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Introduction

1 Introduction

Over hundreds of years metal salts have been utilized for coloring glass or porcelain."* In
many cases, small nanoparticles, produced during the heating procedure, can be considered as
the origin of, e.g., beautifully colored cathedral windows (Figure 1.1). The Lycurgus cup is
certainly one of the most famous examples of ancient nanotechnology. Metallic gold and
silver nanoparticles embedded in the glass lead to a red color when irradiated from the inside,
whereas the cup appears green in reflected light.”! The origin of these optical properties lies
in the localized surface plasmon resonance (LSPR) of the colloids where the electron cloud is
shifted against the atom rumps under irradiation of light. Depending on the metal, particle
size, geometry or direct surrounding, the resonance can be tuned.” Additionally, when

brought into close vicinity further electromagnetic interactions arise between the particles.?

Figure 1.1: Top: Internal window of Notre Dame (Paris); Bottom: Lycurgus cup irradiated
from the inside (left) and outside (right). (commons.wikimedia.org/WeEnterWinter/GFPL, ©
The Trustees of the British Museum)
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Hence, plasmonic nanoparticle assemblies represent a powerful tool to further tune the optical
properties in unprecedented ways. The variation of the parameters, e.g., allows to adjust the
absorption from the UV to the near IR region. Recently, these optical features gathered
particular interest since they provide the possibility to create materials with a wide range of
potential applications. Surface enhanced Raman spectroscopy (SERS) is probably one of the
oldest analytical applications of plasmonic nanoparticles. The large field enhancement in the
gap between two nanoparticles allows to detect even single molecules.!! In solution the
reaction of functionalized plasmonic nanoparticles enables the detection of minute amounts of
analytes as well, e.g., through large shifts of the LSPR upon aggregation.l”” By tuning the
absorption of gold nanoparticles towards 800 nm they can be selectively heated, for instance,
in body tissue. In combination with the resistance against photobleaching and the enhanced
permeability and retention effect (EPR) this renders such structures versatile building blocks

(8-11 " plasmonic

[11-

for medicinal applications like photothermal therapy or diagnostics.
nanoparticles also offer potential for increased power conversion efficiencies in solar cells
2 or for improved catalytic processes.'"’) The most interesting features are obtained when
large ordered plasmonic nanostructures are prepared. Thereby, materials with properties not
existent in nature can be created. Such metamaterials could be utilized for light microscopy

below the Abbe-limit or for the fabrication of cloaking devices.'*'°!

The aim of this thesis is to synthesize and characterize plasmonic nanoparticles as well as
their assemblies. Chapter 2.1 provides the physical background to understand the
relationships between the structure and the optical properties of plasmonic nanoparticles as
well as their assemblies. Moreover, general synthetic strategies to prepare particles with well-
defined sizes and geometry are introduced in Chapter 2.2. Chapter 2.3 discusses the
formation of plasmonic nanoparticle assemblies via bottom-up and top-up approaches. The
synthesis of small rigid-rod molecules of linear and tetrahedral structure as well as the
formation of small gold nanoparticle clusters with these linkers is topic of Chapter 3.
Moreover, a facile synthesis of tripodal thioacetates for the surface functionalization of gold
nanoparticles is introduced. The preparation of gold particles bearing maleimide moieties and
their reaction with a poly(ethylene oxide)-block-poly(2-vinyl pyridine) (PEO-5-P2VP) block
copolymer bearing a single furan unit is demonstrated. The synthesis of large spherical
clusters is reported in Chapter 4. Clusters with tunable size were prepared by the reaction of
branched poly(ethylene imine) (bPEI) with HAuCls. Through the variation of the reaction
parameters the elucidation of the factors responsible for the cluster formation could be

performed. Seeded growth was conducted to increase the filling factor and to produce Au-Ag
3
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core-shell clusters whereby the optical properties could be tuned. In Chapter S the formation
of plasmonic nanostructures on micrometer surface areas is demonstrated. Facilitated by
phase separated polystyrene-block-poly(2-vinyl pyridine) PS-6-P2VP block copolymer films,
metal ions could be selectively complexed and reduced in the P2VP phase. A cyclic approach
is introduced which allows a step-wise increase of the metal content and adjustment of the

optical response as well as the particle structure.






Theoretical background

2 Theoretical background

Parts of this chapter have been published: P1) F. Kretschmer, S. Muhlig, S. Hoeppener, A.
Winter, M. D. Hager, C. Rockstuhl, T. Pertsch, U. S. Schubert, Part. Part. Syst. Char. 2014,
31,721-744.

2.1 Physical background

A general description for the interaction of electromagnetic waves with matter was first

I 18] as well as Gustav

provided by James C. Maxwell" ' and later refined by Ludvig Lorenz
Mie!™ for the optical regime and small metal colloids. When a metal is irradiated by light the
negatively charged electron gas is shifted against the positive atom cores leading to localized
charges (Figure 2.1). Attraction of the opposite charges leads to a restoring force,
backshifting of the electron cloud and, hence, an oscillating behavior. Surface plasmon
polaritons are thereby generated along the whole metal surface.*” For small metal particles
the propagation of these polaritons, however, is strongly limited. Resonance is achieved when
the irradiated frequency matches the oscillating frequency of the particle, leading to the so-
called localized surface plasmon resonance (LSPR). At this specific frequency a strong
absorption of light takes place. The frequency strongly depends on the applied metal and
ranges from the ultraviolet to the near IR region. For the visible region, gold and silver are the
most important metals utilized because of their high environmental stability in contrast, e.g.,
to alkali metals or copper. Moreover, the influence of structure, size, surrounding as well as

assembly on the LSPR are easily visible with the naked eye (Figure 2.2).

Electric field

Metal sphere ==

Y

Figure 2.1: Schematic representation of the interaction between a metal nanoparticle and
light."*"! Image reproduced with permission: Copyright 2007, Annual Reviews.

10
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Figure 2.2: Solutions of gold nanoparticles of different diameter.”**! Image reproduced with
permission: Copyright 2009, Wiley-VCH.

3]

Due to the high cost and loss from absorption of gold also silicon®! and certain metal

24251 gathered attention recently. Initially, the Mie theory only allowed to

oxides/nitrides
predict the spectra of spherical particles but has nowadays been extended to nonspherical
particles too which feature multiple LSPRs.®! For instance, by elongation of a spherical
particle along one axis a second resonance occurs. Oscillation along the long side of the rod
leads to a bathochromically shifted resonance while oscillation along the short side occurs at a
lower wavelength. Moreover, due to the anisotropic nature of nanorods and other
nonsymmetrical structures, the optical response depends also on the angle and polarization of
the irradiated light.”””! For spherical particles the resonance merely depends on the particle
diameter increasing both in wavelength as well as intensity with up to a size of ~100 nm.
Small nanoparticles (<< 5 nm) only show a negligible LSPR. For very large particles (>> 100
nm) scattering becomes a major factor contributing to the optical properties and, additionally,

while a further redshift occurs, the overall intensity of the absorption starts to decrease.!'”

The presence of plasmons on the particle surface renders the LSPR also dependent on the
direct surrounding. Absorption of molecules on the surface, changing the solvent and growth
of a shell (e.g. SiO») can therefore influence the optical properties.l* ***! While the overall
shift of the wavelength is usually smaller compared to a change in particle structure the effect

plays an important role for analytical applications.!”

The preparation of nanoparticle assemblies allows to further fine-tune the optical properties.
When plasmonic nanoparticles are brought together into close vicinity additional coupling
arises resulting in new resonances.” **! A common concept to describe this feature is plasmon
hybridization.’"! By decreasing the distance between, e.g., two spherical particles the two
dipoles begin to interact generating four new modes. The in phase oscillations along the long

11
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and the short axis creates two bright modes coupling into the far field, i.e., they are observable
as new peaks in the UV-Vis spectra. The out of phase oscillations are called dark modes and
are not directly visible. However, they can lead to the occurrence of magnetic dipole moments
which play an important role for the fabrication of metamaterials.”**! Likewise, the large

field enhancement in the gap between the particles represents a key feature of SERS.

2.2 Synthesis of plasmonic nanoparticles

A plethora of different nanoparticle structures is enabled by utilizing different synthetic
strategies to alter the size or shape of the colloids. In general, four approaches can be
distinguished: a) In-situ synthesis, b) seeded growth, ¢) reshaping/etching and d) templated
synthesis (Figure 2.3). Each approach has advantages and disadvantages and in many cases of
particle synthesis more than one of these mechanisms plays an important role to yield the final

particle structure.

The first approach involves the direct synthesis of plasmonic particles by a combination of
solvent, metal salt, reducing agent and additives. In this case the metal ions are reduced to the
elemental form in one reaction step. HAuCl, or AgNOj are the most commonly used sources
for metal ions. In most cases the reactions are carried out in aqueous solution, but also organic
solvents, in particular dimethylformamide® and polyols®”! are used. When organic solvents
are utilized they often also act as reducing and structuring agents. In water sodium citrate,
sodium borohydride or hydrazine are the most common reducing agents being applied.
Certain additives, like poly(vinyl pyrrolidone) (PVP) or cetyltrimethylammonium bromide
(CTAB), can be used to stabilize the particles against aggregation and/or to tune the particle
structure. A classical and probably the most important example is the Turkevich/Frens
method.”*?**! A HAuCl, solution is brought to boil and sodium citrate solution is added as
reducing agent. The initial yellow solution immediately turns colorless, then blue after several
seconds and shortly afterwards red indicating the formation of small spherical citrate

stabilized gold nanoparticles.

A spherical shape is the most stable form of, e.g., a gold or silver nanoparticle. However,

1401 1 and reducing agents as well as changing the temperature!*? and

[43]

additives,' solvents

overall concentration/ratio' ™ of the reactants can influence the shape of the particles and

cause a deviation from the spherical structure. This can be caused by capping of the particles

[44-47)

or certain crystal facets on the surface as well as by changing electrochemical

12
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potentials.*® For instance lowering the reaction temperature or decreasing the amount of
citrate in the Turkevich/Frens method yields larger particles but also the structure changes to

more elongated particles or triangular as well as prism like structures.!*’

The second approach involves the seeded growth of nanoparticles. At least two reaction steps
are required in this case. Mostly small seed particles are synthesized in the first step, e.g., via
the in-situ approach. Afterwards the seeds are added to a growth solution. By variation of the
amount of initial seed particles or changing the growth solution, particles of different size or
shape can be synthesized.!**>% In this perspective also the structure of the seeds is of utmost
importance. While at a first glance most seem to feature a spherical shape, high resolution
TEM can reveal the presence of distinct crystal facets. Hence, seeds of high uniformity are
required for growth into structures of high uniformity.°! In the beginning seeded growth
experiments were often unreliable and contradictory results were obtained. Over time,
impurities in common chemicals which differed by the supplier and which were applied for
the seeded growth could be elucidated as the origin of this peculiar behavior.[*”! However, this
can also be intentionally made use of. By tiny variations in the reaction conditions differently
shaped particles can be synthesized from one batch of seeds. The most important reaction
parameters for the synthesis of nanorods or multifaceted particles involve the amount of

[49, 52]

reducing agent and additives like silver ions or different halides."!! But also isotope

effects,> DNAPY or light®! can be used to tune the particle structure.

f In-situ \ (8eeded growth\ (Reshaping/etching\ ( Templated N\

3+ *
Au AgT ag Q
Au3t Ag* ’
3+
Au Ay Ag+

\_ VAN AN VAN

Figure 2.3: Overview of the different strategies to synthesize plasmonic nanoparticles.

J

13



Theoretical background

By the seeded growth approach, also large spherical particles with a low size distribution can
be prepared in contrast to the Turkevich/Frens method.’® While in the beginning numerous
synthesis steps were required, recently continuous methods have been developed which allow

a faster synthesis and a higher concentration of the final particle solution."”*

The reshaping/etching approach makes use of the intentional restructuring of nanoparticles
after being synthesized by one of the introduced strategies. While being only rarely used, the
processes involved are also important for the long term storage of the particles since they can
lead to deterioration of the intended structure over time. Elevated temperatures, storage
solution and oxygen (in case of Ag) can, e.g., lead to reshaping of long nanorods into rods
with a lower aspect ratio (AR) and finally spherical particles again."**®! Etching can be
conducted by application of a cyanide solution to gold particles with protected facets yielding

sophisticated nanostructures. !

The last strategy to synthesize plasmonic nanoparticles utilizes scaffolds consisting mostly of
metals, metal oxides or polymers which determine the final structure.!®”! These templates can
be used to prepare particles which are impossible to be obtained by any of the other
approaches since the growth direction is enforced by the template. Electrodeposition is an

[ea4] 11951 structures can be

often applied strategy in this case, whereby, tubular or chira
obtained. However, the accessable amounts are generally lower compared to the other
methods since the reaction is conducted on a surface. Also etching steps are often required to
set free the final particles. In solution the templated approach represents a versatile way to

] [68]

synthesize core-shell particles,'® nanoshells’®” or frames.

2.3 Self-assembly of plasmonic nanoparticles

While isolated plasmonic nanoparticles already feature versatile optical properties, many
potential applications rely on ordered structures of such nanoparticles. The fabrication of
assemblies leads to additional resonances due to electromagnetic coupling between the
particles. This enables completely new properties, like magnetic dipole moments, which are

one important characteristic of metamaterials.

Three different approaches to generate plasmonic superstructures can be distinguished. In the
top-down approach an area is patterned either by etching and/or cutting, e.g., a layer of gold is

ion milled at certain positions or is evaporated on a substrate with the desired structure.

14
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Thereby, rather large plasmonic structures can be created, however, to the expense of long
and expensive fabrication processes. The bottom-up approach relies on nanoparticles or metal
salts which are utilized to form an assembly. This method is faster and a tremendous amount
of structures can be synthesized at once, however, mostly only particle clusters with different
structure and particle number can be prepared in this way. The top-up approach involves a
combination of both approaches: A large patterned substrate is used to guide particle
assembly or formation of particle structures on certain positions. With regard to this thesis
mostly the bottom-up and top-up approach was utilized. Therefore, different methods to
create particle assemblies by these means will be discussed. An overview on selected

structures reported in literature is depicted in Figure 2.4.

Electrostatic interactions can be used to guide the assembly of nanoparticles, e.g., by means of
oppositely charged nanoparticles which are brought together or via a simple increase of the
ionic strength of particle solutions.®*” But in this way in many cases only a mixture of
structures can be prepared due to the reaction being merely a statistical process. This is also
the case for chemical reactions between surface functionalized particles, like a click reaction
of azide functionalized particles with alkyne functionalized particles. Therefore, clusters with
a discrete number of particles cannot be synthesized in this way without additional

purification steps.

Strategies to solve these issues involve the protection of one side of the particles which is
mostly conducted via immobilization of the particle on a surface.”"! The unprotected site can
then be functionalized. After redispersion the particles can then be reacted with a
corresponding counterpart. Also particles with a discrete number of reactive moieties can be
prepared. However, for large particles this synthesis is a statistical process too and requires a
tedious removal of higher functionalized particles.”® Though, in the case of small
nanoparticles a discrete functionalization is easily possible by means of large chelating thiols
which can wrap around a whole particle.[* In this way, e.g., particles with one or two alkyne
groups could be prepared and assembled into a dimer via a Glaser reaction.”” The LSPR of
such small particles, however, is negligible and larger molecules have to be synthesized to

make use of this strategy for potential applications.

DNA represents another versatile tool to direct the assembly of nanoparticles.””! On the one
hand DNA can be used to functionalize nanoparticles and complementary strands lead, for
instance, to the formation of dimers or larger clusters.”®””! On the other hand DNA itself can

already form assemblies. DNA origami can be used to prepare all kinds of nanostructures with
15
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a defined number of reactive positions, each reacting only with one type of complementary
DNA. Brought together with respectively functionalized nanoparticles highly sophisticated
plasmonic assemblies can be created.!”® Additionally, single DNA strands are able to absorb
nanoparticles on the outside. Due to the helical nature this paves the way for chiral plasmonic

nanostructures.!”! Also external triggers like light,®™ temperature!®!! 1821

or magnetic fields
enable the formation of nanoparticle assemblies. For the preparation of assemblies on larger
areas often a layer-by-layer approach is used. This can be facilitated either via the formation
of layers electrostatically, e.g., through polyelectrolytes,®! or by mechanical preparation™¥ of

different layers.

Block copolymers (BCPs) are highly flexible tools for the fabrication of nanostructures.®*¢!

On the one side small clusters can be formed, e.g., through micelles or in BCP nanoparticles.
The formation of long-range ordered nanostructures in thin films also allows to pattern large
areas. Plasmonic nanostructures can then be formed through complexation and reduction of
metal salts in certain blocks®” (like P2VP) or via incorporation™! of already formed
nanoparticles in one of the blocks. Moreover, removal of one of the blocks in hexagonal or
lamellar BCP films leads to the formation of deep grooves where nanoparticles can be

assembled by capillary forces.™™

a
.

500nm

100 M~ =4 =

Figure 2.4: Nanoparticle assemblies obtained by different synthesis strategies. Scale bars: a)
100 nm, b) 20 nm, ¢) 200 nm, d) 50 nm, ) 1000 nm, f) 20 nm, g) 100 nm and h) 500 nm.
Images reproduced with permission a), f), h)."> ***I Copyright 2011, ACS. Image
reproduced with permission b).’”) Copyright 2012, RSC. Image reproduced with permission
¢).¥) Copyright 2013, Wiley-VCH. Image regproduced with permission d).”*! Copyright 2012,
ACS. Image reproduced with permission €)."*! Copyright 2010, RSC. Image reproduced with
permission ). Copyright 2012, ACS.
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Top-up methods rely on the preparation of large patterned areas. Most often different

9] U are utilized to

lithography methods, like electron beam™! or scanning probe lithography,”
write a structure either via chemical modification of the surface or through removal of parts of
the substrate. Capillary forces or electrostatic as well as strong metal-thiol interactions then
guide the deposition of plasmonic nanoparticles. Additionally, stamps can be used where a

nanoparticle solution is forced into a superstructure and allowed to dry.”

17
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3 Synthesis of nanoparticle dimers and multimers

Parts of this chapter have been published: P2) M. Fruhnert, F. Kretschmer, R. Geiss, L
Perevyazko, D. Cialla, S. Hoeppener, M. D. Hager, U. S. Schubert, T. Pertsch, C. Rockstuhl,
in preparation P3) F. Kretschmer, A. Wild, M. Hager, U. S. Schubert, Synthesis 2014, 46,
475-478, P4) F. Kretschmer, M. Hager, U. S. Schubert, Synthesis DOL 10.1055/s-0034-
1378497, P5) T. Rudolph, M. J. Barthel, F. Kretschmer, U. Mansfeld, S. Hoeppener, M. D.
Hager, U. S. Schubert, F. H. Schacher, Macromol. Rapid Commun. 2014, 35, 916-921.

A pivotal parameter for the optical response of a nanoparticle assembly is the interparticle
distance as described in Chapter 2.1. In order to observe novel optical properties it is crucial
to prepare clusters with defined gaps. Chemical reactions between complementary

functionalized particles, e.g., via esterification!””! o8]

or cycloadditions can guide the
formation of small clusters. However, additives required for the reactions like metal catalysts
or coupling reagents might as well interact with the particles leading to aggregation. Such side
reactions make the elucidation of the cluster forming mechanism considerably harder.

B9-101 and amine!™!

Though, strong interactions of sulfur containing moieties with gold can
be utilized as well to synthesize clusters. o,m-Alkane dithiols in principle allow to attach one
gold particle at each end of the alkyl chain, however, the flexibility of the chain does not
allow a stable interparticle distance.!'”? Therefore, rigid rod linkers based on oligo(phenylene-
ethynylenes) (OPEs) and -vinylenes were introduced as structural motive (Figure 3.1). Still,
the exact binding mechanism remains elusive and contradictory results have been reported in
literature."*'®! From the perspective of a metal nanoparticle most synthesized linkers are flat
compared to the spherical particle size. This makes binding of both ends (in case of a
bifunctional linker) to one particle likely. Also the cluster is not necessarily stable on the long

term and the gap formed by the linker might close overtime.

_ D0 QO
e 0—0 99

Figure 3.1: Schematic representation of different possible assembly modes of gold
nanoparticles (d = 15 nm) with the deprotected linker molecule 3 (S-S =2 nm).

18
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OCgH¢7 THF, TEA, Pd(PPh;),Cl,, O OCgH47 (0]

Q
O 0= et S O=0=0
CgH170 CgH470
1 2 3

Scheme 3.1: Schematic representation of the linear linker synthesis.

Additionally, linking of the particles without a defined gap can just occur by substitution of

the initially present stabilizing ligands (like citrate) with concomitant aggregation.

In order to investigate the particle assembly at first a rigid rod linker with a ~ 2 nm distance
between the two thiol groups was prepared via a Sonogashira cross coupling reaction
(Scheme 3.1). In the beginning, an acetyl protected thiol had to be used otherwise the reaction
would fail and also the free thiols form disulfides over time leading to polymerization of the
unprotected linker. Diazabicycloundecene (DBU) was utilized for removal of the acetyl group
due to its easy miscibility with DMF where also 3 was readily soluble. Moreover, DBU leads

1191 and, hence, less side reactions like

to an accelerated cleavage compared to other reagents
oxidation. Self-assembly could be achieved by adding increasing amounts of the deprotected
solution of 3 in DMF to citrate stabilized gold nanoparticles (diameter ~ 15 nm). After one
minute the reaction was stopped by addition of poly(acrylic acid) (PAA) which also stabilizes
the clusters on the long term (Figure 3.2). The formation of particle clusters could easily be
followed via UV-Vis spectroscopy revealing a redshift of the LSPR from 520 up to 550 nm
with increasing linker concentration (Figure 3.3). The assembly of the particles also led to a
broadening of the peaks caused by additional resonances from plasmon coupling. To exclude
an influence of DBU on the particle stability itself,!*”! a control reaction was performed with
DBU only. The same amount of DBU was used as in case of the highest linker concentration,
however, only a tiny redshift of the resonance could be observed. Therefore, the assembly
process can be attributed to the presence of the linker. UV-Vis spectroscopy of the solutions
itself, however, only reveals a sum of resonances comprising all kinds of structures like single
particles, dimers, trimers etc. Also a TEM image of such a crude solution is hard to be
interpreted. Artifacts can be generated through the sample preparation. Drying effects, caused
by evaporation of the solvent, lead to cluster formation too, even if the initial solution consists
of single particles. Hence, it was crucial to purify the clusters prior to a more detailed

investigation. This was performed by density gradient centrifugation (Figure 3.4).""!
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Figure 3.2: Schematic representation of the linking process: Assembly of particles with long
term aggregation (top) and assembly of particles with long term stabilization via PAA
(bottom).
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Figure 3.3: UV-Vis spectra of single gold nanoparticles, gold nanoparticles with only DBU
and gold nanoparticles with different amounts of the linker solution. A - Au NP solution, B -
Au NP control solution with only DBU (100 pg/mL), C to G - Au NP solutions with
increasing amounts of 3 and DBU (20, 40, 60, 80, 100 ug/mL), respectively.

The crude particle solution was placed on top of a sucrose gradient and centrifugal force was
applied. Thereby, separation of the particles according to the size and shape took place.

Larger particles as well as assembled structures move faster to the bottom. The particle sizes
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were determined by the Svedberg equation. Fraction I consisted of smaller single particles
mixed with unbound linker, therefore, the average diameter is low. In contrast, fraction II fits

well with the particle size obtained via TEM.
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Figure 3.4: Density gradient centrifugation of gold nanoparticles. (A) Images of a centrifuge
vial with the sample applied, before and after centrifugation. (B) Corresponding distributions
of intrinsic sedimentation coefficients of the fractions collected.
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Figure 3.5: UV-Vis spectra of the separated fractions (top), TEM images of the fractionated
particles, fraction I (bottom left) and fraction IV (bottom right).
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Fraction III contained the largest particles, though the intensity of this band is much weaker
compared to fractions I and II. The separation of the first three fractions is rather arbitrary
since they still comprise only one band. However, the fourth fraction is clearly separated and
also shows a different color. In combination with a particle size of 39 nm this already
indicated the presence of particle clusters. This finding was finally corroborated by TEM
imaging which clearly revealed the presence of single particles for the top fraction and

particle clusters for the bottom fraction (Figure 3.5).

Binding of both ends to the linker is the most probable case for nanoparticles of this size,
however, a rather high amount of linker was added to the particle solutions which can lead to
a perpendicular reorientation of the linker at the surface. Luckily, the strong field
enhancement in the particle gap allowed to analyze the binding mode of the linker in more
detail via SERS (Figures 3.6 and 3.7). Numerical calculations of the electric field in the
vicinity of a gold dimer with a distance of 2 nm and a nanoparticle radius of 7 nm revealed an
almost tenfold increase of the electric field intensity in the gap between the particles. The
measured spectrum of the pure compound features distinct peaks on top of a fluorescent
background. They correspond to the C=C stretching vibration (2200 ¢cm™), C=C stretching

1

vibration (1581cm™, 1543 c¢cm™), CH; deformation vibration (1332 cm™), CH, twisting

(1243 em™), C-C stretching vibration (1177 cm™) and ring breathing vibration (1078 ¢cm™),

respectively.['*®!
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Figure 3.6: Absolute value of the electric field normalized with the amplitude of the incident
field Eg
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Figure 3.7: SERS-based characterization of gold nanoparticle cluster. (A) Reference Raman
spectrum of the linker molecule 3. (B) SERS intensity map with bright spots indicating the
presence of nanoparticle cluster. (C) Related SERS spectra (a-c) and background signal of the
substrate (d).

SERS analysis of fraction IV revealed bright spots indicating the presence of clusters. Spectra
taken from some of these spots reveal two important details. At first, the fluorescence
background is much smaller or not present at all which can be attributed to quenching
stemming from absorption of the linker at the metal surface. Second, some Raman modes, in
particular the ring breathing vibrations are enhanced. Based on surface selection rules this
occurs when molecules are absorbed perpendicular to the surface.!'”!! Hence, it can be
concluded that the linker is standing in an upright or slightly tilted orientation on the gold

particle surface.

In order to perform the optical investigation of a single dimer, a diluted solution of the
particles was placed on a SiO, substrate and allowed to dry. A single dimer was isolated by
etching other particles and assemblies in the vicinity via focused ion-beam milling. The
sample was transferred to the optical far-field setup which utilizes a spatial modulation
technique and a lock-in amplifier to reduce the large noise stemming from the background
(Figure 3.8). The dimer was scanned by a laser beam while moving the substrate along the x-
and y-axis. A photon multiplier tube (PMT) was utilized for the detection of the scattered
light. The obtained extinction images for irradiation at 532 nm are depicted in Figure 3.9.
Due to the fivefold intensity of the dimer signal (green) compared to the signal of the etched
particles (red) the characterization of a single dimer is unambiguously possible. The values
obtained for the extinction by irradiation at 532 and 561 nm showed good agreement with

simulated values.
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Figure 3.8: a) Illustration of the scanning regime. b) Schematic representation of the far-field
detection setup consisting of a 2D scanning stage that modulates the position of the sample for
lock-in detection while scanning.
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Figure 3.9: a) Recorded extinction image at a wavelength of 532 nm over an area of
12x12 um?2. b) and c) Signal profiles along the lines indicated in the 2D plot. Green —
nanoparticle dimer, red — etched gold nanoparticles.

The potential problem of binding of both ends of a rigid rod dithiol to one particle can be
solved by increasing the number of arms and generating a 3D structure. This is most easily
accomplished by a tetrahedral molecule. Depending on the size of the tetrahedron (i.e. arm

length), the binding mode and the metal nanoparticle size, also the formation of a tetrahedral
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particle cluster is possible. Such large rigid structures can be prepared by consecutive
Sonogashira reactions.!''!! The building blocks can be directly coupled onto a core followed
by end capping of the arms with a thio-functionality. However, in order to synthesize arms of
sufficient length multiple reaction steps are necessary, yet, the obtained product and potential
byproducts become more and more similar in their physical properties. Separation via column
chromatography of, e.g., a tetrahedral OPE with three arms of the same length and one shorter
arm becomes a daunting task the longer the arms get. Therefore, a convergent approach was

chosen by coupling of the final arm to the core.

An iodo functionalized tetraphenylmethane core and the respective alkyne functionalized arm
was utilized in order to prevent star-star coupling arising from a core bearing alkyne units
(Scheme 3.2). Compound 4 was used as initial building block for the OPE arms. Due to the
hexyloxy side chains the solubility is increased, otherwise such compounds become insoluble
in common organic solvents after approximately four repeating units.!''®! The reaction with
the thioanisole derivative 5 followed by cleavage of the trimethylsilyl group with potassium

fluoride afforded compound 7.
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Scheme 3.2: Schematic representation of the tetrahedral linker synthesis.
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Repeating these reactions yielded the final arm 9. By a Sonogashira reaction with the core 11
the final tetrahedral compound 12 with a corresponding arm length of 2.6 nm could be
obtained. In order to prepare assemblies with the tetrahedral linker citrate stabilized
nanoparticles were transferred into chloroform via sodium oleate. Upon addition of the linker,
however, no cluster formation could be observed. This could be explained by the utilization of
a thioether moiety instead of a thiol. Multiple cross coupling reactions with the thioacetate
would not have been possible due to cleavage during the reaction. But thioethers also have a
lower affinity to the gold surface which might be the reason for their inability to efficiently

induce the particle assembly. 311!

While such oligofunctional compounds can be used to synthesize clusters they do not
differentiate between particles of different size, structure or composition. Mixing gold
nanoparticles with silver nanoparticles of the same size followed by addition of a dithiol
would lead to the formation of gold-silver dimers. Though, additionally gold-gold as well as
silver-silver dimers are formed which would need to be separated. This adverse feature,
however, can be attenuated by employing complementary functionalized particles. In this
case, thiols with reactive end groups are utilized creating a self-assembled monolayer on the
particle surface full of functional groups. A drawback of monothiols is their easy exchange
between the particle surface and the solution which leads to mixed SAMs when batches of
particles with different SAMs are mixed. Therefore, tripodal ligands were utilized who show a
much stronger absorption on the metal surface due to the chelating effect of multiple thiol
units." "1 Up to now, the synthesis of such compounds often involved multiple reaction
steps and harsh reaction conditions.!""”"* However, a much more versatile approach could be
developed which enables the easy preparation of tripods with a variety of functional units

(Scheme 3.3).
Br 0] Br SAc

0 CH,Cl,, DCC, /Lk DMF, KSAc /JCJ)\
HO Br + L > RO Br R” O SAc
R™ "OH DMAP, r.t, 24 h r.t, 48 h

Br Br SAc

13 14 a-d 15 a-d 16 a-d

o)
R= s L {]\,O @ N
/\/\ N 0 \([D(\/ N
O
d

a b c

Scheme 3.3: Schematic representation of the tripodal thioacetate synthesis.
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Pentaerythritol tribromide 13 was used as the main building block and Steglich esterification
with alkyne, azide, furan as well as maleimide bearing carboxylic acids 14 a-d provided the
esters 15 a-d. Since the maleimide moiety could possibly react with free thiols, it was
protected with a furan unit by a Diels-Alder reaction prior to esterification. Conversion of the

tribromide esters with potassium thioacetate in DMF resulted in the final thioacetates 16 a-d.

Functionalized gold particles were prepared by addition of the compounds to gold
nanoparticles in DMF. The free thiols are generated by hydrolysis of the thioacetates at the
metal surface.'*!! A click reaction between two batches of alkyne and azide functionalized
particles, however, could not be achieved. Already the addition of the catalyst to one of the
solutions led to aggregation of the particles. Also a respective Diels-Alder reaction was not
possible probably due to reaction of free thiol groups instead of the furan moieties with the
maleimide. Additionally, the reaction between tripods in solution (e.g. furan) with the ones on
the particle surface (e.g. maleimide) could lead to capping of the particles rendering them
unreactive towards the furan functionalized particles. Nevertheless, it could be demonstrated
that maleimide functionalized particles are able to successfully form a shell with a polymer
bearing a furan unit. A P2VP-6-PEO block copolymer was synthesized via sequential anionic
polymerization. At the block junction a single furan moiety could be introduced. Deprotection
of the protected maleimide particles was achieved by a retro-Diels-Alder reaction at 130 °C.
To induce a Diels-Alder reaction the deprotected particles were subsequently treated with the
polymer at 75 °C for two days in DMF. Via DLS investigations an increase in the particle
diameter could be observed whereas uranyl acetate stained TEM images showed the
formation of a shell (Figure 3.10). Additionally, retrotransfer of the original deprotected
maleimide functionalized Au particles into water led to aggregation. In contrast, transfer of
the BCP functionalized Au particles into water resulted in stable solutions due to the

hydrophilic polymer shell.

A 00.
Fopas

Figure 3.10: TEM image of the maleimide functionalized Au particles (A) and of the polymer
functionalized particles (B).
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In conclusion, it could be shown that rigid-rod linkers can be utilized to synthesize small
nanoparticle clusters. Additionally, an improved synthetic access to tripodal thioligands was
developed, providing versatile compounds to prepare particle surfaces with a multitude of
reactive moieties. The synthesis of clusters with a large number of particles, however,

requires other strategies which will be shown in Chapter 4.
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4 Synthesis of PEI-nanoparticle clusters

Parts of this chapter have been published: P6) F. Kretschmer, U. Mansfeld, S. Hoeppener, M.
D. Hager, U. S. Schubert, Chem. Commun. 2014, 50, 88-90, P7) F. Kretschmer, M. Fruhnert,
R. Geiss, U. Mansfeld, C. Hoppener, S. Hoeppener, C. Rockstuhl, T. Pertsch, U. S. Schubert,
J. Mater. Chem. C 2014, 2, 6415-6422.

For small particle clusters the focus of potential applications is mostly on analytical issues.!'"”

1221244 Moreover, the anisotropic nature of most of the smaller clusters can be utilized to
determine orientations on the nanoscale. Yet, for creating a real 3D material this feature is
rather disadvantageous. Instead, it is more convenient to employ large spherical clusters
consisting of hundreds of individual particles. Such assemblies provide an inherent isotropic
optical behavior and their properties hardly change when only a few more particles are added
or are removed. Most importantly, however, they can exhibit a magnetic dipole moment
which is a crucial parameter for metamaterials.'”>"?”! Two types of spherical clusters can be
distinguished: Satellite structures consist of plasmonic particles assembled onto a spherical
template, e.g., a polymer or silica particle.®" ** ¥/ The second type involves spherical
assemblies were also the interior is filled with particles. These can be formed, for instance, by

encapsulation of pre-synthesized particles in a polymer shell or micelle.!'***"!
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Scheme 4.1: Schematic representation of the cluster formation. Photographs depict the
solutions at the different stages of the synthesis.
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Figure 4.1: UV-Vis spectra and TEM images of the solutions at the different stages of the
synthesis. After 30 sec (A), 45 sec (B), 1 min (C) and 2 min (D).

However, we could demonstrate that it is also possible to perform the synthesis of gold
nanoparticles with a simultaneous formation of spherical clusters by the reaction of bPEI (25
kDa) with HAuCl4 at a 1:1 mass ratio (Scheme 4.1). The reagents were mixed in DMF and
the solution was immersed in an oil bath at 150 °C. The reaction was followed by UV-Vis
spectroscopy which first showed a bathochromic shift due to the complex formation between
the amine groups and the AuCly anion (Figure 4.1). Afterwards a stepwise reduction took
place where at first colorless Au' ions were formed followed by reduction to the elemental
form. Via merging of the reduced Au atoms small gold nanoparticles were produced as
indicated by an increase of the localized surface plasmon resonance over time. Additionally,
TEM measurements were conducted revealing the presence of small polymer particles and
occasionally gold particles after 30 sec. Fusion into larger aggregates (45 sec) and formation
of more gold particles and a spherical shell takes place (1 to 2 min) over time. The final
reaction time was set to 20 min for all further experiments. By prolonged heating only

aggregation and precipitation took place.

In order to elucidate the cluster formation mechanism numerous reaction parameters were
varied. It could be demonstrated that the utilized salt, temperature, reagent ratio and polymer

as well as the solvent play a crucial role for the cluster synthesis.

By stirring the solution at room temperature several days were required to complete the
reaction (Figures 4.2 and 4.3). Gold particles were formed and occasionally a polymer shell
was visible, however, no clusters were generated. Utilization of water or ethanol in place of

DMF resulted only in single spherical particles. Ethanol likely reduces Au®" itself, whereas, in

30



Synthesis of PEI-nanoparticle clusters

e Synthesis in water
— Synthesis in EtOH
e Synthesis at rt

e Synthesis with AgNO,

. 0,84
£
2
c 0,61
je)
B
2 0,44
o]
<
0,2+
0,0 ; ’ y - 7 :
400 500 600 700
A [nm]

Figure 4.2: UV-Vis spectra of particles synthesized in water, ethanol, at room temperature (in
DMF) and with silver nitrate (in DMF).

LA

Figure 4.3: TEM images of particles synthesized in water, ethanol, at room temperature, with
silver nitrate in DMF and with NH4Cl in DMF (from left to right).

water it is reduced by PEI and the polymer only acts as capping agent. Dehydrogenative
oxidation of the amine groups by Au’’ is the cause for the gold particle formation,!*'"*
however, a similar reaction with AgNO3z in DMF instead of HAuCly revealed only single
spherical Ag nanoparticles as observed by TEM. While DMF can hardly reduce Au®" it is a
good reducing agent for Ag™ and the large excess of the solvents makes the reaction of silver
ions with PEI unlikely.”®) Moreover, due the higher coordination number of Au®" crosslinking
of the polymer could be facilitated by complexation of more chains. When NH4Cl was
employed instead of HAuCly also polymer particles were formed, however, no complexation
or reduction could be expected in this case. The obtained particles, in contrast to the gold
clusters, are instable in water and dissolve completely. The evolution of hydrochloric acid
during heating was therefore deduced as a factor for the cluster formation. While PEI
hydrochloride is readily soluble in water it is completely insoluble in DMF. The insolubility

of the PEI-Au clusters in water furthermore supports a crosslinking mechanism.
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The reaction of linear PEI (25 kDa) with HAuCl, only resulted in single particles, therefore,
the cluster formation could be attributed to the branched structure of bPEI. However, when
linear poly(allyl amine) was employed also clusters were formed. Thus, the presence of
primary amine groups plays a pivotal role for the cluster formation. The molar mass of the
bPEI is a less critical factor. Short bPEI (0.6 kDa) resulted in gold particle formation,
however, precipitation occured during the reaction. With 1.8 kDa and 10 kDa bPEI already
clusters were formed but still some aggregation took place as it is evident from the broadened
LSPR (Figures 4.4 and 4.5). For large HAuCl4:bPEI ratios (4:1; 3:1) no formation of stable
particles occurred. By decreasing the ratio to 2:1 a stable red solution was obtained, but,
instead of distinct clusters, TEM only revealed the presence of large aggregates of the
crosslinked polymer and encapsulated gold nanoparticles. A valuable feature of this synthesis
approach is the tunability of the cluster size. By keeping the reactant ratio at 1:1 but
increasing the overall concentration clusters from 40 up to 230 nm could be synthesized

(Figure 4.6).
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Figure 4.4: UV-Vis spectra of particles synthesized with different PEI/HAuCly ratios (left),
UV-Vis spectra of clusters synthesized with PEIs of different molar masses (right).

Figure 4.5: TEM images of particles synthesized with a 1:2 ratio, with PAAm, bPEI 1.8 kDa
and bPEI 10 kDa (from left to right).
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Decreasing the ratio led to the formation of large single particles with a plasmon peak at 561
nm (Figure 4.7). UV-Vis spectroscopy of the clusters showed a constant LSPR at ~530 nm
except for the largest clusters. A small bathochromic shift was observed in this case which

could be attributed to additional plasmon coupling.

It could also be demonstrated that pre-synthesized nanoparticles can be encapsulated in the
clusters leading to an increased filling factor. For this purpose, citrate stabilized gold
nanoparticles were transferred into DMF. Application of a low amount of initial particles
resulted in secondary nucleation in particular for larger clusters and only small changes in the
UV-Vis spectrum (Figure 4.8). By an increase to the tenfold concentration only seeded
growth and encapsulation took place. Additionally, a significant redshift and broadening of
the LSPR could be observed due to increased electromagnetic interactions between the
particles. The optical properties of such cluster structures are largely dependent on the amount

of metal in the cluster (i.e., the filling factor), the employed metal and the size of the cluster as

"

Figure 4.6: TEM images of single particles and clusters synthesized from bPEI 25 kDa and
HAuCly at a fixed ratio of 1:1. Concentrations of the reactants: 1, 10, 20, 50, 100 mg/mL
(from left to right).
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Figure 4.7: UV-Vis spectra of single particles and clusters synthesized at different
concentrations of the reactants.
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Figure 4.8: UV-Vis spectra and TEM images of clusters of different size and filling fractions:
A - small clusters, low filling fraction, B - small clusters, high filling fraction; C - large
clusters, low filling fraction; D - large clusters, high filling fraction.

well as of the individual nanoparticles. A low filling factor, as in case of the initial PEI-Au

clusters, merely shows the LSPR of individual nanoparticles.

