication. This
communication will introduce two recent discoveries, related to improving the optical quality of both
pentatwinned and single crystal gold nanorods.
We recently demonstrated that a thermal treatment of small seeds results in extensive twinning and a
subsequent drastic yield improvement (>85%) in the formation of different types of pentatwinned
nanoparticles, including nanorods, with a high monodispersity and tunable aspect ratio [3].
On the other hand, although single crystal Au nanorods can be readily obtained with very high quality
directly from optimized seeded growth methods, polydispersities below 10% are still difficult to reach,
which leads to some broadening of the longitudinal LSPR band. We show here that irradiation with a
femtosecond laser, at selected conditions of fluence and surfactant concentration, may lead to
significant narrowing of the LSPR band, even to the limit of the single particle, as calculated from
theoretical models, meaning pure “optical monodispersity”.

References
1- M. Grzelczak, J. Pérez-Juste, P. Mulvaney, L.M. Liz-Marzán, Shape control in Gold
Nanoparticle Synthesis. Chem. Soc. Rev. 37, 1783 (2008).
2- A. Sánchez-Iglesias, N. Winckelmans, T. Altantzis, S. Bals, M. Grzelczak, L.M. Liz-Marzán,
High Yield Seeded Growth of Monodisperse Pentatwinned Gold Nanoparticles by Seed
Optimization. J. Am. Chem. Soc. 139, 107 (2017).
3- G. González-Rubio et al., Femtosecond Laser-Controlled Reshaping of Gold Nanorods into
Colloids with Ultra-Narrow Localized Surface Plasmon Resonances. Science 358, 640 (2017).
Corresponding author email: llizmarzan@cicbiomagune.es

Twinned Gold Nanoparticles under Growth: Bipyramids Shape
Controlled by Environment
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The control of shape and size of anisotropic gold nanoparticles (NPs) was at the center of intense
research in the last 20 years in regards to their unique physical and chemical properties [1]. If control
of size is nowadays achieved, questions about the mechanism promoting the anisotropy (in particular
when considering the materials crystallizing in bulk in an FCC phase) are still under debate [2].
In this context, the structure of (Au) bipyramids, very promising for their specific plasmonic properties,
was fully analyzed for gradual stages of growth [3]. The atomic structure of the elongated object in
formation was extracted thanks to the use of HRTEM (High resolution transmission electronic
microscopy) in specific conditions and SAED (selected area electronic diffraction) analysis (fig. 1). The
conservation of a bulk penta-twinned structure inherited from isotropic decahedral (i-Dh) seeds all
along the growth is observed for two different synthetic conditions: silver(I)-assisted or without silver
seeded growth method. The key role of the initial structure of seeds in the orientation of the final
shape is discussed in the framework of a recent atomistic approach [4] developed for metalenvironment interactions to account for the stability of multi-twinned nanorods or bipyramids in a
complex environment.

Figure 1. Schematic view of the successive steps of growing penta-twinned NPs into
bipyramids.
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Gold nanobipyramids and beyond : highly concentrated, near
quantitative synthesis of pentatwinned nanostructures.
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Among the various studied shapes of gold nanoparticles, nanobipyramids are one of the most
interesting type : their anisotropic structure enables the tuning of their LSPR even further than gold
nanorods, with higher local electric field enhancement, and their morphology (aspect-ratio, roughness,
1-5
1
size, etc.) can be controlled with more freedom . A few years ago , we developed in our lab a very
high yield process to make such nanostructures and control their aspect-ratio, in the classic submillimolar concentration range. While this process was very efficient, its low concentration makes the
production of concentrated solutions quite cumbersome and generates lots of waste.
Therefore, we developed a new versatile process enabling the direct preparation of gold
nanobipyramids and several other pentatwinned nanostructures at concentrations between 15 and
30mM (3 to 6g per liter). This novel synthesis has nearly quantitative yields, while allowing an easy
tuning of LSPR wavelength. A specific influence of the nature of the reducing agent on the morphology
has been observed, and this can be further controlled or enhanced by variating experimental
conditions (surfactant, temperature, co-reagents, etc.). Those breakthroughs open further uses for
gold pentatwinned nanostructrures by simplifying their preparation at gram scale and tuning their
morphology for specific uses with only one general process.
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Figure 1. Spectra of various bipyramids obtained at 3 g/l at
different seed concentration (diluted without any
purification/centrifugation).