However, by an increase of the size of the embedded gold nanoparticles the filling factor
increases with a concomitant decrease of the interparticle distance. A magnetic dipole
moment can thereby be generated from plasmon coupling which, however, could not be
determined experimentally in our case. As already shown, the filling factor in the PEI-Au
clusters as well as the size of the gold particles can be increased by encapsulation of pre-
synthesized gold nanoparticles. Though, thereby the initial gold content of 2.7% only doubles
for the largest clusters even if the citrate stabilized particles are concentrated to tenfold of
their original concentration. It could be demonstrated that the seeded growth of the clusters
provides a versatile alterative to tune the optical properties of the clusters (Scheme 4.2).
Clusters of 120 nm diameter were employed for the growth reactions. A growth solution
consisting of a cetyltrimethylammonium bromide (CTAB)/HAuCl4 complex and ascorbic acid
was prepared.["**! At first Au®" ions are only reduced to Au”, but in the presence of elemental
gold the reduction is catalyzed further to Au’. Therefore, when a seed solution consisting of
PEI-Au clusters was added to the Au(l) solution, growth of the initial gold particles took
place. Decreasing volumes (20 pL, 10 uL, 5 uL) of seeds were added to 1 mL of the growth
solution which led to a color change from an initial red over purple to a dark blue solution
(Figure 4.9). UV-Vis spectroscopy of the samples revealed an increased intensity as well as a
redshift and broadening of the plasmon resonance.

34



Synthesis of PEI-nanoparticle clusters
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Scheme 4.2: Schematic representation of the nanoparticle growth inside of the clusters
mediated by HAuCl4/AA/CTAB (A) or AgNO3, NH3(ag), HCHO(qq) (B) (left). TEM image and
photograph of the seed clusters (right).

Since the change in particle size is not able to generate such large differences of the optical
properties, the effects can be attributed to a decreased interparticle distance. TEM images
disclosed an increased gold particle diameter from initial 5.4 to 8.1, 9.6 and 11.8 nm,

respectively.

Silver is in general the material of choice for plasmonics in the visible region.!"** While the
direct synthesis of Ag-PEI clusters was not possible, seeded growth could successfully be
utilized to prepare Au-Ag-core-shell clusters (Figure 4.10). Tollens reagent was used for
growth and the color of the solutions first changed to yellow and afterwards to purple and
blue again by employing the same reaction volumes as in case of gold. Analysis of the
clusters via TEM showed an increased particle size (9.8 nm, 12 nm, 14.8 nm) which
corresponds to a shell thickness of 2.2 nm, 3.3 nm and 4.7 nm, respectively. In particular, for
the lowest amount of seeds non-spherical core-shell particles were produced on the outside of
the clusters which could be attributed to a slow diffusion of the growth solution to the inside
and different growth kinetics of silver.*>* UV-Vis spectroscopy at first revealed a
hypsochromic shift due to the lower LSPR of silver, with an increased size of the silver shell

the LSPR shifts to higher wavelengths due the decreased interparticle distance.

In particular, for the lowest amounts of seeds a strong absorption in the near-IR region was
observed due to the presence of non-spherical structures. Additionally, fusion of the

individual particles into larger structures might occur.
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Figure 4.9: TEM images of the gold clusters synthesized with decreasing volumes of the seed
solution (A 20 uL, B 10 uL., C 5 uL) (Top). UV-Vis spectra of the gold cluster solutions
(bottom left) and scattering spectra of individual clusters (bottom right): Black — original
clusters; red, blue, green — gold cluster solutions with increasing gold particle sizes/filling
fractions. The seed concentration decreases from red to green.

Based on the amounts of the applied growth solutions filling factors of 9.2%, 15.4% and
28.5% for the gold clusters as well as 16.3%, 29.3% and 56.3% for the Au-Ag core-shell

clusters, were calculated.

TEM investigations can only provide a 2D projection of the cluster structure. Therefore FIB
milling was applied which allows to display the cross-section of the assembly (Figure 4.11).
A platinum layer was deposited on the particles and cutting was performed with a gallium ion
beam. The cross-section clearly revealed individual nanoparticles embedded in a spherical
structure. A UV-Vis spectrum of such clusters represents the sum of both absorption as well
as scattering. Hence, dark field microscopy was applied to elucidate the scattering spectra of
individual clusters.!***! Yellow (blue) dots in the dark field images correspond to larger
(smaller) clusters, since the scattering wavelength increases with increasing particle size

(Figure 4.12).
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Figure 4.10: TEM images of the gold-silver core-shell clusters synthesized with decreasing
volumes of the seed solution (A 20 pL, B 10 uL, C 5 pL) (Top). UV-Vis spectra of the gold-
silver core-shell cluster solutions (bottom left) and scattering spectra of individual clusters
(bottom right): Black — original clusters; red, blue, green — gold cluster solutions with
increasing gold particle sizes/filling fractions. The seed concentration decreases from red to
green.

Figure 4.11: SEM image of a FIB prepared cross-section from a gold-PEI cluster with the
highest filling factor. The area is covered by a 40 nm platinum layer, the substrate material is
Si0, with a conductive layer of 10 nm ITO.
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Figure 4.12: Dark field images of the seed solution (left), after gold growth with a medium
amount of seeds (middle) and after silver growth with a medium amount of seeds (right).

The obtained scattering spectra showed a similar trend as the UV-Vis spectra. In case of the
initial Au-PEI clusters the scattering maximum is shifted to 559 nm in comparison to 521 nm
for the UV-Vis spectrum. With increasing filling factor a further shift to 578 nm, 588 nm and
595 nm occurred, respectively. For the Au-Ag core-shell clusters at first a hypsochromic shift
to 505 nm followed by an increase of the scattering wavelength to 562 nm and 587 nm took

place.

In order to compare the obtained optical properties with the theoretical predicted results,

(1391901 \vere carried out (Figure 4.13). The

simulations based on an extended Mie theory
calculations were based on a cluster of 120 nm diameter consisting of 300 particles with
increasing size. An initial LSPR maximum of 540 nm was calculated for the seed clusters
consisting of 5.4 nm particles. In comparison to the experimental value (LSPR at 521 nm) this
indicates a lower "real" particle size. More importantly, however, it corresponds only to the
absorption of single particles, i.e., no plasmon coupling is evident. With increasing filling
factor of gold the interparticle distance decreases, whereby, coupling begins to emerge and the
absorption is shifted towards higher wavelengths. In case of the Au-Ag core-shell clusters
first a blueshift occurs due to the higher plasma frequency of silver. Additionally, a weak
shoulder from the contribution of the gold plasmon resonance is still visible. Afterwards, the
resonance is redshifted, similar to the experimental trend. The largest differences between
predicted and experimental results were observed for the clusters with the highest amount of
silver which could be attributed to the occurrence of non-spherical and fused particles. From

the simulations the contribution of different dipole moments to the spectra can be established.

It could be shown that the magnetic dipole moment contributes to only a small fraction of the
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Figure 4.13: Simulated scattering cross-sections of gold nanospheres (left) and gold
nanospheres with silver shells (right). Black — original particles; red, blue, green — gold
particles with increasing diameter or silver shell thickness, respectively, where the colors
correspond to different filling fractions of the cluster. Solid lines — total scattering cross-
section; dashed lines — magnetic dipole contribution to the scattering cross-section. Black
vertical line — resonance position of an isolated gold particle.

absorption in case of the Au-PEI clusters. Yet, for clusters with silver this contribution is

considerably increased due to the lower intrinsic absorption of silver.

Summarizing, a versatile approach to synthesize gold nanoparticle clusters with a tunable size
could be introduced. Additionally, the contribution of numerous factors responsible for the
simultaneous formation of the gold particles and the spherical assembly structure could be
elucidated. Moreover, it could be shown that the seeded growth of these clusters represents a
versatile tool to tune the optical properties by an increased filling factor or through the
generation of Au-Ag core-shell particle clusters. The experimental results are in good
agreement with theoretical predictions. Therefore, these clusters might serve as valuable

building blocks for metamaterials or functional polyamine—plasmonic particle composites.
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S Block copolymer assisted fabrication of plasmonic nano-

structures

Parts of this chapter have been published: P8) F. Kretschmer, S. Stumpf, U. Mansfeld, F. H.
Schacher, S. Hoeppener, U. S. Schubert, J. Mater. Chem. C, submitted

The synthesis of nanoparticle assemblies provides in most cases structure sizes well below the
micrometer regime. Large areas covered with defined plasmonic nanostructures, however,
could pave the way for the creation of 3D plasmonic materials. Available methods to pattern
large nanostructures utilize top-down approaches like electron beam lithography.!'* '+
Thereby, unique nanostructures can be written but long fabrication times and high costs are
involved. Block copolymers (BCP) can be considered as a versatile alternative for the
fabrication of ordered nanostructures on rather large areas. The covalent bond between two
polymer blocks prohibits macroscopic demixing of the polymers, instead, nanophase
separation takes place. Depending on the block length, ratio and composition, e.g., a
hexagonal, lamellar or gyroid phase separation can be achieved."*'**! Incorporation of
plasmonic nanoparticles into the BCP structure can be accomplished by several approaches.
Pre-synthesized nanoparticles can be directly mixed with the polymer prior to the film
formation but functionalization of the particles with one of the blocks is required in this
case.®® A second strategy employs removal of one of the blocks after phase separation, e.g.,
through UV light or plasma treatment. In the generated voids particles can be deposited via
capillary interactions.’™ Alternatively, metal salts can be incorporated into one of the blocks,
for instance, through complexation with vinylpyridine units. By complexation in solution,
micelles are formed. Deposition of the micelles on a substrate followed by reduction leads to
a hexagonal lattice of plasmonic nanoparticle clusters.*”! However, also complexation in the
film can be performed yielding well-ordered nanostructures depending on the phase

separation.

As described in Chapter 4, high filling factors of nanoparticles are required to access novel
optical properties. This cannot be achieved directly through the complexation approach since
only relatively low amounts of metal ions are bound at once. Therefore, a novel strategy was
developed to increase the metal content in phase-separated BCP films through a cyclic
complexation-reduction approach. A PS-6-P2VP film (M,, = 230,000 g/mol, PS:P2VP 65:35,
PDI 1.03) was prepared by spin-coating the polymer solution onto glass substrates. AFM
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measurements revealed only disordered structures, hence, solvent vapor annealing was
applied to obtain an ordered phase separation (Figure 5.1)..'*"'*! Hexane vapor only yielded
small worm-like structures. By annealing with toluene a much more pronounced phase
separation with elongated structures and dots was obtained. Annealing with ethanol resulted
in porous structures due the selective dissolution/swelling of the P2VP phase.!"*"! Treatment
with THF as well as with chloroform vapor already showed the formation of ordered lamellar

structures but the obtained domain sizes were still rather small.
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Figure 5.1: AFM height micrographs of PS-56-P2VP films annealed for 1 h in solvent vapor.
A — as-cast, B — hexane, C — toluene, D — ethanol, E — tetrahydrofuran, F — chloroform.
Images were acquired under hard-tapping conditions. Inset width is 630 nm in all cases.
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Figure 5.2: AFM height (A-C) and phase (D-F) micrographs of PS-5-P2VP films annealed
for different times in dichlormethane vapor. A/D — 5 min, B/E - 1 h, C/F — 4 h. Inset width is
630 nm in all cases.
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Finally, dichloromethane was identified as the solvent of choice (Figure 5.2). Short annealing
times resulted mostly in a mixture of hexagonal and lamellar structures. The optimal
formation of lamellar phases was obtained after one to two hours annealing. Longer times
resulted in more disordered structures, again. For the complexation the films were immersed
in a HAuCly or AgNOj; solution. After washing and drying, reduction was performed with
hydrazine vapor. The color of the films changed to purple or yellow, respectively, which can
be attributed to the nanoparticle formation (Figure 5.3). Seeded growth was conducted to
obtain a higher filling factor but mostly secondary nucleation and overgrowth occurred.
However, during the course of the reduction the ligand is released, and, as a consequence, the
P2VP units are able to complex new metal ions. Therefore, repeated immersion and reduction
could be utilized successfully to increase the metal content in the BCP film. This could easily
be visualized by a color change of the films from purple to dark blue for gold or to a more

intensive yellow-brown color in the case of silver.

£ i & &

Figure 5.3: Photographs (~ 1x1 cm) of PS-b-P2VP films with increasing metal content after
different numbers of complexation-reduction cycles.

After the first reduction TEM investigations revealed the presence of spherical particles with a
diameter of 14.3 + 2.5 nm diameter in the case of gold (Figure 5.4). The following cycle led
to an increase of the particle size (18.1 £ 4.9 nm) but fusion into nonspherical particles started
to occur. With increasing cycle number elongated rod-like structures from dozens to hundreds

of nanometers length were produced and spherical particles became the minority.

UV-Vis spectra of the Au-BCP films were characterized by an increased intensity of the
surface plasmon resonance with increasing filling factor (Figure 5.5). A redshift of the

plasmon peak occurred towards 550 nm in comparison to gold particles in solution.
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Figure 5.4: TEM images of PS-6-P2VP films with increasing metal content. Top — gold.
Bottom — silver.
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Figure 5.5: UV-Vis spectra of PS-56-P2VP films with increasing metal content. Black — cycle
1, red — cycle 2, blue — cycle 3, green — cycle 4, violet — cycle 5.

This effect could be attributed to the presence of the polymer on the particle surface or
non-spherical particles produced during the reduction. With increasing cycle number an
additional shift to higher wavelengths took place and a shoulder arose due to the decreased
interparticle distance. Through the elongation of the particles additionally a strong broad
absorption in the near IR region was produced since non-spherical structures, in particular

nanorods, feature a second plasmon peak at higher wavelengths.!*"!

In contrast to gold, films prepared with silver showed mostly the presence of spherical
particles (12.5 + 2.5 nm, 14 £ 33 nm, 162 + 3.8 nm, 187 + 44 nm, 22 £ 4.8 nm,

respectively) with increasing cycle number. Similarly to gold, at first a general redshift of the
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LSPR occured in comparison to the solution and an increased intensity was observed with
higher silver content. However, the absorption in the near IR region was rather low compared
to gold due to the absence of rod-like structures. These differences most likely represent
silver's susceptibility against oxidation which leads to a deterioration of the nanoparticles and,
hence, also to a lower metal content in the films. Additionally, the complexation mechanism

in the strongly confined solid P2VP phase might differ from the one in solution.

To summarize, a versatile approach to synthesize plasmonic block copolymer composites
could be developed. The utilized strategy involved repeated immersion-reduction cycles to
tune the metal content. Solvent annealing was performed to prepare PS-6-P2VP films with an
ordered lamellar phase separation. Afterwards, metal ions were complexed in the P2VP phase
of the copolymer. Through reduction nanoparticles are formed and the pyridine units are
released allowing a new complexation step. In this way, block copolymer films with tunable
optical properties could successfully be prepared as demonstrated by UV-Vis spectroscopy
and TEM. Additionally, the morphology could be tuned from a spherical shape to rod-like

structures in the case of gold.
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6. Summary

Fueled by a wide range of possibilities to tune their interactions with light, a strong increase
of interest could be witnessed in the field of plasmonic nanoparticle research in the recent
years. The adjustable size, geometry and spatial arrangement to each other enables to control
the optical response of such nanostructures at will. This translates into a plethora of potential
applications for medicinal therapy, analytics, catalysis, energy conversion and even for
devices with completely artificial optical properties. In order to obtain the building blocks for
these materials, strategies to synthesize well-defined particles and their assemblies are

required.

This thesis addressed the synthesis and characterization of plasmonic nanoparticle structures.
Linear and tetrahedral linkers based on oligo(phenylene-ethynylenes) (OPE)s bearing thio
endgroups were synthesized by Sonogashira cross-coupling reactions. Based on strong sulfur-
metal interactions the self-assembly could be introduced through bonding of nanoparticles to
the ends of the molecules. Variable amounts of the linear linker were added to citrate
stabilized gold nanoparticles. The successful formation of assemblies was evident via a
bathochromic shift and broadening of the surface plasmon resonance with increasing linker
concentration. Separation of single particles from assemblies could be achieved by density
gradient centrifugation. Analysis of the obtained fractions revealed an increase in the mean
diameter towards the bottom and a color change from initially red to violet for the bottom
fraction. Transmission electron microscopy investigations of the last fraction revealed the
presence of mostly dimers. Through surface-enhanced Raman spectroscopy (SERS) a linear
binding mode of the linker could be proven. For the direct investigation of a single dimer a
scanning technique based on spatial modulation of the sample in combination with a lock-in
detection of the transmitted signal was developed. An excellent agreement of the obtained

extinction values with the numerically predicted ones could be revealed.

To create stable functional self-assembled monolayers (SAMs) a convenient approach to
synthesize these kinds of ligands could be developed. By esterification of pentaerythritol
tribromide with carboxylic acids, followed by conversion with potassium thioacetate tripodal
ligands bearing azide, alkyne, furane and maleimide groups could be obtained in good yields.
Maleimide functionalized particles were reacted with a corresponding P2VP-5-PEO block
copolymer containing a single furan unit. UV-Vis spectroscopy indicated the presence of a

shell and, in contrast to the initial particles, polymer functionalization led to the stabilization
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of the particles in water. TEM investigations finally confirmed the shell formation utilizing

staining procedures.

The synthesis of large anisotropic clusters consisting of hundreds of individual particles could
be demonstrated by the reaction of branched PEI and HAuCl, in DMF. In this case the
simultaneous formation of nanoparticles and the assembly occurred. The underlying
mechanism was elucidated by a systematic variation of the reaction parameters. 25 kDA bPEI
was required to obtain stable solutions; lower molar masses led to complete or partial
aggregation. Primary amino groups were identified as a crucial parameter since the cluster
formation could equally be achieved with PAAm but not with linear PEL Evolution of
hydrochloric acid during the synthesis led to insolubilization of the polymer as shown by a
control reaction with NH4Cl. Formation of a crosslinked network could be attributed to the
complexation of the gold ions with the polymer chains and partial oxidation of the backbone.
A kinetic investigation was conducted by measuring TEM and UV-Vis spectra at different
reaction times. A stepwise reduction of Au’” to Au” and finally to Au’ through the amine
groups could be observed. Concomitantly, small polymer structures grow into larger spheres.
The wvariation of the reactant concentration enabled a tunable synthesis of either single
particles or clusters from dozens to hundreds of nanometers in size. The amount of metal as
well as the size of the embedded colloids could be increased by employing pre-synthesized

particles which can be encapsulated during the synthesis.

To gather more control over the filling factor a seeded growth approach was developed. By
application of a growth solution on seed clusters the synthesis of either Au-PEI clusters or
Au-Ag-core-shell clusters with adjustable filling factors could be demonstrated. TEM
revealed increasing particle diameters with decreasing seed concentrations. As a consequence,
the interparticle distance decreases and additional coupling between the particles occured as
evidenced by UV-Vis spectroscopy. For the gold clusters a bathochromic shift and broadening
of the LSPR took place, whereas for silver initially a hypsochromic shift followed by a
broadening was observed. A detailed view of the internal cluster structure could be obtained
by cutting slices with a focused ion beam (FIB). Dark field microscopy was carried out to
investigate the scattering spectra of single clusters. Thereby, the trend obtained by UV-Vis
spectroscopy could be confirmed. Simulations of the structures based on the Mie theory
revealed a good agreement with the experimental results. Additionally, the contribution of the

magnetic dipole moment to the spectra could be observed.
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For the synthesis of ordered plasmonic nanoparticle assemblies on large areas, block
copolymer lithography could successfully be utilized. AFM measurements were conducted to
investigate the phase separation after solvent annealing. By annealing of PS-6-P2VP films in
methylene chloride vapor the desired lamellar phase separation could be obtained.
Complexation and reduction of gold or silver ions resulted in the formation of metallic
nanoparticles only in one phase. In order to increase the metal content a cyclic approach was
introduced. With increasing cycle number the size of the nanoparticles increased with a
concomitant decrease of the interparticle distance as demonstrated by TEM. UV-Vis showed
an increased LSPR intensity and a small bathochromic shift with higher filling factor due to
plasmon coupling. In case of gold, additionally a strong absorption was observed in the near
IR region which could be attributed to the formation of rod-like structures from fusion of

single particles.

In conclusion, the present thesis deals with the synthesis and characterization of plasmonic
nanoparticles and their assemblies. Rigid-rod linkers could be utilized for the formation of
small clusters like nanoparticle dimers. The synthesis of tripodal thioacetates for the
preparation of functional SAMs on gold surfaces was performed. Au-PEI and Au-Ag core-
shell clusters with tunable optical properties were prepared which could serve as promising
building blocks for metamaterials. Block copolymer lithography in combination with a cyclic
complexation-reduction approach could be utilized to create ordered plasmonic nanostructures

on micrometer surface areas..
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Figure 6.1: Overview of different strategies for the preparation of plasmonic nanostructures
investigated in this thesis: Gold-dimers assembled via a rigid rod linker, surface
functionalization of gold nanoparticles, synthesis of gold as well as gold-silver core-shell
nanoparticle clusters and preparation of ordered block copolymer-gold/silver nanostructures.
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Future work should be devoted to the formation of 3D structures and the synthesis of
nanoshells or particles based on other materials like silicon and metal oxides/nitrides.
Additionally, chiral and patchy particles as well as plasmonic molecules could be used to

develop structures with attractive optical properties
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7. Zusammenfassung

Die Forschung an plasmonischen Nanopartikeln erlebte ein rasante Entwicklung in den
vergangenen Jahren aufgrund einer Vielzahl von Moglichkeiten, ithre Wechselwirkung mit
Licht zu beeinflussen. Die veranderbare Grof3e, Form und Anordnung der Partikel zueinander
ermoglichen eine nahezu beliebige Einstellung der optischen Eigenschaften. Dadurch ergibt
sich eine Fille an potentiellen Anwendungen in der Medizin, Analytik, Katalyse und
Energieumwandlung. Ebenso lassen sich Materialien mit Eigenschaften, wie sie in der Natur
nicht existieren, herstellen. Um die Bausteine fiir solche Anwendungen zu erhalten, bedarf es
gezielter Strategien Nanopartikel und deren Anordnungen in definierter Qualitit zu

synthetisieren.

Im Rahmen dieser Dissertation wurden plasmonische Nanostrukturen synthetisiert und
charakterisiert. Basierend auf Oligo(p-phenylenethynylenen) wurden starre lineare und
tetraederformige Linker mit Schwefelendgruppen mittels der Sonogashira-Kreuzkupplung
hergestellt. Aufgrund der starken Schwefel-Metall Wechselwirkung wird eine Bindung des
Partikels an den Enden der Molekiille ermoglicht, wodurch eine Selbstassemblierung der
Kolloide stattfindet. Variable Mengen des linearen Linkermolekiils wurden zu einer Losung
Citrat-stabilisierter Goldnanopartikel gegeben. Die Bildung von Clustern zeigte sich anhand
der Rotverschiebung und einer Verbreiterung der Oberflaichenplasmonenresonanz mit
steigender Linkerkonzentration. Durch die Zentrifugation in einem Dichtegradienten konnte
eine Trennung einzelner Partikel und von angeordneten Strukturen erreicht werden. Eine
Analyse einzelner Fraktionen ergab einen Anstieg des Durchmessers in Richtung Boden
sowie eine Farbanderung von anfianglich rot zu wviolett fiir die unterste Fraktion.
Transmissionselektronenmikroskop (TEM)-Untersuchungen dieser Fraktion zeigten vorrangig
Nanopartikeldimere wéhrend mittels oberflichenverstiarkter Raman-Spektroskopie (SERS)
ein linearer Bindungsmodus des Linkers an die Partikel festgestellt werden konnte. Fiir die
direkte Untersuchung eines einzelnen Dimers wurde eine Scan-Methode basierend auf der
raumlichen Modulation der Probe in Kombination mit einem Lock-in-Verstarker entwickelt.
Dabei zeigte sich eine ausgezeichnete Ubereinstimmung der dabei erhaltenen Extinktions-

werte mit den berechneten Werten.

Fur die Anwendung hinsichtlich stabiler funktioneller selbstassemblierter Monolagen (SAMs)

konnte ein praktischer Ansatz fiir die Synthese der bendtigten Liganden entwickelt werden.
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Veresterung von Pentaerythritoltribromid mit Carbonsduren und anschlieBendes Umsetzen
mit Kaliumthioacetat ergab die azid-, alkin-, furan- und maleimidfunktionalisierten tripodalen
Liganden in guten Ausbeuten. Maleimidfunktionalisierte Goldpartikel wurden mit einem
P2VP-b-PEO-Blockcopolymer, welches eine einzelne Furaneinheit trug, umgesetzt. UV-Vis
Spektroskopie wies auf die Anwesenheit einer Hiille hin, da die urspringlichen Partikel, im
Gegensatz zu den polymerfunktionalisierten Partikeln, in Wasser nicht stabil waren. Mittels

TEM-Untersuchungen konnte die Ausbildung einer Hiille bestatigt werden.

Die Synthese groBer anisotroper Cluster, welche aus hunderten Einzelpartikeln bestehen,
konnte durch die Umsetzung von verzweigtem Polyethylenimin (bPEI) mit
Tetrachloridogoldsdure in DMF ermoglicht werden. In diesem Fall erfolgte eine simultane
Bildung der Metallpartikel und die Ausbildung der sphérischen Anordnung. Anhand der
Variation der Reaktionsparameter konnte der Entstehungsmechanismus aufgeklart werden.
bPEI mit einer Molmasse (M;) von 25.000 g/mol wird zur Herstellung stabiler Losungen
benotigt, da kiirzere Polymere zu partieller oder vollstindiger Aggregation fithrten. Die
primdren Amingruppen sind ein Schlusselfaktor der Clusterbildung, da lineares
Polyallylamin, im Gegensatz zu linearem PEIL ebenfalls zur Entstehung einer Hiille fiihrte.
Die Kontrollreaktion von bPEI mit NH4Cl zeigte, dass die Entwicklung von HCI wihrend der
Synthese verantwortlich fiir das Entstehen einer Dispersion ist. Komplexierung der Goldionen
sowie die Oxidation des Polymerriickgrates fithrt zu einem unléslichen Netzwerk. Durch
TEM-Messungen und UV-Vis Spektroskopie-Untersuchungen zu unterschiedlichen Zeiten
wihrend der Reaktion konnte die Reaktionskinetik ermittelt werden. Es erfolgte eine
stufenweise Reduktion durch die Aminogruppen von Au’" zu Au’ und schlieBlich zu Au’.
Gleichzeitig bilden sich groBBe Polymerpartikel aus kleineren Strukturen. Anhand der
Variation der Gesamtkonzentration der Reaktanden konnten entweder einzelne Partikel oder
Cluster mit einstellbarer GroBe (zwischen einigen Dutzend und mehreren hundert
Nanometern) hergestellt werden. Der Metallanteil und die GroBBe der Goldpartikel konnte

durch Einkapselung von vorgelegten Partikeln wahrend der Synthese erhoht werden.

Um eine bessere Kontrolle tiber den Fullfaktor zu erlangen, wurde ein "seeded growth"
Ansatz verwendet. Durch Mischen einer Wachstumslésung mit Keimclustern konnte die
Synthese von Au-PEI Clustern oder Au-Ag Core-Shell Clustern mit malgeschneiderten
Fullfaktoren erreicht werden. TEM-Aufnahmen zeigten groBere Partikeldurchmesser mit
sinkender Seedkonzentration. Dadurch sank der Partikelabstand und zusétzliche Kopplungen

traten zwischen den Partikeln auf. Mittels UV-Vis Spektroskopie konnte im Falle der Au-PEI
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Cluster eine bathochrome Verschiebung und Verbreiterung der Oberflachenplasmonen-
resonanz beobachtet werden, wihrend die Au-Ag Core-Shell Cluster zuerst eine
Verschiebung zu niedrigeren Wellenlangen zeigten. Durch Schneiden mit einem fokussierten
Ionenstrahl konnte eine detaillierte Ansicht der inneren Clusterstruktur gewonnen werden.
Uber Dunkelfeldmikroskopie wurden die Streuspektren einzelner Cluster erhalten, welche den
selben Trend wie die in Losung ermittelten UV-Vis-Spektren aufwiesen. Anhand von
Simulationen basierend auf der Mie-Theorie zeigte sich eine gute Ubereinstimmung mit den

experimentellen Ergebnissen. Damit konnte zusitzlich der Beitrag des magnetischen

Dipolmoments zu den Spektren ermittelt werden.

Fur die Herstellung geordneter plasmonischer Strukturen auf ausgedehnten Flachen konnte
erfolgreich die Blockcopolymerlithographie verwendet werden. Mit Hilfe von
Rasterkraftmikroskopie (AFM)-Messungen wurde die Phasenseparation beim Sintern mit
verschiedenen Losungsmitteldimpfen untersucht. Dichlormethan ergab dabei die gewiinschte
lamellare Phasenseparation eines PS-5-P2VP-Films. Die Komplexierung und anschlieBende
Reduktion von Gold- oder Silberionen fiihrte zur Bildung metallischer Nanopartikel in nur
einer der Phasen. Um den Metallanteil zu erhohen, wurde ein zyklischer Ansatz eingefiihrt.
Mit steigender Anzahl der Zyklen erhohte sich die Grofle der Nanopartikel mit gleichzeitig
sinkendem Partikelabstand, was mittels TEM-Untersuchungen gezeigt werden konnte. Die
UV-Vis-Spektren wiesen hohere Intensitit sowie eine geringe Rotverschiebung aufgrund
zusitzlicher Kopplungen mit erhohtem Fillfaktor auf. Bei Gold zeigte sich durch Bildung

staibchenformiger Strukturen zusétzlich eine starke Absorption im nahen IR Bereich.

Zusammenfassend beschiftigte sich diese Arbeit mit der Synthese und Charakterisierung
plasmonischer Nanopartikel und deren Anordungen. Starre Linkermolekiile konnten fiir die
Bildung kleiner Cluster, z.B. Nanopartikeldimere, genutzt werden. Ebenso konnten tripodale
Thioacetate firr die Herstellung funktioneller SAMs auf Gold synthetisiert werden. Es wurden
Au-PEI sowie Au-Ag Core-Shell-Cluster mit abstimmbaren optischen Eigenschaften
hergestellt, welche als vielversprechende Bausteine fiir Metamaterialien dienen kénnten. Die
Kombination von Blockcopolymerlithographie mit einem Komplexierungs-Reduktions-
Ansatz konnte fir die Herstellung geordneter plasmonischer Strukturen auf einer
Mikrometerflachenskala erreicht werden. Zukiinftig sollte die Herstellung von 3D Strukturen
und Nanoshells sowie die Synthese von Partikeln basierend auf Silizium oder

Metalloxiden/nitriden ins Auge gefasst werden. Ebenso konnten chirale und gefleckte Partikel
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oder plasmonische Molektle fur die Entwicklung von Materialien mit interessanten optischen

Eigenschaften verwendet werden.

Figure 7.1: Ubersicht der unterschiedlichen Strategien fiir die Herstellung plasmonischer
Nanostrukturen welche im Rahmen der Arbeit untersucht wurden: Herstellung von Gold-
Dimeren mittels eines starren Linkers, Oberflachenfunktionalisierung von Goldnanopartikeln,
Synthese von Gold- sowie Gold-Silber Kern-Schale-Nanopartikeln und Herstellung ge-
ordneter Blockcopolymer-Gold/Silber Nanostrukturen.
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Survey of Plasmonic Nanoparticles: From Synthesis

to Application

Florian Kretschmer, Stefan Miihlig, Stephanie Hoeppener, Andreas Winter,
Martin D. Hager, Carsten Rockstuhl, Thomas Pertsch, and Ulrich S. Schubert*

The unique properties of plasmonic nanostructures have fuelled research
based on the tremendous amount of potential applications. Their tailor-
made assemblies in combination with the tunable size and morphology of
the initial building blocks allow for the creation of materials with a desired
optical response. In this respect, it is crucial to synthesize nanoparticles

with a defined shape that are at the core of such developments. Moreover,
the interaction of individual nanoparticles with an incident electromagnetic
field cannot only be influenced by their structure, but in fact, also by their
spatial arrangement to each other. To harvest such opportunities, a profound
theoretical understanding of these interactions is required as well as concise
strategies to create such ordered assemblies. A quantitative evaluation of
their optical properties can only be conducted when discrete structures of
high uniformity can be achieved. As a consequence, separation steps have to
be applied in order to obtain materials of high purity and uniformity. This also
allows for an easier structural characterization of the nanoparticles and their

optical features."! When irradiated from
the outside, the cup appears green from
the reflected light, whereas if irradiated
from the inside, a ruby red color from the
transmitted light arises. Over the following
centuries, gold and silver in their colloidal
form were used for fabricating stained glass
or porcelain 23 However, Michael Faraday,
who undertook initial systematic investiga-
tions on their preparation in solution more
than 150 years ago, was the first scientist
to realize that it must be very tiny gold
particles that are formed during the syn-
thesis." In the beginning of the twentieth
century, James C. Maxwell! and Gustav
Miell among others provided the theo-
retical background to describe the optical
properties of small particles. In particular
for small metallic nanoparticles, they were

assembled superstructures. In this progress report, an overview about the

current development in this field of research is provided.

1. Introduction

When in the fourth century Roman glass makers crafted the
famous Lycurgus cup, they were certainly unaware that finely
dispersed metal nanoparticles were the origin of its intriguing
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shown to be dominated by surface plasmon
polaritons, i.e., an excitation where the
electromagnetic field is coupled resonantly
to the charge density oscillations in the
metals. Research during the 1950s showed that these surface
plasmon polaritons can exist at the extended interface between
a metal and a dielectric. They eventually correspond to guided
modes at the interface that obey a characteristic dispersion
relation. These propagating surface plasmon polaritons were
experimentally demonstrated by Ritchie.”! In contrast, in small
metallic nanoparticles localized surface plasmon polaritons can
be excited at discrete frequencies. These resonance frequencies
depend for sufficiently small particles only on the permittivi-
ties of the sphere material and the ambiance. Assuming ideal-
istically but justified that the permittivity of metals is described
by a Drude-type material dispersion, the resonances of the
localized plasmon polaritons occur at frequencies only slightly
smaller than the plasma frequency of the metals. This plasma
frequency, therefore, can be easily used to estimate the spectral
range for which a nanoparticle from a given material can sus-
tain such plasmonic resonances. Unfortunately, only few metals
exhibit this surface plasmon resonance in the visible region of
light. Even less of them, most notably gold and silvet, are chemi-
cally stable enough to be used in practice, and hence, these two
metals receive the most attention. In the past few years, the field
has exploded owing to a tremendous diversification of the field.
The foundations for this extraordinary interest lie in the size-,
shape-, and distance-dependent optical properties of these nano-
particles, which allow light to be forged in unprecedented ways.!®!
A multitude of novel particle structures in combination with a
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plethora of assembly methods makes the number of potential
superstructures almost unlimited. This enormous develop-
ment would have hardly been possible without simultaneous
advances in separation and characterization techniques. In addi-
tion, improvements on the theoretical understanding of the
interactions of plasmonic particles with light enable interesting
structures to be simulated. Taken together, this culminates in
potential applications penetrating a broad range of research
fields. Medical applications, such as photothermal therapy® or
drug delivery,' sensing,'l diagnostics, energy conversion,[?!
and (chiral) metamaterials,*1% are just a few examples where
plasmonic nanoparticles could be utilized.

Owing to the tremendous development in this field, it is
hardly possible to provide a complete overview. Therefore, this
progress report aims on an introduction of general strategies
to synthesize plasmonic nanostructures. In section 2, we intro-
duce the important techniques to synthesize such particles with
well-defined shape and size. In section 3, we elaborate on the
underlying theoretical principles responsible for the optical
properties of plasmonic nanoparticles. The possibilities to
assemble these particles into superstructures via bottom-up and
top-up approaches are explored in section 4. Section 5 summa-
rizes strategies to separate and purify plasmonic nanoparticles
or their assemblies, and section 6 discusses emerging technolo-
gies for their characterization. Finally, in section 7, we conclude
and give a short prospect on potential future developments in
this field of research.

2. Strategies for the Synthesis of Plasmonic
Nanoparticles

The synthesis of defined nanoparticles in high purity as well
as uniform size is crucial for understanding the relationship
between their structure and their physical as well as physiolog-
ical properties. Already in the early stages of nanoparticle syn-
thesis, the importance of the choice of solvents,’”] or even the
brand of chemical,l'® used was noted as even trace amounts of
certain components can alter the shape of the particles signifi-
cantly. But it was not until recently that the exact nature of the
underlying principles is being elucidated. In this section, we
highlight novel advances in the synthesis of nanoparticles and
profound research for factors governing their morphology with
special focus on wet chemistry approaches. Differently sized
and shaped particles can in general be synthesized by four dif
ferent ways: a) one-pot-one-step synthesis, b) seeded growth,
¢) reshaping/etching, and d) templated synthesis (Figures 1
and 2). It should be noted that up to now, the exact formation
mechanism has not been elucidated for every particle shape,
and also mixed mechanisms could apply.

2.1. One-Pot-One-Step Synthesis of Plasmonic Nanoparticles

The most straightforward approach for the synthesis of plas-
monic nanoparticles is the direct one-pot-one-step synthesis.
Depending on the reaction conditions (e.g., temperature, sol-
vent, additives), certain morphologies can be obtained. In the
following section, some approaches will be highlighted that

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Representative images of selected gold and silver nanoparticles synthesized via the one-pot-one-step synthesis or the seeded growth approach.
a) Gold nanostars,®l b) silver nanoprisms,?¥ ¢) twisted single crystalline gold particles,?® d) spherical nanoparticles,??l e) gold nanooctahedra %
f) gold nanocubes,% g) gold nanotrisoctahedra,® h) gold nanobipyramids,% i) gold rhombic dodecahedra,®? j) gold-truncated ditetragonal nano-
prisms,B% k) gold nanorods B} starfruit-shaped gold nanorods,@ m) six-pointed gold nanostars,** n) hexagonal gold nanoplates,** and o) silver
decahedra *4 Scale bars: a, b, k=100 nm; c—j, m—o = 200 nm; | = 250 nm; o = 50 nm. Images a, ¢, e-l reproduced with permission.[Z:263032 Copyright
2012, ACS. Images b, d, o reproduced with permission.?%2%34 Copyright 2011, ACS. Images m, n reproduced with permission .3l

were used to synthesize particles with specific shapes, e.g.,
stars, rods, plates, and prisms.

Polyvinylpyrrolidone (PVP) is a commonly used reducing
and capping agent for nanoparticles. Owing to its interaction
with metal ions and surfaces as well as the preferable attach-
ment to distinct crystal facets of certain metals (e.g., silver),1*-24
PVP can potentially modify the nucleation, growth, and final
shape of nanoparticles.

Inspired by these eatlier reports, Kedia and Kumar®! eluci-
dated the effect of the solvent on the synthesis of gold nano-
particles, where the authors could tune the particle shape from
spherical to star-shaped just by changing the solvent. PVP pos-
sesses polar carbonyl oxygen and nitrogen atoms as well as
an unpolar backbone. These are capable of forming hydrogen
bonds and hydrophobic interactions for which the nature and
strength could be determined by NMR spectroscopy, X-ray
photoelectron  spectroscopy, and Fourier transform infrared
spectroscopy studies. It could clearly be shown that not only the
polymer but, in fact, also the interactions between PVP, solvent,
and metal ions are responsible for forming a specific structure.

While the synthesis of gold or silver nanoparticles is usually
carried out at room or elevated temperature, Angelomé et al. %!
went in the opposite direction and investigated the effect of
cooling on the shape of the particles. Using cetyltrimethylam-
monium chloride (CTAC) as the structure-directing agent and
conducting the reaction below to 10 °C, they obtained gold
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particles with a tunable surface plasmon resonance from 600
to 1400 nm. These optical characteristics arise from a com-
pletely anisotropic shape of the particles; however, by using 3D
tomography and high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) of the particles,
the authors could show that, despite some small deviations
in the crystalline orientation, the particles are defect free and
single crystalline. The origin of this structure is found in the
modification of the reaction kinetics by the low temperature
and micellization of the CTA-AuCl, complex. Moreover, the
etching power of the chloride ions is important. The reaction
could not be conducted with CTACs larger analog CTAB (ie,
bromide instead of chloride). It will be interesting to see how
lower temperatures will affect the particle shapes in the case of
other nanoparticles syntheses.

In the synthesis of silver particles, a long-held believe is that
citrate and PVP are the crucial reagents for obtaining nano-
prisms.[?’l Fresh insights into these processes were obtained by
Zhang et al.,®¥ who could show that, surprisingly, citrate can
be replaced by a variety of other di- or tricarboxylic acids and
PVP can be even omitted completely. Instead, they identified
hydrogen peroxide (H,0,) as irreplaceable because it enables
the formation of planartwinned defects which are a require-
ment for the formation of nanoprisms. By subtle adaption
of the reaction conditions, the size and the optical properties
of the nanoprisms could be tuned. The important fact in the

wileyonlinelibrary.com
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s b

Figure 2. Representative images of selected gold nanoparticles synthe-
sized via the reshaping/etching or the templated approach. a) Low aspect
ratio gold nanorods,’ b) gold/platinum nanohexapods,’® c) etched
gold/platinum nanocubes,’ d) gold nanotubes,®¥ e) gold-ferritine core—
shell nanoparticles,®" and f) gold nanoframes.* Scale bars: a=100 nm;
b, ¢, e, f="50 nm; d = 300 nm. Image a reproduced with permission.’’]
Copyright 2012, IOP Publishing. Images ¢ and d reproduced with permis-
sion.%6% Copyright 2011, RSC. Image e reproduced with permission.[®']
Image f reproduced with permission.?* Copyright 2011, ACS.

choice of the carboxylic acid is the distance between two car-
boxylate groups that should be separated by two or three carbon
atoms to attach to the Ag {111} facet.

Otherwise the formation of prisms is significantly lowered
or, e.g., in the case of acetate, is not possible at all. In addition,
the authors found NaBH, acting not only as the reducing agent
but also as a capping agent, which alters the nucleation kinetics
and influences thereby the thickness and aspect ratio of the
particles.