Figure 2. SEM micrographs of some
gold nanoparticles prepared using our
new concentrated process

References
1- D. Chateau et al., Nanoscale 7 (5), 1934 (2015).
2- A. Sánchez-Iglesias et al., J. Am. Chem. Soc. 139 (1), 107 (2016).
3- X. Kang et al., Nanoscale 9, 5879 (2017).
4- H.-L. Wu et al., Chem. Mater. 21, 110 (2009).
5- K. M. Mayer et al., Nanotechnology 21 (25), 255503 (2010).
Corresponding author email: denis.chateau@ens-lyon.fr

IMPLICATIONS ON THE GROWTH OF GOLD BIPYRAMID
NANOPARTICLES FROM MOLECULAR DYNAMICS SIMULATIONS
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Gold bipyramidal (GBP) nanoparticles show significantly higher field enhancement than nanorods,
being promising candidates for sensing applications involving enhanced Raman and fluorescence
spectroscopy techniques [1,2]. The plasmon resonance spectral range and the optical enhancement
can be tuned through shape and size of GBP nanoparticles. However, full shape and size control
during the growth is challenging since the aspect of the final nano-object depends on various factors
including initial seed geometry, surfactant type and ions concentrations [3]. Here, we have investigated
the role of the cetyl trimethylammonium bromide (CTAB) surfactant, as its use is crucial for GBP
nanoparticle formation and stability, using atomistic molecular dynamics simulations. The surface
coverage of CTAB (positively charged) heads and (bromide) counterions has been investigated on
various exposed surfaces of the gold seeds, showing different behavior on side, bridge and tip facets.
This difference in coverage partially explains the anisotropic growth of GBP nanoparticles, which
differentiates from that of nanorods since high index facets, such as Au(113), Au(115) and Au(117),
can be stabilized on the side of the nanoparticles, providing different aspect ratios of the final
object[4,5]. We found that CTAB surfactant forms micellar structures also on stepped high index
surfaces, with inter-micelles channels similar to those observed on nanorods [6]. However, the
presence of higher CTAB coverage and narrower inter-micelles channels in GBP nanoparticles as
compared to nanorods, explains the formation GBP nano-objects and their remarkable stability .

Figure 1. schematic representation of GBP nanoparticles growth
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How to synthesize gold nanocages
with a precise number of windows ?
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Development of new objects for realizing new properties or functions is one of the major challenges in
nanoscience and nanotechnology. In this presentation, we will show how gold nanocages with a
precise number of windows and a well-defined morphology using sacrificial multipod-like templates
can be produced. The 3D shape of the hollow nanostructures was characterized by TEM and electron
tomography and their optical properties were both investigated theoretically and experimentally at the
particle level. We will also describe how the synthetic method can be extended to fill the nanocages
with an isotropic or anisotropic particle of different nature. This synthetic route offers the unique
capability of creating new hybrid nano-objets formed by different components, and to combine and
modify their individual optical properties via their components interaction.

Figure 1. TEM of Au nanocages with 12 windows / Cartography of a Au nanocage
with four windows filled with a magnetic particle
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From Au or Ag clusters to nanoparticles: an ab initio and
atomistic study
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For two decades intriguing physical/chemical properties have been reported for noble metal
nanoparticles coated by ligand molecules [1]. In order to better understand the metal/ligand
interactions which govern in part the morphology of these objects, numerical simulations are widely
used. These are mainly based on two theoretical models: on one hand ab initio calculations (Density
Functional Theory, DFT) and on the other hand atomistic simulations. If DFT allows an accurate
description of the systems (electronic level) its use is unfortunately limited either to very small clusters
or to periodic surfaces due to computational cost. Atomistic models allow a simulation of a whole
coated nanoparticle [2] (from 5 nm to 9 nm) at the expense of electronic structure information.
Futhermore classical force fields are unable to describe bond formation/breaking and so structural
deformation/reorganization, the “staple” motif [3], as well as atomic diffusion on the surface of
nanoparticles. However Reactive Force Fields (ReaxFF) have been developed to reproduce bond
breaking [4] which could be an effective tool to compare Gold or Silver nanoparticle/ligand interaction.
In this presentation we will first introduce limits of Gold-Gold and Gold-thiolate ReaxFF results
compared to ab initio data. Consequently both Gold-Gold and Gold-ligand ReaxFF need to be
improved and Silver-Silver Silver-ligand ReaxFF have to be developed. We chose a set of Gold or
Silver model systems as pyramidal clusters or both (111) and (100) surfaces in interaction with ligand
molecules in order to determine preferential sites of reaction and structural deformations (DFT
calculations). In a same time a topological analysis using the Quantum Theory of Atoms In Molecules
(QTAIM) and Electron Localization Function (ELF) methods allows us to characterize the metal-metal
and metal-ligand chemical bond nature and differences of reactivity between Gold and Silver
nanoparticles through the behavior of electronic densities. We will present these ab initio results
following by their topological analysis for atomic sulfur, alkane thiolate and alkane thiol as ligands.
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Au···H hydrogen bonds in ligand-coordinated gold clusters
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For several decades, M···H interatomic forces, such as agostic and hydrogen-bonding interactions,
have attracted continuing interest not only from the fundamental aspects but also in relation to their
involvement in some catalysts. For gold, plenty of examples of close contacts with hydrogen atoms
–
+
3+
have been reported in the crystal structures of Au , Au and Au complexes, but there has been
limited decisive experimental evidence of such attractive interactions [1]. Especially, no examples of
spectroscopically identified “hydrogen-bond-type” Au···H interactions have been reported. This is
contrasted with the cases of the other transition metal complexes, which provide numerous examples
of M···H hydrogen bonds.
Herein we demonstrate the first example of spectroscopically identified hydrogen bonding
2+
interaction of C-H units to Au atoms in divalent hexagold cluster ([Au6] ) decorated by diphosphine
ligands [2]. Ligand-protected gold clusters have currently attracted attention as a class of moleculelike metal species residing between particles and simple complexes. We have recently reported some
subnanometer-sized diphosphine-coordinated clusters and revealed their unique structures and
optical properties [3]. The cluster we used here is core+exo type Au6 cluster carrying m-phenylenebridged diphosphines (1), whose crystal structure showed close contacts of the gold framework to the
bridging m-phenylene units (Fig. 1). The hydrogen atoms at the 2-position of the m-phenylene bridges
(H-2) are located in proximity to the tetrahedral core with Au-H distances of 2.60 – 2.65 Å, which are
fairly shorter than the sum of the van der Waals radii (2.86 Å). Accordingly, the distances to the
nearest neighbour C atoms (3.641 – 3.699 Å) were explicitly shorter than when C, H and Au atoms are
aligned with van der Waals Au-H contact (3.95 Å). The Au-H-C angles for the above short Au-H
contacts were in the range of 162.0 - 171.0°. These observations imply the presence of hydrogenbond-type interactions between the H-2 atoms and the Au cluster unit. It should be noted that the
1
13
Au···H-C interactions were also observed in solution NMR, which showed H and C NMR signals of
the C-H units at considerably downfield regions, indicating the hydrogen-bond character of the
interactions. We also show the presence of electronic coupling between the Au6 moiety and bridged
benzene rings in the absorption spectra. These results demonstrating the unique capability of small
gold cluster to interact with unfunctionalized C-H groups may not only promote the further
understanding of chemical bonding but also shed light on the elucidation / developments of recently
emerging gold cluster catalysis, which would expand the scope of gold clusters.
Au···H-C
hydrogen bond
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Fig. 1. Schematic illlustration of the structure of 1.
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The structure of nanoparticles plays a critical role in dictating their material properties. Here, we report
crystal structure and optical properties of a new Au-alloy nanocluster, [Au23-xAgx(SR)15] (where R =
C10H15). The crystal structure and composition were determined unambiguously by single-crystal X-ray
crystallography. The optical and electronic structure of clusters was studied experimentally and by
DFT calculation. The crystal of [Au23-xAgx(S-Adm)15] nanocluster adopts monoclinic space group P21/n.
Structural dissection reveals that [Au23-xAgx(SR)15] comprises an Au13-xAgx icosahedra core, three
Au3(SR)4 and AgS3 staple motifs. It is very interesting that AgS3 as a motif exist in AuAg alloy. The Uvvis absorption spectrum of [Au23-xAgx(S-Adm)15] nanocluster shows distinct peaks at 780 nm, 600 nm,
550 nm, 440 nm and 400 nm. The experimentally observed peak at 780 nm is due to a HOMO–LUMO
transition. In other word, peak at 780 nm is from transition of Au (sp) to Au (sp), and by extrapolating
the optical absorbance to zero the HOMO–LUMO gap is determined to be approximately 1.5 eV, much
1-2
smaller than the gap of the [Au23(SR)16] . The unique structure of the gold/silver nanocluster may be
promising in catalytic applications.