2.2. Synthesis of Plasmonic Nanoparticles via Seeded Growth
Seeded growth of nanoparticles involves at least two reaction
steps. In the first step, usually small nanoparticle nuclei are

formed via a metal salt and a strong reducing agent, and in the
next step, these preformed seeds are added to a growth solution

wileyonlinelibrary.com
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or vice versa. Depending on the desired structure, further steps
with different growth solutions can be applied to obtain highly
sophisticated nanoparticle architectures.

For plasmonic applications, an important factor is not only
the particle shape but also the particle size. While usually
starting with nanoparticles less than 10 nm in diameter, one
can easily synthesize particles up to several hundred nanom-
eters in size from these seeds.

The famous Turkevich/Frens method,*>*% utilizing a
sodium citrate and a HAuCl, solution, yields spherical gold
nanoparticles only for rather small diameters. It is also pos-
sible to synthesize particles up to 150 nm diameter in this way;
however, these particles are usually misshaped, elongated in
one direction, and feature a low uniformity in size. Several pos-
sibilities, e.g., seeded growth via hydroxylamine,?’] or CTAB
and ascorbic acid,®® are available to synthesize larger parti-
cles starting from citrate-stabilized particles. However, these
methods usually suffer from high dilutions required to mini-
mize the formation of nonspherical structures due to agglomer-
ation, multiple growth steps, and long reaction times. In addi-
tion, some capping agents are hard to remove and cytotoxic,
which limits the later utilization of these particles in life science
applications.B” Taking into account these issues, Bastts et al.*!
developed a growth method based on citrate. At first, nano-
particles were synthesized via the Turkevich method at 100 °C,
subsequently, by sequential addition of sodium citrate and
HAuCl,, the authors could tune the particle size up to 200 nm
after running 14 addition cycles. A crucial point was the adjust-
ment of the pH value and the lowering of the growth tempera-
ture to 90 °C to prevent the formation of new particles and to
ensure the spherical shape. Instead of the stepwise approach,
Ziegler and Eychmiiller*® conducted the reaction in a similar
way, however, via continuously adding HAuCl, and a mixture
of sodium citrate and ascorbic acid to preformed seeds at room
temperature. At this stage, only “blackberry-like” particles are
present as small particle clusters are formed on the surface
of the seeds. Spherical particles up to 300 nm could then be
obtained via heating the solution, which leads to ripening and
smoothing of the surface. Hydrogen peroxide is usually applied
as etchant in the synthesis of nonspherical silver particles, but
it is worth noticing that in the case of gold, another mecha-
nism can be applied whereby the oxidizing agent turns into
a reducing agent. Liu et al.* took advantage of this fact and
were able to synthesize spherical nanoparticles up to 230 nm
in size from particles made by the Turkevich method in only
1 min. Astonishingly, without seeds the combination of H,0,
and HAuCl, leads only to irregularly shaped nanoparticles with
a broad size distribution.

The attractiveness of the seeded growth approach lies in
the possibility to form a menagerie of nanoparticle structures
starting from one specific kind of seed just by adjusting the
reaction conditions. Halide and silver ions are known to play
an important role in the formation of multifaceted structures,
however, contradictory theories exist in explaining their struc-
ture-directing properties.

In a groundbreaking study, Langille et al.>! shed light on the
factors governing the structure of polyhedral gold particles syn-
thesized via the seeded growth method. By changing the con-
centration of the halide and silver ions as well as the reducing
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agent, the authors were able to synthesize 10 different nanopar-
ticle morphologies. Several parameters direct the growth of the
patticles. The larger the halide ion, the slower the nanoparticles
will grow due to a higher affinity of larger halide ions to the
gold surface as well as a lower solubility and a lower reduction
potential of the [AuHal,]~ complex, which yields thermodynam-
ically favored particles with lower energy facets. Particles with a
high amount of surface facets can be synthesized with the aid
of silver ions. Via underpotential deposition, a monolayer of
silver can be formed on the facets preventing the attachment
of gold atoms and, hence, shielding the facet against growth.
Increasing the amount of silver ions therefore leads to struc-
tures with more surface facets as more of them can be stabi-
lized. Addition of a large amount of bromide or iodide ions to
growth solutions with silver undermines the protecting effect
of the protecting layer yielding less-defined particles, especially
in the case of iodide. In contrast, a low amount of these halide
ions leads to higher index particles. A more detailed investi-
gation on the effect of the reducing agent was conducted by
Eguchi et al*? and Wu et al.*¥! Kinetically preferred particles
with high-energy surface facets are formed by a faster reduction
of gold ions resulting from an increase of the ascorbic acid con-
centration. By subtle changing the amount of reducing agent,
they were able to synthesize six types of polyhedral gold nano-
particles from small seeds.

Gold nanorods are particularly interesting for applications in
photothermal therapy or drug delivery.**! Despite continuous
research in recent years, fine-tuning the aspect ratio (AR) and
the monodispersity of nanorods without shape impurities still
remains challenging. Ye et al.®! introduced aromatic additives
for which interactions between CTAB micelles and the devel-
oping gold nanorods allow narrowing of the size distribution.
By contrast, Wen et al.'*! used copper ions to tailor the reac-
tivity of the initial gold seeds. Etching of preformed particles
leads to more reactive seeds with a smaller polydispersity. By
growing these seeds, nanorods with a low size distribution can
be obtained.

Koeppl et al.H®l harnessed an innovative yet rarely applied
approach to reproducibly synthesize nanorods with exception-
ally high AR. Utilizing isotope effects, the authors were able
to double the length of nanorods just by changing the solvent
from H,0 to D,0 yielding rods with an AR up to 19. The
reduction rate of Au(IIl) ions is alleviated by exchange of the
hydrogen atoms in the hydroxyl groups of ascorbic acid by deu-
terons, which presumably leads to a more selective growing of
the thermodynamically favored nanoparticle ends on the long
axis.

Though the growth of rods is usually performed with dif-
ferent chemicals, an extraordinary approach is to use light as
the directing agent. Through plasmonic excitation of silver
seeds with wavelengths from 600 to 750 nm, Zhang et al.*]
could tailor the AR of silver nanorods. The process proceeds via
reduction of silver ions in the presence of citrate, which, how-
ever, acts only as a reducing agent when the solution is irradi-
ated with a defined wavelength. Formation of high aspect ratio
rods was facilitated by longer wavelengths as the reduction
takes place preferably at the end of the rods.

The synthesis of starlike particles is of special interest for
applications like surface-enhanced Raman scattering (SERS) as
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the spiky structure significantly enhances the electromagnetic
field. However, these structures are often limited to two dimen-
sions with several branches starting from one spherical metal
particle center.*®¥ Notable exceptions are gold*! and silverP’
dendritic nanostructures as well as gold multipods.!%?]
Recently, Vigderman and ZubarevP* for the first time utilized
nanorods as base material. Starting from pentagonally twinned
gold nanorods, the authors managed to grow preferably the
long side of the rods by assistance of silver ions leading to
branched starfruit like structures up to a mesoscopic size.

For plasmonic applications, silver is theoretically the mate-
rial of choice owing to its superior optical properties compared
with gold;** however, the practical implementation is seriously
limited by the susceptibility of silver against oxidation. Shankar
et al.b4 synthesized Au/Ag core-shell structures from gold nan-
opatticle seeds. They could show that the stability of the silver
layer is significantly enhanced compared with pure silver parti-
cles due to an electron transfer from the gold core to the silver
shell making this approach an interesting starting point for the
stabilization of other silver nanostructures.

DNA has witnessed a tremendous interest in the field of
nanoscience, e.g., by means of DNA origami for the preparation
of nanoarchitectures or DNA interactions for the assembly of
plasmonic nanostructures.>>! However, recently, it has also been
found to be an interesting tool also for the synthesis of nano-
particles. Utilizing different kinds of DNA, Wang et al.?¥ were
able to identify the “genetic code” that controls the morphology
of gold particles. At first, the seeded growth of nanoparticles was
conducted; with one-base oligonucleotides of adenine, thymine,
cytosine, and guanine being used as structure-directing agents,
raspberry, starlike, platelet, and hexagonal platelet structures
were obtained, respectively. Without addition of DNA only unde-
fined structures could be synthesized. In a second approach,
two-base oligonucleotides were applied with different ratios
between the bases. It could be shown that different competi-
tive and synergistic interplays between two bases or dominating
effects of one base direct the morphology of the nanoparticles.

Small gaps between plasmonic nanoparticles are particularly
interesting for the possibility to detect substances down to the
single-molecule level via SERS. Generally, such structures are
formed through self-assembly of nanoparticles, but Lim et al.P®]
could show that by seeded growth of gold particles similar
structures can be obtained. Modification of these nanoparticles
with thiopegylated DNA, which functions as a protecting shell
of the particle, gave a core—shell structure after applying a
growth solution. The results of this approach are remarkable:
on the one hand, a defined gap of 1 nm between the inner core
and the shell is formed; on the other hand, small nanobridges
are present, which interconnect these moieties. Interestingly,
these bridges lead to a significant field enhancement compared
with a normal fully separated core—shell structure presumably
due to symmetry breaking.

2.3. Synthesis of Plasmonic Nanoparticles via
Reshaping/Etching

Whilereshapingofparticlesisalreadyindirectlyused during many
synthetic procedures, postsynthetical ageing and transformation
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of nanoparticles is often an undesired process as it limits
the lifetime and usability of a specific particle type. However,
the mechanisms for these processes need to be understood
in order to improve their stability. In addition, it is also pos-
sible to intentionally make use of them in order to obtain new
nanostructures. Ng and ChenglP” sought to simplify the tun-
able synthesis of gold nanorods. Instead of starting with nano-
particle seeds and adjusting the reaction parameters to obtain
rods with different lengths, the authors synthesized a rod solu-
tion with a defined aspect ratio and then applied reshaping
steps at temperatures between 50 and 100 °C. By this means,
particles with lower aspect ratio and finally sphere-like struc-
tures were obtained. The origin of the shape transformation
lies in the desorption of stabilizing ligands at higher tempera-
tures from the side of the rods with a concomitant growth of
the sides via residual gold ions in solution or mediated by sur-
face melting.

A different mechanism was proposed for silver nanorods by
Damm et al.*® In this case, reshaping occurs due to the pres-
ence of dissolved oxygen, which etches or even can break up the
rods. Dissolved silver ions can then be re-reduced at different
positions of the same or another rod, leading to nanobuns. In
addition, also secondary nucleation can take place whereupon
spherical particles are obtained.

In a combination of a top-down and a bottom-up approach,
Min et al.P? synthesized gold—platinum nanoparticles with
sophisticated morphologies. In the first step, platinum was
deposited at different positions of gold nanospheres, cubes, and
octahedras synthesized via the polyol process. Subsequently,
cyanide solution was added that preferably etches the gold sur-
face resulting in, e.g., gold nanchexapods or empty platinum
shells depending on the initial structure.

2.4. Template-Assisted Synthesis of Plasmonic Nanoparticles

Templated synthesis is a powerful method as it opens up the
possibility to obtain unprecedented structures since the mor-
phology is not necessarily governed by the reactivity of certain
crystal facets but mostly by the shape of the template. In gen-
eral, metal, metal oxide, or polymeric materials are applied as
scaffolds that direct the growth of the nanoparticle in one or
more directions.? Bridges et al.®” used an electrochemical
synthesis of gold nanotubes using anodized aluminum oxide
as the template. In contrast to similar approaches,®l they were
able to vary the thickness and shape of the tubes with the aid of
different polymers. At first, several thiophene monomers were
electropolymerized inside the template yielding a polymer-filled
tube. Addition of the gold-plating solution leads to a collapse
of the polythiophene derivative due to its hydrophobicity. The
final structure depends on the polymer structure. Finally, gold
tubes are synthesized by electrolytic deposition and set free by
etching the polymer and the template.

While deposition of gold on silver particles or vice versa
usually yields core—shell structures, skillful adjustment of the
reaction conditions facilitates the deposition only on certain
facets. Pentagonally twinned silver nanoparticles exhibit {111}
facets, which are more stabilized by citrate than other facets.
McEachran et al.B* made use of this fact and deposited gold
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on the edges between {111} facets. Etching the silver core
with hydrogen peroxide retains the gold scaffold, which corre-
sponds to the external structure. In this way, fascinating gold
nanostructures hold together by ultrathin nanowires could be
obtained.

It is worth remarking that also biological templates can be
utilized for the synthesis of nanoparticles, whereas their attrac-
tiveness lies in their low size polydipersity. The protein ferritine
is responsible for the iron storage in plant and animal tissue
and can in its apo form be visualized as an empty nanocage.
While normally containing iron oxide hydroxide, it was shown
by Fan et al.l* that it is also possible to fill the 7 nm in size inte-
rior of horse-spleen apoferritine with gold ions. To specifically
synthesize nanoparticles, only on the inside a desalting step was
applied, which removes the gold ions on the outside. Reduction
finally leads to highly monodisperse gold nanoparticles.

The interest in chiral plasmonic nanostructures has gained
momentum recently due to their outstanding optical activity
as well as their potential for generating negative index mate-
rials.'>1% However, up to now, strategies to synthesize such
structures mostly rely on top-down approaches. The bottom-up
synthesis relies mostly on nanoclusters, which do not sustain
a surface plasmon resonance. Block copolymers (BCPs) can
serve not only as a tool to assemble nanoparticles but, in fact,
can also be utilized as a versatile template to direct the syn-
thesis of plasmonic nanoparticles. Hsueh et al®®l employed
a polystyrene-b-poly(i-lactide) (PS-PLLA) BCP, which forms a
gyroid microphase-separated structure. Hydrolysis of the PLLA
domain leads to the formation of nanochannels. Subsequently,
the scaffold was immersed in a gold salt solution followed by
addition of hydrazine leading to small gold particles attached
to the walls of the channels. In the next step, a growth solu-
tion was applied. Depending on the growth time, twisted gold
structures or a completely penetrating gold network could be
synthesized. While this structure is not chiral, in a similar
approach, Vignolini et al.l%! utilized a poly-(isoprene-b-styrene-
b-ethylene oxide) triblock copolymer. The polymer was spin-
coated onto a conductive substrate followed by removal of the
isoprene block. Electrodeposition of gold into the pores lead to
a large gyroid gold network. In this case, however, the chirality
of the underlying BCP scaffold was transferred into the final
gold structure evidenced by the optical activity of the sample.
Such a large network can hardly be referred to as a particle but
lowering the deposition time or combination with the seeded
growth approach could pave the way for a versatile chiral plas-
monic nanoparticle synthesis method.

It is obvious that an almost unlimited number of nanopar-
ticle structures can be synthesized. Further complexity and
optical properties can be introduced via the ordered assembly
of these particles. This requires not only the understanding of
the interactions between electromagnetic fields with single par-
ticles but also with their assembled superstructures.

3. Design Considerations of Self-Assembled
Plasmonic Nanostructures

The previous section provides an overview about the possible
geometries of single nanoparticles that can be obtained by
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different synthetic procedures. The next step to enlarge the
resulting properties of such materials is an ordering of these
nanoparticles by chemical self-assembly processes to so-called
nanoparticle superstructures. Here, the focus is on the discus-
sion of how photonic materials formed by these nanoparticle
superstructures can be used to obtain functional devices with a
desired optical response in the near- as well as in the far-field.
Since this field is much too large for a comprehensive discus-
sion, we narrow the focus of this section to photonic materials
for which the typical spatial dimensions are comparable to, or
eventually smaller than the wavelengths of interest. Typical
dimensions can refer here to a lattice constant or to the spa-
tial extend of an isolated superstructure. These sub-wavelength
dimensions entail a convenient theoretical description of the
complicated self-assembled bulk materials based on effective
medium theories,!” 7% as discussed below. Furthermore, only
photonic materials are considered that can be used for applica-
tions in the visible or near IR regime of the spectrum.

The question of a desired optical response for self-assembled
photonic materials with sub-wavelength dimensions is typically
linked to the requirement that the material shall allow for a
resonant interaction with light. Without any resonant response
associated to either the isolated superstructure or its spatial
arrangement in a lattice, the optical response of the self-assem-
bled material would be merely explainable by considering the
spatial average of the intrinsic material properties of its constit-
uents. Therefore, one has to ensure that the fabricated samples
sustain resonances in the visible or IR light region. Since we
are only interested in sub-wavelength structures, the resonance
properties that can be induced only by the lattice formation are
limited. Therefore, resonances of the nanoparticles themselves
are the key ingredient to achieve desired optical responses.
Usually, the localized surface plasmon polariton resonances
(LSPRs) of metal nanoparticles are exploited. There, the free
negative charges of metal nanoparticles can be driven into reso-
nance by an impinging electromagnetic field at a resonance fre-
quency. For a sub-wavelength metallic sphere in the quasi-static
limit, an analytical expression for the resonance frequency of
the LSPRs is obtained according to the book of Bohren and
Huffman:"!

Re[ €4 (®) |+ 260, =0, (1)

where €4 (®) and €. are the permittivities of the metallic
sphere and the surrounding, respectively. In a vacuum, the
LSPRs of metallic nanoparticles are excited if the real part of
the metal permittivity is equal to —2. Taking material param-
eters from Johnson and Christy, " this is achieved for silver
at around 350 nm and for gold at around 500 nm. Of course,
there are much more plasmonic materials available for the vis-
ible and IR, but gold and silver are the two most commonly
used ones due to their relatively low imaginary part of the per-
mittivity at the LSPRs and their preferential chemical proper-
ties as discussed in the previous section.’>7>74 The imaginary
part accounts for the absorption in the metal and is therefore a
crucial parameter that dictates the resonance strength.

From the equation above, it is obvious that the resonance
position of metal nanoparticles can be tuned by changing
the permittivity of the surrounding. Further tunability can be
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induced by employing nonspherical nanoparticles. A large
variety of different geometries can be synthetized, as shown in
the last section. For nonspherical nanoparticles, the resonance
wavelengths will depend essentially on the axis ratio. Eventu-
ally, comparable to the expression above for a sphere, an ana-
lytical expression can be given for an ellipsoidal particle charac-
terized by three semiaxes @ in the quasi-static approximation.
It reads asl”]

3€emy +3L; [Re[ssph (@)]- gemb:| =0 @

where L; is a geometrical factor given by

L= A dg : )
2 JO (af+q)J(q+a1)2(q+a2)2(q+a3)

With this basic expression, many of the properties of non-
spherical metallic particles can be easily expressed, e.g., the
appreciation that multiple resonances are supported by nano-
particles when their semiaxes are different and, moreover, the
resonances are red (blue)-shifted for the axes larger (smaller)
with respect to the radius of a sphere having the same volume
as the ellipsoid. This understanding can then be easily extrapo-
lated to slightly more complicated geometries that deviate from
a perfect ellipsoidal shape. For example, Van der Zande et al.’®!
showed among others that nanorods may sustain two LSPRs.[”/]
For one resonance, the free electrons are oscillating along the
long axis and for the other resonance, they are oscillating along
the short axis. The long-axis resonance appears at longer and
the short-axis resonance at shorter wavelengths. The optical
response of such nanorods therefore sustains an additional
feature: it depends on the polarization of the incident field,
meaning it is anisotropic; i.e., uniaxial anisotropic to be precise.
In terms of optical properties, nonspherical nanoparticlesl’3-#7]
and core-shell particles attracted equally considerable interest.
The later one being able to tune the resonance wavelength
across extended spectral domains as demonstrated by Prodan
ot 21188891

Apart from tuning the resonance position by the shape or
the environment, coupling between adjacent nanoparticles
in a superstructure allows for a huge degree of tuning. If
the metallic nanoparticles have truly sub-wavelength dimen-
sions, their scattered field can be treated as purely electrical
dipolar. Therefore, the coupling between two nanoparticles
can be described in terms of electric dipole coupling. A very
prominent scheme, introduced by Nordlander et al.,[B8%1 that
takes this dipole coupling between two nanoparticles into
account is called plasmon hybridization®® and was adapted
from molecular physics. It reveals four possible eigenmodes if
two nanopatticles are coupled to each other. Two of them are
termed bright, as they can couple to the far-field, and two of
them are dark eigenmodes. The bright eigenmodes are char-
acterized by an in-phase oscillation of the electric dipoles of
the nanoparticles, whereas the dark eigenmodes are charac-
terized by an out-of-phase oscillation. In particular, the latter
kind of eigenmodes provides the possibility to encounter
completely new optical responses. These dark eigenmodes
are no longer dominated by electric dipole radiation to the
far-field. In particular, magnetic dipoles can be excited in two
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strongly coupled nanoparticles.”>%3 These magnetic dipoles
play a pivotal role in the field of self-assembled metamaterials.
They allow not just the tuning of the effective permittivity of
the fabricated material but they may feature also a dispersive
effective permeability,[®® sometimes termed artificial mag-
netism. Completely new phenomena become accessible by
controlling the permeability of a self-assembled metamate-
rial in the visible and IR region since all natural occurring
materials show no response to the magnetic field in this spec-
tral domain. The list of postulated applications ranges from
cloaking devices,"*#=7] perfect lenses,?8-1% to the huge field
of transformation optics,'192 where the light propagation
through a metamaterial can be controlled at will. Apart from
these dark eigenmodes, the bright eigenmode of two coupled
nanoparticles offers equally extraordinary optical properties.
One bright eigenmode is excited, if both electrical dipoles of
the nanoparticles are oscillating in phase to each other along
the connection line of the nanoparticles. The resonance wave-
length of this eigenmode is extremely sensitive to the environ-
ment and to the precise separation of the particles. Zhang et
al.l%! demonstrated that the environmental sensitivity can be
used to probe even single molecules.'® This has an extreme
impact for the fabrication of sensing devices. The distance
dependency is used to construct so-called plasmonic rulers, as
suggested by Sonnichsen et al.'% 1%l These are devices that
are proposed to measure the extension of molecules with sub-
nanometer precision and possibly also to dynamically track
modifications of their arrangements.

Apart from the coupling of just two nanoparticles, also larger
assemblies have attracted a lot of interest. Most of these larger
clusters are made of nanospheres as the basic-building block.
Fano-type resonances have been demonstrated for a large class
of different geometries, e.g., in quadrumer,'%! heptamer,'%®! or
heteropentamer!'' clusters. Fano-type resonances result in an
asymmetric line shape of the extinction cross section, which is
a very uncommon optical response.l'! It can be explained by
the coupling between one-bright and one-dark eigenmode at
a specific wavelength region. Zhang et al.l''? showed that this
concept can be further used to achieve plasmon-induced trans-
parency. Apart from Fano-type resonances, also magnetic reso-
nances can be excited in clusters of nanoparticles. Prominent
examples are trimer,'">" quadrumer™? and tetramer['"]
clusters as well as 2D rings of nanospheres.'!®17] Since these
clusters represent 2D planar structures, one purpose is to
extend them into the third dimension. This was demonstrated
in the case of magnetic resonances for supramolecular clus-
ters!! 181200 with a spherical shape and for so-called core—shell
clusters (Figure 2).'*!l The supramolecular clusters consist of
an amorphous arrangement of metal nanoparticles that forms
a superstructure with a nearly spherical shape. The magnetic
response of these clusters can be explained as follows. A bulk
material made of randomly arranged metallic nanoparticles
exhibits an effective permittivity with Lorentzian line shape cen-
tered at the resonance wavelength of the LSPR sustained in the
cluster. At longer wavelengths (compared with the LSPR), the
real part of the effective permittivity is much larger than unity.
Forming a sphere out of such a material allows the excitation
of resonances that are associated to high permittivity spheres,
ie., Mie resonances. The lowest order resonance is the aspired
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magnetic dipole resonance. The second example, the previ-
ously mentioned core—shell clusters, consists of a dielectric core
that is covered by a large number of tiny metal nanoparticles
forming the shell. The electric dipoles of every nanoparticle at
the shell can be excited in such a way, that they are all oscil-
lating around the core at one specific wavelength. This oscil-
lation forms an effective current that is associated with a mag-
netic dipole moment,'?'7123] a5 discussed by Simovski et al. The
magnetic dipole moment of such core—shell clusters is much
stronger compared with the supramolecular cluster (Figure 3),
as the amount of metal is drastically reduced for this design.
Additionally, besides to control effective materials proper-
ties such as the permittivity or permeability that is possible,
while relying on nanoparticle configurations that either sustain
a strong electric or magnetic dipolar response, other more pri-
mary optical properties can be subject of concern as well. For
example, whereas the materials properties just mentioned ask
for highly symmetric nanoparticle configurations to achieve
an isotropic response, introducing deliberately a break in
symmetry may offer equally unprecedented opportunities to
observe new phenomena for the propagation of light. The phe-
nomenon that attracted potentially the most interest is linked
to chiral assemblies of metallic nanoparticles.'* This opens a
route toward devices that can control the polarization state of
light in a more drastic manner when compared with natural
materials.['212¢ Tt also constitutes a viable route toward nega-
tive index materialsl'?”~13% (see section 6 on applications).
Chirality in first instance is a geometrical property. It sug-
gests that the mirror image of a structure is not super-impos-
able with the original structure by a proper rotation. Structures
with such geometrical properties can be found in many situa-
tions not only on the molecular level but also on macroscopic
scales. In the context of this status report, the specific structures
of concern are of course chiral nanoparticle assemblies.['>1¢]
The optically observable property of a chiral material is circular
dichroism. It corresponds to a differential intensity transmis-
sion of right- and left-handed circular polarized light. Circular
dichroism is, in general, accompanied by a difference in the
phase advance for right- and left-handed circular polarized light
due to causality, i.e., the real and imaginary part of the wave-
number for both fields inside the material differs 3! Although
many molecules are intrinsically chiral, the magnitude of the
circular dichroism is weak and effects are only encountered to
a notable extent while propagating light across macroscopic
distances. Therefore, enhancing chirality is of utmost impor-
tance. The intrinsic circular dichroism of molecules can be
enhanced, e.g., if they are combined with achiral metallic nano-
particles.[32:133] Then, in the spectral domain where the LSPR is
supported, the effective chirality will show a strong dispersion.
Nonetheless, a chiral arrangement of metallic nanoparticles
itself can also significantly enhance the circular dichroism. It,
moreovet, mitigates the requirement of having intrinsically
chiral molecules available. Pioneering works have been done
with top-down fabricated nanostructures!'**13! but also struc-
tures amenable for a bottom-up fabrication were suggested.
These bottom-up structures either consist of complicated chiral
geometries for an isolated object,*? e.g., a referential example
might be a Mé&bius strip,'¥] but especially nanoparticles
arranged along helical trajectories!*® or chiral arrangements of
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Figure 3. Simulation of the contributing multipole moments to the scattering cross section (Csca) for two examples of self-assembled superstructures
(the insets present a sketch of the geometry) offering a magnetic dipole response in the visible spectral range. The shown multipole moments are
presented such that their sum yields the entire scattering cross section. A) Randomly arranged silver nanospheres (6 nm radii) form a supramolecular
cluster with a spherical outer shape (radius of 75 nm). The supramolecular cluster is embedded in a dielectric with a permittivity of 2.6. The magnetic
dipole resonance (blue-dotted curve) can be seen at around 580 nm. Reprinted with permission.'?%l Copyright 2012, OSA. B) Core—shell cluster made
of a silica core (radius of 130 nm) that is covered by gold nanospheres (radius of 10 nm) forming a shell. The core—shell cluster is dissolved in water.
The magnetic dipole resonance is observed at around 700 nm. The blue arrow around the sketch of the core—shell cluster indicates the effective current
that is induced in the shell at the magnetic resonance. Reprinted with permission.'?'l Copyright 2011, ACS.

only a few but different nanoparticles (either in terms of mate-
rial or size composition)***1l attracted interest.

One aspect that has been swept under the rug up to now
is linked to local optical properties of photonic materials. All
previously mentioned examples are based on far-field proper-
ties that can be probed, e.g., by extinction or scattering meas-
urements. But of course, self-assembled photonic materials
offer appealing near-field properties as well. This is attributed
to the fact that distances can be controlled by self-assembly in
the nanometer or even in the sub-nanometer range. This allows
the observation of extremely coupled nanoparticles. Mihls-
chlegel et al.2?l demonstrated that the above-mentioned bright
eigenmode of two coupled nanoparticles can be applied for
producing huge local-field enhancements. This is exploited in
a widely used spectroscopy technique, known as SERS.'* In
a first-order approximation, the SERS cross section scales with
the forth power of the local electromagnetic field. Therefore,
high local-field enhancements are appropriate to enhance the
SERS efficiency. Two strongly coupled gold nanospheres and
nanoshells have been proven to extremely enhance the SERS
efficiency.*" Apart from these rather simple geometries, also
complex clusters of nanoparticles of different sizel'*! or mate-
rials™® can offer significant local-field enhancements. Recently,
it has been demonstrated by Ye et al.'*/l that Fano-type reso-
nances in complex superstructures can enhance the SERS effi-
ciency."™”! Apart from achieving a large local electromagnetic
field by coupling of nanoparticles, also the shape of the single
particle can be used, e.g., nanoflowers!"*® or nanocubes!'! can
enhance the SERS efficiency.

Another proposed application of local-field effects has
recently attracted a lot of interest. If one considers the
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interaction of light with molecules, one usually assumes that
the electromagnetic field does not vary across the size of the
molecule; in other words, the gradient of the field can be
neglected. Although this assumption is entirely applicable,
while considering the free-space interaction of light with mol-
ecules, it ceases to be justified for highly localized near-fields
close to nanoparticle superstructures. It has been proven by
Filter et al.'>% among others that these near-fields possess huge
gradients of the electromagnetic fields at lengths scales of a typ-
ical molecule.">! Therefore, the interaction between these near-
fields and the molecules allows for the excitation of free-space
forbidden transitions in the molecule. Although, the experi-
mental prove of this concept is still missing, it can be antici-
pated that this feature would enable a complete new perspective
for spectroscopic and sensing applications.

This section has presented a compact overview of the pos-
sible optical response features and resulting applications of
self-assembled photonic materials, based on the far- as well
as on the nearfield properties. Although we have witnessed
already tremendous progress, there remain numerous chal-
lenges to be solved in this growing field. The first one is linked
to the filling fraction of the metallic nanoparticles. A desired
optical response can be only achieved if the filling fraction is
high enough, even if resonances, such as LSPRs, are exploited.
A higher filling fraction will sharpen all resonance features and
also the dispersion of effective material parameters such as per-
mittivity and permeability would be increased. However, it con-
stitutes a challenging task to arrange nanoparticles sufficiently
dense by self-assembly techniques into superstructures. The
problem is that the conductive coupling between the individual
nanoparticles must be avoided since otherwise all resonance
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features fade away. Apart from the filling fraction, another
problem is linked to the intrinsic absorption of the nanoparti-
cles. Since metallic nanoparticles serve as the building blocks
for self-assembled superstructures and, thus, the resulting pho-
tonic material, they suffer from absorption in the metal due
to the non-negligible imaginary part of the metal permittivity.
One possible solution might be the incorporation of gain into
these materials.'>4 This might be possible by using fluorescent
dyes, semiconductor quantum dots or rare earth metals 153154
The incorporation of these materials asks also for an appro-
priate and challenging way to describe their optical response,
e.g., based on two- or fourlevel systems. Though a few possible
examples have been demonstrated, most noticeably the demon-
stration of a spaser,[">>1%8 a lot of work still remains to be done
to understand these gain assisted systems.

Next to the challenges to theoretically predict the properties
of complex architectures of superstructures also their experi-
mental realization requires delicate self-assembly strategies. In
the following paragraph, experimental approaches to fabricate
multiparticle superstructures are highlighted.

4. Self-Assembly Strategies for Plasmonic
Nanoparticles

To a large extent, the potential of plasmonic nanoparticles is not
only determined by the metal, the particle size or shape itself
but it also relies on their ordered assembly. The formation of
nanoparticle superstructures gives rise to further electromag-
netic interactions between them and external fields, thereby
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opening the possibility to even create (meta)materials with
properties not existent in nature.

Three general approaches exist to form plasmonic super-
structures. Top-down approaches involve the modification of a
large preformed structure where, e.g., a noble metal is evapo-
rated onto a substrate or, alternatively, certain parts of a large
metal layer are etched away. An advantage of this method is
the large area, which can be patterned; however, it suffers from
long fabrication times. In contrast, bottom-up approaches uti-
lize either metal salts or already formed nanoparticles in combi-
nation with different assembly methods to create particle aggre-
gates. This allows the fast and easy formation of superstruc-
tures in high amounts, but ultimately it is crucial to assemble
these superstructures again to form a device. The top-up
approach lies in-between by first forming a large patterned sub-
strate where, subsequently, nanoparticles are deposited.

In this section, we intend to illuminate the recent progress
for the last two approaches and the different methodologies
used within to assemble plasmonic nanostructures. For an
overview of possible structures, see Figures 4 and 5.

4.1. Bottom-up Assembly of Plasmonic Nanopatticles

A multitude of chemical reactions, like click,!"*" Diels—Alder, 1
esterification®! or complex-forming reactions,'® can be uti-
lized to form nanoparticle assemblies. This is motivated by the
possibility to create discrete assemblies, e.g., gold—silver het-
erodimers. However, these reactions are usually performed in
solution with particles possessing thousands or more reactive

Figure 4. Representative images of selected gold nanoparticle assemblies prepared via different bottom-up approaches. a) Gold nanoflowers, %%
b) polymer/gold core—shell satellite structure,'”* ¢) assembly of gold nanorods in a lamellar BCP phase,['7”] d) assembly of gold nanoparticles in
a hexagonal BCP phase,['’® e) assembly of gold nanoparticles in a lamellar BCP phase,['7® f) assembly of gold nanoparticles in BCP vesicles,'”]
g) gold cluster patches in a BCP,['® and h) gold particle clusters assembled via hydrophobic interactions.['®l Scale bars: a, e, g = 100 nm; b = 20 nm;
¢, f, h =200 nm; d = 50 nm. Image a reproduced with permission.['® Copyright 2011, ACS. Image b reproduced with permission.'”” Copyright 2012,
RCS. Image c reproduced with permisssion.'’’] Copyright 2013, RSC. Images d-h reproduced with permission.['’3181] Copyright 2012, ACS.
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Figure 5. Representative images of selected gold nanoparticle assemblies
prepared via different top-up approaches. a) Lines of gold nanoparticles
assembled via wrinkle drying,'*3 b) gold particle hexamer assembled

via a templated approach,['® c) gold particle pyramid assembled via a

nanomanipulator,'®! d) gold nanorods assembled via capillary forces, %%l

e) gold nanoparticles assembled via differences in the surface hydro-
philicity,['8 and f) oriented assembly of gold nanorods.l' Scale bars:
a=1pm; b=>50 nm; ¢ =100 nm; d—f = 500 nm. Image a reproduced
with permission.l®31 Copyright 2010, RSC. Images b and e reproduced
with permission.l'®#1%€1 Copyright 2011, ACS. Images c and e reproduced
with permission.['*>198 Copyright 2012, ACS. Image f reproduced with
permission.[%%]

moieties. Hence, reactions between complementary (e.g., azide
and alkyne functionalized) particles or of one particle type with
a reactive bifunctional linker are merely statistical processes.
Although some tuning is certainly possible, these reactions usu-
ally lead to dimers, trimers or higher oligomers with a rather
undefined structure. In addition, also single particles are still
present and, therefore, enrichment/separation steps have to be
applied in order to obtain a pure sample of a defined assembly.

One possibility to mitigate these problems is the desym-
metrization of the particles. In this respect, the most straight-
forward approach is the immobilization of the particles on a
surface, thereby rendering one side inaccessible to reactants.
Commonly monothiols are then utilized to functionalize the
non-shielded side of the particles.l'®l However, mixing particles
with complementary thiols will result only in particles with a
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mixed thiol layer, owing to the steady equilibrium of the thiols
between the gold surface and the solution. Hofmann et al.l
addressed these issues by attaching gold nanoparticles to a
glass slide and subsequent functionalization of the side facing
away from the glass with tripodal ligands. The chelating effect
leads to an excellent stabilization of the thiol layer and inhibits
the subsequent exchange with monothiol ligands. After detach-
ment of the particles from the glass slide, the assembly was
performed by addition of a rigid «,w-dithiol to the particles.
After removal of the excess dithiol, another batch of particles
with a free side was added, resulting in the connection between
the particles. In a second approach, the particles were selec-
tively functionalized with amine or carboxylic groups, and the
complementary particles were then reacted with each other. By
this means, samples containing the nanoparticle dimers could
be synthesized; however, “only” up to 57% of the dimer could
be achieved.

A subtle strategy is to modify nanopatticles in a way that they
contain only one single reactive moiety. Eatly reports required
the tedious purification from non- and higher functionalized
particles.'®] Hermes et al.'l were able to discretely function-
alize gold nanoparticles in just one step. A solution of HAuCl,
was reduced in the presence of dendrimers bearing multiple
thioether groups and one alkyne group. The obtained nano-
particles were 1-2 nm in diameter and contained only one or
two terminal triple bonds, depending on the size of the used
dendrimer. Glaser coupling of the particles resulted either in
the formation of polymeric assemblies (in case of two groups
per particle), or, in the case when one single alkyne moiety is
present, mostly dimers are formed. For plasmonic applications,
these particles are rather small. However, if extended to higher
generation dendrimers or even polymers, large particles could
easily be functionalized with a defined number of moieties
resulting in fascinating base materials for discrete assemblies.

Reactions between biomacromolecules, such as oligonucle-
otides, have a long history for the assembly of nanoparticles,
immunogold labeling being a famous example!'®] DNA
is commonly used as a connecting unit between particles,
yielding a broad range of extraordinary structures. A limiting
factor for successful applications is the rather long length of the
strands, as a requirement for effective electromagnetic inter-
actions between the particles is a small interparticle distance.
Lubitz and Kotlyar!*®® addressed this fact by synthesizing par-
allel stranded G-quadruplexes with defined length between 1.6
and 6.4 nm. At first, gold nanoparticles were incubated with
an excess of the DNA. Citrate-stabilized particles were subse-
quently added. They attached to the other end of the DNA and,
finally, flowerlike assemblies could be obtained. As evidenced
by UV-vis spectroscopy, the longitudinal plasmon resonance
could be tuned by the length of the DNA strands.

DNA origami is a versatile tool, which enables the creation
of sophisticated nanostructures. In combination with plas-
monic nanoparticles, assemblies with precise control over the
exact position and orientation of the particles can be achieved.
Ding et al.'®! utilized a triangular DNA assembly in order to
create a chain of gold nanoparticles. Certain domains on the
DNA scaffold are able to react with complementary DNA. The
authors now functionalized gold nanoparticles of different
sizes with different DNA strands. Depending on the respective
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functionalization, particles of a certain size could only attach to
a specific domain on the triangular structure. Since the reactive
moieties were positioned only on one side, a chain of particles
with a gradient in size could be synthesized. In a similar way,
Pal et al.l'’l were able to assemble anisotropic nanoparticles.
Gold nanorods were functionalized with thiolated DNA and
reacted with a triangular DNA scaffold. By subtle tuning of the
reactive positions on the organic superstructure, the authors
could control the orientation of two nanorods to each other
from a linear chain, toward angular or side-to-side structures.
Moreover, also heterodimers consisting of single particles and
nanorods could be synthesized.

Kuzyk and co-workers explored the application of DNA ori-
gami as basis for chiral plasmonic nanostructures. Left- and
right-handed helical DNA assemblies with a 56-nm helical pitch
wete synthesized. By subtle tuning of the reaction conditions,
almost each strand could be covered with exactly nine 10-nm
gold particles, thereby creating a strong CD signal. The inten-
sity could be further increased by use of 16 nm particles, which
decreases the interparticle distance and, therefore, enhances the
plasmonic interactions between the particles. This also allowed
tuning the position of the CD signal to higher wavelengths.
Lower wavelength signals could be achieved via growth of a
pure silver or a gold-silver alloy shell around the gold particles.

Instead of chemical reactions between gold nanoparticles,
they can be assembled directly by exploiting their high affinity
toward functional groups, especially thiols or to a lesser extend
amines. Rigid or flexible bi-, tri-, or tetrafunctional linkers!!71-172]
are commonly applied; however, open questions still remain
on the exact nature of the assembly process. These linkers are
usually small compared with the particles making the attach-
ment of several ends of one linker to one particle likely. Addi-
tionally, a defined end-to-end distance of the functional groups
in the utilized molecule does not necessarily result in particle
assemblies with the same distance as highlighted by Stemmler
et al.”3l Owing to these facts, different kinds of architectures
are hence obtained from the same type of molecules. A worth-
while approach is to construct molecules in a way that parti-
cles are forced into a defined distance. Lee and Scherman!'’
employed cucurbit{5Juril to assemble gold nanoparticles. The
molecule can be visualized as a nanosized 3D cage with each
five carbonyl groups at the top and bottom of the cage. The
so-obtained superstructures exhibit a defined interparticle dis-
tance. The rather low affinity of the oxygen to the gold surface
makes these assemblies still somewhat fragile. However, sulfur
analogs of this and similar compounds (like polysilsesquiox-
anes) could be promising tools to obtain stable structures.

The high affinity of gold toward thiols was also utilized by
Xie et al.l”! for the synthesis of spherical clusters. At first, a
highly branched amphiphilic polymer bearing acrylate groups
was synthesized. Subsequent crosslinking with oligothiols
by means of the thiol-ene reaction leads to the formation of
polymer nanoparticles, which feature a functionalized surface
with free thiol groups. Covalent bonding of gold nanoparticles
to these moieties led to a coverage of the surface depending on
the employed thiol, e.g., a tetrathiol yields a higher degree of
coverage than a dithiol. Additionally, it is remarkable that the
structure of the whole cluster could be tuned from spherical to
wormlike by changing the overall concentration.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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When working in aqueous solution, nanoparticles are mostly
stabilized by electrostatic repulsion arising from surface bound
molecules with the same charge. Especially variations in pH
value or salt concentration modify these interactions and can,
therefore, be utilized to assemble particles. Additionally, charged
templates can be employed to synthesize defined structures.

Wang et al.'7®l utilized pyrenecarbaldehyde nanorods as tem-
plate, which are formed via 7 stacking of the aromatic mol-
ecules. The surface was positively charged through Schiff-base
formation between polyallylamine and the free aldehyde groups
with subsequent reduction of the imine. Addition of citrate-sta-
bilized nanoparticles leads to the decoration of the rods. Also
particles with positive charge could be assembled on the rods,
due to the affinity of amine groups toward gold surfaces.

Synthesis of particle clusters via electrostatic interactions was
achieved by Miihlig et al.'"?!] Using silica particles as a template,
the surface was functionalized with an aminosilane rendering
it positively charged. Negatively charged nanoparticles were
then used to decorate the silica particles. UV-vis spectroscopy
showed a redshift and broadening of the plasmon resonance
compared with single gold particles. In accordance with simula-
tions, the clusters revealed a magnetic dipole moment in the
visible region (Figure 2).

The monodispersity and the ability to form superlattices
in combination with charges located on their surfaces make
proteins an excellent scaffold for nanostructures. Kostiainen
et al.'® took advantage of this fact by using cowpea chlorotic
mottle viruses and ferritin as template. The authors could tune
the charge of certain patches on the surface of the proteins by
adapting the pH value. Self-assembly of positively charged gold
nanoparticles only took place, when the pH value was above the
isoelectric point as this renders the proteins to be negatively
charged. In addition, the ionic strength had to be controlled to
adjust the attraction between the two building blocks. In this
way, superlattices with highly ordered nanoparticle structures
could be obtained. Beyond that, the assembly is astonishing as
it attains an ABg™™ structure, which was hitherto only known
from large polymer nanoparticles.

Electrostatic interactions between polyelectrolytes can be
used to coat nanoparticles with polymer shells. The layer-by-
layer (LBL) approach in most cases applies spin-coating of
alternating polycation and polyanion layers. Interactions of the
polymers with charged nanoparticles can then guide the forma-
tion of plasmonic structures. The usefulness of this method
lies in the possibility to easily cover large surface areas with
nanoparticles.

Cunningham et al.l"®% described the realization, characteriza-
tion, and simulation of a large array of gold nanoparticles with
a tunable distance. In the first step, a glass slide was coated
with gold nanoparticles. Subsequently, alternating layers of
oppositely charged polyelectrolytes were coated on top of the
particles. Afterward, a second layer of gold particles was depos-
ited onto the polymer. The optical properties of the superstruc-
ture could be tailored depending on the number of polyelectro-
lyte layers, which determine the distance between the particles.
The resulting effects are particularly intriguing, when the same
approach is applied to a structure where one of the layers con-
sists of silver particles as the symmetry breaking leads to the
formation of dark and bright eigenmodes ['21:184]
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An innovative approach was introduced by Yoshida et al.,[1#°]
which relies on the mechanical assembly of nanoparticle layers
by utilizing Langmuir-Blodgett films. Oleylamine-capped
gold particles were self-assembled at the air-water interface.
The particle layer was compressed until it became one sheet,
which, subsequently, was transferred to a silicon substrate. By
repeating this process, multiple layers could be deposited on
top of each other. It was found that an increase in the number
of layers redshifted the absorption to the near infrared (NIR)
due to electromagnetic coupling between the particles.

Not only chemical reactions can be used to assemble nano-
particles but it is also possible to utilize external stimuli such
as light, temperature, and magnetic fields to trigger the forma-
tion of superstructures. Yan et al.'% introduced photoswitch-
able DNA that can be employed to assemble (or disassemble)
gold nanoparticles depending on the wavelength of the irradi-
ated light. Azobenzene moieties within the DNA molecules
were used as photosensitive units. Blue light leads to a trans—cis
isomerization that initiates melting and, hence, hybridization
of complementary DNA strands yielding nanoparticle assem-
blies. Disassembly is achieved by irradiation of UV light, which
induces the reverse process.

Wu et al.['®”] synthesized core-shell nanoparticle clusters with
a thermoresponsive shell. Starting from silica nanoparticles,
a shell of poly(N-isopropylacrylamide) (PNIPAM) was grown
from the surface. PNIPAM is well-known for its lower critical
solution temperature that leads to a collapse of the polymer
strand in solution if heated above a certain temperature. The
surface of the shell was then functionalized with 1,2-dithiolane
moieties on which gold nanoparticles were attached. The so-
obtained clusters showed a tunable surface plasmon resonance
as “breathing” induced by cooling or heating lead to a tempera-
ture-dependent distance between the particles.

Composite particles from iron oxide and gold allow the
implementation of a unique self-assembly method based on
magnetic fields. Kim et al.'®] demonstrated the synthesis of
Fe30,~Si0,-Au core—shell-shell particles. In the first step, the
magnetic core is prepared whereupon a silica shell is grown.
Gold nanoparticles are deposited on the silica layer, which
are then grown to form a gold shell. Upon application of an
external magnetic field, the particles assemble along the field
lines to form 1D nanochains. The orientation of the chains
changes with the orientation of the field and, remarkably, even
upright standing assemblies can be obtained.

Sanchez-Iglesias et al.'® succeeded in the reversible forma-
tion of gold nanoparticle clusters by hydrophobic interactions.
Gold particles were functionalized with polystyrene thiol in tet-
rahydrofuran. Addition of a non-solvent leads to the formation
of completely flat spherical clusters, the assembly process could
be stopped by addition of a poly(styrene)-block-poly(acrylic acid)
(PS-b-PAA) BCP. This also causes a rearrangement to a 3D
spherical structure and stabilization in water due to the polar
PAA block. Tailor-made optical properties could be obtained by
tuning the PS-thiol length, which influences the interparticle
distance as well as the filling factor and the cluster diameter.

BCPs are a versatile tool for the fabrication of nanomaterials
as they offer a multitude of possibilities to guide the assembly
of nanoparticles.'®19 Their flexibility allows the creation of
fascinating plasmonic structures. In solution, they are able to
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form micelles or vesicles, while in the solid state phase, separa-
tion of the blocks can generate hexagonal, lamellar, or gyroid
nanostructures on large surface areas. In most cases, BCP films
are spin-coated and, afterward, annealed thermally or by solvent
vapor to obtain the desired phase separation.

Incorporation of plasmonic nanoparticles into the phases can
be accomplished by three ways: 1) The nanostructure is formed
and already synthesized nanoparticles are incorporated pref-
erably in one phase by capillary forces or electrostatic interac-
tions, 2) nanoparticles and the BCP are mixed with subsequent
spin-coating and annealing or 3) metal salts are mixed with the
BCP and particles are synthesized within the polymer film.

Synthesis within the BCP film has the disadvantage that
only spherical particles can be obtained. Both other approaches
allow also the incorporation of other particle structures. Liu
et al.l'”’l prepared poly(styrene)-block-poly(methylmethacrylate)
(PS-b-PMMA) BCP films with a lamellar orientation. After-
wards, the PMMA phase was oxidized, thereby, creating deep
valleys between the PS phases. Gold nanorods were deposited
by capillary forces. Depending on the block lengths of the uti-
lized BCPs, the assembly could be tuned from a side-by-side
fashion to linear nanowire-like structures.

Premixing of BCPs with nanoparticles and successful phase
separation is often difficult to accomplish due to macroscopic
separation. Functionalization of the particle surface with one of
the blocks attenuates this problem; however, it is still entropi-
cally disfavored and, hence, only applicable for low particle frac-
tions. Jang et al.l”¥ sought to tackle this problem by stabilizing
the superstructure through hydrogen bonds. Gold nanoparticles
functionalized with a poly(styrene)-block-polyvinylphenol) BCP
were mixed with a poly(styrene)-block-poly(2-vinylpyridine)
BCP. The authors could show that hydrogen bonding between
the phenol and pyridine units makes volume fractions of nano-
particles larger than 50% possible. Interestingly, the form of the
superstructure was not only influenced by annealing but also
by the amount of particles resulting in a hexagonal structure for
low loads and a cylindrical structure for high loads.

Amphiphiles possess a hydrophilic and hydrophobic end,
which enable them to form vesicles or micelles in solution.
If colloids are attached to one of their ends, self-assembly can
guide the formation of plasmonic superstructures. He et al.l'”?]
introduced gold nanoparticles tethered with a poly(ethylene
oxide)-block—poly(styrene) amphiphilic BCP, which assemble
into spherical- or tubularlike clusters depending on the nano-
particle size or the BCP molar mass. Electromagnetic interac-
tions between the particles could be tailored by decreasing the
PS block length, which results in smaller interparticle distances.

BCP particles with distinct gold nanoparticle patches could
be synthesized by Kim et al.'® A poly(styrene)-block-poly(4-
vinylpyridine) BCP particle can be envisioned as an arrange-
ment of P4VP spheres separated by polystyrene. Addition of
HAuCl, leads to a loading of the P4VP moieties. However, only
units on the outer surface of the particles are loaded as the gold
precursor cannot penetrate the PS layer. For small polymer par-
ticles, reduction of the incorporated gold ions led to patches of
gold particles on the surface, whereas for particles larger than
800 nm, fingerprint-like gold structures were obtained.

Up to this point, the creation of plasmonic structures relied
on preformed nanoparticles, which form assemblies under
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different kinds of stimuli or already formed superstructures
in which particles were synthesized. A much less investigated
field is the concomitant synthesis and arrangement of particles.

The formation of hollow spherical nanoparticle clusters was
achieved by Song et al.'! utilizing a specifically designed gold-
binding peptide. In the presence of a reducing agent, gold ions
are reduced to 8 nm nanopatticles, subsequently, the peptide
takes over, binds to the gold surface, and attracts more nano-
particles. In the first stage, nanoparticle islands are formed that
create clusters less than 100 nm in size over the course of the
reaction.

Liang et al.'?2 were able to synthesize gold particle cluster by
means of an amino-substituted calix[6]biscrown. Protonation of
the amino groups by HAuCl, and the solvent mixture drives the
formation of vesicles. At the same time, the incorporated gold
ions are reduced to nanoparticles. Interestingly, this approach
is applicable for a variety of metal precursors and, e.g., also
silver or platinum particle clusters could be synthesized.

4.2. “Top-up” Assembly of Plasmonic Nanoparticles

“Top-up” methods involve different approaches to create nano-
particle assemblies by mechanical manipulation of already syn-
thesized particles or by combining these particles with other
preformed superstructures. While a common drawback is the
longer fabrication of the superstructures, the top-up approach
allows the fabrication of unprecedented plasmonic structures
that are neither available by top-down nor bottom-up technolo-
gies. A tremendous advantage is also the possibility to create
nanostructures on a large area, which is a requirement for real-
wortld applications.

Efforts by Pazos-Pérez et al.'%l resulted in highly uniform
nanoparticle arrays by drying a gold colloid solution in small
grooves of a polymer stamp. At first, a polydimethylsiloxane
sheet is stretched and the top layer is oxidized to SiO,. Upon
relaxing the substrate to its original size, it forms wrinkles. A
gold particle solution was then dropped on a glass slide and the
stamp placed onto the glass. Drying of the solution and removal
of the stamp yielded highly ordered lines of nanoparticles
whose line width and interline distance could be controlled by
the type of stamp fabricated.

Optical properties of nanoparticle assemblies are highly
dependent on their number and their arrangement to each
other. While clusters of dozens or hundreds of nanoparticles
are relatively easy to synthesize, it is much more complicated to
assemble a distinct number of particles with a precise geometry.

Yan et al.* succeeded in the formation and optical investi-
gation of clusters with a defined number of particles. A PMMA-
covered indium tin oxide (ITO) substrate was patterned by elec-
tron beam lithography to yield spherical cavities whose diam-
eters were controlled by the size of the electron beam. The pat-
terns were functionalized with a thiol, which allowed binding
of gold nanoparticles. Depending on the size, only one to seven
particles could enter the cavities and, additionally, they were
forced to attain a distinct geometry. It is worth mentioning here
that it was also possible to control the angle between particles,
e.g., a trimer could be tuned from a linear chain, to interme-
diate structures and finally a triangular form.
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Gwo et al'®! manipulated single particles into ordered
arrays. Utilizing different kinds of nanoparticle shapes in com-
bination with a nanomanipulator allowed the precise arrange-
ment of, e.g., nanoprisms from tip-to-tip toward a side-by-side
fashion. Plasmonic nanocantenna arrays with different lengths
were obtained by placing nanocubes of different number and
different interparticle distance next to each other. Fascinatingly,
this technology also allows the formation of 3D structures like
nanopyramids. However, fabrication times are very long.

Scanning probe lithography (SPL) was employed by Holzner
et al.l'% to “write” nanostructures into a poly(phthalaldehyde)
film. Heating the tip to 350 °C and scanning of the film lead
to the removal of the polymer at the probed sites. A solution of
gold nanorods was then dropped on the substrate and by capil-
lary forces, the particles entered the inscribed grooves. The geo-
metrical arrangement was controlled by the formed superstruc-
ture, while the orientation of the rods to each other is highly
dependent on the width of the grooves.

Yang et al.’®” used SPL to locally oxidize the self-assem-
bled monolayer (SAM) of an alkylsilane on an ITO substrate.
The probed sites are devoid of alkyl chains and were subse-
quently functionalized with amino groups. The substrate was
immersed in a solution of citrate-stabilized gold nanoparticles
and the electrostatic interactions with the positively charged
amino groups caused a selective deposition of particles. By
this means, long parallel lines of nanoparticles were obtained.
When the particles were functionalized afterward with dode-
canethiol and immersed again in the solution, further particles
arranged around the initial ones thus creating broader lines.

Charged particle beams are another method to pattern sur-
faces in a way that electrostatic interactions guide the deposition
of particles. However, Kolibal et al.l'%¥] revised the view that the
particle beam leads to subsurface charging. Instead, the authors
propose a mechanism, which is based on the alteration of the
surface chemistry. SAM-functionalized silicon substrates were
irradiated with ion or electron beams and gold nanoparticles
could be attached either to the irradiated or the non-irradiated
sites. The origin of this feature is independent of the beam
charge as both beams cause an oxidation of the exposed sites
for low exposure doses. In contrast, high exposure doses cause
a deposition of hydrophobic fluorine compounds from destruc-
tion of the SAM, thus preventing nanoparticle absorption.

A fascinating approach was explored by Kuemin et al.
Brownian motion of nanorods in solution leads to all kinds
of orientations. However, if a solution is placed on a substrate
and heated slightly, the convective force drives the rods to the
air—water—substrate interface thereby locally increasing the rod
concentration. Upon further heating parallel rows of nanorods
are formed at the boundary of the drop. The solution was then
moved across a template with nanoscale holes leading to the
ordered deposition of rods in the cavities due to capillary forces.
The orientation of the rods depends on the movement of the
droplet, changing it from left to right to up and down changes
equally the angle of the rods by 90°. In this manner also sub-
strates with a defined mixed orientation of the rods could be
obtained.

This section has given a brief overview about a multitude
of synthetic strategies to create plasmonic nanoparticle super-
structures. In many cases, the size and morphology of the
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individual nanoparticles have to be tuned in order to obtain a
desired optical response of the final assembly. This requires
both high-purity samples of the initial single particles as well
as the obtained superstructure. In addition, the increased com-
plexity of the assemblies requires sophisticated characterization
methods.

5. Separation and Characterization of Plasmonic
Nanoparticles

Despite continuous efforts to synthesize nanoparticles or their
assemblies with defined size, shape, or structure, many pro-
cedures still remain challenging in a way that polydisperse
samples, concomitantly present particle shapes or differently
assembled nanostructures, can be obtained. However, for
optical analysis and practical applications, it is highly desirable
to obtain pure materials. Direct analysis of such heterogeneous
samples via UV-vis spectroscopy or transmission electron
microscopy (TEM) can certainly indicate that a desired structure
is present, but it is hard to exactly quantify their occurrence and
their optical properties. Therefore, it is crucial to include sepa-
ration steps in order to purify particles and assemblies. Once
separation has been accomplished a more profound structural
and optical characterization can be performed.

In this section, we shortly introduce the separation technolo-
gies commonly utilized for plasmonic nanoparticles and assem-
blies as well as analytical methods for their characterization
beyond standard UV-vis spectroscopy or TEM imaging.

5.1. Separation Techniques for Plasmonic Particles

Density gradient centrifugation is a powerful technique that
employs a vial with a continuously changing density of the
liquid phase within. Application of a centrifugal field leads to
separation of particles in different layers. This method is par-
ticulatly attractive as it allows preparative separation of particles
as well as analytical determination of particle shapes and size
distributions.

Pazos-Perez et al 2% synthesized clusters from two to seven
gold particles by emulsification of the particles in the presence
of a BCP and toluene (Figure 6). The particles arranged around
the solvent droplets and assembled into defined geometries
upon slow evaporation of the solvent. Separation of the clusters
was achieved by centrifugation in a glycerol/water gradient. For
clusters of five to seven particles, only a mixed fraction could be
obtained due to their similar density; however, distinct bands
formed for the smaller clusters, which could be successfully
isolated.

Steinigeweg et al. 2% explored the separation of gold nano-
patrticles from 20 to 250 nm in diameter. While aqueous CsCl
gradients led to severe aggregation, a water/glycerol gradient
was used to separate mixtures of nanoparticles. An important
feature found was the size difference between the particles. The
authors could show that for small particles («50 nm), separa-
tion is possible for a size difference of 10 nm between the par-
ticles, whereas for large particles, the size difference needs to
be larger than 50 nm in order to obtain an efficient separation.
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Figure 6. Separation of spherical gold nanoparticles according to their
size via centrifugation in a density gradient (left). Image reproduced with
permission.?l Separation of gold nanorods from spheres via centrifuga-
tion in a multiphase aqueous system (middle). Image reproduced with
permission.[22 Copyright 2012, ACS. Separation of gold nanoparticle
clusters according to their cluster number via centrifugation in a density
gradient (right). Image reproduced with permission.[2%0

Akbulut et al %l recently introduced a new centrifugation
approach based on aqueous multiphase systems. Instead of a
solution of one compound with a gradient concentration, the
system relies on stacked solutions of different components.
This setup is remarkable as, in comparison to density gradient
centrifugation, the phases are thermodynamically stable and
do not mix upon standing, therefore such gradients are long-
term storable. If mixed manually, they separate again after cen-
trifugation and the distinct phase separation makes the sample
collection more feasible. In this way, the authors could easily
separate nanospheres from rods and larger particles in a three-
phase system were each of the fractions separated in one of the
phases.

Selective precipitation utilizes the addition of salts or sur-
factants to nanoparticle solutions to induce flocculation of dis-
tinct species depending on their shape or size. Up to now, this
methodology has been only applied to particles but its attrac-
tiveness lies in fact that it enables separation of particles on a
preparative scale.

Guo et al.?%l targeted the seeded growth of nanoparticles in
order to obtain rods or prisms, however, in each case a large
proportion of the samples still contained sphere-like particles
(Figure 7). Electrostatic repulsion between the particles keeps
them well dispersed but upon addition of NaCl, the screening
is reduced with concomitant precipitation of the particles. By
subtle adjustment of the salt concentration, it was possible
to separate rods and prisms in high purity. A striking fact is
that the isotropic particles remain in the supernatant solu-
tion. The authors proposed a mechanism based on interfacial
interactions. Isotropic particles exhibit a high curvature, which
minimizes the contact area to other particles. In contrast, rods
offer a long side and prisms a large facet, which increases
interactions between these structures.

The influence of the surfactant concentration on the shape
separation of plasmonic nanoparticles was first already noted
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Figure 7. Mechanism for the separation of nanoparticles via depletion-
induced precipitation (top). TEM images of a mixture of nanorods and
spheres (bottom left) and the separated rods (bottom right). Images
reproduced with permission.?%l Copyright 2012, ACS.

by Jana.P% Park et al.2%! sought to clarify this role and pro-
posed a mechanism based on depletion-induced separation.?%!
Imagine a solution containing two colloids, e.g., gold particles
and micelles, the micelles being in excess and the separa-
tion distance between the colloids is smaller than the micelle
size. In such a system, an attractive force is induced between
the gold particles by a local concentration gradient induced by
exclusion of the micelles between the particles. Each particle
shape and size features its own critical micelle concentration,
which keeps one type in solution, whereas another type pre-
cipitates. The authors could demonstrate this principle by sepa-
rating a mixture of cubes and rods. The precipitated rods could
be easily redispersed by addition of water, which decreases the
micelle concentration.

Asymmetric flow field-flow fractionation (AF4) is based on
the particle separation in a cross flow. In a channel, a hori-
zontal flow of particles in a liquid medium is distracted by a
second flow arising from small holes in the bottom of the
channel. During the passage, small particles remain in the
middle of the flow, whereas larger particles are directed down-
ward and, hence, move more slowly through the channel. By
this means, small nanoparticles are collected first. The method
allows both separation of particles and analysis of particle sizes,
if calibrated. However, it is limited mostly to analytical sepa-
rations as the high dilution during the flow limits preparative
applications.

Tsai et al. 2! synthesized gold nanoparticle clusters by salt-
induced electrostatic assembly. Utilizing AF4, the superstruc-
tures could be successfully separated into distinct assemblies
of two to five particles. The separation was furthermore proven
by scanning electron microscopy and UV-vis spectroscopy,
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which showed additional plasmon modes resulting from the
assemblies.

Dynamic light scattering (DLS) is intrinsically biased toward
larger particles, Calzolai et al.?®! demonstrated the analysis of
a 1:1:1 mixture of 5, 15, and 45 nm particles by separation via
AF4. While normal DLS measurement would show only par-
ticles of 45 nm diameter with a relative high size distribution,
the AF4 analysis clearly showed the presence of distinct sub-
fractions and their respective quantity.

Electrophoresis involves the separation of molecules or parti-
cles according to their charge, size, and shape under an external
electrical field. This method is mostly applied for the separation
of particles functionalized with biomacromolecules like DNA.
In order to synthesize assemblies, it is a prerequisite to sepa-
rate functionalized particles from unfunctionalized ones.

Wen et al.?®! prepared DNA-functionalized nanoparticles
but in order to separate them, elongation of the DNA was nec-
essary to achieve a high resolution. After separation, the exten-
sion was cleaved off, followed by hybridization and particle
dimers as well as tetramers with different shapes and particle
sizes could be obtained. The crude mixture was again purified
by electrophoresis as single particles showed a significantly dif-
ferent migration behavior than assemblies.

Zhou and co-workers??'% synthesized a mixture of spherical
gold nanoparticles and nanoplates with a large size polydisper-
sity. By first applying density gradient centrifugation, they were
only able to narrow down the size distribution; however, the
fractions still contained a mixture of particle types. Therefore,
agarose gel electrophoresis was utilized to separate the frac-
tions obtained via centrifugation. In this way, it was possible
to separate spherical particles from plates. The process could
easily be monitored by the naked eye due to the large differ-
ences in absorbance of the particles.

Size exclusion chromatography (SEC) relies on the flow of
macromolecules or particles in solution through a column
packed with a stationary phase of porous beads. Small particles
continuously enter and exit the pores, while larger particles can
only enter the larger pores and, hence, flow faster through the
column and elute first. By this method, it is possible to sepa-
rate different particle sizes, shapes, and assemblies. When cali-
brated with samples of known composition, it can also be used
as a fast method of quality control.

SEC was used by Liu®'!l to investigate size variations in
microwave-synthesized gold nanoparticles. The method was
validated by measuring five times samples of gold nanoparticles
with 12, 21, 40, and 60 nm diameter. The elution volume
shifted to higher values with decreasing particle size and the
standard deviations were well below 0.3% indicating a high
reproducibility. The calibration could then be used to monitor
the effect of different temperatures and additives on the nano-
particle size.

5.2. Characterization Tools for Plasmonic Nanoparticle Analysis

TEM is generally not a method to quantitatively evaluate the
bulk composition of a nanoparticle sample. However, statis-
tical evaluation of a larger number of particles or clusters can
provide very good estimations of the size distribution and the
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abundance of certain shapes. Hence, TEM is probably the
method that provides the most information about a sample.
Small changes in reaction conditions can have a large impact on
the particle shape or size. However, sample preparation is time
consuming, drying effects can additionally lead to artifacts, and
eventually the method is rather expensive compared with other
techniques. While it is easy to synthesize a large number of dif-
ferent samples, fast and reliable methods are urgently required
for high-throughput analysis of plasmonic nanoparticles.

Light scattering measurements are commonly applied for
spherical particles. The principle can, however, also be used to
characterize anisotropic colloids as shown by Antoniou et al.?12
The authors applied polarized and depolarized dynamic (DLS)
and static light scattering (SLS) for the analysis of silver nano-
prisms. Determination of the radius of gyration by SLS fit well
with the one obtained by TEM measurements. Particle anisot-
ropy was determined via polarized DLS as in contrast to spher-
ical particles a second contribution arises from different ori-
entations. Howevet, it was not possible to determine the exact
shape and also the polydispersity of the sample made a quanti-
tative analysis difficult.

An innovative method to counteract these limitations was
introduced by Reddy et al.?**l Particle movement was controlled
by a flow field and time-dependent optical measurements were
conducted. A tumbling motion can be observed for anisotropic
patticles. By determining the orientation distribution function,
the aspect ratio can be calculated. The oscillatory function is
dampened when different sizes or shapes are present and, as a
consequence, can be used as an indicator for the polydispersity.
The aspect ratios could be determined for different samples of
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Figure 8. Dark-field microscopy image and derived size distribution of
gold nanoparticles (top). Image reproduced with permission. 24 2012,
ACS. Reconstruction of a core—shell gold—silver nanoparticle via electron
tomography (bottom left, scale bar = 50 nm). Image reproduced with
permission.?®l Copyright 2012, ACS. Reconstruction of a cluster of gold
nanoparticles via incoherent bright-field STEM (bottom right). Image
reproduced with permission 216l
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gold nanorods and dodecahedrons and the so-obtained values
correlated well with those obtained via TEM. Flow dichroism
is especially attractive for plasmonic particles as a strong
absorption and scattering is a requirement for successful
measurements.

The principle of dark-field microscopy involves the capturing
of scattered light from a sample. In contrast to the bright-field
mode, the light used to illuminate the sample is irradiated in
a way that it does not reach the collecting objective directly.
Hence, the background of the image is black, whereas the light
scattered from the particle is collected and gives bright colors.

The color, i.e., the scattered light of plasmonic nanoparticles
in a dark-field image, depends on their size and shape. Jing et
al.?* were able to utilize this technique to determine the size
of spherical particles without electron microscopy (Figure 8).
The color of the particles could be converted into the red, green,
and blue values, which reflect both a certain wavelength and
intensity of light. In this way, the picture of a particle can be
converted into a scattering spectrum. By applying the Mie
theory, it was now possible to calculate the particle size from
the spectra. Additionally, also changes of the surrounding
medium could be determined. The method was employed to
particles of 52, 59, and 70 nm in size and showed good correla-
tions with sizes as extracted from TEM images by an error of
less than 5 nm. Moreover, by virtue of measuring times of less
than 600 ms, it can also be applied to real-time measurements
in, e.g., biological tissues.

In a similar way, this technology can also be applied to ascer-
tain the orientation of plasmonic particles as shown by Biswas
et al. 1] Nanorods exhibit both a longitudinal and transversal
surface plasmon resonance. Therefore, the scattering of the
particles depends on the polarization of the irradiated light. The
angle-dependent color change could then be used to determine
the orientation of the rods with a resolution of 2.3°.

A major limitation of standard TEM imaging regarding par-
ticle analysis is the 2D projection of a 3D material, which can
lead to a significant information loss. This is especially critical
for core-shell particles or clusters as the highly electron scat-
tering plasmonic metal prevents to elucidate the internal struc-
ture or spatial arrangement of the particles. Electron tomog-
raphy is an excellent method to counteract these issues. Addi-
tionally, it can provide detailed insights into the crystal struc-
ture of metal particles with unprecedented resolutions.

The correlation between the internal structure and the plas-
monic response of core—shell gold-silver particles was inves-
tigated by Chuntonov et al.?’*! Electron tomography was per-
formed by conducting a tilt series from +70° to —=70° in steps of
3°. Subsequently, an iterative alignment algorithm was applied
that uses translational displacements of each image of the series
to reconstruct a trial tomogram. The contrast can be used as a
figure-of-merit and through maximizing this number the align-
ment of the single pictures can be optimized to calculate the
final tomogram. Electron tomography revealed a variation of up
to 20% in one batch for the volume fractions of gold as well
as silver and deviations compared with normal TEM reached
100% for small cores. Additionally, sometimes large deviations
from a spherical structure were found. Single-particle dark-
field spectroscopy of particles with different core—shell sizes
was conducted to obtain the plasmon spectra, which showed a
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good correlation with the simulated ones. However, the authors
could demonstrate that the optical response depends merely on
the size of the core and the shell than on their shape or position
to each other.

Goris et al. Pl ghed light on the nature of gold nanorods
that are not a definite particle type itself but can contain dif-
ferent crystal structures depending on the growth conditions.
HAADF-STEM was utilized to obtain high resolution images of
rods grown in the presence of CTAB or a gemini surfactant,
which already revealed a different structure. To reconstruct the
3D structure of the rods, just four images were required taken
along different zone axes of the rods. In this way, the index
of the different facets could be clearly assessed. The already
reported {100}, {110} plane structure for rods grown in the
presence of CTAB was confirmed, whereas for rods with the
gemini surfactant, a {520} structure was determined.

Standard HAADF-STEM measurements are sufficient to
determine the structure of nanoparticle clusters for rather small
sizes, however, artifacts occur, which increase with increasing
cluster size or atomic number. The cupping artifact arises
from higher multiple and back scattering for large assemblies
resulting in an underestimation of the intensity in the center
of the cluster. Incoherent bright-field STEM was utilized by Alt-
antzis et al.,?' which depends on the thickness of the sample.
While this gave better results, the method still suffers from the
same artifact. However, by additionally applying the total vari-
ation minimization algorithm, the authors could successfully
reconstruct the 3D structure of a 670-nm-sized cluster con-
sisting of 40-nm gold nanoparticles.

This section introduced strategies to separate and charac-
terize plasmonic nanoparticles as well as their assemblies. Fur-
ther advances in this field can contribute not only to the char-
acterization of the final structure but also to the understanding
of the underlying mechanisms, which are responsible for their
formation. Rapid techniques could, e.g., allow for the visu-
alization of how asymmetry is introduced during the develop-
ment of small seeds to larger particles or overall increase the
throughput for screening different reaction parameters.

6. Potential Applications of Plasmonic
Nanoparticles

The unique propetties of plasmonic nanoparticles pave the way
for a myriad of potential optical, analytical, and medical applica-
tions. In many cases, it is only the combination of their optical
properties and the “nano” feature, which enables a certain func-
tionality. While applications of gold or silver particles, e.g., for
SERS measurements are well known, other fields have begun
to receive increasing attention in recent years. Additionally, up
to now, many applications with great potential still exist only in
theory and simulations. However, some of the base materials
or methods are already known and have just to be employed or
combined for the proof-of-concept. In this section, we discuss
already realized as well as potential applications of plasmonic
particles and their assemblies.

The pivotal point in SERS measurements is electromag-
netic field enhancements generated close to metal surfaces,
which provide large signal intensities. To achieve resolutions
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down to the single-molecule level, even larger enhancements
are required. This can be accomplished by hot spots formed in
metal clusters since the field intensity is maximized in the gap
between the particles.

Cho et al?"! were able to fabricate highly reproducible
SERS substrates from a PS-b-P4VP BCP. Silver nitrate was
complexated in the polymer micelles, which subsequently
were spin-casted on a silicon substrate and silver nanoparticles
were formed by UV irradiation. In this way, an ordered array
of nanoparticles was formed. The distance between the parti-
cles was influenced by adjusting the PS block length whereby
reducing the length created more narrow arrays. By means of
the shortest block enhancement factors of up to 10® could be
achieved on a large area. A critical gap distance of 10 nm was
identified for silver nanopatticles, which increased up to 20 nm
for clusters.

DNA-based self-assembly was utilized by Zheng et al.[?20)
to create SERS substrates (Figure 9). In the first step, DNA-
conjugated gold nanoparticles were absorbed on an amino-
functionalized glass slide. Subsequently, complementary parti-
cles were added, thereby creating gold satellite structures with
defined interparticle distance. Benzene thiol was employed
as the reporter molecule and the highest signal intensity was
achieved with irradiation at 782 nm, which enabled a detection
limit down to 1 x 107 .

Photothermal therapy is a method that utilizes thermal
energy created by irradiation of light to induce the death of
cancer cells. NIR light is required to reach deep tissues as it
is not absorbed by water or tissue, a phenomenon known
as the NIR window. NIR dyes can be generally used as
absorbers. However, they suffer from low cross sections and
photobleaching. Gold nanoparticles do not feature these dis-
advantages. In contrast, they are highly stable and their sur-
face plasmon resonance can be tuned to fit well with the NIR
window. Furthermore, resulting from their small size, they are
enriched in cancer cells due to the enhanced permeability and
retention effect. They can additionally be loaded with drugs
or functionalized with biomolecules to increase cancer cell
targeting.

Wang et al 22!l investigated the potential of gold nanohexa-
pods, nanorods and nanocages for photothermal therapy
(Figure 10). Each of the structures was synthesized in a way
that the LSPR was approximately at 800 nm. At first, samples
were irradiated with a NIR laser in aqueous solution, which
resulted in temperatures between 45 and 50 °C. A control solu-
tion with only water stayed almost constant at room tempera-
ture when irradiated in the same way. Cell viability was excel-
lent for all structures except gold nanorods at high concentra-
tions independent on the stabilizing ligand (polyethylene glycol
or CTAB). Biodistribution in mice over 7 d revealed an enrich-
ment of the particles in liver, spleen, and tumor tissue. Intrave-
nous injection of the solutions followed by irradiation showed a
strong temperature increase at the tumor site and a reduction
of tumor metabolism by 80%-90% could be achieved.

Gold-silica core—shell nanoparticles were utilized by Day
et al.??! for the treatment of glioma. The particles were conju-
gated with the vascular endothelial growth factor (VEGF) for
enhanced tumor targeting. In comparison to the same particles
coated with PEG, the number of VEGF particles was doubled in
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Figure 9. TEM image of satellite structures assembled via DNA (top).
Comparison of the Raman intensity of single gold nanoparticles, a com-
mercial substrate, and the satellite structures. Images reproduced with
permission.??%

vivo in tumor tissue. The authors could demonstrate that upon
NIR laser irradiation, the tumor vasculature was destroyed in the
presence of the particles, whereas pure saline solution showed no
effect. Additionally, in both cases the brain function of the mice
stayed intact. How well advanced this field is can also be reflected
by the fact that first human trials are currently in progress for the
treatment of head and neck cancer with the same particle type.??’

Solar power is probably one of the key energy technolo-
gies for the twenty-first century. Ongoing research leads to
increasing efficiencies of solar cells and new materials like
organic compounds for light harvesting were introduced in
recent years. Crucial points are not only absorption and charge
generation behavior but also the price and abundance of the
utilized raw materials such as indium. Plasmonic nanoparticles
can overcome some of these issues, e.g., a monolayer of these
particles on top of a solar cell can increase the absorption by
coupling light into the cell and trapping of light by backscat-
tering into the active layer. If embedded in the active layer itself,
the particles can increase locally the charge generation by their
high absorption cross section.['>224

Plasmonic particle-enhanced thin film silicon solar cells
were created by Chen et al.??’] The authors tailored the silver
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Figure 10. UV-vis spectra and corresponding TEM image of gold
nanohexapods (top, scale bar = 50 nm). Thermography of tumor-bearing
mice after irradiation with an NIR laser at different times (bottom left).
Thermal images of mice treated with saline solution or gold nanohexa-
pods irradiated with a NIR laser (bottom right). Images reproduced with
permission 221l Copyright 2013, ACS.

particles to increase the scattering and to minimize at the same
time their absorption. The final shape can be ideally visualized
as a large particle onto which small half spheres of other par-
ticles are attached. The particles were deposited on a dielectric
layer on top of the silicon substrate. A surface coverage from
5% to 20% was utilized; however, the best values were obtained
at a coverage of 10% and for a nanoparticle size of 200 nm. A
significant increase of the short-circuit current and the external
quantum efficiency could be determined, resulting in an overall
relative increase of the power conversion efficiency of 23%.

Parlak et al.??%l demonstrated the versatility of plasmonic
enhancement by incorporation of silver nanoparticles into the
active layer of an organic solar cell. Hexadecylamine-capped
particles were mixed with a poly(2,7-carbazole-alt-dithienylb-
enzothiadiazole) /phenyl-Cgi-butyric acid methylester solution
solution and bulk heterojunction devices were fabricated with
a 0.4% and 0.7% mass fraction of silver. With increasing mass
fraction of silver, the short-circuit currents, open-circuit volt-
ages, and power conversion efficiencies increased. Overall, an
efficiency of 1.72 % could be achieved, which was almost three-
fold the value of the cells without nanoparticles.

The potential of plasmonic particles to function as supera-
bsorbers was investigated by Yannopapas and Psarobas.??’]
A square and hexagonal arrangement of gold nanochains
was chosen to simulate the effect of the chain length on the
absorption properties. Averaged over all incident angles and
polarization modes, a particle radius of 3.3 nm and a layer
number of 256 resulted in an absorption of 79% in the visible
regime. While this gray body yet only exists in theory, similar
structures have been realized by gold particles coated with
mesogens.??8] The critical points in this development to be
accomplished are an increased particle size and higher layer
thicknesses.
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Cloaking is certainly the most fascinating property of meta-
materials enabling techniques like stealth devices. This has
already been realized for the microwavel??! and NIR region
but invisibility to the human eyes via plasmonic cloaking could
not be realized up to know. The biggest hurdle is the minimiza-
tion of the devices as with decreasing wavelength, the size of
the subunits (meta-atoms) has to be decreased as well, reaching
down to the nanometer scale for cloaking in the visible region.
Plasmonic nanoparticles could be an excellent base material for
their final realization.

A cloak based on a spherical shell composed of gold nano-
particles surrounding a large dielectric sphere was proposed
by Miihlig et al.®”!l The envisioned material relies on scattering
cancellation where destructive interference of the scattering
signal from the core material with the signal from the shell
enables the cloaking properties. The shell can be visualized in
this case as an effective medium and the cloaking effect was
investigated for a core size of 70 nm and a filling factor of 34%
of the 10 nm gold particles. It could be demonstrated that a
scattering signal reduction of up to 70% can be accomplished
by this setup.

Monti et al.?3! explored the cloaking potential of silica—silver
coreshell particles. A column-shaped periodical array of the
particles surrounding a dielectric cylinder was used as effective
medium and a scattering reduction of 6 dB at approximately
400 nm was achieved. Moreover, while such simulated perfect
arrays are hard to accomplish via self-assembly, the authors
could also show that perturbations of the superstructure have
negligible effects as long as it remains a homogenous medium.

Chiral metamaterials are an additional approach to create
materials with a negative refractive index by means of their
large optical activity.'?®] The materials investigated by Droulias
and Yannopapas®? consists of twisted gold nanoparticle
chains. Each meta-atom is composed of 11 chains of 10 nm gold
particles, which form a 2D lattice. A large circular dichroism
from 650 to 1000 nm could be demonstrated and, counter intui-
tively, as the undetlying mechanism not the chiral meta-atom
structure but the lattice parameter was disclosed. The realiza-
tion of such materials can eventually be accomplished with the
help of liquid crystals. Furthermore, Hur et al.2*3 could show
that triblock copolymers enable chiral plasmonic structures, the
pivotal role being the gyroid morphology, which forms upon
self-assembly.

The destructive interference between a narrow and a broad
resonance creates a phenomenon known as the Fano resonance.
Due to large effects of the local environment or perturbations of
the structure on the resonance, many potential sensing appli-
cations could be designed. Spherical plasmonic particles itself
exhibit this feature owing to the dipole and quadrupole reso-
nance, however, with only small intensities. In order to mitigate
this, many approaches rely on split-ring resonators or other
structures created by top-down approaches like electron-beam
lithography. A bottom-up approach was introduced by Fan
et al.'% through the self-assembly of SiO,~Au core-shell parti-
cles. Modification of the particles with a thiolated polymer was
conducted to achieve a defined distance upon cluster formation,
the latter being performed by drying of small droplets of the
particle solution. Several structures, like dimers and trimers,
were investigated but only symmetric flower-shaped heptamers
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showed the Fano resonance. This was evidenced by a strong dip
in the scattering and extinction spectra at about 1450 nm and
also confirmed by simulations.

Pefia-Rodriguez et al.?* were interested in a simplifica-
tion of the method, as self-assembly always involves an addi-
tional reaction step and yields mixtures of clusters. The authors
explored the potential of multilayered SiO,-Au particles and
could show that it is also possible to create Fano resonances
with these structures. The most important feature was the
thickness of the outer gold layer, which allows tuning of the
resonance from 600 to 950 nm.

The equivalent of the laser in the field of plasmonics is
the spaser (surface plasmon amplified stimulated emission
of radiation), where surface plasmons instead of photons
are emitted.?®! This tool creates local optical fields on the
nanoscale, however, not necessarily with the emission of light,
thus enabling extraordinary resolutions. Up to now, a pitfall for
spaser realization is the loss from absorption.

This was overcome by synthesizing Au-SiO, core—shell parti-
cles with a dye-doped shell to introduce gain into the system.['”]
Pumping at 488 nm showed a stimulated emission at 531 nm
and the emission kinetics revealed a second peak as expected
for a spaser. The most intriguing feature is certainly the light
emission, rendering these particles the first laser working at
visible frequencies on the nanoscale.