Figure 1. (a) X-ray structure of [Au23-xAgx(S-Adm)15].Yellow: gold, purple: silver, blue: Au/Ag, green:
sulfur, grey: carbon, white: hydrogen. (b) experimental optical absorption spectra of [Au23-xAgx(SAdm)15] nanocluster.
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We present a series of intrinsically chiral gold nanocage structures, Au9n+6, which are stable for n ≥ 2.1
These structures consist of an Au9n tube which is capped with Au3 units at each end. Removing the
Au3 caps, we obtain a series of intrinsically chiral gold nanotube structures, Au 9n, which are stable for
n ≥ 4. The intrinsic chirality of these structures results from the helicity of the gold strands which form
the tube and not because an individual Au atom is a chiral center. The symmetry of these structures is
C3 and substructures of gold hexagons with a gold atom in the middle are particularly prominent. We
focus on the properties of Au42 (C3) and Au105 (C3) which are the two smallest gold nanocage
structures to be completely tiled by these Au7 “golden-eye” substructures. Our main focus is on Au42
(C3) since gold clusters in the 40–50 atom regime are currently being investigated in gas phase
experiments. We show that the intrinsically chiral Au42 cage structure is energetically comparable with
previously reported achiral cage and compact Au42 structures. Cage structures are of particular
interest because species can be encapsulated (and stabilized) inside the cage and we provide strong
evidence that Au6@Au42 (C3) is the global minimum Au48 structure (see Figure 1). The intrinsically
chiral gold nanocage structures, which exhibit a range of size related properties, have potential
applications in chiral catalysis and as components in nanostructured devices.

Figure 1. Au6@Au42 (C3) (left panel) and Au6@Au42 (C1) (right panel).
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The active centers of oxygen adsorption on thiolate-protected gold
clusters in various solvents
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Thiolate-protected gold clusters have attracted considerable interest due to their unique structure and
properties. They have been used widely in many fields: catalysis, biomedicine, electronics and other
fields. Precisely defined atomic composition is characteristic for thiolate-protected gold clusters, this
allows to establish the relationship between structure and properties. It should be mentioned that the
mechanism of molecular oxygen interaction with clusters has been unclear yet and how this affects
different processes: formation, reconstruction, catalytic processes.
The aim of the work is to simulate the interaction of O2 with Au20(SCH3)16 and its fragments and
compare this process in gas phase, water and toluene. The DFT/PBE and SBKJC basis set were used
in PRIRODA and Gaussian programs.
The interaction of oxygen with the gold atom is very weak in Au20(SCH3)16_О2 complexes without preactivation. Two methods of pre-activation were considered: the photophysical activation way with
using singlet oxygen and the removing ligand of the gold cluster. The reactions of singlet oxygen and
Au20(SCH3)16, and its fragments ( CH3S(AuSCH3), CH3S(AuSCH3)3, (AuSCH3)8 ) cluster are favorable.
The O2 adsorption energies on apart staple motifs are higher than on the cluster. This indicates that
the separate fragments can really participate in oxygen activation. The molecular oxygen adsorption
energies on different staple motifs are reduced by 11-12 kcal/mole, when modeling this process in
water or toluene. This indicates that the homogeneous oxidation reaction is less favorable than the
heterogeneous one.
The high dissociation barriers indicate that the oxygen on the cluster remains in molecular form. The
electron-donor groups with respect to sulfur (some groups containing nitrogen) in the ligand increase
the energies of 1O2 interaction with the cluster in contrast to the electron-acceptor ones (a phenyl ring
or carboxyl, hydroxyl groups).
At the thermal activation only with the certain amount of removed thiolate ligands, the oxygen
adsorption becomes favorable. The de-thiolation with three ligands from various staple motifs makes
possible the molecular oxygen adsorption. According to results, the 3O2 adsorption energies at the
thermal activation decreases in the order CH3S(AuSCH3)3- > (AuSCH3)8 > CH3S(AuSCH3)2-. This
confirms that a negative charge doesn’t play a significant role in the oxygen adsorption.
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