To further increase the spasing efficiency, a structure was
proposed based on a silver semi-shell surrounding a silica
particle with an optical gain material included.?*® It could
be shown that the symmetry breaking leads to unidirectional
emission with a power flow, which is one order of magni-
tude larger than for a full-shell system. Similar structures
based on gold and without gain materials were recently
realized ?37]

In this section, we have given an overview about the tremen-
dous amount of potential applications facilitated by the field of
plasmonic nanoparticles. It is already obvious that their tunable
physical as well as physiological properties will have a signifi-
cant impact on a broad range of research areas. It will be inter-
esting to see in which way the current theoretical applications
will be realized in the lab and how they are eventually trans-
ferred into real-world devices.

7. Conclusion and Outlook

In this review, we have introduced the basic principles to syn-
thesize plasmonic nanoparticles and techniques to assemble
them into well-defined superstructures. Moreovet, strategies to
obtain materials with a desired optical response were explored.
We have presented a brief overview on analytical methods used
for separation and characterization of nanoparticles. Finally,
we have discussed a number of applications where plasmonic
particles could already be utilized, e.g., as analytical devices or
for medical therapy. Additionally, a vast number of theoretical
applications yet remain to be realized albeit the base materials
or assembly strategies already exist. In this respect, the collab-
oration of scientists is of vigorous importance as research on
plasmonic nanoparticles has become a melting pot for physics,
chemistry, and biology.
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The exploding number of synthesizable particle structures
makes a tremendous amount of superstructures possible. For
the time being, it is obvious that most assembly methods uti-
lize spherical gold particles and, to a smaller extent, nanorods.
Other structures or assemblies of silver nanoparticles are
scarce. In the case of silver, practical applications are mostly
hampered by the degradation of the metal under ambient con-
ditions. However, first strategies are being implemented to
overcome this issue. The questions remains: is there something
beyond these metals? In fact, an almost unexplored field exists
with silicon?®! or metal oxides/nitrides?**2*% as novel base
materials for plasmonic structures. This will result in new chal-
lenges to structure such particles but also offers more potential
combinations and eventually lower cost devices.

In terms of assemblies, an interesting feature still in its
infancy is the introduction of asymmetry. Janus or patchy par-
ticles are one possibility to implement such structures. 22421 If
the strategy to functionalize particles with a defined number of
reactive groups can be extended to other complementary moi-
eties, larger particles or different particle structures, another
technique would become at hand. Such large “plasmonic mol-
ecules” in combination with protecting group chemistry could
facilitate the creation fabrication of complex superstructures
as equally their small counterparts do for organic chemistry.
In particular, for metamaterial applications, a demanding task
is the synthesis of 3D/bulk structures. Novel methods have to
be developed as the fabrication of hundreds of layers with tech-
niques such as LBL is a challenging endeavor.

The structural analysis of nanoparticles or their assemblies
is still a bottleneck for the development of new structures.
Heterogeneous samples cannot be characterized without TEM
imaging and, in particular, 3D or quantitative analysis is a time-
consuming task. Hence, there is a strong demand for high-
throughput methods, which fit into this gap.

Fuelled by the tremendous development in this field, one can
witness a growing number of potential applications some of
which already hit the point where they can be transferred from
the lab into real live. It is certainly unknown what novel proper-
ties and applications will be discovered, but it is doubtless that
the field of plasmonic nanoparticles has an exciting future.
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ABSTRACT

Bonding individual metallic nanoparticles at small separation distances to let them form dimers
and making them available in large quantities is a key requirement for various applications that
exploit the tremendous enhancement of electromagnetic fields in plasmonic junctions. Although
progress has been witnessed in the past concerning the fabrication of dimers mediated by rigid
molecular linkers still the exact bonding mechanism remains elusive. Here, we describe the
fabrication of the necessary rigid linker molecule and demonstrate its feasibility to achieve
dimers made from closely spaced metallic nanoparticles in large quantities. Although the
topography of the dimers proofs the success of the fabrication method, we use what we call here
a hypermethod characterization approach to study the optical properties of dimers from various
perspectives. Measuring the surface enhanced Raman scattering signal of the linker molecule
allows tracing directly the optical environment it perceives. By reaching a strong field
enhancement in the gap of the dimers we are able to investigate optical and geometrical
properties of the linker. Moreover, upon isolation of the dimers, we use single particle extinction
spectroscopy to study the optical response of a fabricated dimer directly. Full wave numerical
simulations corroborate the experimental results and provide insights into quantities inaccessible
in experiments. The ability to fabricate and to characterize rigidly linked nanoparticles will pave
the way towards various plasmonic applications such as sensors, photocatalysis, and

plexcitonics.



INTRODUCTION

The field of plasmonics has gone through a rapid development in recent years. The
understanding and the manipulation of the electromagnetic response of metal nanoparticles
(NPs) made considerable progress in the past. The development was motivated by a vast variety
of promising applications in key impact areas such as sensing[1-3], medicine[4,5],
nanochemistry[6,7], or nanobiology[8,9]. When a NP made from a noble metal is illuminated
with electromagnetic radiation at an appropriate frequency, i.e. in the visible range of the
spectrum, the conduction electrons perform a collective oscillation that can be driven into
resonance. Such excitation is known as the localized surface plasmon polariton resonance (LSP).
Bringing two or more NPs in close vicinity causes LSPs to couple[10], thereby forming bonding
and anti-bonding states with unique properties. Most notably, the coupling allows for
eigenmodes that are characterized by a strong field enhancement in a confined area in the
junction of the NPs. This is easy to understand by regarding the junction in lowest order
approximation as a parallel plate capacitance. The electric field for a fixed potential in such
capacitance scales inversely proportional to the distance. Small distances, therefore,
tremendously enhance the field if only sufficiently small separations are in reach. Such huge
fields are highly desirable for many applications, for which surface enhanced Raman
spectroscopy (SERS) might be a referential example. The strong field confinements in such
junctions allow chemical recognition of single molecules[11], which opens unprecedented

opportunities in, e.g., catalysis or nanomedical applications.

A straightforward implementation of such junctions are NP dimers. Bottom-up methods are
commonly utilized to form plasmonic NP dimers or multimers, e.g., via complementary

DNA,[12] click chemistry,[13] Diels-Alder[14] and other chemical reactions as well as the



formation of metal complexes.[15] As gold shows a high affinity towards sulfur and to a smaller
extend towards nitrogen it is also possible to utilize bis- and higher functionalized organic
molecules in order to initialize the assembly process. These linker molecules comprise a
multitude of different structures and functionalities like flexible dithiols or rigid molecules with a
conjugated or metal complex backbone.[16-20] However, the exact bonding mode of these kinds
of linkers remains an open question since contradictory results have been reported in literature. A
shift of the plasmon band over time during the NP assembly by a polyphenylene dendrimer was
noted which could indicate a transformation from assemblies of particles with the maximum
possible distance to assemblies with distances shorter than the length of the linker [21]
Additionally, analysis of the plasmon band of particles linked via trigonal and quadratic planar
rigid structures revealed that, due to a chelating effect, these linkers only bind to two instead of
the expected three or four particles.[22,23] These findings are in contrast to earlier reports[24].
In most cases the NPs used are significantly larger than the linker molecules. Hence, for a linker
molecule the surface of the spherical particle occurs more or less flat. Therefore, for low linker
concentrations, the attachment of both ends of, e.g. a linear linker molecule to only one particle,
is likely. In contrast, high linker concentrations facilitate a perpendicular orientation with only
one end of the linker attached to the surface of the NP.

Moreover, once being fabricated, it remains challenging to measure the optical properties of an
isolated NP or dimer, or even just finding its exact position on a substrate without destroying the
sample. But the characterization of NPs at the level of a single constituent is of utmost
importance, particularly, if bottom-up techniques were used for the fabrication. These self-
assembly techniques often lead to complexly shaped NPs where the fabricated ensemble is
formed from many NPs composed of a large variety of different geometries[6,25,26]. The

strongly dispersive nature causes the optical response to be featureless and all details from the



individual structures are hidden in the ensemble average when measurements are conducted in
solution. However, most studies that aim for single particle spectroscopy only work reliable for
rather large particles for which the scattering response remains notable. Since the scattering cross
section scales with the sixth power of the radius, particles with a size of a few tens of nanometers
can conveniently be analyzed by means of dark-field microscopy[27]. It can be also extended
with spectroscopic equipment to analyze optical details[28] and not just accessing their location
on a substrate. However, the technique has its limits when small NPs are at the focus of interest.
Then, absorption dominates and particles are usually seen only in extinction. An alternative route
to glimpse onto individual particles would be scanning near-field optical microscopy (SNOM).
There, a tip is scanned across the surface of a sample and the field in close vicinity to the NPs
can be measured. The method provides a high spatial optical and topographic resolution that is
determined roughly by the size of the tip apex. Common to these tip-based scanning schemes are
the complex interactions between tip and sample making it difficult to extract optical properties
of single gold NPs having sizes comparable or smaller than the tip apex size[29-31]. Therefore,
for all these challenges a modern characterization approach can no longer rely on a single source
of information. Quite on the contrary, only the combination of different techniques allows
unraveling details of a particular structure that is expected from fabrication. And each of these
techniques should concentrate on measuring properties at the level of a single constituent to

understand what has been actually achieved.

To provide satisfying answers to all these questions, we present in this work a self-assembly
process to synthesize gold nanosphere dimers with a rigid linker molecule especially designed
for this purpose. The advantage of such molecule is its high stability and its precise length
allowing for an excellent adjustment of interparticle distances. Depending on the concentration

of the linker molecule, the nanospheres assemble in varying cluster sizes, which can be separated



via density gradient centrifugation. After that, we combine two characterization methods to
detect and to characterize the optical properties of the fabricated dimers from various
perspectives. They focus on different aspects and shall highlight features of either the linker

molecule or the NP dimer.

The first approach concerns the detection of the linker molecule that bonds the metallic NPs to
form a dimer by means of SERS. The signal of the linker between the metal surfaces is shown to
be strongly enhanced. The detailed analysis of the measured spectra not only provides a highly
precise SERS signal, but it also allows identifying the structural orientation of the linker

molecule and its relative position to the dimer.

In a second approach we use a far-field detection technique of the extinction signal from a single
dimer. With this approach we put emphasis on probing the optical response from the dimer itself.
Our method relies on a spatial modulation of the sample located in the focus spot of a laser beam
and subsequent lock-in detection of the transmitted optical intensity to extract the small signal
induced by the NP from the huge background of the diffraction limited far-field spot. Single
particles with diameters down to 5 nm can be detected with this method[32]. The
characterization of gold dimers by spatial modulation microscopy so far has only been reported
for dimers made from much larger metallic NPs, i.e. they consist of two 100 nm diameter disks

or cubical metallic NPs[33,34] .

Comparing those measurement techniques with full wave simulations of the optical response
from the dimers provides insights into quantities otherwise unobservable in experiments.

The paper is structured as follows. In the second section we detail the synthesis of the NP
aggregates and describe the separation of assemblies from single particles using centrifugation.

Structural characterization with a transmission electron microscope (TEM) provides



topographical information on the pertinent samples. We concentrate afterwards on describing
SERS measurements made from the dimers and detail how the features from the spectra allow
understanding the structural composition of the entire dimer. Afterwards we outline the far-field

extinction measurements from dimers that were suitably isolated on a substrate.



SYNTHESIS OF NANO-SPHERE AGGREGATES

The synthesis of the linker molecule 3 was carried out via a Pd catalyzed Sonogashira reaction
between thioacetate 1 and the diethynyl compound 2 (See Fig. 1 and supporting information for
experimental details). Owing to the rigid conjugated backbone a defined end-to-end distance of ~
2 nm is achieved. While self-assembled monolayers (SAMs) on gold surfaces are commonly
formed via thiols or disulfides due to their higher affinity in comparison to, e.g., thioethers[35-
38], introduction of a protecting group for the thiol was necessary in order to perform the cross

coupling reaction. Additionally, acetylation also shows to be useful to ensure the long-term

QO

stability of the compound.

00

Figure 1: Schematic representation of different possible assembly modes of gold nanoparticles (d
= 15 nm) with the deprotected linker molecule 3 (S-S =2 nm).

Citrate stabilized gold NPs were prepared via the Turkevich method[39]. TEM imaging of a
sample showed mainly spherical particles with a mean diameter of around 13 nm (Fig. 2). The
presence of aggregated particles can be attributed to drying effects. For the assembly of the
particles, generally, a solution of diazabicycloundecene (DBU)was added to a solution of the
linker molecule to cleave off the acetyl group and generate the free thiol.[40] The mixture was
subsequently added to the gold NPs. Increasing concentrations of the linker molecule were used
to tune the assembly of the particles, a process being followed by UV-vis spectroscopy (Fig. 3).

At low linker concentrations only a small bathochromic shift of the plasmon peak at 520 nm is



obtained probably due to the different refractive index of the solution and the presence of only a
few dimers. Increasing concentrations led to a larger red shift and a significant broadening of the
plasmon resonance due to the larger contribution of the underlying longitudinal plasmon
resonance from NP assemblies. Depending on the amount of linker added, the solution changed
its color from red at the lowest concentration to a dark violet at the highest concentration,

verifying the assembly of the NPs.

]
100 nm

Figure 2. TEM image of single gold NPs prepared by the Turkevich method.



Absorption norm.

450 500 550 600 650 700

A [nm]

Figure 3. UV-vis spectra of single gold NPs, gold NPs with only DBU and gold NPs with
different amounts of the linker solution. A - Au NP solution, B - Au NP control solution with
only DBU (100 ug/mL), C-G - Au NP solutions with increasing amounts of 3 and DBU (20, 40,
60, 80, 100 ug/mL) respectively.

However, while after addition of the linker solution most of the reaction was finished after a few
minutes, over the course of several hours and days a further darkening of the solutions occurred
indicating some further aggregation. In order to shorten the assembly process and to obtain a
defined end point, it was found that addition of poly(acrylic acid) (PAA) stabilized the solutions
and stopped further linking and aggregation, respectively, of the particles.

Increasing the ionic strength of solutions containing gold NPs by means of acids, bases or salts
leads to destabilization with concomitant aggregation.[41] Since DBU acts as a base in aqueous
solutions a blank test with gold NPs and only the DBU solution was conducted to exclude that
the formation of assembled particles is merely due to the presence of the base. It turned out that
even the amount of DBU used to deprotect the highest concentrated linker solution leads only to
a small red shift of the plasmon resonance (red curve Fig. 3). In comparison the same amount of
DBU with the linker leads to a strong broadening (blue curve Fig. 3) indicating that the assembly

process can clearly be attributed to the presence of the dithiol linker.
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The generation of linked particles can be increased by even larger amounts of the linker;
however, it has to be taken into account that the formation of assemblies is only a statistical
process due to the possible attachment of more than one molecule to the surface. While at low
concentrations of the linker only small aggregates consisting of dimers, trimers etc. will form,
increasing concentrations lead to linking of these aggregates resulting at some point in the
complete precipitation of the particles.

The hydrodynamic behavior of the NPs depends both, on their size and on their shape. It is clear
that frictional coefficient will be larger for dimers than for single particles, due to an increased
average cross section. On the other hand, dimers will have twice the molar mass of the monomer
and this will overcompensate the increased frictional coefficients, resulting in higher
sedimentation coefficients of dimers. . It can therefore be expected that the clusters could be
separated by density gradient centrifugation[42-44] (see Supporting Information). In Fig. 4 the
results of such a centrifugation are presented. The process leads to the formation of several areas

T

corresponding obviously to the population of single NPs (I, II ¢ and 11 region) and their
assemblies (IV™" region) which are clearly separated. Sedimentation velocity analysis (Fig. 4B)
showed reasonable shifting of the average sedimentation coefficients to the higher values for the
later fractions. Moreover the color of the fractions changes from the dark red for the I*' fraction
to the violet for the IV™ fraction. Based on the estimated values of sedimentation coefficient and
frictional ratio the size of the particles in the fractions was calculated (Fig. 4B). TEM images of
the coated fractions (Fig. 5) show that the I" fraction indeed consists almost exclusively of small

monomers, while the fraction IV is made up of dimers and a small number of higher order

assemblies. This fraction is used for the further analysis.
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Figure 4. Density gradient centrifugation of gold nanoparticles. (A) Images of a centrifuge vial
with the sample applied, before and after centrifugation. (B) Corresponding distributions of

intrinsic sedimentation coefficients for different diameters d of the fractions collected.

Figure 5. TEM images of the fractionated particles, top fraction I (left), bottom fraction IV
(right).
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SERS MEASUREMENTS

The synthesized structures are expected to provide a strong field enhancement that is interesting
for a large number of potential applications. As such, SERS can be used to demonstrate the
sensitivity of these measurements when utilizing NP dimers. These experiments allow
furthermore to obtain deeper insight into the binding mechanism of the linker molecule.

Prior to the SERS-based investigation, reference Raman spectra of the linker were recorded since
it is expected that the SERS spectrum of the gold NP clusters are dominated by contributions of
molecules in close vicinity to the metal surface. In Fig. 6A a representative Raman spectrum of
bulk material of the molecule is depicted. Despite the fluorescence background a specific Raman
signature is detectable. The Raman mode at 2200 cm™ is attributed to a C=C stretching vibration.
Both, the vibrations at 1581 cm™ and 1543 cm™ are assigned as C=C stretching vibration within
the benzyl rings. The weak Raman mode at 1332 cm™ is affected by CH;3 deformation vibrations.
Due to the overlap of the CH; twisting and rocking and ring vibrations, the Raman mode at 1243
cm™ is broadened. The very weak contribution at 1177 em™ is caused by a C-C stretching
vibration. Finally, the Raman mode located at 1078 ¢cm™ is attributed to a ring breathing
vibration.*

For the SERS-based characterization of the dimers, fraction IV of the gold NP clusters was
coated on a glass substrate to allow the investigation of individual aggregates. In Fig. 6B the
distribution of the prominent Raman mode at 2200 cm™, which is attributed to the contribution of
the linker molecule, is shown. Thus, the bright spots on the surface indicate the presence of
isolated NP clusters. Related SERS spectra (depicted without any pre-processing) are illustrated
in Fig. 6C. The recorded SERS spectra a, b and ¢ represent the characteristic signature of gold
NP clusters, spectrum d shows that no significant background signal is recorded under the

applied measuring conditions. The SERS spectra a, b and ¢ are dominated by the contribution of

14



the linker molecule, which becomes clear when comparing the spectral position of the detected
Raman modes with the reference Raman spectrum in Fig. 6A. Furthermore, the SERS spectra
show a significant lower fluorescence background in relation to the Raman spectrum due to
quenching processes, when molecules interact with the metallic surfaces of the NPs. Besides the
demonstration that the linker molecule can be clearly detected due to the enhancement in the NP
environment, further information about the binding characteristics of the linker molecules can be
obtained from the data. Based on the surface selection rules the orientation of molecules towards
the metal surface can be estimated by analyzing the SERS spectra.[45,46] Only Raman modes
perpendicular to the metallic surface are enhanced preferentially which consequently dominate
the SERS spectrum. Since the Raman modes at 2200 cm™ (C=C stretching vibration), 1578 cm™
(C=C stretching vibration within the benzyl rings) and 1071 cm™ (ring breathing) are preferably
enhanced under SERS conditions and due to the linear conformation of the linker molecule, it is
concluded that the linker molecule is oriented in upright or slightly tilted geometry with respect

to the metal surface.
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Figure 6. SERS-based characterization of gold nanoparticle cluster. (A) Reference Raman

spectrum of the linker molecule. (B) SERS intensity map with bright spots indicating the
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presence of nanoparticle clusters. (C) Related SERS spectra (a-c) and background signal of the

substrate (d).
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DETECTION OF SINGLE NANOCLUSTERS

In order to not only detect, but optically analyze small single NPs and NP dimers, a method
based on a spatial modulation technique was employed[32] . The measurements are performed in
a dual objective optical microscope setup (Fig. 7). The sample is illuminated from the bottom
with a laser tightly focused by a 20x objective (Olympus LMPlan FLN, NA=0.4, WD=12 mm) to a
diffraction-limited spot of about 1.5 pm in diameter. The forward scattered light is similarly
collected with a 63x objective (Zeiss LD Plan-NEOFLUAR, 63x NA=0.75, WD=1.5 mm) from the

top and detected by a photon multiplying tube (PMT).
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Figure 7: a) Illustration of the scanning regime. b) Schematic of the far-field detection setup
consisting of a 2D scanning stage that modulates the position of the sample for lock-in detection
while scanning. The modulation is added to the scanning by the voltage adder. The sample is
illuminated by a laser from the bottom, while scattering light from the spatially modulated
sample is collected from the top. Both objectives are hold by piezo positioners allowing precise
alignment. The signal is detected with a PMT connected to the signal input of the lock-in
amplifier. The in-phase signal from the lock-in amplifier is recorded.
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The extinction coefficient of the tested dimers, illuminated by a laser beam with a wavelength
near the surface plasmon resonance, is expected to be in the order of 10 in the given case. To
distinguish such a small signal from the dominant background, spatial modulation of the sample
position together with a lock-in detection scheme is implemented in the setup. The spatial

modulation as well as the scanning is implemented by a single XY piezo stage, where the
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modulation (with frequencies of several hundreds of Hz) is added to the slow scanning axis by a
voltage adder, see schematic in Fig. 7 a. While scanning and oscillating the sample, the output of
the PMT is measured with a lock-in amplifier at the frequency of the sample oscillations and the
in-phase signal is recorded. The scanning speed is adjusted to allow for at least ten oscillations
per scanning pixel. The electronic control unit performs the control of the piezo stage scanning,

fine adjustments of the objective positioners, as well as detection of the signal.

The setup requires that the structure under investigation, i.e. the gold dimer NP, is isolated from
adjacent particles within the radius of the diffraction-limited spot. However, the initial
preparation technique of the samples relies on drying of a solution of NPs on a substrate, which
typically results in an uncontrolled arrangement of particles. Hence a post-treatment of the

samples is required to select the interesting particles for optical characterization.

At first, a diluted solution of the particles is dried on a fused silica substrate coated with a 10 nm
layer of transparent conductive oxide. The resulting ensemble of particles distributed on the
surface is inspected with a scanning electron microscope (SEM) and areas of clean and relatively
isolated particles are identified. These areas are marked with alignment marks by means of
focused ion-beam milling. Next, the entire area is imaged with high resolution by the scanning
electron microscope, see Fig. 8. From the image, a single gold dimer is identified for optical
testing. The coordinates of all particles in a 5 um radius of the gold dimer are also extracted from
the image. These coordinates are introduced in a lithography system which controls the focused
ion-beam to etch away all unwanted particles leaving only the previously identified single NP on
the substrate surface. To suppress unwanted scattering signals from the voids left after etching
the particles, the ion beam was slightly defocused to a diameter of 200 nm, which results in

smoother edges of the etched voids. It turned out that this is an important measure to reduce
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disturbances of the actual measurement. A final high resolution SEM scan is performed to proof
the absence of any gold NPs around the dimer NP which should be characterized. Eventually, the
prepared sample was transferred to the optical far-field setup where the position of the dimer NP

was identified based on the alignment marks.

Figure 8: SEM image illustrating the sample preparation by removing particles adjacent to the
central dimer with FIB milling at the black dots. Furthermore the alignment marks can be seen in
the image. The inset shows the large magnification SEM image of the investigated dimer
structure, which was isolated from all other plasmonic nanoparticles in the surrounding.
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Figure 9: a) Recorded extinction image at a wavelength of 532 nm over an area of 12x12 pm?2
The strong double-lobe pattern at the position marked by the green line is the signature of the
dimer nanoparticle, whereas the other features (one of them marked by red line) are signatures of
the etched voids at the position of the removed nanoparticles. b) and c) Signal profiles along the
lines indicated in the 2D plot. ¢) The extinction signal level of the dimer nanoparticle is five
times higher than that of the voids.

The optical measurements of the dimer NP are performed at wavelengths of 532 nm and 561 nm
and an illumination intensity of 0.2 uW. The sample oscillation amplitude was 0.97 um at a
frequency of 708.7 Hz. The results of the measurement, obtained with an illumination
wavelength of 532nm, are presented in Fig. 9. The strong double-lobe pattern is the extinction
signature of the dimer, resulting from the opposite phases of the signal derived from the lock-in
amplifier. The spatial extension of this double-lobe in the image is determined rather by the
diffraction limited focal spot size and not by the size of the dimer. In addition to the signal of the
dimer, several similar patterns with less brightness can be seen in the image. They appear at the
positions of the removed particles and are produced by the scattering of the etch voids formed

during the particle removal. A comparison of the signal levels plotted in the inset of Fig. 9 shows
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that the extinction ratio of the dimer is 5 times stronger than that of the voids. This demonstrates
that the extinction of a dimer with elongation of about 25 nm can be unambiguously

characterized.
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Figure 10: The plot shows normalized extinction cross sections calculated for a dimer composed
from two spherical nanoparticles with radii of 7 nm and a distance of 2 nm (solid line), a single
spherical particle with a radius of 7 nm (dashed line). The measured values (blue circles) at the
wavelength of 532 nm and 561 nm are in good correspondence with the calculated ones.

From the respective extinction images that are recorded for wavelengths of 532 nm and 561 nm
the absolute value of the extinction cross-sections was difficult to retrieve but a suitable
normalisation allows for a comparison to simulations and allows especially to evaluate the
relative strength of the extinction cross-sections at the two wavelengths. In Fig. 10 the measured

extinction is compared to numerically calculated spectra.

Simulations are performed using a numerical method that solves Maxwell’s equations self-
consistently for a given illumination of an arbitrary constellation of spheres[47]. In this method
the electromagnetic fields are expanded into eigenmodes, which are vector spherical harmonic

functions. Enforcing the usual boundary condition at the interface of the spheres yields the
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amplitudes of all eigenmodes from which the extinction cross-section can be calculated. Dimer
structures consisting of spherical NPs with radii of 7nm and a separation of 2 nm were
considered, in full agreement with the known experimental details. The material parameter used
for the simulation, i.e. the gold permittivity[48], includes a size dependent correction of the
imaginary part. The permittivity of the surrounding medium is set to unity. The dimer is
illuminated by a plane wave normal to the connection line of the NPs. The illumination is
linearly polarized with an angle of 45° with respect to the connection line. In this way, both
possible eigenmodes of the dimer can be excited under normal incidence. The only aspect that
was not considered is the presence of the linker molecule in the junction and the dielectric

substrate. Their influence can be assumed to be negligible.

The resulting normalized extinction spectra of the dimer and, for comparison, of a single
spherical particle with a radius of 7 nm are shown in Fig. 10. Comparing the normalized spectra
to the measured extinction cross-sections a very good agreement can be observed with respect to

the relative strength of the measured extinction at the discrete wavelengths.

To provide finally insights into the fields directly in the junction, we calculated the electric field
in the vicinity of the dimer with the same parameters. It turns out that the field at the presumed
position of the linker molecule on the connection line of the spheres is highly localized and
almost one order of magnitude stronger than the incident light ensuring strong fields for the

SERS measurements (Fig. 11).
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Figure 11: Absolute value of the electric field normalized with the amplitude of the incident field
Eo.

It can be concluded that the optical detection method applied for these measurements proved to

be very sensitive yielding results that show agreement with theoretical predictions.
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CONCLUSION

We demonstrated the synthesis of gold NP clusters with a specially designed linker molecule. A
solution of gold monomers mixed with an increasing amount of linker solution shows a
significant red shift of the plasmon resonance, revealing that the linker indeed causes the NPs to
assemble. By centrifugation of such a mixture we separated different NP fractions with distinct
color shades and characteristic sedimentation coefficients and confirmed via TEM imaging that

at least one fraction contains dimers.

With SERS technique we were able to measure the response from single dimers and could
confirm the presence of the linker molecule in the junction of the dimer. It was confirmed that
the linker molecule is in upright position on the surface by investigating the strength of the
different Raman modes. Furthermore, we used a novel lock-in method to record an extinction
signal of an isolated gold dimer at specific frequencies. This is possible by etching away nearby
particles after the drying process. In principle, it is possible to measure complete extinction
spectra of these dimers or other self-assembled NPs with the chosen method if the measurement
is repeated for a large number of frequencies. This technique allows measuring the optical
properties of single, isolated NPs as opposed to particles in a solution or on a lattice, making it

easier to compare to numerical simulations and to characterize anisotropic NPs.

With the combination of measurement techniques it was demonstrated that we were able to
fabricate and to characterize rigidly linked NPs. These findings elucidate moreover the binding
mechanism and will pave the way towards various plasmonic applications such as sensors,
photocatalysis, and plexcitonics. Especially the ability to form dimers where metallic NPs are
separated by only a few nanometers, allows achieving huge fields and also huge gradients of the

electric field on length scales comparable to the size of molecules. Then, potentially, even
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electric dipole forbidden transitions can be excited in the molecules, which would open
unprecedented spectroscopic opportunities and could open new paths to characterize and to

understand the dynamics and chemical reactions at the level of singular molecules.
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Instrumentation. 'H and >C NMR spectra were recorded on a Bruker AC 250 (250 MHz)
in deuterated chloroform. UV-Vis absorption spectra were recorded on a Thermo Scientific
Unicam UV 500 spectrophotometer.

The Raman and SERS spectra were recorded applying a WITec Raman microscope (WITec
GmbH, Ulm, Germany) equipped with a 300 lines/mm grating. As excitation source, the 633
nm line of a He—Ne laser was used. For recording the Raman reference spectra, a laser power
of 5 mW incident on the sample and an integration time of 5 s were employed. In the case of
the SERS measurements, the laser power incident on the sample was 0.6 mW to avoid
burning effects and the integration time of the single spectra was 2 s. The Raman scattered
light was detected by a CCD camera. A 100 x objective (NA 0.95) was used for focusing the
laser light onto the samples and collecting the Raman signal. TEM measurements were
performed on a Philips CM-120. 15 pL of the sample solution were blotted onto clean carbon
coated TEM grids (Mesh 400, Quantifoil, Jena) and excess material was removed by a filter
paper (Whatman No. 1); the samples were allowed to dry prior to the transfer to the

microscope. Grid cleaning was performed by UV-ozone treatment for 40 s.

Materials and Preparation. All used chemicals and solvents were purchased from
Biosolve, Sigma-Aldrich, Acros Organics, Apollo Scientific as well as Alfa Aesar and were
used without further purification. Dry THF, was purchased from a Pure Solv MD-4-EN
solvent purification system. Triethylamine was dried over KOH and distilled under nitrogen
prior to usage. S-(4-iodophenyl) ethanethioate 1 and 1,4-diethynyl-2,5-bis(octyloxy)benzene 2

were prepared according to the literature.' !



Synthesis of S,S'-(((2,5-bis(octyloxy)-1,4-phenylene)bis(ethyne-2,1-diyl))bis(4,1-phenyl-

ene)) diethanethioate 3

Q OCeH17  1pp TEA, PaPPRy,CL, OCSH"
OF e fT ey Lo ST o
CsH17(}_/ C8H17O
1 2 3

1 (441 mg, 1.60 mmol) and 2 (200 mg, 0.52 mmol) were dissolved in a mixture of 10 mL
THF and 5 mL triethylamine. After purging the solution for 60 minutes with nitrogen,
bis(triphenylphosphine)palladium(IT) dichloride (18 mg, 26 umol) and copper(I) iodide (5 mg,
26 pmol) were added. The solution was stirred for 2 d at room temperature. The solvent was
evaporated and column chromatography (Silica 60) was performed (CH2Cl,: Hexanes 2:1) to

obtain compound 3 as a yellow solid. Yield 251 mg (71% of theory)

'H NMR (250 MHz, CDCl3): §=7.92 (2 H, 5, 3), 7.75 2 H, s, 6), 6.99 (2 H, 5, 1), 2.65 (4
H, t, @-CH,, J=7.5Hz), 1.66 (4 H, m, @-CH,, J = 6.6 Hz), 1.43-1.19 (12 H, m, 6 CH,,), 0.86
(6 H, t, CH3, J = 6.6 Hz) ppm.

BC NMR (250 MHz, CDCl3): 8 = 152.6 (C7), 144.3 (C2), 139.0 (C4), 129.0 (C5), 126.0
(C6), 125.56 (C1), 121.5 (C3), 31.7, 30.7, 30.5, 29.1, 22.6, 14.1 (CHx(CH,);CHj) ppm.

HR-MS (MALDI-TOF): m/z = 469.18 [M+H]".

EA: calculated for C4,Hs5004S;: C: 73.86%; H: 7.38%, S: 9.39%, O: 9.37% found: C:

74.12%; H: 7.41%, S: 9.35%.



Synthesis of gold nanoparticles

In a 250 mL round bottom flask 200 mL of a 1 mM HAuCl, solution was heated to 100 °C
while stirring at 700 rpm. To the refluxing solution 1 mL of a 0.78 M sodium citrate solution
was added at once. The color of the solution turned red after ~ 30 seconds. Heating was

continued for 30 minutes, afterwards the solution was cooled down and stored in the dark at 4

°C.

Assembly protocol: Solutions of DBU and 3 were prepared in DMF (See table xy for exact
concentrations) For the preparation always 100 pL of the linker solution and 10 pl of the
respective DBU solution was mixed for 1 minute. 100 puL of this solution were then added to
1 mL of gold nanoparticles under stirring at 1000 rpm. After 1 minute of stirring 100 pL of an
aqueous polyacrylic acid solution (10 mg/mL, M, = 25.000 g/mol) was added and the solution
was stirred again for 1 minute. UV-Vis measurements were conducted by diluting 100 pL. of

the nanoparticle solution with 900 pL water.

Solution 3 [mg/mL] DBU [mg/mL ] Volume of Volume of the
solution 3 [uL] DBU solution
[nL]
1 0,1 1 100 10
2 0,2 2 100 10
3 0,3 3 100 10
4 0,4 4 100 10
5 0,5 5 100 10
6 0,6 6 100 10
7 0,7 7 100 10




8 0,8 8 100 10

9 0,9 9 100 10

10 1 10 100 10

Control - 10 100 pure 10
DMF

Density gradient centrifugation
The linear density gradients were prepared in 14 mm diameter, 13.2 mL capacity
ultracentrifuge tubes (ultra clear tubes, Beckman) using a gradient maker consisting of two
chambers connected via a channel with a stopcock; final gradient volume was 11.7 mL. At
first, 0.5 mL of 60% w/w sucrose solution was placed on the bottom of the tube before the
main gradient solution was loaded. The main gradient was obtained by mixing 5.6 mL of 10%
w/w and 5.6 mL of 40% w/w sucrose solution in a mixing chamber by the way that the lower
density solution was loaded first into the centrifugal tube. The gradient prepared was then
stored for an hour at room temperature. The initial particle solution (0.5 mL) was placed on
the top of the gradient. The centrifugal tube was then placed in a swinging bucket rotor and
centrifuged at 7,500 rpm for 75 minutes. After centrifugation, the fractions were collected by
a pipette from the top of the vial, depending on the sample each 0.5 — 2 mL of the solution
was collected. The fractions collected were then dialyzed against pure water, till the sucrose
solution was completely removed from the solution. The dialyzed fractions were analyzed by

analytical ultracentrifugation and scanning electron microscopy.

Analytical ultracentrifugation
Sedimentation velocity experiments were performed with a ProteomelLab XLI Protein

Characterization System analytical ultracentrifuge (Beckman Coulter, Brea, CA), using




conventional double-sector Epon centerpieces of 12 mm optical path length and a four-hole
rotor (AN-60T1). Rotor speed was 1,000 to 40,000 rpm, depending on the sample. Cells were
filled with 420 puL of sample solution at initial concentration and 440 pL of solvent. Before
the run, the rotor was equilibrated for approximately 1 h at 20 °C in the centrifuge.
Sedimentation profiles were obtained by absorbance and interference optics at the same
temperature. For the analysis of the sedimentation velocity data ls-g*(s) as well as c(s)."" Ls-
g*(s) represents the least-square boundary analysis, which describes sedimentation of non-
diffusing species. C(s) analysis based on the numerical resolution of the Lamm equation
assuming the same frictional ratio values for each s value. As partial specific volume,

v=0.052 cm’ g was used.
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Abstract: The synthesis of a tetrahedral thio end-
functionalized rigid oligo(p-phenylene ethynylene) (OPE)
based on a convergent approach is reported.

Key words: Alkynes, Cross-coupling, Nanostructures.

There has been an increasing interest in the synthesis
and sclf-assembly of noble metal nanoparticles in
recent years. In particular gold and silver particles
gathered attention as they feature a localized surface
plasmon resonance in the visible region and due to
their high environmental stability." Their tunable size
and structure allows to fabricate devices with tailor-
made optical properties, which could be used in
potential  applications for energy conversion,’
medicinal therapy,” sensors® and optical devices.’
Moreover, their optical response is not only governed
by their dimension or shape but, in fact, also by the
spatial arrangement of the particles to each other.
Hence, it 1s crucial to implement methods which
enable the precise formation of ordered plasmonic
nanoparticle assemblies. Top-down approaches
mvolve the pattering of large preformed metal
structures wherecas the top-up strategy utilizes
patterned  surfaces which are  subsequently
functionalized with nanoparticles. The bottom-up
approach relies on the assembly of nanoparticles, e.g. ,
via chemical reactions or electrostatic interactions.
Click,’ Diels-Alder’ and oligonucleotide® reactions
have successfully been used to create clusters with a
precise number of particles. Moreover, mediated by
polymers, clusters with dozens of particles can be
synthesized.” Thiols and, to a smaller extend, amines
show a strong affinity towards gold surfaces.
Molecules with a defined geometry, e.g., thio-
endfunctionalized linear linkers therefore allow to
create ordered nanoparticle structures. The
clectromagnetic interactions between the particles
and, hence, the optical response is strongly dependent
on the imnterparticle distance. As a result, a pivotal
point is to utilize molecules with a defined distance
between the functional moieties. While a,w-alkane
thiols have been employed to assemble gold
nanoparticles the flexibility of the alkyl chain prevents
a stable gap between the particles.'” In order to evade
this problem rigid linker molecules based on arylene
vinylenes and arylene ethynylenes were introduced as
a design principle." However, up to now, there still
remains uncertainty on the exact binding mode of
such linkers. Yan and co-workers reported the
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synthesis of rigid quadratic and trigonal planar linkers
but instead of binding three or four gold nanoparticles
the chelating effect allowed only to bridge two
particles."” In contrast, Novak ef al reported the
successful formation of dimers and trimers with
similar linkers."

Here we report the synthesis of a tetrahedral molecule.
By attaching 8 to a large gold nanoparticle surface the
most probable structure is that three arms bind to the
surface of the particle. The fourth arm stands out
perpendicular to the surface able to bind another
particle. If instead, compared to the linker size, small
nanoparticles are employed each arm would be able to
bind one particle resulting in a tetrahedral cluster.

Different strategics can be utilized to create these
kinds of linkers."* In the divergent approach, starting
from a tetraphenylmethane core in consecutive steps
more and more phenyl ethynylene units could be
coupled onto the core. However, side reactions or
mcomplete functionalization of all arms results in
structures with similar properties (e.g., Rpvalue).
Therefore, separation of these impurities from the
desired product becomes a tedious task the longer the
arm becomes. The second strategy involves the

O

1. HCl,,, NaNO,, pyrrolidine
2. TMSA, TEA, Pd(PPhj3)s, Cul

,f-

N B
N 2

¥ N
(Me)33i%©—l E—@—N:N—Nij
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\

(Me);Si—= @ — ®>N=N—N:j

E

Scheme 1 Schematic representation of the synthesis of OPEs."
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convergent approach where first the arm is
synthesized followed by the final attachment to the
core. An acetylene functionalized core and an iodo
functionalized arm could be coupled vie a
Sonogashira reaction. Star-star coupling of the core,
however, leads to a complex mixture of byproducts.
Hence, the more versatile approach is the utilization of
an iodo substituted core and the respective arm. The
creation of large rigid OPE structures can be
accomplished in most cases by utilizing the
bifunctional compound C which can be coupled onto
an acetylene moiety via a Sonogashira reaction
(Scheme 1)." Subsequent cleavage of the SiMe;
protecting group followed by a reaction with C allows
to increase the number of repeating units in
consecutive steps. Another strategy involves the
orthogonal deprotection of compound B, which can be
converted either to compound C or to compound D.'°
D can be coupled with a corresponding iodo
compound followed by conversion of the triazene
moiety with, e.g., Mel to yield the elongated iodo
compound.

Para-iodoaniline (A) is a common starting material for
both approaches; however, incorporation of side
chains which improve the solubility is difficult to
achieve. For an increasing number of repeating units
the solubility of the OPEs decreases due to extensive
n-stacking. Experiments conducted with linear linkers

devoid of side-chains showed only poor solubility
which hampers purification as well as potential
applications.

Hydroquinone revealed to be a suitable starting
material for linkers with increased solubility as it
allows the introduction of long alkyl side chains via
etherification of the hydroxyl groups. Morcover,
halogenation with NBS and iodine followed by a
Sonogashira reaction yields compound 1, which is
similar in its structure to C. The strength of the gold-
sulfur interaction is to a large extend dependent on the
nature of the thio moiety.'” Thiol groups and
disulfides bind most strongly; however, they interfere
with the palladium catalyzed cross-coupling reaction.
While thioacetates can be utilized as protecting groups
for thiols we found that they are also cleaved off to a
significant extend during the reaction hampering
multiple consecutive synthetic steps with this moiety.
Hence, while offering a less strong gold-sulfur
mteraction, thiocthers were chosen due to their good
chemical stability. Therefore, 1 was converted with p-
cthynylthioanisole 2 in a Sonogashira reaction to yield
3 as a yellow solid. It should be noted that 1 can
contain substantial amounts of the disubstituted
trimethylsilylacetylene (TMSA) compound where
additionally the bromine is substituted by TMSA.
Both are difficult to separate via column
chromatography, however, when converted with 2

OCgH13 TEA, Cul, OC5H13
\ Pd(PPh2),Cl, /—<
Y=o =0 O
/ 80 °C, 20 h, 63% 7! >—/
C6H1BO CEH13O
1 2 3
OCgH43 1, TEA, Cul, OCgH13 OCgH13
THF/MeOH, KF — Pd(PPh3)2Cl; —
s =N =)< ”Z;_\Si:/\://\ﬁz\/sf
rt., 24 h, 93% = 80°C,20h,73% 7 >=/ >=/
4 5
OCGHTC’» OCGH13 OCGH13 OC6H13
THF/MeOH, KF =
R Y = SN, ;://\/\://\/\:\/s/
/ N=/ \—=/ \_/ rt,20 h, 92% >=/ }J
CGH130 C6H13O C6H13O CBH‘ISO
5 6
|
O THF, TEA, Cul, OCgH13 OCgH13
Pd PPhq) =
-OL0- = =3 =)
rt., 24h 60% = = /4
O CeHis0  CgHysO
i 8
7
Scheme 2 Schematic representation of the synthesis of the tetrahedral linker.
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only the bromo substituted compound reacts.
Compound 3 can then casily be separated from the
disubstituted compound by column chromatography.
The conversion of the reaction and the attachment of
the phenylene-cthynylene units can easily be followed
by thin layer chromatography. Both the R~value and
the fluorescence of the product change significantly as
the length of the conjugated x system increases. In the
following step cleavage of the trimethylsilyl group
was achieved via conversion with potassium fluoride
under an inert atmosphere to yield the acetylene 4.
Subsequently, a second Sonogashira reaction was
applied in order to react 4 with compound 1 to yield 5
m 73% vyield. Cleavage of the trimethylsilyl groups
was accomplished in the same way as described
before to yield the linker arm 6. Through a
Sonogashira reaction of the arm with tetrakis(4-
1odophenylmethane) 7 finally the tetrahedral linker 8
could be synthesized. The compound shows good
solubility in common organic solvents like
chloroform, THF and DMF.

In conclusion, a novel rigid tetrahedral linker for the
potential self-assembly of gold nanoparticles has been
synthesized. The  formation of  plasmonic
superstructures with this compound is currently under
mvestigation.

Reagents and solvents were purchased from Carl
Roth, Sigma-Aldrich, Fluka, Merck and VWR. All
chemicals were used as received. THF was distilled
over sodium/benzophenone under an  argon
atmosphere. Triethylamine was distilled over KOH
under an argon atmosphere. 'H and >C NMR spectra
were recorded on a Bruker AC 300 at 298 K.
Chemical shifts are reported in parts per million (ppm,
0 scale) and were calibrated against residual protio-
solvent.  ESI-Q-TOF-MS  measurements  were
performed with a micrOTOF (Bruker Daltonics) mass
spectrometer. Elemental analyses were carried out on
a Vario ELIII — Elementar Euro and an EA from
HekaTech. Melting points were determined on a Stuart
SMP3. IR spectra were measured on a Shimadzu
IRAffinity-1 FTIR-spectrophotometer. Compounds
1,"” 2" and 7*° were prepared as reported in the
literature.

((2,5-Bis(hexyloxy)-4-((4-(methylthio)phenyl)-
ethynyl)phenyl)ethynyl)trimethylsilane (3)

1(3.06 g, 6.75 mmol), 2 (1 g, 6.75 mmol) and Cul (13
mg, 6.8 umol) were dissolved in 50 mL TEA. The
solution was purged with argon for 1 h and
subsequently Pd(PPh;),Cl, (48 mg, 6.8 umol) was
added. The solution was heated to 80 °C and stirred at
this temperature for 20 h. Afterwards the solvent was
removed under reduced pressure and the residue was
dissolved in 100 mL CHCI;. The organic phase was
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washed three times with water, dried over Na,SO, and
finally the solvent was removed under reduced
pressure. The crude product was purified via column
chromatography (Si0,, methylene chloride:hexane,
1:1) to obtain compound 3 as a yellow solid. Yield 2.2
2 (63% of theory).

Mp 67 °C

IR (FTIR): 2940, 2859, 2156, 1504, 1389, 1215, 1030,
891, 837, 810, 760, 637 cm’.

"H NMR (300 MHz, CD,Cl,): §=7.46 (d,J=8.2 Hz,
2 H), 7.25 (d,J=8.2 Hz, 2 H), 7.00 (s, 1 H), 6.96 (s,
1 H), 4.02 (m, 4 H, 2 O-CH,), 2.54 (s, 3 H, S-CH),
1.84 (m, 4 H, 2 CH,), 1.58 (m, 4 H, 2 CH,), 1.39 (m, 8
H, 4 CH,), 0.94 (m, 6 H, 2 CH3), 0.29 (s, 9 H, 3 Si-
CH;) ppm.

BC NMR (75 MHz, CD,CL): &= 1554, 154.7,
141.09, 133.01, 127.01, 120.76, 118.43, 118.09,
115.49, 114.88, 102.47, 101.26, 95.82, 87.23, 70.88,
70.84, 32.91, 32.89, 30.62, 30.6, 27.02, 27.0, 23.95,
16.38, 15.14, 15.12, 0.91 ppm.

HRMS (ESI): m/z calculated for [C3HuO,SSi]™"
543.2723; found: 543.2712 [M + Nay].

Anal. Calcd for C5,H4,O0,SS1: C, 73.79%:; H, 8.51%;
S, 6.16%; O: 6.14%, Si: 5.39%. Found: C, 74.00%: H,
8.46%; S, 6.16 %.

(4-((4-Ethynyl-2,5-bis(hexyloxy)phenyl)ethynyl)-
phenyl)(methyl)sulfane (4)

1 (970 mg, 1.86 mmol) and potassium fluoride (540
mg, 9.29 mmol) were dissolved in 40 mL of a 1:1
mixture of MeOH and THF. After stirring at r.t. under
an argon atmosphere for 24 h 100 mL toluene were
added to the solution. The mixture was washed three
times with water and afterwards dried with Na,SO,.
The solvent was removed under reduced pressure and
the crude product was purified via column
chromatography (Si0,, chloroform:hexane 1:1) to
obtain 4 as a yellow solid. Yield 780 mg (93% of
theory).

Mp 81°C

IR (FTIR): 3287, 2940, 2851, 2357, 1504, 1389, 1273,
1219, 1030, 864, 818, 733, 637 cm’.

'"H NMR (300 MHz, CD,CL): §=7.44 (d,J=8.2 Hz,
2 H), 722 (d,J=82Hz, 2 H), 6.99 (s, 1 H), 6.98 (s,
1 H), 3.99 (m, 4 H, 2 0-CH,), 3.38 (s, 1 H, CH), 2.50
(s,3 H, S-CH;), 1.80 (m, 4 H, 2 CH,), 1.54 (m, 4 H, 2
CH.), 1.36 (m, 8 H, 4 CH»), 091 (m, 6 H, 2 CH;)
ppm.

BC NMR (75 MHz, CD-CL): & = 154.39, 153.59,
140.08, 131.94, 125.93, 119.62, 117.95, 116.88,
114.81, 112.59, 94.79, 86.02, 82.35, 80.19, 69.87,
69.81, 31.81, 31.76, 29.51, 29.38, 25.94, 25381,
22.87,22.82,15.29, 14.03, 14.02 ppm.
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HRMS (ESI): m/z calculated for [C29H36OZS]H+:
449.2509; found: 449.2488 [M + H].

Anal. Calcd for C,oH;60,8: C, 77.63%; H, 8.09%; S,
7.15%; O, 7.13%. Found: C, 77.66%; H, 8.30%; S,
6.95 %.

((4-((2,5-Bis(hexyloxy)-4-((4-(methylthio)phenyl)-
ethynyl)phenyl)ethynyl)-2,5-bis(hexyloxy)phenyl)-
ethynyl)trimethylsilane (5)

4 (1.2 g,2.67 mmol) and 1 (1.21 g, 2.67 mmol) were
dissolved in 50 mL TEA. The solution was purged
with argon for 45 min. Subsequently, Pd(PPh;),Cl,
(18.9 mg 2.67 umol) and Cul (5 mg, 2.67 pmol) were
added, the solution was heated to 80 °C and stirred at
this temperature overnight. 100 mL diethyl ether were
added and the mixture was washed three times with
100 mL water. Afterwards, the organic phase was
dried over Na,SO, and the solvent was removed under
reduced pressure. The crude product was purified via
column chromatography (SiO,, chloroform:hexane,
1:1) and afterwards recrystallized from EtOH to
obtain 5 as a yellow solid. Yield 1.6 g (73% of
theory).

Mp 70 °C

IR (FTIR): 2947, 2851, 2361, 2149, 1497, 1389, 1273,
1215, 1034, 841 cm'™.

"H NMR (300 MHz, CD,Cl,): 5=7.48 (d,.J= 8.0 Hz,
2 H),726(d,J=82Hz 2H),7.05 (s, 1H), 7.04 (s,
1 H), 7.00 (s, 1 H), 6.98 (s, 1 H), 4.04 (m, 8 H, 4 O-
CH,), 2.54 (s,3 H, S-CH;), 1.87 (m, 8 H, 4 CH.), 1.56
(m, 8 H, 2 CH,), 1.39 (m, 16 H, 8 CH,), 0.94 (m, 12
H, 4 CHs), 0.29 (s, 9 H, 3 Si-CH;) ppm.

BC NMR (75 MHz, CD,CL): 5= 154.68, 154.14,
154.07, 153.91, 140.37, 132.29, 12631, 120.08,
117.81, 117.59, 117.54, 117.41, 11491, 114.63,
114.48, 114.34, 101.76, 100.62, 95.2, 92.05, 91.87,
86.67, 70.26, 70.24, 70.17, 70.1, 32.2, 29.92. 29.86,
26.34, 26.29, 26.26, 26.24, 23.24, 15.66, 14.40, 0.19

ppm.

HRMS (ESI): m/z calculated for [Cs,H7,04SSi]""
821.4993; found: 821.4938 [M + H].

Anal. Calcd for Cs;H7,048S1: C, 76.05%; H, 8.84%;
S, 3.9%: 0, 7.79%: Si; 3.42%. Found: C, 76.35%; H,
8.86%: S, 4.29%.

(4-((4-((4-Ethynyl-2,5-bis(hexyloxy)phenyl)-
ethynyl)-2,5-bis(hexyloxy)phenyl)ethynyl)-
phenyl)(methyl)sulfane (6)

5 (830 mg, 1.01 mmol) and potassium fluoride (460
mg, 7.91 mmol) were dissolved in 40 mL of a 1:1
mixture of MeOH and THF. After stirring at r.t. under
an argon atmosphere overnight 100 mL toluene were
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added to the solution. The mixture was washed three
times with water and afterwards dried with Na,SO,.
The solvent was removed under reduced pressure and
the crude product was purified via column
chromatography (S10,, dichloromethane:hexane 1:1)
to obtain 6 as a yellow solid. Yield 700 mg (92% of
theory).

Mp 82 °C

IR (FTIR): 3291, 2920, 2851, 2361, 1732, 1505, 1420,
1389, 1204, 1030, 860, 818, 617 cm’".

"H NMR (300 MHz, CD,CL,): §=7.45 (d, J= 8.0 Hz,
2 H),7.23 (d,J = 8.2 Hz, 2 H), 7.05 - 6.95 (m, 4 x 1
H), 4.01 (m, 8 H, 4 O-CH,), 3.39 (s, 1H, CH), 2.51 (s,
3 H, S-CH;), 1.84 (m, 8 H, 4 CH,), 1.52 (m, 8 H, 4
CH,), 1.36 (m, 16 H, 8 CH,), 0.90 (m, 12 H, 4 CHs)
ppm.

BC NMR (75 MHz, CD,CL): & = 155.11, 154.51,
154.46, 154.23, 140.74, 132.66, 126.68, 120.44,
118.81, 117.92, 117.84, 117.79, 115.68, 115.07,
114.78, 113.49, 95.58, 92.43, 92.06, 87.01, 83.15,
80.91, 70.68, 70.63, 70.56, 70.53, 32.55, 32.49. 30.29,
30.22,30.21, 30.13, 26.70, 26.60, 26.55, 23.59, 23.54,
16.03, 14.76 ppm.

HRMS (ESI): m/z calculated for [C49H64O4S]H+:
749.4598; found: 749.4546 [M + H].

Anal. Calced for C4Hg,04S: C, 78.56%; H, 8.61%; S,
4.28%; O, 8.54%. Found: C, 78.79%; H, 8.84%; S,
4.05%.

Tetrakis(4-((4-((2,5-bis(hexyloxy)-4-((4-(methyl-
thio)phenyl)ethynyl)phenyl)ethynyl)-2,5-bis-
(hexyloxy)phenyl)ethynyl)phenyl)methane (8)

6 (280 mg, 0.37 mmol), 7 (70 mg, 85.5 pmol),
Pd(PPh3), (23 mg, 20 pmol) and Cul (3.8 mg, 20
umol) were dissolved in 5 mL THF. The solution was
purged 20 minutes with nitrogen and subsequently 5
mL TEA were added. The solution was stirred at r.t.
for 24 h and afterwards heated to 80 °C for 3 h.
Subsequently, the solvent was removed under reduced
pressure and the crude product was purified via
column chromatography (Si0,, dichloromethane:
hexane, 3:2) to obtain 8 as a dark yellow solid. Yield
170 mg (60% of theory).

Mp 90 °C

IR (FTIR): 2929, 2859, 2361, 1732, 1508, 1420, 1377,
1277, 1215, 1018, 860, 818 cm’.

"H NMR (300 MHz, CD,CL): §= 7.46 (m, 16 H),
7.22 (m, 16 H), 7.10 - 7.03 (m, 16 x 1 H), 4.05 (m, 32
H, 16 O-CH,), 2.51 (s, 12 H, 4 S-CH3), 1.86 (m, 32 H,
16 CH,), 1.53 (m, 32 H, 16 CH,), 1.36 (m, 64 H, 32
CH,), 0.90 (m, 48 H, 16 CH;) ppm.
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BC NMR (75 MHz, CD,CL): & = 153.72, 153.57,
153.50, 146.06, 139.79, 131.72, 130.97, 125.73,
121.50, 119.51, 116.99, 116.95, 116.84, 114.16,
114.04, 113.94, 113.88, 94.62, 94.41, 91.52, 92.42,
86.43, 86.10, 69.70, 69.63, 69.60, 65.00, 31.63, 30.59.
29.34,29.29, 25.75, 25.68, 22.66, 15.09, 13.83 ppm.

HRMS (ESI) m/z calculated for [C221H268016S4]H+:
3308.9174; found: 3309.2124 [M + H].

Anal. Caled for C221H268016S41 C, 8022%, H, 816%,
S, 3.88%; O, 7.74%. Found: C, 80.10%; H, 8.36%:; S:
3.96%.
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Rigid tetrahedral thio end-functionalized architecture
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Abstract: A versatile route for the synthesis of tripodal
thioacetates is reported. Based on the esterification of
commercial pentaerythritol tribromide, the method enables an
easy introduction of different functional moieties, e.g., into
self-assembled monolayers.

Key words: Esterification, Nanostructures, Thiols.

The tremendous development in  plasmonic
nanoparticle synthesis' has fucled the interest in self-
assembly” and surface functionalization’ of these
particles. Colloidal gold gathered special attention due
to the high environmental stability and large affinity
towards thiols which enables the efficient formation of
self-assembled monolayers (SAMs). Moreover the
unique optical features offer a plethora of potential
applications in optics® and life science.’

SAMs on plasmonic nanoparticles or other materials
provide a broad range of opportunities to tune the
particle properties. For instance, changing the polarity
enables stabilization in different solvents® whereas
esterification,” click reactions® - and other reactions
can direct the assembly of such particles into
superstructures. The most commonly used compounds
for the synthesis of SAMs on gold are monothiols.

However, a major drawback of these monodentate
ligands is their rapid exchange between the metal
surface and the solution. Mixing two solutions of gold
particles functionalized with different ligands will
result in gold nanoparticles with a mixed monolayer.

In order to overcome these issues oligothiols can be
used.” For such molecules the possibility arises to
functionalize small particles with a discrete number of
reactive moieties. This enables the assembly of gold
particles into clusters with a defined particle number."
Also trivalent ligands have been used to shield one
side of immobilized gold particles.”!  After
redispersion the non-shielded side could be used to
synthesize particle dimers via a rigid bithiol linker.

The stability of a self-assembled monolayer depends
on a variety of parameters.'” At first the affinity of
gold towards sulfur groups is dependent on the type of
the chemical moiety, e.g., thioethers have a lower
affinity towards gold surfaces than thiols.”” In
addition, bulky groups in the vicinity of the sulfur
moiety lead to a lower stabilization of gold
nanoparticles."”

Due to the chelating effect, multidentate ligands offer
HO

H
l. + AN
O)\H R™ ™SO

a) TsCl,CH3COSK/KSCN
>

b) DIAD, PPhs, CH3COSH
>

KOH, EtOH, H,0
Y

R HS
i LiAIH,
R R —>» R SH
R’

R OH
OH

SH
R’= SAc/SCN
HO
RX, NaOH NaSH, S, DMF RO
Il. Br Br ————® Br Br Cu, toluene HS SH
Br Br Zn/HCI, toluene, EtOH SH
. Hexane
1. RSiCl; + 3LICH;SCH; ————  RSi(CH,SCHs)s
KO'Bu, Josiphos

V. R@—l] + 3RSH ——» R SR']

3 Pd(OAc),, DME 3

Scheme 1 Schematic representation of an overview on the synthesis of tripodal ligands for SAMs on gold.
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a high kinctic stability of the SAM." Also the
chemical stability has to be taken into account, e.g.,
dithiocarboxylates bind stronger to a gold surface in
comparison to a monothiol, however, they also readily
decompose under ambient conditions.

Therefore, the most favorable configuration for a
stable monolayer would involve a combination of all
properties, i.e. a multidentate thiol ligand devoid of
bulky groups.

Synthesis of higher dentate ligands often involves
complex molecules like calixarenes,'’ cyclodextrines'®
or  polymers.” However, there are numerous
strategies available for the synthesis of tripodal
ligands (Scheme 1). Strategy 1 employs aldol
condensations in combination with a crossed
Cannizzaro reaction to synthesize monosubstituted
pentacrythritol derivatives.”” In a similar approach
also pentaerythritol can be utilized directly. Three
hydroxyl groups are protected by triethylorthoacetate.
In the next step the remaining OH group is
functionalized through etherification, followed by
deprotection.

The monofunctional pentaerythritol derivatives can
then be converted to tritosylates followed by
conversion with thioacetates or thiocyanates (la).
Alternatively, a Mitsunobu reaction can be used to
synthesize the trithioacetate (Ib). Through reduction
with LiAlH, the free thiols are generated.

Another strategy involves the etherification of
pentaerythritol tribromide with an alkyl halide
followed by conversion to the thiol (II).”* However,
drawbacks of this approach are side reactions arising
from the tribromide which is an alkyl halide itself.

In addition, organosilanes™ and cross-coupling
reactions” have been used, in particular for the
preparation of aromatic tripodal ligands (III+1V).

While thiols offer the highest affinity towards gold
surfaces, a drawback is their susceptibility against
oxygen which leads to disulfide formation or, in
particular for compounds with multiple thiol groups,
msoluble crosslinked networks can be formed.

A large variety of protecting groups is available for
thiols, e.g., thioethers,” or carbamates.*® However, the

most versatile protecting group for particle
B
r o CH,Cl,, DCC,
HO Br + L -
R™ "OH DMAP,r.t., 24 h
Br
1 2 a-c

R=

a

R

modification is the thioacetate, since it is readily
cleaved in the presence of a gold surface.”’

Here we report a versatile two step synthesis for the
preparation of tripodal ligands based on commercially
available pentaerythritol tribromide. The approach
allows an easy creation of trithioacetates with
different functionalities (Scheme 2).

The first step involves the Steglich esterification of
pentaerythritol tribromide; the progress could be
easily followed by GC-MS. A pivotal point was the
utilization of a slight excess of the acids, otherwise
traces of the tribromide were hard to remove via
column chromatography due to similar R, values. In
this way esters bearing alkyne, azide and furan units
could be synthesized in good yields (3a-c). Initial
experiments for the synthesis of thioacetates with
different solvents were performed. Tetrahydrofuran,
acetonitrile, acetone and methanol in combination
with potassium thioacetate lead mostly to low
conversions at room temperature. When conducted at
clevated temperatures the conversion increased;
however, also side reactions (e.g., ester/thioacetate)
cleavage) became more prominent. Finally, DMF was
identified to be the solvent of choice. After stirring at
room temperature for two days GC-MS did not show
any educts. A large excess of potassium thioacetate
had to be used to ensure a full conversion of the
bromide wunits. For purification, at first simple
evaporation of the solvent was used, however, this
lead to decomposition of the products. Therefore, the
excess of potassium thioacetate and the formed
bromide was removed via precipitation with diethyl
ether. Copious washing with water was then applied
to remove the DMF. Additionally, also yellow side
products could be removed in this way. After column
chromatography, the trithioacetates were obtained in
good yields (4a-c). It should be noted that both the
tribromide and thioacetate of the furan derivative are
prone to decomposition and should be quickly used.

In conclusion, an efficient route towards novel
tripodal ligands for the functionalization of gold
nanoparticles has been reported.

Reagents and solvents were purchased from Carl
Roth, Sigma-Aldrich, Fluka, Merck and VWR. All

a
o)

Scheme 2 Schematic representation of the tripodal thicacetate synthesis.

Template for SYNLETT and SYNTHESIS © Thieme Stuttgart - New York

j)\ Br DMF, KSAc j)\ SAc
() Br R™ O SAc
rt., 48 h
Br SAc
3a-c 4 a-c
b c
2014-11-07 page 2 of 6



SYNTHESIS: PAPER

chemicals were used as received. Dry methylene
chloride was obtained from a MB SPS-800 solvent
purification system. 'H and “C NMR spectra were
recorded on a Bruker AC 300 at 298 K. Chemical
shifts are reported in parts per million (ppm, o scale)
and were calibrated against residual protio-solvent.
MALDI-TOF MS measurements were performed with
a Bruker Ultraflex III MALDI TOF/TOF. GC-MS
analysis was performed on a Shimadzu GC-2010 gas
chromatograph coupled with a Shimadzu GCMS-
QP2010S mass spectrometer. Elemental analyses were
carried out on a Vario ELIII — Elementar Euro and an
EA from HekaTech. IR spectra were measured on a
Shimadzu IRAffinity-1  FTIR-spectrophotometer.
Compounds 2b™ and 2¢* were prepared as reported
n the literature.

3-Bromo-2,2-bis(bromomethyl)propyl-hex-5-
ynoate

2a (1.50 g, 13.34 mmol), pentacrythritol tribromide
(3.75 g, 11.5 mmol), DCC (2.49 g, 12.07 mmol) and
DMAP (180 mg, 1.47 mmol) were dissolved in 75 mL
methylene chloride and stirred at room temperature
under nitrogen for 24 h. Afterwards the mixture was
filtered and the clear solution was washed with 50 mL
water. The organic phase was dried over sodium
sulfate and the solvent was removed under reduced
pressure. Subsequently, the crude product was purified
via column chromatography (silica gel 60, methylene
chloride) to obtain 3a.

Yield 3.00 g (62%); colorless liquid.

IR (FTIR): 3294, 2967, 1740, 1427, 1242, 1146, 845,
633 cm™.

"H NMR (300 MHz, CDCl;): 6= 4.21 (s, 2 H, CH,),
355 (s, 6 H, 3 CH,), 2.52 (t, J = 7.4 Hz, 2 H, CH,),
2.30 (m, 2 H, CH,), 2.20 (t, J = 2.7 Hz, 1 H, CCH),
1.88 (q,/=7.2 Hz,2 H, CH,) ppm.

BC NMR (75 MHz, CDCly): §=172.01, 82.92, 69.42,
63.66,42.72,33.99, 32.60, 23.46, 17.77 ppm.

MS (EI): m/z 336 [M-HBr] .

Anal. Calcd for C, H;sBr;0,: C, 31.54%; H, 3.61%;
Br, 57.22; O: 7.64%. Found: C, 31.67%; H, 3.57%;
Br, 57.02 %.

3-Bromo-2,2-bis(bromomethyl)propyl-6-azidohex-
anoate

2b (1.45 g, 9.24 mmol), pentaerythritol tribromide
(2.5 g, 7.7 mmol), DCC (2 g, 9.69 mmol) and DMAP
(120 mg, 098 mmol) were dissolved in 50 mL
methylene chloride and stirred at room temperature
under nitrogen for 24 h. Afterwards the mixture was
filtered and the clear solution was washed with 50 mL
water. The organic phase was dried over sodium
sulfate and the solvent was removed under reduced

Template for SYNLETT and SYNTHESIS © Thieme Stuttgart - New York

pressure. Subsequently the crude product was purified
via column chromatography (silica gel 60, methylene
chloride) to obtain 3b.

Yield 2.6 g (73%); colorless liquid.

IR (FTIR): 2940, 2095, 1740, 1427, 1242, 1146, 849,
667, 610 cm™.

"H NMR (300 MHz, CDCl;): 6= 4.20 (s, 2 H, CH,),
3.54 (s, 6 H, 3 CH,), 3.29 (t, J = 6.7 Hz, 2 H, CH,),
238 (m, 4 H, 2 CH,), 1.45 (t, J = 7.1 Hz, 2 H, CH,)
ppm.

BC NMR (75 MHz, CD,CL): & = 171.88, 63.18,
50.75,42.27,33.54, 33.4, 28.09, 25.74, 23.99 ppm.

MS (EI): m/z 436 [M-N,].

Anal. Caled for CllngBr3N302: C, 2847%, H,
3.91%; N, 9.06%; O, 6.90%; Br, 51.66%. Found: C,
28.84%:; H, 3.92%; N, 9.22%; Br: 51.83%.

3-Bromo-2,2-bis(bromomethyl)propyl
ylmethyl) succinate

(furan-2-

2¢ (2.4 g, 12.11 mmol), pentacrythritol tribromide
(357 g, 11 mmol), DCC (3 g, 14.54 mmol) and
DMAP (171 mg, 1.4 mmol) were dissolved in 50 mL
methylene chloride and stirred at room temperature
under nitrogen for 24 h. Afterwards the mixture was
filtered and the clear solution was washed with 50 mL
water. The organic phase was dried over sodium
sulfate and the solvent was removed under reduced
pressure. Subsequently the crude product was purified
via column chromatography (silica gel 60, methylene
chloride : hexane 1:1) to obtain 3c.

Yield 4.3 g (70%); yellow oil.

IR (FTIR): 2970, 1740, 1427, 1346, 1227, 1150, 999,
918, 745 cm™.

"H NMR (300 MHz, CDCly): 6= 7.44 (s, 1 H, CH),
6.42 (s, 1 H, CH), 6.38 (s, 1 H, CH,), 5.11 (s, 2 H,
CH,), 4.25 (s, 2 H, CH,), 3.55 (s, 6 H, 3 CH,), 2.70 (s,
4 H, 2 CH,) ppm.

BC NMR (75 MHz, CDCL): & = 171.23, 170.66,
148.70, 142.96, 110.44, 110.18, 63.49, 58.03, 42.38,
33.64,28.57, 28.54 ppm.

MS (EI): m/z 505 [M'].

Anal. Calcd for C14H17Br305: C, 333%, H, 339%, BI',
47.47%: 0O, 15.84%. Found: C, 33.53%; H, 3.37%; Br,
47.15%.

3-(Acetylthio)-2,2-bis((acetylthio)methyl)propyl
hex-5-ynoate

3a (1 g, 2.39 mmol) and potassium thioacetate (1.63
g, 14.7 mmol) were dissolved in 10 mL DMF and
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stirred in a closed vial at room temperature for 48 h.
Subsequently, 50 mL diethyl ether were added and the
formed precipitate was filtered off. The organic
solution was washed five times with 50 mL water
followed by drying over sodium sulfate. Afterwards
the solvent was removed under reduced pressure. The
crude product was purified via column
chromatography (silica gel 60, methylene chloride) to
obtain 4a.

Yield 435 mg (45%); yellow oil.

IR (FTIR): 3291, 2970, 1736, 1694, 1354, 1130, 953,
621 cm™.

'H NMR (300 MHz, CDCLs): § = 3.94 (s, 2 H, CH,),
3.07 (5,2 H, 3 CH,), 2.51 (t, J = 7.4, 2 H, CH,), 2.36
(s, 9 H, 3 CH;), 2.29 (m, 2 H, CH,), 1.99 (t, J= 2.7, 1
H, CCH), 1.87 (q,/=7.2,2 H, CH,) ppm.

BC NMR (75 MHz, CDCLy): & = 194.14, 172.48,
83.23, 69.23, 66.00, 42.14, 32.95, 32.78, 30.60,
23.46, 17.87 ppm.

MS (EI): m/z 361 [M -CH;COJ".

Anal. Calcd for C17H240583: C, 5047%, H, 598%, S,
23.78%; O, 19.77%. Found: C, 50.39%; H, 5.97%:; S,
23.93%.

3-(Acetylthio)-2,2-bis((acetylthio)methyl)propyl 6-
azidohexanoate

3b (0.5 g, 1.08 mmol) and potassium thioacetate (738
mg, 6.46 mmol) were dissolved in 5 mL DMF and
stirred in a closed vial at room temperature for 48 h.
Subsequently, 50 mL diethyl ether were added and the
formed precipitate was filtered off. The organic
solution was washed five times with 50 mL water
followed by drying over sodium sulfate. Afterwards
the solvent was removed under reduced pressure. The
crude product was purified via column
chromatography (silica gel 60, methylene chloride) to
obtain 4b.

Yield 296 mg (61%); yellow oil.

IR (FTIR): 2936, 2353, 2093, 1740, 1694, 1354, 1227,
1130, 1099, 953, 621 cm™.

"H NMR (300 MHz, CDCL): 6=3.92 (s, 2 H, CH,),
3.29 (t, J = 6.8 Hz, 2 H, CH,), 3.06 (s, 6 H, 3 CH>)
237 (m, 2 H, CH>), 2.35 (s, 9 H, 3 CH3) 1.65 (m, 4 H,
2 CH»), 1.44 (m, 2 H, CH,) ppm.

BC NMR (75 MHz, CDCL): & = 194.11, 172.82,
65.92,51.25, 42.14, 33.92, 32.94, 30.60, 28.57, 26.24,
24.29 ppm.

MS (MALDI-TOF): m/z 450 [M+H]".

Anal. Calcd for C17H27N305S3Z C, 4541%, H, 605%,
N, 9.35%: S, 21.40%; O, 17.79%. Found: C, 45.20%:;
H, 5.93%:; N, 9.48%; S, 21.72%.
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3-(Acetylthio)-2,2-bis((acetylthio)methyl)propyl
(furan-2-ylmethyl) succinate

3¢ (1 g, 1.98 mmol) and potassium thioacetate (1.36 g,
12.27 mmol) were dissolved in 10 mL DMF and
stirred in a closed vial at room temperature for 48 h.
Subsequently, 50 mL dicthyl ether were added and the
formed precipitate was filtered off. The organic
solution was washed five times with 50 mL water
followed by drying over sodium sulfate. Afterwards
the solvent was removed under reduced pressure. The
crude product was purified via column
chromatography (silica gel 60, methylene chloride) to
obtain 4c¢.

Yield 389 mg (40%); dark vellow oil.

IR (FTIR): 2970, 1740, 1694, 1354, 1207, 1130, 957,
748, 621 cm’.

'H NMR (300 MHz, CDCL): 5= 7.43 (s, 1 H, CH),
6.42 (d, 1 H, CH), 637 (m, 1 H, CH), 5.09 (s, 2 H,
CH,), 3.95 (s, 2 H, CH,), 3.06 (s, 6 H, 3 CH,) 2.69 (s,
4 H,2 CH,), 235 (s,9 H, 3 CHs) ppm.

BC NMR (75 MHz, CD-CL): & = 194.12, 171.78,
171.53, 149.27, 143.27, 110.71, 110.56, 66.19, 58.33,
42.19, 32.86, 30.56, 29.01, 28.90 ppm.

MS (EI): m/z 447 [M-CH;COJ".
Anal. Calcd for C,0H,605S;5: C, 48.96%: H, 5.34%:; S,

19.61%: O, 26.09%. Found: C, 48.56%: H, 5.33%; S,
19.63%.
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Functional tripodal thioacetates
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Poly(2-vinyl pyridine)-block-Poly(ethylene
oxide) Featuring a Furan Group at the Block
Junction—Synthesis and Functionalization

Tobias Rudolph, Markus J. Barthel, Florian Kretschmer, Ulrich Mansfeld,
Stephanie Hoeppener, Martin D. Hager, Ulrich S. Schubert,
Felix H. Schacher*

Furfuryl glycidyl ether (FGE) represents a highly versatile monomer for the preparation of
reversibly cross-linkable nanostructured materials via Diels—Alder reactions. Here, the use of
FGE for the mid-chain functionalization of a P2VP-b-PEO diblock copolymer is reported. The

material features one furan moiety at the block junction,
P2VPgs-FGE-b-PEO3q, Which can be subsequently addressed
in Diels—Alder reactions using maleimide-functionalized
counterparts. The presence of the FGE moiety enables the
introduction of dyes as model labels or the formation of het-
ero-grafted brushes as shell on hybrid Au@Polymer nanopar-
ticles. This renders P2VP44-FGE-b-PEO3q,, a powerful tool for
selective functionalization reactions, including the modifica-

tion of surfaces.

1. Introduction

During the last decades, well-defined block copolymers
revealed high potential for a broad range of applica-
tions, mainly driven by the possibility to combine
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different properties within one single material and to
introduce the ability to undergo self-assembly into nano-
structured materials in various environments.'> The
preparation of block copolymers is usually achieved by
sequential polymerization of different monomers or via
post-polymerization modification using suitable macro-
molecular conjugation reactions [e.g., 1,3-dipolar cycload-
ditions or (hetero) Diels—Alder (DA) reactions].[c2%] Thereby,
the precise positioning of functional groups within
polymer chains is crucial for the synthesis of linear block
copolymers or materials of different architectures, e.g., star-
shaped structures.['>713] Although more and more examples
are found where polymeric building blocks are functional-
ized at one or both chain ends, examples for addressing the
mid-chain junction point, i.e,, the covalent linkage of blocks
A and B of diblock copolymers, are scarce."*17) Such func-
tional mid-chain junctions can be introduced by functional
initiators/’82% or end-capping of an active polymer chain
and the subsequent polymerization of the second block.21]
The resulting functionalized polymers were used in surface
coatings (e.g., on glass)??l as well as for the preparation

DOI:10.1002/marc.201300875
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of different architectures (e.g., H-shaped polymers[?3! and
miktoarm stars)'4 Current examples most commonly
feature a new initiating group or a clickable moiety. In
that respect, epoxides can be used as straightforward and
highly efficient end-capping agents during living anionic
polymerization using lithium counter ions. Here, due to the
strong coordination of lithium toward the alkoxide chain-
end, further polymerization of epoxides is prevented and
the attachment of one single molecule can be realized.
Potential functionalized epoxides such as allyl glycidyl
ether (AGE) or ethoxy ethyl glycidyl ether (EEGE) are com-
mercially available and transform this substance class into
an interesting tool for the selective mid-chain functionali-
zation of polymer chains.

Recently, furfuryl glycidyl ether (FGE) has been estab-
lished as a versatile and functional monomer for anionic
ring-opening polymerization (AROP) and the subsequent
use of the furan moiety for controlled and reversible
crosslinking of micellar cores or individual domains within
nanostructured films via the DA reaction using a bisma-
leimide.#?%] In the latter case, the potential application
of poly(ethylene oxide)-block-poly(furfuryl glycidyl ether)
(PEO-b-PFGE) diblock copolymers as self-healing coatings
was proposed.

Here, we use FGE as functional end-capping agent for
the living anionic polymerization of poly(2-vinyl pyri-
dine) (P2VP), followed by the subsequent polymerization
of ethylene oxide (EO) and the formation of mid-chain-
functionalized P2VP-b-PEO. After characterization via
size-exclusion chromatography (SEC), nuclear magnetic
resonance (NMR) spectroscopy, and MALDI-TOF MS, the
furan moiety in between the two blocks was used for
selective DA reactions with maleimide-functionalized
model dyes and gold nanoparticles (AuNPs).

2. Results and Discussion

Mid-chain-functionalized block copolymers represent
interesting materials when it comes to the modifica-
tion of surfaces such as on planar substrates or on (nano)
particles. The introduction of a furan group at the junc-
tion point of diblock copolymers in turn is motivated by
the broad accessibility of functional groups and archi-
tectures by the DA chemistry. Therefore, the synthesis of
poly(2-vinyl pyridine)-block-poly(ethylene oxide) (P2VP-
FGE-b-PEO), featuring a FGE moiety in between the P2VP
and the PEO segment, was carried out in two steps. First,
2-vinylpyridine was polymerized after initiation via sec-
butyl lithium (sec-Buli). After full conversion, 1,1-dipheny-
lethylene was added to the reaction mixture to decrease
the nucleophilicity of the active chain end,*?! and the
living P2VP chains were end-capped with FGE (Figure 1A).
Afterward, the reaction was quenched by the addition of
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methanol and the crude product was precipitated into
cold hexane. P2VP-FGE-OH was characterized via SEC, 1H
NMR, and MALDI-TOF MS (Figure 1; Table S1 and Figure
S2, Supporting Information). The degree of polymerization
(DP) was determined to be 68, resulting in P2VP44-FGE-OH.
The end-group fidelity was assessed via MALDI-TOF MS
and NMR and was found to be 100% within the error of
the measurement. MALDI-TOF MS also revealed the pres-
ence of the lithium counterion (Figure S2, Supporting
Information), which however had to be removed prior to
the polymerization of ethylene oxide. For this purpose, the
material was intensively washed with water and precipi-
tated into cold hexane several times (Figure S3, Supporting
Information). As second step, P2VP.,-FGE-OH was dis-
solved in THF and the hydroxyl end-group was activated
by the addition of an excess of diphenylmethyl potas-
sium (DPMK), until a deep red color could be observed
(Figure 1A). Under vigorous stirring, ethylene oxide was
added to the reaction at —20 °C, the reaction mixture
was slowly heated to 40 °C, and the polymerization was
terminated via the addition of methanol after 24 h, fol-
lowed by precipitation of the block copolymer into cold
diethyl ether. The obtained material was again investi-
gated via SEC, 'H NMR, and MALDI-TOF MS (Figure S4,
Supporting Information). The SEC trace shows a clear shift
to lower elution volume in comparison to P2VP4,-FGE-OH
(Figure 1B; Table S1, Supporting Information), and a new
peak around 3.6 ppm for the PEO backbone appears in
the H NMR spectrum. The exact molar mass of the block
copolymer was determined by MALDI-TOF MS, leading to
24 500 g mol™?, and a composition of P2VP4,-FGE-PEO,4,
(Figure S4, Supporting Information), which was also con-
firmed via 'H NMR spectroscopy.

As a first proof of successful functionalization, P2VPg,-
FGE-b-PEO;,, was used in DA reactions with two different
maleimide-functionalized dyes [N-(1-pyrenyl)maleimide
and 4-phenylazomaleinanil]. Therefore, the block copol-
ymer and the respective dye (20 equiv.) were dissolved
in 2 mL DMF separately in two vials and heated to
75 °C for 24 h. Afterward, the dye-functionalized materials
were purified via size exclusion column chromatography
(BioBeads SX1) to remove any excess of the dyes. In both
cases, successful functionalization with the azobenzene-,
P2VPyg-azo-b-PEOq,, and the pyrene-moiety, P2VPg.-pyr-
b-PEQO4q,, was proven by UV-vis measurements (Figure
2B,C). The UV—vis spectra display that the initial P2VP,-
FGE-b-PEOsy, shows no characteristic absorption band
(triangles), whereas the characteristic patterns of the
individual molecules [spheres, 331 nm for 4-phenyla-
zomaleinanil and 313, 326, and 342 nm for N-(1-pyrenyl)
maleimide] can be found for the block copolymers after
successful functionalization (squares).

Pyrene is known as a hydrophobic, fluorescent
dye suitable for the determination of the critical
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I Figure 1. A) Block copolymer synthesis via sequential polymerization of 2-vinylpyridine and ethylene oxide, B) comparison of SEC traces for

P2VPgg-FGE-b-PEO,, (black line).

micellization concentration (cmc) of amphiphilic block
copolymers.[262% In case of N-(1-pyrenyl)maleimide, no
fluorescence is described in the literature for the pristine
dye in water, only after nucleophilic attack by thiols.(l
This can also be observed for our system after function-
alization with N-(1-pyrenyl)maleimide and this was
investigated via fluorescence microscopy (excitation
wavelength = 357 nm; emission filter = 460 nm, Figure 3).
Using this setup, no fluorescence could be detected
for the pure dye in MilliQ water, whereas pyrene itself
showed clear fluorescence under these conditions
(Figure S6C, Supporting Information). Both P2VPgq-pyr-
b-PEO3qy and P2VP4s-FGE-b-PEO3q, were transferred from
THF into MilliQ water (pH7) by evaporation of the organic
solvent (concentration was 5 mg mL™? in both cases). In
Figure 3, the circle originates from the fluorescence of
the well-plate itself, while in the center the sample solu-
tion is located. As P2VP is known to exhibit a weak auto-
fluorescence,®!! some fluorescence was also observed
for P2VPgg-FGE-b-PEOsq;, wWhereas P2VPgg-pyr-b-PEOs3q
shows a twofold increase in fluorescence in comparison
to the pristine block copolymer (Figure 3; Figures S6 and
S7, Supporting Information). This strong increase in fluo-
rescence can be explained by electronic changes after the
covalent attachment to the block copolymer chain by DA
chemistry.
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We were also interested in using P2VPgg-FGE-
b-PEO3g, for the functionalization of AuNPs. In that
way, a hetero-brush could be generated in analogy
to  poly(styrene)-block-poly(ethylene  oxide)  (PS-
b-PEO) brushes on planar surfaces.??l Therefore, a
maleimide-functionalized tri-thioacetate was syn-
thesized (Figure S1, Supporting Information) and
used for the synthesis of maleimide-functional-
ized AuNPs.32735] Possible excess of the maleimide-
linker was removed by centrifugation of the particles
(60 min at 5000 rpm), followed by resuspension in
DMF (three cycles). The protective group was removed
by heating the functionalized NP for 1 h at 140 °C.
Both size and shape of the NPs were confirmed via
DLS, TEM, and UV-vis (Figure 4). Spherical AuNPs with
a <Rp>;,p, O0f 8 nm were obtained according to DLS
(Figure 4D) and TEM (Figure 4A). For the attachment of
P2VPgqs-FGE-b-PEO3q, to the NP surface, AuNP and P2VPg,-
FGE-b-PEO3y, were suspended together in DMF and
heated for 2 d at 75 °C. After this treatment, the solution
was centrifuged and washed with DMF to remove any
unreacted P2VPgqs-FGE-b-PEOsq,. After resuspension, the
particles (P2VPgg-DA,,-b-PEO3q,) Were investigated using
UV-vis spectroscopy and DLS, showing a slight red-shift
in the UV—vis spectra from 527 to 538 nm (Figure 4C) and
an increase in hydrodynamic radius (<Ry>;app = 12 nm)
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Figure 4. Comparison of TEM images for the pristine (A, unstained) and block copolymer-coated AuNP (B, stained with uranyl acetate);
C) comparison of UV-vis spectra for P2VPgs-FGE-b-PEO,,, (spheres), maleimide-functionalized AuNP (squares), and P2VPgg-DA,-
b-PEO,,, (triangles); D) comparison of intensity-weighted DLS CONTIN plots for P2VPgg-FGE-b-PEO;,, (dotted curve; <Ry>;app = 4 Nm and
100 nm; 2 mg mL™"), maleimide-functionalized AuNP (dashed curve; <Ry>; 5pp = 8 nm; 1 mg mL™), and P2VPgg-DAs-b-PEO;, (straight curve;

<Rp>; 2pp =12 NM; 1 Mg mL™) in DMF.

compared with the pristine block copolymer (<Ry>;app =
4nm),and themaleimide-functionalized AuNP (<Ry>; app=
8 nm, Figure 4D).

According to DLS, the size distribution of P2VPgg-
DA py-b-PEO3g, slightly broadens, which might be due to
a certain amount of aggregation of the hybrid particles
in solution. If the structures are subjected to TEM anal-
ysis, the freshly prepared AuNPs feature sharp edges
whereas this seems not to be the case after DA reaction
with P2VPgg-FGE-b-PEOsy, indicating the attachment of
a polymeric shell (Figure S8, Supporting Information).
Staining with uranyl acetate was applied to the NP both
before and after surface modification. As expected, no
changes were observed for the pristine AuNP, except for
a slight decrease of the overall contrast within the cor-
responding TEM images due to an increase of the elec-
tron density on the underlying carbon support on the
whole TEM grid (Figure S8, Supporting Information). For
P2VPgg-DAp,-b-PEO3qg, a continuous dark ring of a few
nanometers thickness is observed and this further sup-
ports the assumption of the successful formation of a
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P2VP/PEO shell. P2VPg4-DA,,-b-PEO3q, was also trans-
ferred into DMF-d; and was investigated via 'H NMR,
but the signal intensity of the obtained spectrum was
rather low (Figure S9, Supporting Information). However,
both the characteristic signals for P2VP and PEO could be
assigned.

As a further proof for the successful particle coating,
both P2VP¢g-DA,,-b-PEO3go and the pristine AuNP were
transferred from DMF into water (pH 7). While the solu-
tion containing P2VPgg-DA,,-b-PEO39, showed a red
color (hinting toward well-dispersed hybrid particles),
the pristine NP aggregated, indicated by a bluish color
(Figure S10A, Supporting Information). Under acidic con-
ditions (pH < 4), P2VP becomes protonated and positively
charged. Therefore, zeta-potential measurements were
performed for the block copolymer and the NPs, respec-
tively (Figure S10B, Supporting Information). While
the pristine AuNP show a zeta potential of =~~33 mV
at pH 7, precipitation was observed at pH 4. After
coating, a zeta potential of =3 mV at pH 7 and +22 mV
at pH 4 was found, following the trend observed for

Mk
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P2VP,-FGE-b-PEO4q, under this conditions (Figure S10B,
Supporting Information).

3. Conclusion

We successfully synthesized a mid-chain-functionalized
block copolymer featuring one furan moiety, P2VP,-FGE-
b-PEOsq,, by sequential living anionic polymerization. The
furan moiety was subsequently used in DA reactions with
maleimide-functionalized counterparts to introduce dyes
as model labels to the block copolymer or to create a het-
ero-grafted shell on AuNP. Our results convincingly dem-
onstrate that P2VP,-FGE-b-PEO;,, is a versatile example
for (surface) functionalization and the introduction of
hetero-brushes. Our results may also be used in the future
for the stabilization of carbon nanotubes via P2VPg;-pyr-
b-PEQ,q,, surface modification of NPs different from Au, or
the preparation of ABC miktoarm star terpolymers.

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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Instruments

NMR: Proton nuclear magnetic resonance (‘'H-NMR) spectra were recorded in CDCls3 on a
Bruker AC 300 MHz spectrometer at 298 K. Chemical shifts are given in parts per million
(ppm, 0 scale) relative to the residual signal of the deuterated solvent.

SEC: Size exclusion chromatography was measured on a system equipped with a SCL-
10A system controller, a LC-10AD pump and a RID-10A refractive index detector using a
solvent mixture containing chloroform (CHCls), triethylamine (TEA) and iso-propanol (i-
PrOH) (94:4:2) at a flow rate of 1 mL min ' on a PSS SDV linear M 5 um column. The
system was calibrated using PS (100 to 100,000 g mol ') and PEO (440 to 44,700 g mol ')
standards.

MALDI-ToF MS: Matrix-assisted laser desorption/ionization time of flight mass
spectrometry was performed on an Ultraflex III TOF/TOF (Bruker Daltonics, Bremen,
Germany), equipped with a Nd:YAG laser and with frans-2-[3-(4-tert-butylphenyl)-2-methyl-
2-propenylidene] malononitrile (DCTB) as the matrix and NaCl as the doping agent in
reflector and linear mode. The instrument was calibrated prior to each measurement with an
external poly(methyl methacrylate) (PMMA) standard from PSS Polymer Standards Services
GmbH (Mainz, Germany).

DLS: Dynamic light scattering was performed at a scattering angle of 90° on an ALV
CGS-3 instrument equipped with a He-Ne laser operating at a wavelength of 633 nm at 25 °C.
The CONTIN algorithm was applied to analyze the obtained correlation functions. For
temperature control, the DLS is equipped with a Lauda thermostat. Apparent hydrodynamic
radii were calculated according to the Stokes-Einstein equation.

Transmission electron microscopy (TEM): TEM measurements were performed on a

Philips CM-120. 15 uL of the sample solution were blotted onto clean carbon coated TEM



grids (Mesh 400, Quantifoil, Jena) and excess material was removed by a filter paper
(Whatman No. 1); the samples were allowed to dry prior to the transfer to the microscope.
Grid cleaning was performed by UV-ozone treatment for 40 s. For staining purpose a drop of
uranyl acetate (3 mg ml™") was applied to the grid, the supernatant solution was removed via
filter paper and the sample washed with water to remove the excess of uranyl acetate.

Centrifugation was performed with a Heraeus Biofuge Primo with a fixed angle rotor in
1.5 mL Eppendorf tubes.

UV-Vis spectroscopy: UV-Vis absorption spectra were recorded with a Specord 250
spectrometer (Analytik Jena) or a Lambda 750 UV/VIS/NIR spectrometer (PerkinElmer) in
Suprasil quartz glass cuvettes 104-QS (Hellma Analytics) with a thickness of 10 mm at room
temperature.

Fluorescence microscope: Fluorescence images were measured on a fluorescence
microscope (Cell Observer Z1, Carl Zeiss, Jena, Germany) equipped with a mercury arc UV
lamp and the appropriate filter combinations for excitation and detection of emission. In this
case the sample was irradiated with 357 nm and an emission filter of 460 nm. All images were
measured using identical instrument settings (e.g. UV lamp power, integration time, camera
gain) and spots of the well plate were addressed using an automated XY table.

Zeta Potential Measurements: The C-potentials were measured on a ZetaSizer Nano ZS
from Malvern via the M3-PALS technique with a laser beam at 633 nm. The detection angle
was 13°. The electrophoretic mobilities (#) were converted into { —potentials via the Henry
equation in the Smoluchowski approximation, z = u n/gy €, where 1 denotes the viscosity and

&o € the permittivity of the solution.



Experimental section
Materials

Sec-butyl lithium, tetrahydrofuran, dimethylformamide, 2-vinyl pyridine, ethylene oxide,
DPMK was synthesized as described in the literature.' Furfuryl glycidyl ether was purified via
column chromatography as described in literature.? 4-Phenylazomaleinanil and N-(1-pyrenyl)-
maleimide were purchased from Sigma Aldrich and used as received. DMF (anhydrous,
amine free, 99.9%) was purchased from Alfa Aesar. Dicylcohexylcarbodiimide (DCC),
furane, 4-dimethylaminopyridine (DMAP) and potassium thioacetate were purchased from
Sigma-Aldrich. Pentaerythritol tribromide was received from TCI Europe. Water

(< 0.1pS/cm) was purchased from ELGA Purelab Prima. All chemicals were used as received.

Compound 1° and citrate stabilized nanoparticles’ were synthesized as reported in the

literature.

Anionic polymerization of 2-vinylpyridine and end-capping with furfuryl glycidyl ether

In a Schlenk flask 80 mL freshly prepared THF were cooled to —78 °C with an iso-
propanol/dry ice bath and 0.71 mL (1 mmol) of s-BuLi was added and stirred for 10 min.
Afterwards 5.1 mL (47 mmol) of freshly distilled 2-vinyl pyridine were added quickly to the
reaction solution and stirred for 1 hours. Afterwards, 0.4 mL diphenylethylene (2.3 mmol)
were added to the reaction mixture to decrease the nucleophilicity of the active chain end.
After addition of 0.27 mL of furfuryl glycidyl ether (2.3 mmol) the solution was allowed to
warm to RT and stirred overnight at 25 °C. The reaction was terminated afterwards by the

addition of methanol.



The polymer was precipitated in cold hexane and the crude product was purified by dissolving
in chloroform and washing with water. The solvent was removed under reduced pressure and

the product was dried under vacuum.

SEC (CHCI3/i-PrOH/Et;N): M, = 8 700 g mol '; B = 1.08 (PS-calibration); "H NMR (300
MHz, CDCls, 8): 8.5-8.0 (br, arom. H), 7.4-7.1 (br, arom. H), 4.15 (s, CH,-furan), 3.74 (t,

CH,), 2.55-2.15 (br, -CH-P2VP); MALDI-TOF MS: M, = 7 200 g mol™".
Anionic polymerization of ethylene oxide (EO) via P2VP ss-F'GE-OH-macro initiator

2.0 g of P2VPgs-FGE-OH (0.28 mmol) were dissolved in 100 mL freshly distilled THF and
transferred into a Biichi GlasUster PicoClave reactor. The hydroxyl-end group was activated
via the addition of an excess of DPMK (~10 eq.) until a black color was observed. The
reaction mixture was cooled to —20 °C and ethylene oxide (EO; 5.3 mL; 107 mmol) were
introduced into the reaction vessel. The solution was slowly heated to 40 °C and stirred for 24
hours. The remaining pressure was released from the reactor system and the polymerization

was terminated by the addition of methanol.

The desired block copolymer was obtained after precipitation into cold ether, filtering, and

drying under vacuum.

SEC (CHCly/i-PrOH/Et;N): M, = 20 000 g mol'; ® = 1.11 (-calibration); "H NMR (300
MHz, CDCls, 8): 8.5-8.0 (br, arom. H), 7.4-7.1 (br, arom. H), 3.8-3.4 (PEO-backbone), 2.55-

2.15 (br, -CH-P2VP); MALDI-TOF MS: M,=24 500 g mol ™"



Synthesis of the thiol-linker
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Figure S1: Synthetic strategy for the preparation of the maleimide-functionalized thiol-linker.

4-(1,3-Dioxo-3a,4, 7, 7a-tetrahydro- 1 H-4, 7-epoxyisoindol-2(3H)-yl) butanoic acid (2)

1 (1.4 g, 7.64 mmol) and furane (5.2 g, 76.40 mmol) were dissolved in 20 mL toluene and the
solution was heated to 80 °C for 24 h. Subsequently, the reaction was cooled to 4 °C in the
fridge. The formed precipitated was filtered off and dried to obtain 2 as white crystals. Yield
1.1 g (57% of theory).

'H NMR (300 MHz, CDCl3): 5= 6.52 (s, 2 H, 2 CH), 5.28 (s, 2 H, 2 CH), 3.58 (t, /= 6.8 Hz,

2 H, CH,), 2.86 (s, 2 H, 2 CH), 2.37 (t, J = 7.42 Hz, 2 H, CH,), 1.93 (m, J = 7.22 Hz, 2 H,
6



CH,) ppm. *C NMR (250 MHz, CDCl3): d = 177.31, 176.28, 136.50, 80.94, 47.40, 37.95,

30.78, 22.59 ppm.

3-Bromo-2,2-bis(bromomethyl)propyl-4-(1,3-dioxo-3a,4, 7, 7a-tetrahydro- 1 H-4, 7-epoxy-
isoindol-2(3H)-yl)butanoate (3)

2 (1.1 g, 4.38 mmol), pentaerythritol tribromide (1.7 g, 5.23 mmol), DCC (1.36 g, 6.59 mmol)
and DMAP (82 mg, 0.67 mmol) were dissolved in 50 mL methylene chloride and stirred at
room temperature under nitrogen for 24 h. Afterwards the mixture was filtered and the clear
solution was washed with 50 mL water. The organic phase was dried over sodium sulfate and
the solvent was removed under reduced pressure. Subsequently the crude product was purified
via column chromatography (silica gel 60, methylene chloride: ethyl acetate 95:5) and 3 was
obtained as a colorless solid. Yield 1.3g (53% of theory).

'H NMR (300 MHz, CDCl3): 6= 6.52 (s, 2 H, 2 CH), 5.27 (s, 2 H, 2 CH), 4.21 (s, 2 H, CHy),
3.56 (s, 6 H, 3 CHa), 3.55 (t, 2 H, CHa), 2.86 (s, 2 H, 2 CH), 2.35 (t, J = 7.31 Hz, 2 H, CH,),
1.92 (m, J = 7.08 Hz, 2 H, CH,) ppm. *C NMR (75 MHz, CDCl3): 6= 176.22, 171.53,
136.49, 80.94, 63.71, 47.39, 42.73, 37.88, 34.11, 30.89, 22.71 ppm. MS (HR-ESI): m/z

calculated for [C17Hz0BrsNOs™": 577.8784; found: 577.8776 [M + Nal.

3-(Acetylthio)-2,2-bis((acetylthio)methyl)propyl  4-(1,3-dioxo-3a,4,7, 7a-tetrahydro-1H-4, 7-
epoxyisoindol-2(3H)-yl) butanoate (4)

3 (1 g, 1.79 mmol) and potassium thioacetate (1.22 g, 10.68 mmol) were dissolved in 10 mL
DMF and stirred in a closed vial at room temperature for 48 h. Subsequently, 50 mL diethyl
ether were added and the formed precipitate was filtered off. The organic solution was washed
five times with 50 mL water followed by drying over sodium sulfate. Afterwards the solvent

was removed under reduced pressure. The crude product was purified via column



chromatography (silica gel 60, methylene chloride: acetonitrile 38:2) to obtain 4 as a yellow
oil which solidifies upon standing. Yield 290 mg (28% of theory).

'H NMR (300 MHz, CDCl3): 6= 6.52 (s, 2 H, 2 CH), 5.29 (s, 2 H, 2 CH), 3.95 (s, 2 H, CHy),
3.57 (t, J = 6.85, 2 H, CHy), 3.07 (s, 6 H, 3 CHy), 2.86 (s, 2 H, CH,) 2.36 (s, 9 H, 3 CHs),
235 (t, 2 H, CHy), 1.93 (m, J = 7.08 Hz, 2 H, CH,) ppm. >C NMR (75 MHz, CDCl3): §=
194.14, 176.20, 171.97, 136.53, 80.94, 66.09, 47.43, 42.16, 37.99, 32.94, 30.99, 30.58, 22.68
ppm. MS (HR-ESI): m/z calculated for [Co3HoNOgS3]™": 566.0948; found: 566.0900 [M +

Na].

Synthesis of maleimide stabilized gold nanoparticles (Au-NP)

10 x 1 mL citrate stabilized gold nanoparticles were pipetted in Eppendorf tubes and
centrifuged at 5000 rpm for 90 minutes. Respectively, 950 uL. of the supernatant solution
were taken off, subsequently, a solution of 4 (100 pL, 1 mg/mL. DMF) and 850 uL. DMF were
added. The particles were redispersed by simple shaking. The solution was centrifuged at
5000 rpm for 90 minutes, afterwards, 900 puL of the supernatant solution were taken off and
the remaining 100 pL solution of the ten tubes were combined and pipetted in a glass vial.
Finally, a solution of 4 (46 puL, 1 mg/mL DMF) was added and the mixture was heated to

130 °C for 1 h in order to cleave off the furan unit.

Diels-Alder reaction with maleimide-functionalized gold-nanoparticle

P2VPgs-FGE-b-PEO39 (5 mg) and 1 mg AuNP (46 pg of 4) were dissolved in 1.5 mL DMF
and heated to 75 °C for 2 days. The excess of block copolymer was removed by
centrifugation at 5000 rpm for 90 minutes. The supernatant solution was removed and the

particles re-suspended in DMF.



Diels-Alder reaction P2VP ¢s-FGE-b-PEQ 399 and N-(1-pyrenyl)maleimide

P2VPgs-FGE-b-PEO390 (100 mg; 4 umol) and N-(1-pyrenyl)maleimide (24 mg; 0.08 mmol)
were dissolved in 2 mL DMF. The solution was heated to 75 °C overnight. The desired
product was received after size exclusion column chromatography (BioBeads SX1) with THF

as eluent.

SEC (CHCly/i-PrOH/Et;N): M, = 17 000 g mol '; B = 1.22 (PEO-calibration)

Diels-Alder reaction P2VP ¢s-FGFE-b-PEQ 399 and 4-phenylazomaleinanil

P2VP¢s-FGE-b-PEO39 (100 mg; 4 umol) and 4-phenylazomaleinanil (24 mg; 0.08 mmol)
were dissolved in 2 mL DMF. The solution was heated to 75 °C overnight. The desired
product was received after size exclusion column chromatography (BioBeads SX1) with THF

as eluent.

SEC (CHCl3/i-PrOH/Et;N): M, = 16 000 g mol '; B = 1.24 (PEO-calibration)
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Figure S2: SEC trace (A) and MALDI-TOF MS spectra (B) for P2VP-FGE-OH.
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Figure S3: Comparison of the measured and the calculated MALDI-TOF MS spectra for P2VP-FGE-
OH before (A) and after (B) extraction to remove the lithium counterion.
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Figure S4: Comparison of the SEC traces for for P2VP¢-FGE-OH (dashed line) and for P2VP¢-FGE-b-
PEO;q (A) and MALDI-TOF MS spectra of P2VP-FGE-b-PEQ;.

Table S1: Characterization of the functionalized homopolymer (P2VPq-FGE-OH), block copolymer
(PZVPﬁg-FGE-b-PEO_?,g()) and the functionalized P2VP68-FGE-b-PEO390.

Polymer M," [g mol™] PDI* M,’ [g mol ™|
P2VP-FGE-OH" 8 700° 1.08° 7 200
P2VPs-FGE-b-PEQs," 19 000 1.11 24 500
P2VPs-azo-b-PEO;0 16 000 1.24 -
P2VPs-pyr-b-PEQs9 17 000 1.22 -

a) SEC (CHCly/iso-propanol/tricthylamine) (PEO-calibration)

b) Determination by a combination of 'H-NMR and MALDI-TOF MS
¢) SEC (CHCly/iso-propanol/tricthylamine) (PS-calibration)

d) MALDI-TOF MS

11
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Figure S5: Comparison of SEC traces for the P2VP »-FGE-b-PEQ;q (black dashed curve), P2VPg-pyr-b-
PEQO;y (red curve), and P2VPg-azo-b-PEQO:q, (blue curve).
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Figure S6: Comparison of fluorescence micrographs for water (A), pristine N-(1-pyrenyl)maleimide (B),
pyrene (C), P2VP,-FGE-5-PEQ;5, (5 mg mL™), and P2VP,\-pyr-b-PEQ;g (5 mg mL™?) in water (at pH 7)
under comparable conditions (same gain, excitation 357 nm; emission filter 460 nm).
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Figure S7: Comparison of the fluorescence measurements normalized in comparison to H,O (black) for /V-
(1-pyrenyl)-maleimide (red), pyrene (green), P2VP¢-FGE-b-PEQ;q, (blue, 5 mg mL™) and P2VPgg-pyr-b-
PEO;, (cyan, S mg mL™") in water (at pH 7) under comparable conditions (same gain, excitation 357 nm;
emission filter 460 nm).
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Figure S8: Comparison of TEM micrographs of the maleimide-coated AuNPs (A and B) and P2VPgs-
DA ,-b-PEO;q (C and D): before (A and C) and after (B and D) staining with uranyl acetate.
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Figure S9: Comparison of NMR spectra for P2VP¢-FGE-b-PEQ;y (black curve) and P2VPgs-DA,-b-
PEOQO;q (black curve) in the characteristic regions for P2VP (A) and PEO (B).
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Figure S10: A) Comparison of images for P2VP¢-DA ,,-b-PEQ;y (left) and AuNP (right); B) Zeta
potential measurements for P2VPgs-DA ,,-b-PEQ;y (blue dots; ~0.2 mg mL! polymer), P2VP¢-FGE-b-
PEO; (red dots; 0.5 mg mL™) and Au-NP (black dot) after transfer into water at different pH 4 and 7.
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The reaction of tetrachloroauric acid in DMF with poly(ethylene imine)
(PEI) as a reducing agent yields spherical nanoparticles. Depending on
the reaction conditions single gold nanoparticles or gold—PEIl clusters
with tunable size up to 200 nm in diameter were obtained which could
serve as potential building blocks for metamatenials.

Directing the assembly of noble metal nanoparticles has attracted
considerable interest in recent years as a source for potential analytical,
medical and optoelectronic applications."” Among the most intriguing
materials that can be obtained in this way are metamaterials due to
their unique properties not found in nature.” Being able to manipulate
electromagnetic waves in a defined way enables the creation of novel
devices like superlenses® or cloaking devices.” Meta-atoms are the
building blocks of such materials. Structures, which can serve as
building blocks, can be obtained viz spherical cluster formation or
satellite assemblies of plasmonic nanoparticles.” One strategy to
synthesize these structures is to employ spherical templates usually
consisting of silica,” polymers® or micelles” and the subsequent synth-
esis of nanoparticles in their interior. Moreover, already formed
nanoparticles can be assembled on their outer surface via electrostatic
or strong sulfur-metal particle interactions."® A second approach is the
synthesis of particles, followed by their encapsulation in a spherical
shell."* The approach described herein involves the simultaneous
synthesis of the nanoparticles and cluster formation.”” Our strategy
involves cheap commercial reagents and requires only one reaction
step to create size-tunable gold nanoparticle clusters.

The proposed mechanism for the formation of gold nano-
particle-polymer clusters is depicted in Scheme 1. In general a
solution of branched poly(ethylene imine) (bPEI) (25 kDa) and HAuCl,
in DMF is heated, which results in the formation of nanoparticles
encapsulated by the polymer. Mixing the solutions leads immediately
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Scheme 1 Schematic representation of the cluster formation. Photo-
graphs depict the solutions at the different stages of the synthesis.

to a large bathochromic shift (Fig. 1, Fig. S1 and S2, ESIt). The first
step in this process is the protonation of the primary, secondary and
tertiary amine groups of the polymer. The Au”" jons are colored yellow
in solution and the color change indicates the complex formation
between the gold ions and bPEL 1t is also possible for one gold ion to
complex multiple polymer chains which can facilitate crosslinking.
Upon heating, Au’™ ions are first reduced to colorless Au* ions and

1.8 —— HAUC|

1.6 ——— PEI-HAuCl;-complex
—30s

1,4 45s
e 4 N
2 min
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Fig.1 UV-vis spectra of the solutions at the different stages of the
synthesis {in DMF).
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then to elemental gold. This can also be followed by UV-is spectro-
scopy which shows at first a decrease in absorption due to the
formation of Au" but over time the plasmon band of the nanoparticles
evolves and increases in intensity. Metal centers are frequently used in
dehydrogenation reactions,"® and organic amines are commonly used
for the synthesis of gold nanoparticles." Dehydrogenative oxidation of
primary and secondary amine groups leads first to imine formation
and, depending on the reaction time and temperature, in a second
step the formation of nitrile groups in the case of primary amines is
possible. For the tertiary amines, transformation to an imine can take
place, in addition, formation of radical species can occur which is also
a known mechanism in photocatalytic processes in which, e.g,
triethylamine acts as an electron donor."

To gather further insights into the cluster formation process we
first started investigating the effect of the PEI: HAuCl, mass ratio on
the formation of nanoparticles (Fig. S3 and S5, ESIt). At a 1:4 ratio a
blue solution with an absorption maximum at 622 nm could be
obtained which is an indication of the formation of nanoparticles. In
this case the amount of reducing agent might be too low to reduce all
gold ions to elemental gold. Besides this, the stabilization of the
formed particles by the polymer shell could be insufficient, resulting
in larger aggregates of nanoparticles. Increasing the ratio to 1:2
results in a stable nanoparticle solution with an absorption max-
imum at 544 nm. TEM imaging showed spherical nanoparticles with
a rather large size distribution and the formation of a polymer film
around the particles. However, there is no distinct segregation
between the clusters, and most of them appear to be fused together.
Increasing the ratio to 1:1 led to the formation of clearly separated
gold-polymer clusters without aggregated gold particles as evidenced
by a plasmon band at 532 nm. It is worth noting that the polymer
shell shows considerable stability against water. It is possible to
perform three times a centrifugation-redispersion cycle without
dissolution of the polymer shell or release of gold nanoparticles
(Fig. S6, ESIT). This supports the hypothesis of a crosslinking
mechanism as pure bPEI is readily soluble in water. The nano-
particles can be etched by addition of cyanide which, however, also
results in aggregation of the empty polymer shells.

Motivated by these initial results, we sought to explore the effect of
changing concentrations of bPEI and HAuCl, at a fixed ratio of 1:1.
Surprisingly, increasing or decreasing the amount of the compounds
in solution does not result in more or less clusters in solution but, in
fact, causes a significant change in the cluster size (Fig. 2 and 3).
Decreasing the concentration of each of the reactants to 1 mg mL™"
leads to the formation of single nanoparticles with an average size of
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Fig. 3 UV-vis spectra of single particles and clusters synthesized at
different concentrations of the reactants {in DMF).

33 nm. There is no obvious cluster formation and only occasionally a
thin polymer shell is visible. UV-vis spectroscopy indicates a bath-
ochromic shift of the absorption to 561 nm. Increasing the concen-
trations to 10, 20, 50 and 100 mg mL ™" yielded polymer shells with
sizes of 40, 60, 120 and 230 nm, respectively, with small encapsulated
gold nanoparticles (~3 to 8 nm). The maximum of the absorption
changes only insignificantly except for the highest concentration. To
address the effect of the polymer size and shape on the formation of
nanoparticles we investigated branched PEIs with different molar
masses and one linear PEI (IPEL 25 kDa) (Fig. S4 and S5, ESIt).
Application of low molar mass bPEI (0.6 kDa) resulted in the
formation of nanoparticles; however, precipitation with simultaneous
color change to blue occurred during the reaction. Hence, it was
concluded that the polymer might simply be too short to stabilize the
particles against aggregation. After increasing the molar mass to
1.8 kDa TEM imaging showed the formation of clusters. However, it
should be noted that still some precipitation was observed due to
incomplete stabilization, which can also be visualized by the UV-vis
spectrum that showed a small broadening of the surface plasmon
resonance. Increasing the molar mass to 10 kDa (bPEI) resulted in a
stable solution and cluster formation without any evidence of
aggregation. Synthesis of clusters with IPEI gave similar results to
the ones with the low molar mass bPEI; nanoparticles were formed,
but aggregation occurred during the synthesis. Even though the size
of the IPEI should be sufficient to stabilize the nanoparticles, the
linear structure could compromise the crosslinking of the PEI chains,

o =
. .. "!' >

@ {
o2 "’ “
s " .
200

]
400 nm

Fig. 2 TEMimages of single particles and clusters synthesized from bPEI 25 kDa and HAuCl, at a fixed ratio of 1: 1. Concentrations of the reactants: 1, 10,

20, 50, 100 mg mL~? (from left to right).

This journal is © The Royal Society of Chemistry 2014

Chem. Commun., 2014, 50, 88-30 | 89



Published on 07 August 2013. Downloaded on 13/06/2014 11:25:01.

ChemComm

resulting only in a small or no polymer layer around the nano-
patticles. This is, however, not corroborated by experiments con-
ducted with polyallylamine (PAAm). The main difference is the nature
of the amine unit, which is primary in the case of PAAm. While the
overall polymer structure still corresponds to a linear chain, PAAm
was also able to generate particle clusters.

As the formation of metal nanoparticles in water vig PEI is well
known,'*'” though, without formation of a polymer shell, we suggest
that the solvent might also contribute to the shell formation. To
elucidate this issue we investigated the impact of the solvent on the
cluster formation (Fig. S7 and S8, ESIt). It turned out to be difficult to
identify a solvent in which bPEI and HAuCl, are soluble at the same
time. At first we performed similar experiments reported in the
literature with water as the solvent and a 1:1 ratio of the compounds
which resulted in single spherical particles. Due to the aforementioned
difficulties ethanol was used as the solvent yielding also no clusters. As
ethanol and many other organic solvents are also capable of reducing
gold ions to elemental gold, the formation of nanoparticles might
merely be attributed to the reducing properties of the organic solvent
while the polymer acts only as a capping agent. DMF is also reported to
be a reducing agent for gold salts;"® however, the reduction proceeds
only at high temperature or over a prolonged period of time. To exclude
this effect we conducted the reaction in DMF at room temperature. In
contrast to the reactions performed at 130 °C the reaction was complete
only after several days. Cluster formation takes place, but as is evident
from the TEM image, the clusters are less defined and the polymer
shell is considerably thinner (Fig. S8, ESIt). In addition, occasionally
rather large nanoparticles are formed and the particles appear more
aggregated. This is in agreement with the UVwis spectrum of the
solution which shows a slight bathochromic shift in conjunction with
an overall broadening of the plasmon resonance compared to the
samples prepared at elevated temperature.

Next to gold, silver is the most interesting material for plasmonic
applications due to its more favorable optical properties and lower
costs.' In case the reaction is conducted with an equivalent amount
of silver nitrate instead of HAuCl, a yellow solution is formed. TEM
imaging and UV-vis spectroscopy showed the formation of silver
nanoparticles with a broad size distribution, however, no cluster
formation could be observed. Two factors could contribute to this
result: on the one side, in contrast to gold, DMF is a good reducing
agent for silver ions which results in a similar combination to the
aforementioned ethanol: HAuCl, : PEI system. On the other hand,
the counter ion might contribute to the formation of the polymer
shell. While bPEI is soluble in water and some polar organic
solvents, bPEI hydrochloride is soluble only in water but not in
DMF. No formation of clusters is evident directly after mixing the
reactants, however, as hydrochloric acid evolves during complexation
and reduction of HAuCl,, more protonation of the polymer takes
place, resulting in the formation of clusters. In order to confirm this
hypothesis we conducted a control experiment with NH,Cl. Upon
heating NH; is driven off and HCI is formed. This resulted in the
formation of polymer nanoparticles as evidenced by TEM imaging,
however, devoid of gold particles (Fig. S2, ESIt).

The optical properties of nanoparticle assemblies are also depen-
dent on the size of the gold particles in the cluster and the filling
fraction of gold. While the size of the gold particles cannot be
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increased by increasing the gold concentration it turned out to be
possible to utilize pre-synthesized gold particles which are encapsu-
lated during the synthesis. Citrate-stabilized Au nanoparticles were
transferred into DMF, and, in a similar way as introduced before,
small or large clusters can be synthesized. TEM imaging showed for
a low concentration of initial particles concomitantly present small
and large particles (Fig. S9 and S10, ESIt). However, the fraction of
small particles is significantly lower compared to the synthesis
without initial particles. In addition, empty clusters can also be
observed. In the case of a high initial particle concentration no
secondary nucleation is found. This observation indicates that the
formation mechanism of these clusters remains essentially the same
as previously described, except that in addition the seeded growth of
the initial particles takes place. In accordance with theoretical
predictions® an increased filling fraction leads to a more pronounced
broadening of the localized surface plasmon resonance as indicated
by UV-vis spectroscopy.

In conclusion, we synthesized tuneable gold nanoparticle-PEI
clusters and investigated the effects of the polymer structure, solvent
and concentration of the reactants. The mechanism relies on
the reducing properties of the amine moieties with concomitant
insolubilization of the polymer vie HCl and crosslinking of the
polymer chains. The filling fraction and size can be increased via
encapsulation of pre-synthesized gold nanoparticles. The introduced
approach presents a versatile route to synthesize cluster systems with
good control and potentially promising properties for further
research, eg, for application in metamaterials or the design of
functional polyamine-plasmonic particle composites.

Financial support by the Federal Ministry of Education and
Research (Spitzencluster PHONA) is acknowledged.
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Tunable synthesis of poly(ethylene imine)-gold-nanoparticle
clusters
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Materials and Instrumentation:

DMF (anhydrous, amine free, 99.9%) and hydrogen tetrachloroaurate(IlI) trihydrate (99.99%)
were purchased from Alfa Aesar. Silver nitrate (>99.8%), ethanol, branched PEI (bPEIL, 25
kDa), PAAm (17 kDa, 20 wt% aqueous solution) and sodium citrate dihydrate (>99%) were
purchased from Sigma-Aldrich. Linear PEI (IPEL; 25 kDa), bPEI (0.6, 1.8 and 10 kDa) was
purchased from Polysciences Inc.. Potassium cyanide (techn.) was obtained from Riedel De
Haen. Ammonium chloride (>99%) was purchased from Roth. Water (< 0.1uS/cm) was
purchased from an ELGA Purelab Prima. All chemicals were used as received.

UV-vis absorption spectra were recorded on a Perkin Elmer Lambda 750 spectrometer in
1 cm quartz cuvettes at room temperature. TEM measurements were performed on a Philips
CM-120. 15 pL of the sample solution were blotted onto clean carbon coated TEM grids
(Mesh 400, Quantifoil, Jena) and excess material was removed by a filter paper (Whatman
No. 1); the samples were allowed to dry prior to the transfer to the microscope. Grid cleaning

was performed by UV-ozone treatment for 40 s. Particle sizes were determined from the TEM
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images utilizing ImageJ. Centrifugation was performed with a Heraeus Biofuge Primo with a

fixed angle rotor in 1.5 mL Eppendorf tubes.

Synthesis of the clusters with different PEI/HAuCl, ratios and different PEIs:

A solution of bPEI (25 kDa 2.5; 3.3; 5; and 10 mg/mL DMF) and a solution of HAuCl4x3
H,0 (10 mg/mL. DMF) were prepared. To 1 mL DMF in a small glass vial 40 uL of each
solution were added and the mixture was immersed in an oil bath at 150 °C (corresponding to
an internal temperature of ~130 °C after 20 min) and stirred for 20 min at 700 rpm and
afterwards cooled to room temperature. In the same way particles with bPEI 0.6; 1.8; 10 kDa

and IPEI 25 kDa were prepared (10 mg/mL of the reactants, 1:1 ratio).

Synthesis of PEI clusters with NH,Cl:
To 1 mL of a solution of bPEI (25 kDa, 4 mg/mL DMF) 100 puL. NH4Cl (10 mg/mL H,0)
was added and the solution immersed in an oil bath at 150 °C and stirred for 20 min at 700

rpm and then cooled to room temperature.

Synthesis of gold nanoparticle-PAAm clusters:

A solution of PAAm (66.5 mg/mL water) and a solution of HAuCl4x3H;0 (10 mg/mL DMF)
were prepared. To 1 mL DMF in a small glass vial 40 pL of each solution were added. The
mixture was immersed in an oil bath at 150 °C and stirred for 20 min at 700 rpm and then

cooled to room temperature.

Synthesis of single gold particles and differently sized gold nanoparticle-PEI clusters:
Solutions of 1 mg/mL, 10 mg/mL, 20 mg/mL, 50 mg/mL, 100 mg/mL of bPEI (25 kDa) and

HAuCl4x3 HyO were prepared. To 1 mL DMF 40 pL of each solution were added under
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stirring and the mixtures were immersed in an oil bath at 150 °C. After stirring for 20 min at

700 rpm the mixtures were cooled to room temperature.

Transfer into water, etching of the particles and synthesis in water/ethanol:

All experiments were conducted with the solutions synthesized with bPEI 25 kDa at a 1:1
ratio. 40 uL of each solution were added to 1 mL. DMF (concentration of 10 mg/mL for each
reactant).

To transfer the clusters into water 1 mL of the solution was centrifuged at 5.000 rpm for 90
min, afterwards 950 uL of the supernatant solution was taken off, 950 puL of water were
added and the procedure was repeated two more times. Etching of the gold cores was
accomplished by addition of 100 puL. of a KCN solution (10 mg/mL H;O) to 1 mL of the
cluster solution.

In case of water and ethanol as the solvents the reaction was conducted at 95 °C and 70 °C oil
bath temperature, respectively, for 20 min. The synthesis of the clusters at room temperature

was conducted by stirring the reaction for one week.

Synthesis of silver nanoparticles:

The synthesis was performed with a fresh solution of AgNO3 (4.3 mg/mL DMF) and bPEI (25
kDa, 10 mg/mL). 40 pL of each solution were added to 1 mL DMF and the mixture was
immersed in an oil bath (temperature 150 °C) and stirred for 20 min at 700 rpm.

Subsequently, the mixture was cooled to room temperature.

Synthesis of citrate stabilized gold nanoparticles:
In a 250 mL round bottom flask 200 mL of a HAuCl4x3H,O (1 mM) solution was heated to
100 °C while stirring at 700 rpm. To the refluxing solution 1 mL of a sodium citrate solution

(0.78 mM) was added at once. The color of the solution turned red after ~ 30 seconds.
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Heating was continued for 30 minutes, afterwards the solution was cooled down and stored in

the dark at 4 °C.

Synthesis of clusters with increased gold particle size and filling fraction:

For clusters with a low concentration of initial nanoparticles, 1 mL of the citrate nanoparticles
were centrifuged in a plastic vial at 5000 rpm for 90 min and 950 pL of the supernatant
solution was taken off. Afterwards 100 puL. of a PVP solution (10 mg/mL DMF) and 850 pL
DMF were added and the particles were redispersed by simple shaking. The solution was
centrifuged two times at 5000 rpm for 2.5 h and each time 950 pL supernatant was taken off
and the particles were redispersed in 950 uLL. DMF. For solutions with a high concentration of
initial gold particles ten 1 mL solutions were processed in the same way. As an additional step
the solutions were centrifuged again, 900 pL of the supernatant was taken off, and all the
solutions were combined.

For the synthesis of small clusters, to 1 mL of the low or high concentrated particle solution
40 pL PEI (10 mg/mL DMF) and 40 uL. HAuCl4*3H,0 (10 mg/mL. DMF) were added under
stirring at 1200 rpm. The solution was then immersed in an oil bath at 150 °C and stirred for 5
minutes at 700 rpm; afterwards it was cooled to room temperature.

For the synthesis of large clusters, to 1 mL of the low or high concentrated particle solution
40 pL PEI (50 mg/mL DMF) and 40 uL. HAuCl4*3H,0 (50 mg/mL DMF) were added under
stirring at 1200 rpm. The solution was then immersed in an oil bath at 150 °C and stirred for 5

minutes at 700 rpm; afterwards it was cooled to room temperature.
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Figure S1. TEM images at different stages of the nanoparticle synthesis. After 30 sec (top
left), 45 sec (top right), 1 min (bottom left) and 2 min (bottom right).

Figure S2. TEM image of the control solution with NH4Cl instead of HAuCls.
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Figure S3. UV-vis spectra of particles synthesized with different PEI/HAuCl, ratios (in
DMF).
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Figure S4. UV-vis spectra of clusters synthesized with PEls of different molar masses (in
DMF).
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Figure S5. TEM images of particles synthesized with a 1:2 ratio (top left), with PAAm (top
right), bPEI 1.8 kDa (bottom left) and bPEI 10 kDa (bottom right).

Figure S6. TEM images of as synthesized particles with bPEI 25 kDA and a 1:1 ratio, after
three times centrifugation and redispersion in water and after etching with KCN (left to right).
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Figure S7. UV-vis spectra of particles synthesized in water, ethanol, at room temperature (in
DMF) and with silver nitrate (in DMF).

Figure S8. TEM images of particles synthesized in water (top left), ethanol (top right), at
room temperature (bottom left) and with silver nitrate (bottom right).
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Figure S9. UV-vis spectra of clusters of different size and filling fractions: A - small clusters,

low filling fraction; B - small clusters, high filling fraction, C - large clusters, low filling
fraction; D - large clusters, high filling fraction (in DMF).

Figure S10. TEM images of clusters of different size and filling fractions: top left - small
clusters, low filling fraction; top right - small clusters, high filling fraction; bottom left - large
clusters, low filling fraction; bottom right - large clusters, high filling fraction.
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Plasmonic nanoparticle clusters with tunable
plasmonic resonances in the visible spectral region

Florian Kretschmer,?® Martin Fruhnert,® Reinhard Geiss,® Ulrich Mansfeld,?®
Christiane Hoppener,® Stephanie Hoeppener,*®® Carsten Rockstuhl,f
Thomas Pertsch® and Ulrich S. Schubert*3®

The seeded growth of poly(ethylene imine) — gold nanoparticle clusters enables the formation of particle
assemblies with tunable optical properties. Clusters with increasing particle sizes, filling factors and
assemblies consisting of PEI-gold—silver core shell particles can be synthesized in this way. Profound
structural characterization is carried out via TEM imaging and FIB milling which allows visualizing the
cross-section of the clusters. Determination of the optical properties was performed via UV-Vis
Additionally,
calculations were carried out based on the Mie theory. The results are in good agreement with the

spectroscopy and spectral dark-field microscopy of individual particles. numerical
experimental findings and reveal the contribution of different multipoles to the spectra which cannot be
resolved by UV-Vis spectroscopy in solution. The isotropic nature and adjustable properties of these

clusters could render them versatile building blocks for metamaterials.

Introduction

The controlled fabrication of noble metal nanostructures has
become a major driving force for the implementation of
uncountable potential applications in fields like medicinal
therapy,“* sensors,® energy conversion,** catalysis® and optical
devices.”® Up to now, most interest was gathered by gold and
silver nanoparticles as they feature a localized surface plasmon
resonances (LSPRs) in the visible and near infrared (IR) region,
as well as they provide a high environmental stability. Light-
matter interactions of these particles can be tuned via
different parameters, i.e., their sizes or shapes but also by the
assembly of such particles into superstructures.®*®

Due to the ability to create completely tunable and artificial
properties, metamaterials are certainly the most exciting
applications as they could potentially be utilized to fabricate
perfect lenses or cloaking devices." Bottom-up approaches for
the synthesis of plasmonic nanoparticle assemblies can serve as
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an excellent starting point for the fabrication of metamaterials
since they can be formed by meta-atoms in the nanometer
range. Next to the synthesis of individual nanoparticles the
utilization of colloidal superstructures promises a wider range
of possibilities to manipulate the optical properties of assem-
blies.'®"> However, it is obvious that for the time being the focus
of such nanostructures has mostly not been primarily on the
synthesis of potential meta-atoms. While a considerable
amount of work has been conducted to elaborate the theoretical
aspects of these superstructures, practical approaches to
synthesize them, in particular, with complex architectures, have
been scarce. Mediated by block copolymers, small clusters with
a defined particle number can be synthesized.**** These clusters
can be utilized for analytical applications, e.g., SERS; however,
also metamaterials® could be potentially created in this way.
Yet, an undesired property of these clusters is their highly
anisotropic behavior, i.e. their electric and magnetic response is
dependent on the angle and polarization of the irradiated light.
Exceptions are tetrahedral clusters due to their isotropic nature
but the current methods allow their preparation only in low
yields. Moreover, purification from other cluster structures is
necessary. Here we introduce a conceivable method to synthe-
size plasmonic superstructures consisting of hundreds of
individual plasmonic nanoparticles embedded into polymeric
spherical assemblies, introduce a model to predict their optical
properties and compare the obtained results with spectro-
scopically resolved dark field microscopy investigations on the
level of individual superstructures. The spherical superstruc-
ture of these clusters renders them isotropic by design. Addi-
tionally, changing the particle number will have a negligible
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influence on their optical properties, in contrast to clusters with
a low amount of particles. The optical response of spherical
assemblies of plasmonic nanoparticles depends on several
parameters, i.e., the chosen metal, the filling factor of the metal,
the size of the metal particle as well as of the overall architecture
of the superstructure. For example the UV-Vis spectrum of an
assembly of small gold nanoparticles into a spherical super-
structure with a low filling fraction will be hardly different from
the spectrum of nonassembled individual gold particles.
However, if, e.g., the particle size and/or the filling factor is
increased new material properties arise, which change the
optical response of the assemblies.**™

In literature different strategies were reported to create
colloidal superstructures. A suitable approach is the synthesis
of satellite type structures by the assembly of plasmonic nano-
particles onto a spherical template. Organic or inorganic
nanoparticles consisting of polystyrene or silica can be applied
as templates.”** For example, Miihlig and co-workers assem-
bled larger gold nanoparticles on the surface of functionalized
silica particles via electrostatic attraction as well as by strong
thiol-gold interactions.?® In this way the authors were able to
establish structures generating a magnetic dipole moment in
the visible region of the spectrum.

Clusters on the one hand can be prepared by first synthe-
sizing plasmonic nanoparticles which are subsequently
encapsulated.> ¢ Dintinger and coworkers demonstrated the
fabrication of silver nanoparticle clusters via an emulsification
technique and their optical response could be associated with a
magnetic dipole resonance.” An alternative approach was
utilized by Xiao et al. The authors demonstrated an approach
that involves the synthesis of mesoporous hollow silica parti-
cles.”” A gold salt as well as a reducing agent solution can enter
these particles and, via heating, gold nanoparticles are formed
inside the cluster. The most striking feature of this approach is
that the gold particles can be used also to grow other structures
inside the particles.

Another strategy to form colloidal superstructures consisting
of clusters relies on the preparation of plasmonic nanoparticles
and the simultaneous formation of larger clusters at the same
time.?® Recently, we reported such an approach to form poly-
(ethylene imine)-gold nanoparticle clusters.” Branched PEI
and HAuCl, were heated in DMF, which results in differently
sized polymer particles with small encapsulated gold nano-
particles. Depending on the overall concentration of the reac-
tants the size of the clusters could be reliably tuned.

Here we introduce a number of additional considerations
based on theoretical predictions, which are verified experi-
mentally. In particular the seeded growth of the particles inside
the clusters to increase the filling factor is introduced. Further,
the first synthesis of clusters consisting of gold-silver core-shell
nanoparticles is demonstrated. The structure of the clusters was
characterized by TEM as well as FIB milling/SEM imaging.
Optical characterization was performed by UV-Vis spectroscopy
of the solutions as well as by spectroscopically resolved dark-
field microscopy on the individual nanoparticle level. These
results were compared to numerically predicted plasmonic
spectra. The easily tunable optical properties as well as the
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isotropic nature of the clusters renders the described approach
a versatile way for the creation of meta-atoms.

Results and discussion

Branched PEI and HAuCl, are heated in DMF which results in
differently sized polymer particles with tiny encapsulated gold
nanoparticles.” Depending on the overall concentration of the
reactants the size of the clusters can be tuned. Based on the size
of the particles and the amount of PEI and HAuCl, used, an
initial filling factor of 2.7% of gold was calculated. For clusters
with small gold particle sizes and only a low filling factor the
UV-Vis spectra are dominated by the plasmon resonances of the
individual nanoparticles and no effect from their incorporation
into a superstructure could be observed.

However, simulations based on the Mie theory on super-
structures with higher filling factor, particle/cluster size or
utilization of silver instead of gold promised the occurrence of
new optical properties, e.g., magnetic dipole moments. Possible
strategies to access the cooperative coupling of the nano-
particles within the cluster include, e.g., the simple increase of
the size of the clusters. Moreover, it is possible to increase the
size of the encapsulated nanoparticles by utilizing pre-
synthesized gold nanoparticles, which are concomitantly
encapsulated during the synthesis. However, the transfer of the
pre-synthesized particles into DMF is challenging due to their
protection with additional polymer in order to prevent aggre-
gation. Hence, several time consuming centrifugation cycles are
required. Furthermore, to achieve high filling factors and to
avoid secondary nucleation a high initial particle concentration
is required. As a result the concentration of citrate stabilized
particles, e.g., to tenfold of their initial concentration, leads
approximately only to a doubling of the filling factor for the
largest polymer particles.”

To overcome these restrictions we propose to utilize alter-
natively the seeded growth of already encapsulated gold nano-
particles (Scheme 1). For all seeded growth experiments
discussed in this contribution, clusters of 120 nm diameter
were used (Fig. 1) as initial PEI-NP aggregates. In literature
there are several protocols available to increase the size of gold
particles via seeded growth.**~** Hydroxylamine is a commonly
utilized reducing agent for this approach.®® In the first step of
the reaction Au’” is reduced to Au', subsequently, it can be
reduced to Au’ if elemental gold is already present. This
straightforward method, however, cannot be directly applied for
PEI-NP clusters as it results to a large extend in the destruction
of the clusters as well as a large size and shape distribution of
the final particles. On the other hand, a combination of ascorbic
acid (AA) and cetyltrimethylammonium bromide (CTAB)* lead
to the successful growth of larger spherical particles inside the
clusters. In order to further finetune the particle size and the
filling factor the amount of growth solution was kept constant
and different volumes of the cluster solution were added. In this
way the size of the gold particles could be increased by
concomitantly decreasing the seed concentration. By adding 20,
10 and 5 pL of the clusters to 1 mL of the growth solution the
size of the gold particles increased respectively (Fig. 2). The
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Scheme 1 Schematic representation of the nanoparticle growth
inside of the clusters mediated by HAUCL/AA/CTAB (A) or AgNOs3,
NHS(aq)' HCHO(aq) (B).

[
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Fig.1 TEM image of the cluster seeds prior to the seeded growth.

process could also easily be followed by the characteristic color
change of the solution. The initial, slightly red color of the seed
solution, changes to a dark purple, violet and finally dark blue.
UV-Vis spectroscopy indicates furthermore an increased inten-
sity of the LSPR band with increasing particles size, additionally
the band is red-shifted and broadened. For the lowest seed
concentration a clear shoulder can be observed at 600 nm. An
average seed number of 300 small gold particles in one cluster
was determined by manually counting the particles in a cluster
of average size. Due to the large extend of overlapping of the
internal metal particles, in particular for clusters with higher
filling factors, the particle size could not be reliably determined
experimentally. Hence, an initial particle diameter of 5.4 nm
was calculated based on the seed number and amount of PEI as
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well as gold used. Upon growth, the gold particle size changes to
8.1, 9.6 and 11.8 nm, respectively.

Next to the increase of the size of the nanoparticles inside
the aggregate structures also the incorporation of silver into the
cluster structure is regarded as another efficient method to
further tune the plasmonic properties. While the direct
synthesis of PEI-Ag clusters could not be successfully estab-
lished® the formation of silver shells around the incorporated
gold particles could be implemented which resulted in spher-
ical clusters consisting of Au-Ag core-shell particles. This
system is rather sensitive towards the applied chemical routes;
e.g., for the CTAB/AA system it was observed that the bromide
ions led to the precipitation of silver bromide. Despite the fact
that DMF is known as a versatile reducing agent for silver ions*
a simple addition of silver nitrate to a solution of clusters dis-
solved in DMF did not result in the formation of silver particles
but resulted in the destruction of the clusters. The choice of the
reducing agents is, thus, generally critical. The addition of,
hydroquinone, sodium citrate, glucose or AA alone, resulted
only in the aggregation of the clusters or secondary nucleation.

Finally, Tollens reagent was identified as a suitable way to
circumvent these issues. Similar to the growth of gold nano-
particles, the size of the silver shell could be tuned by varia-
tion of the seed volume. No secondary nucleation was
observed by TEM. For a low amount of seeds larger particles
may occur also on the outside, supposedly due to the fact that
particles on the outside grow faster since the growth solution
has to diffuse into the clusters. This effect might be further
amplified by the different nucleation and growth kinetics of
silver.*®*” In addition, it is also reasonable to assume that the
particles, as soon as they penetrate the polymer shell, grow
significantly faster.

In case a high amount of seeds is used the color of the
solution changes to yellow, and a shoulder occurs in the UV-Vis
spectra at ~400 nm which stems from the contribution of the
silver LSPR. For decreasing amounts of seeds the color changes
to violet and blue and a distinct shoulder at higher wavelengths
arises accompanied by a large broadening of the plasmon
resonance which extends into the NIR region for the lowest
amount of seeds. Upon growth, the initial gold cores are deco-
rated with a silver shell of 2.2, 3.3 and 4.7 nm thickness yielding
core-shell particles of 9.8, 12 and 14.8 nm diameter,
respectively.

While most of the cluster solutions settle within several
hours, they could easily be redispersed by shaking. In case of
the core-shell clusters this was not possible and control
experiments showed that the ammonia solution was the reason
for their irreversible aggregation. However, it was found that
poly(acrylic acid) represents a suitable reagent to stabilize the
solutions.

The initial filling factor of 2.7% increases to 9.2, 15.4 and
28.5% for decreasing amounts of seeds when treated with the
gold growth solution. In case of the seeded growth with silver
filling factors of 16.3, 29.3 and 56.3% were obtained,
respectively.

To further evaluate the structural properties of the clusters a
cross-section was prepared using focussed ion beam (FIB)
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Fig.2 TEM images of the gold clusters synthesized with decreasing volumes of the seed solution (A 20 plL, B 10 pl, C5 pl) (Top). UV-Vis spectra
of the gold cluster solutions (bottom left) and scattering spectra of individual clusters (bottom right): black — original clusters; red, blue, green —
gold cluster solutions with increasing gold particle sizes/filling fractions. The seed concentration decreases from red to green.

milling.*® In contrast to TEM imaging that merely records
projections of the entity of particles constituting the cluster, the
FIB preparation displays an actual cross-section image at a
specific position inside the particle. To avoid charging of the
sample during FIB/SEM operation the clusters were prepared
onto a conductive substrate. A platinum layer was deposited on
top of the particles which protects the top edge of the particle
from rounding and increases the visibility of the particle by
introducing a solid interface with the metal layer. Gallium ions
were subsequently used for cross-sectioning. The results
obtained from the SEM imaging are shown in Fig. 4. Inside the
large outer shell of the particle smaller bright areas are clearly
visible representing the gold nanoparticles.

For small particle sizes or for molecules (e.g. dyes) the UV-Vis
spectrum corresponds in good approximation to the extinction
spectrum of the sample. With increasing particle size, however,
the proportion of the scattering to the UV-Vis spectrum
increases and contributes to a significant amount to the
extinction. For very large particles it can even exceed the
contribution of the absorption to the extinction spectrum. In
this way, UV-Vis spectroscopy of large clusters solutions only
allows to determine the sum of scattering and absorption.
Moreover, no conclusions can be drawn on the optical features
of individual particles as UV-Vis spectroscopy determines the
bulk properties of a sample and represents a sum spectrum of
contributions from the absorption and scattering of the
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solution. Moreover, averaging over a large number of particles
occurs by utilizing conventional UV-Vis spectroscopy.

Dark field microscopy (Fig. 5) represents a versatile tool to
analyze the LSPRs of nanoparticles and is been increasingly
used, e.g., for tracking of nanoparticles in biological tissue or
orientation determination of anisotropic nanoparticles.?**°
Depending on the size, structure and metal the scattering
contributions change in intensity and wavelength which is
reflected by differently colored dots on the dark field image.*~*
We investigated the scattering behavior of selected individual
clusters of all prepared samples. The dark-field spectra were
recorded with the setup described in the materials and instru-
mentation section. The noise in the data stems largely from the
small numerical aperture of the collection objective chosen to
suppress efficiently the direct background light, short integra-
tion times and read out noise. The dark field images of the
original clusters as well as gold and gold-silver core-shell
particle clusters grown with a medium amount of seeds are
depicted in Fig. 6. Clearly, individual dots of yellow, greenish
and blue color are present. Since the synthesized clusters are
mostly of spherical shape it is unlikely that the different colors
arise from different particle structures. However, the scattering
wavelength redshifts with increasing cluster size indicating that
yellow dots correspond to larger clusters whereas blue dots
correspond to small cluster. The scattered light of individual
dots reflects the scattering spectrum which can be recorded by a

This journal is © The Royal Society of Chemistry 2014

10

15

20

25

30

35

40

45

50

55



10

15

20

25

30

35

40

45

50

55

Paper

100 nm

Extinction norm.

400 600 800
A[nm]

1000 1200

Journal of Materials Chemistry C

Scattering norm.

600 700 800 900
A[nm]

400 500

Fig.3 TEM images of the gold—silver core—shell clusters synthesized with decreasing volumes of the seed solution (A 20 pL, B 10 pl, C 5 pl)
(Top). UV-Vis spectra of the gold—silver core—shell cluster solutions (bottom left) and scattering spectra of individual clusters (bottom right):
black — original clusters; red, blue, green — gold cluster solutions with increasing gold particle sizes/filling fractions. The seed concentration

decreases from red to green.

Fig. 4 SEM image of a FIB prepared cross-section from a “gold-only”
cluster with the highest filling factor. The area is covered by 40 nm
platinum layer, the substrate material is SiO, with a conductive layer of
10 nm ITO.

spectrometer. In order to perform a selected evaluation,
multiple spectra of different dots were recorded for each
sample. For the original seed clusters a scattering maximum at
559 nm arises. In comparison, the UV-Vis spectrum showed the
maximum at 521 nm. The maximum of the gold cluster solu-
tions increases in wavelength to 578 nm, 588 nm and 595 nm
for solutions synthesized with decreasing seed concentrations
(Fig. 2). For gold-silver core-shell clusters at first a bath-
ochromic shift to 505 nm occurs due to the scattering

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Schematic representation of the setup for the dark field
microscopy experiments.
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Fig. 6 Dark field images of the seed solution (left), after gold growth
with a medium amount of seeds (middle) and after silver growth with a
medium amount of seeds (right).

contribution of silver (Fig. 3). Afterwards the increase in particle
size and filling factor again leads to a redshift of the scattering
maximum to 562 nm and 587 nm, respectively.

To support the experimental measurements the scattering
response from clusters of gold nanoparticles of different sizes
and gold particles with silver shells according to the experi-
mental situation was simulated. The calculations are based on a
rigorous solution of Maxwell's equations and were performed
with an in-house software.***” We made use of the extended
Mie-Theory for multiple spheres in a self-consistent manner.
The electromagnetic fields are expanded into vector-spherical-
harmonics and the obtained coefficients can be used to attri-
bute Cartesian dipole and, depending on the expansion order,
higher order multipole moments to the individual spheres.
Furthermore we can calculate the scattering and absorption
cross sections of the whole structure from the coefficients. In
the present case we used an expansion order of two, which gave
us the dipole and quadrupole moments, this is sufficient for
small spheres. This full-wave simulation method provides
essentially the scattering response of an arbitrary but finite
cluster made from an ensemble of spherical particles for a given
illumination. This is implemented by expanding the incident,
the internal and the scattered fields from each spherical particle
in the ensemble into Eigenmodes. These Eigenmodes are vector
spherical harmonic functions. By enforcing the usual boundary
conditions at the surface of the spheres, the amplitudes of all
modes can be calculated in a self-consistent manner from
which all further properties can be derived. The considered
clusters consist of 300 isolated nanoparticles that group to form
a spherical object. The surrounding medium consists of water
for which we assume a nondispersive permittivity of e = 1.7. The
initial gold spheres have a diameter of 5.4 nm and the cluster
has always a total diameter of 120 nm. The initial cluster
exhibits a resonance at a wavelength of approximately 540 nm,
as can be clearly seen from Fig. 7. This resonance wavelength
coincides with the resonance wavelength of an isolated gold
nanosphere. This is not surprising since eventually the nano-
spheres do not experience the existence of neighboring objects
for such large dilution. Therefore, the single particle spectrum
emerges from the cluster. However, when the diameters of the
constituents increases while maintaining the total diameter of
the cluster, the filling fraction rises too. This effectively lowers
the nearest-neighbor distance of the nanospheres. The
emerging onset of coupling causes the resonance to shift to
higher wavelengths like it has been observed in the
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Fig. 7 Simulated scattering cross-sections of gold nanospheres (left)
and gold nanospheres with silver shells (right). Black — original parti-
cles; red, blue, green — gold particles with increasing diameter or silver
shell thickness, respectively, where the colors correspond to different
filling fractions of the cluster. Solid lines — total scattering cross-
section; dashed lines — magnetic dipole contribution to the scattering
cross-section. Black vertical line — resonance position of an isolated
gold particle.

experiments. This can be clearly seen in the simulations as
shown in the left of Fig. 7. The simulations of the silver covered
gold particles yield a picture similar to the experimental results.
The respective results are shown in the right of Fig. 7. At first,
the introduced silver shells cause a strong blue shift of the
resonance with respect to the resonance wavelength of the
pristine and strongly diluted gold cluster. This is not surprising
since the plasmonic resonance of an isolated silver sphere
occurs due to the higher plasma frequency of the material at
shorter wavelengths. The resonance of the gold nanosphere in
the core can be weakly seen as a shoulder in the spectra.
However, the silver shell shields the gold core and prevents the
electromagnetic field to penetrate the object. Therefore, the
interaction strength is much reduced and the resonance is very
weak. By increasing the shell size, the same coupling effects as
observed for the gold clusters cause again a strong red-shift of
the resonance wavelength; in full agreement with the experi-
mental results.

One advantage of the numerical method at hand is the
possibility to investigate the scattering cross-section in more
detail, e.g., by calculating the contributions of different multi-
pole moments to the scattering cross-sections. The main
contribution of the resonance comes from the electric dipole
moments. This can be easily understood because an isolated
metallic sphere can be sufficiently approximated by an electric
dipole. But as the size of the particles increases, and therefore
the coupling of the individual spheres, a magnetic dipole
moment contribution (dashed line) evolves. This magnetic
dipolar scattering response is very important since it is at the
heart of many unprecedented optical effects as described in the
introduction. This effect is even stronger when considering the
gold particles with silver shells. Silver, in general, is often
preferred since the intrinsic absorption is smaller which causes
plasmonic resonances to be much stronger. This eventually
translates also to a stronger magnetic dipole moment for the
cluster made from gold particles covered with a silver shell.
Deviations of the exact resonance position from experimental
results are likely due to uncertainties in the particle sizes,
shapes and distributions of the particles in the clusters, e.g.,
some particles may be in very close proximity or even merged
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during the growth process. However, the important properties
are very well reflected in the simulations.

Conclusion

Summarizing, we have synthesized plasmonic nanoparticle
clusters with tunable optical properties. Via a seeded growth
approach small gold particles inside the clusters could be grown
to either larger gold particles or into gold-silver core-shell
particles as evidenced by TEM imaging. This was confirmed by
FIB sectioning which enabled to visualize the cross-section of
the clusters. UV-Vis spectroscopy revealed stronger coupling
between the particles with increasing filling factor leading to a
bathochromic shift in case of the gold clusters. In contrast, a
hypsochromic shift first occurs for the gold-silver clusters,
however, for higher filling factors also a broadening at longer
wavelengths takes place. Scattering spectra were obtained from
individual clusters which correlate well with the trends
obtained from UV-Vis spectroscopy. Simulated spectra showed
to be in good agreement with the experimental results. More-
over, multipole analysis revealed in particular for the gold-silver
core-shell clusters a significant contribution of a magnetic
dipole moment. Hence, such cluster structures might serve as
versatile building blocks for future meta materials.

Materials and instrumentation

DMF (anhydrous, amine free, 99.9%) poly(acrylic acid) 25%,
240.000 g mol~ " and hydrogen tetrachloroaurate(m) trihydrate
(99.99%) were purchased from Alfa Aesar. Silver nitrate
(>99.8%) and branched PEI (bPEJ; 25 kDa) were purchased from
Sigma-Aldrich. Polyvinylpyrrolidone K25 and formaldehyde
solution 36% was purchased from Carl Roth. CTAB (p.a. >99%)
was purchased from Merck. Ammonia solution 25% was
purchased from VWR. Water (<0.1 pS em™") was purchased
from an ELGA Purelab Prima. All chemicals were used as
received.

UV-Vis spectra were recorded on a Perkin Elmer Lambda 750
spectrometer in 1 cm quartz cuvettes at room temperature. TEM
measurements were performed on a Philips CM-120 at 120 kv.
15 pL of the sample solution were blotted onto carbon sup-
ported TEM grids (Mesh 400, Quantifoil) and excess material
was removed by a filter paper (Whatman no. 1) under ambient
conditions. The samples were allowed to dry prior to the
transfer to the microscope. Grid cleaning was performed by
argon plasma treatment for 1 min prior to the preparation of the
solutions. Synthesis of the clusters and growth reactions were
performed in standard glass vials. Dark field microscopy
measurements were conducted on a Nikon Ti-U inverted
microscope equipped with a Nikon dark-field condenser (NA 1-
1.4) and a Plan Fluor 100x objective (NA 0.5-1.3). Images were
taken with a Nikon FIXXX color CCD camera. Scattering spectra
were recorded on an Acton 300i spectrograph with nitrogen
cooled Pylon CCD sensor. A common 20 W halogen lamp was
used as light source. Dark field spectra were acquired with an
integration time of 10 s. Background signals were acquired in
the same way. Correction of the dark field spectra was
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performed by using the background signal of the light source as
reference. Filling factors and particle sizes of the clusters after
seeded growth were determined via calculations based on the
amount of metal added to the corresponding seed solutions.
The number of seed particles in an individual cluster was
determined by manually counting the particles inside a cluster
of average size (120 nm). For the FIB/SEM measurements a
ZEISS NEON60 CrossBeam System was used. The sample was
dried on a SiO, substrate with a 10 nm ITO coating. Directly
before FIB sectioning a 40 nm layer of platinum was locally
deposited on top of the particle by FIB-assisted chemical vapour
deposition. The cross-section patterning was performed with 30
kv gallium ions at a current of 2 pA.

Particle synthesis

For the seeded growth approach, clusters of an average diam-
eter of 120 nm were prepared as reported in literature.” A
growth solution was prepared in the following way: 12 mg CTAB
were dissolved in 1 mL water and to this solution 40 uL, HAuCl,
X 3H,0 (10 mg mL~" H,0) were added. The solution was
sonicated and heated in order to dissolve all the CTAB. After
cooling to room temperature, 250 pL of the clear solution was
added to 750 puL water. Subsequently, 25 uL ascorbic acid (12 mg
mL~" H,0) were added under gentle shaking and the yellow
solution immediately turned colorless. To this solution 20, 10 or
5 uL of the seed solution was added, respectively.

For the growth of the silver shell a solution consisting of 1
mlL water, 20 pL AgNO; (4.3 mg mL ™" H,0) and 20 uL NH;,q
(2.5% H,0) was prepared. To this solution 20, 10 or 5 L of the
seed solution was added, respectively. Finally, the reaction was
initiated via addition of 20 pL formaldehyde (3.6% H,0). After
10 minutes the solutions were stabilized by adding 20 pL PAA
(100 mg mL™" H,0).
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Abstract

Block copolymers enable the formation of ordered nanostructures on large areas. In combination with
silver or gold nanoparticles plasmonic assemblies can be created. In this contribution a polystyrene-
block-poly(2-vinylpyridine) (PS-5-P2VP) block copolymer (BCP) was utilized, which can selectively
complex metal ions in the P2VP phase. In order to increase the metal content a cyclic complexation-
reduction approach was applied to reduce complexed ions to their elemental form and, thereby, to
release the pyridine units for the next complexation step. In this way, ordered films with tunable optical
properties could be synthesized. The structures were analyzed via UV-Vis spectroscopy, atomic force

microscopy and transmission electron microscopy.
Introduction

Ultrathin layers or nanoparticles of certain metals feature a collective resonance of their electron cloud
under electromagnetic irradiation.!! Gold and silver nanoparticles gathered particular attention due to

their high environmental stability, in comparison, e.g., to copper or alkali metals. Another important



feature of these metals is the spectral region of the surface plasmon resonance, which can be tuned from
the visible to the near IR region depending on the size and shape of the nanoparticles.**! When brought
into close vicinity, additional resonances may occur due to electromagnetic coupling between the
particles.¥! The fabrication of plasmonic nanoparticle assemblies, hence, allows to further tune the
optical properties of these materials. This results in a wide range of applications in analytics,"
medicinal therapy!® and optics.”! In this way, even materials with completely artificial properties (e.g.
negative refractive indices) could potentially be created.

(8]

Bottom-up strategies to synthesize nanoparticle assemblies involve, for instance, DNA"™ or

[

electrostatic interactions’” as well as chemical reactions between surface modified particles."”! In

[11] [12]

addition, also (oligo)thiols" ' and polymers' “' can be utilized to guide the formation of nanoparticle
assemblies. These strategies, however, result mostly in the formation of rather small metal clusters,
while for potential applications large area plasmonic structures are required. Top-down approaches, e.g.,

[13-17]

through application of different lithography methods can be used for the fabrication of extended

structures, however, these methods suffer from long fabrication times and high costs. In contrast, block
copolymers (BCPs) enable the formation of ordered nanostructures on a macroscopic scale ['*2!
Different strategies can be employed to create plasmonic nanostructures via BCPs.[*!! Assemblies can be
created, e.g., by the incorporation of nanoparticles into the BCP phases./*?! This, however, requires the
functionalization of the nanoparticles with one of the polymer blocks to enhance their miscibility with
one of the phases, otherwise demixing will occur. The filling fraction of the metal in the BCP phase can
be tuned by varying the concentrations of the functionalized nanoparticles.””? Another approach utilizes
phase-separated BCP films where nanoparticles can be incorporated into the voids, formed by etching
one of the blocks, via capillary forces.!”! An alternative approach involves the incorporation of metal
salts into one of the blocks.*" This strategy can be applied either to solutions, where the formed
micelles are spin-coated onto a substrate and are afterwards reduced forming a hexagonal lattice, or to

BCP films with an already formed phase separation, which can be immersed in a metal precursor

solution followed by reduction.’*"! This approach enables an easier formation of large ordered plasmonic



nanostructures, however, a pivotal point for such structures is the metal content/filling fraction, which is
rather low for this metal-precursor-approach. A thermal evaporation approach has been described by
Lopes ef al., which, however, requires a rather complicated setup.l*”! Seeded growth in the BCP
structures has been also reported.***!

In this contribution we report a versatile approach to synthesize plasmonic nanostructures facilitated
by BCPs which allows to easily tune the filling factor (Scheme 1). PS-5-P2VP films were spin-coated
onto glass substrates and AFM measurements were utilized to investigate the nanostructures formed
under different annealing conditions. Repeated immersion in a metal salt solution, followed by
reduction with hydrazine vapor, enabled to increase the metal content. The optical properties and the
overall morphology of the hybrid films were investigated using UV-Vis spectroscopy as well as

transmission electron microscopy (TEM) after each cycle.
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Scheme 1. Schematic representation of the cyclic complexation-reduction approach in a PS-56-P2VP

block copolymer.

Results and discussion

A 1 wt% solution of PS-6-P2VP (M, = 230,000 g/mol, PS:P2VP 65:35, PDI 1.03, synthesized via
sequential living anionic polymerization®) in chloroform was prepared.

Based on the phase diagram, predicted by the self-consistent mean field theory, both a hexagonal or
lamellar phase separation can be expected for this block copolymer composition.”**"! Films were

prepared by spin-coating the BCP solution onto glass substrates. Directly after the film formation phase-
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Figure 1. AFM height micrographs of PS-b6-P2VP films annealed for 1 h in solvent vapor. A - as-cast,
B - hexane, C - toluene, D - ethanol, E - tetrahydrofuran, F - chloroform. Images were acquired under
hard-tapping conditions. Inset width is 630 nm in all cases.

Finally, by annealing with dichloromethane for 1 to 2 hours the most promising results could be
obtained (Figure 2). For shorter annealing times less ordered or mixed structures between hexagonal and
lamellar phases were found. Prolonged annealing resulted only in deterioration of the ordered
nanostructure, a similar behavior was also observed by Li ef al.”” A height profile revealed only small
differences of 1 to 2 nm in height between the respective phases resulting from the hard-tapping
conditions. The thickness of the PS phase corresponds to approximately 30 nm, whereas the respective

P2VP domain has around half the size.
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Figure 2. AFM height (A-C) and phase (D-F) micrographs of PS-6-P2VP films annealed for different
times in dichlormethane vapor. A/D - 5 min, B/E - 1 h, C/F - 4 h. Inset width is 630 nm in all cases.

In order to introduce metal ions, the annealed films were immersed in a solution of silver nitrate or
tetrachloroauric acid, respectively. In literature, primary and secondary amines are commonly used to
synthesize gold or silver nanoparticles.'* *! Also the reduction with tertiary amines has been
reported,[37] however, in our case no reaction was observed within the PS-5-P2VP films. Therefore, after
a short washing step and drying of the film, the complexed metal ions were reduced to their elemental
form via hydrazine vapor. The success of the reaction was clearly visible by the naked eye via a color
change of the films from colorless to a slight purple color in case of gold or yellow-brown in case of
silver (Figure 3). TEM imaging of the films revealed lamellar structures with small embedded
nanoparticles in one phase corresponding to the P2VP block. In general, high filling factors are desired
for optical applications of the ordered nanoparticles, since additional plasmon resonances can arise
when nanoparticles are in close proximity and form ordered assemblies. In order to increase the filling
factor the amount of metal was enhanced via seeded growth. For the reduced Au-BCP films a mixture of
ascorbic acid, cetyl trimethylammonium bromide and HAuCl4 or a combination of hydroxylammonium
chloride with HAuCl4 was applied. In the case of silver a commercial enhancer kit consisting of a silver

salt as well as a reducing agent solution was utilized for growth. Preferred growth on the metal seeds



was occasionally visible, but secondary nucleation on the whole film led to the formation of large
particles or even complete overgrowth on the films. Hence, a different strategy had to be applied in
order to increase the amount of metal nanoparticles in the film. In principle, only a limited amount of
metal ions can be complexed in one step. But reduction to the elemental form releases the pyridine
units, which subsequently are capable of again coordinating metal ions in a subsequent step.
Consequently, an approach based on multiple complexation-reduction cycles was developed and
applied. This successfully led to an increase of the metal content with increasing cycle number; overall
up to five cycles could be applied. The progress is easily visible by the changing color of the samples.
Films with gold turn dark purple and finally blue, whereas silver films mostly show a more intensive

yellowish/brownish color.
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Figure 3. Photographs (~ 1x1 cm) of PS-5-P2VP films with increasing metal content after different
complexation-reduction cycles.

In case of gold, TEM imaging revealed single particles (14.3 + 2.5 nm diameter) for the first reduction
step (Figure 4A). Afterwards, larger particles (18.1 + 4.9 nm) occurred which already show a tendency
to fuse into larger aggregates (Figure 4B). This trend continues with increasing cycle number until only
a small amount of single spherical particles is present. Instead, elongated rod-like structures from
dozens up to several hundred nanometers in length form along the P2VP phase (Figure 4C-E).

For silver a slightly different behavior was observed. In the beginning also single particles (12.5 2.5

nm) are formed (Figure 4F). By increasing the cycle number the amount of particles in the P2VP block



increases and also larger particles (14 + 3.3 nm, 162 £ 3.8 nm, 187 = 44 nm, 22 + 48 nm,
respectively; Figure 4G-J) are formed. Yet, the amount of fused structures is lower compared to the
respective films containing Au-NPs. It was initially assumed that the amount of silver should be higher
in the films because silver(I) ions usually form divalent complexes™ whereas gold(Ill) prefers a
tetravalent coordination.”” As a consequence, on a simple molar basis, already double the amount of
silver could be potentially complexed which approximately transfers to double the volume compared to

gold. However, this applies for solutions and might not hold true for strongly confined BCP films.
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Figure 4. TEM images of PS-5-P2VP films with increasing metal content. Top - gold. Bottom - silver.

Additionally, UV-Vis spectroscopy was applied to prove the increase of the metal content as well as
to evaluate the optical properties of the composite materials (Figure 5). The original gold films after the
first reduction step revealed only a very small surface plasmon resonance at ~550 nm. Compared to a
plasmon peak at 520 nm for single particles of the same size in solution*’ this corresponds to a
significant bathochromic shift. Several factors could contribute to this behavior. At first the LSPR is
dependent on the direct environment of the particles. In solution, adsorption of, e.g., a polymer on the
particle surface leads to a small red shift. In addition, the particles already form assemblies and are

sometimes in close vicinity leading to additional plasmon resonances. Furthermore, also nonspherical



particles and larger particles can occur on the surface of the film which feature a similar optical
behavior. With increasing metal content, the plasmon resonance shows a small red shift and an increase
in intensity. After the 3rd cycle, a small shoulder arises, probably caused by coupling of multimer
structures within the films. Moreover, also a strong absorption beyond the main plasmon peak emerges
extending into the near-IR region. The fusion of particles into elongated structures probably is the
reason for this phenomenon, since nanorods feature two plasmon resonances.[*'! The position of the
resonance strongly depends on the aspect ratio of the rods. For long rods, the resonance along the longer
axis is strongly bathochromically shifted by several hundred nanometers to the NIR region. However, in
the present case these rod-like particles have different lengths leading to an overlapping of all possible

resonances which causes one broad band extending to the NIR region.
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Figure 5. UV-Vis spectra of PS-5-P2VP films with increasing metal content. Black - cycle 1, red - cycle
2, blue - cycle 3, green - cycle 4, violet - cycle 5.

The structures containing silver NPs show a prominent absorption peak at ~ 440 nm. The lower
wavelength of the resonance is caused by the higher plasma frequency of silver. In addition, a
bathochromic shift as well as an increase in intensity could be observed with increasing cycle number,
however, the absorption in the NIR region is rather low compared to gold. The overall intensity of the
absorption after the fifth cycle is also lower compared to the respective sample with gold. This

intriguing behavior could be caused by the susceptibility of silver against oxidation or by a different



complexation in solution compared to a solid P2VP phase. Thereby, the absence of rod-like structures as
well as the overall lower absorption could be explained. The deterioration of the silver-BCP films was

also visible after prolonged storage by a slight discoloration over time.

Conclusion

In summary, we have introduced a novel approach for synthesizing block copolymer / plasmonic
nanoparticle assemblies. Annealing of PS-5-P2VP in dichloromethane vapor led to the formation of
lamellar structures. The repetitive complexation and reduction of metal ions in the P2VP phase of PS-5-
P2VP created ordered nanostructures with a tunable metal content. TEM imaging of films with gold
nanoparticles revealed a transition from single particles to rod-like structures with increasing cycle
number. In contrast, samples prepared with silver formed mostly larger particles and showed a lower
tendency to form rods. In either case UV-Vis spectroscopy revealed both an increase of the surface
plasmon resonance and a red shift or broadening at higher wavelengths as well as the appearance of

additional peaks in the case of Au.

Materials and instrumentation

Hydrogen tetrachloroaurate(Ill) trihydrate (99.99%) was purchased from Alfa Aesar. Silver nitrate
(>99.8%), hydrazine monohydrate (N,Hs 64-65%, reagent grade, 98%) and the silver enhancer kit were
received from Sigma-Aldrich. Solvents were purchased from VWR. PS-5-P2VP was prepared according
to the literature by a sequential anionic polymerization.”*”

UV-Vis spectra were recorded on a Perkin Elmer Lambda 750 spectrometer in 1 cm quartz cuvettes at
room temperature. Spin coating was performed with a WS-400B-6NPP/LITE (Laurell Technologies
Corporation). AFM measurements were performed in tapping mode with a NTegra Aura (NT-MDT)

with non-contact cantilevers (NSC35, MicroMash) under hard tapping conditions. TEM measurements

were performed on a FEI Technai G2 20 cryo-Transmission Electron Microscope at 200 kV. The carbon
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supported TEM grids (Mesh 400, Quantifoil) were cleaned by argon plasma treatment for 30 seconds
prior to the preparation of the samples. Determination of the particle size was performed with the

software ImageJ by measuring 100 particles per sample.

Experimental part

Glass substrates (~1x1 c¢cm) were cleaned by washing with water and acetone followed by plasma
cleaning (argon plasma, 10 min, Diener Electronics). Immediately afterwards, 20 uL. of a PS-b-P2VP
solution (1 wt%, CHCI3) was pipetted onto the substrates followed by spin coating (1000 rpm, 30 sec).
Solvent vapor annealing was performed by placing a support inside a petri dish. The sample was placed
on the support and 2 mL of the respective solvents were added into the dish. A lid was placed onto the
dish and the whole assembly was placed in a desiccator for the indicated times referred to in the text.
Afterwards, the samples were immersed in a HAuClsx3H,O (10 mg/mL) or AgNO; (4.3 mg/mL)
solution for at least one hour. The samples were taken out and rinsed with water for two seconds
followed by drying with compressed air. The substrates were placed in a petri dish and 10 uL of a
hydrazine hydrate solution was placed next to the samples. Reduction was performed for one hour
followed by removal of the hydrazine. The samples were dried for 2 h under ambient conditions.
Samples with increased metal content were prepared by repeating the immersion and reduction process.

For TEM preparation the glass substrate with the polymer film was immersed in aqua dest. in a petri
dish. Afterwards a small piece of thin polymer film was scraped off the glass under water with a razor
blade. The scraped film was transferred to the air/water interface and deposited onto the TEM grid with

a wire loop.
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