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Plasmonic Properties of Colloidal Assemblies

Christian Rossner,* Tobias A. F. Konig,* and Andreas Fery*

The assembly of metal nanoparticles into supracolloidal structures unlocks
optical features, which can go beyond synergistic combinations of the
properties of their primary building units. This is due to inter-particle
plasmonic coupling effects, which give rise to emergent properties. The
motivation for this progress report is twofold: First, it is described how
simulation approaches can be used to predict and understand the optical
properties of supracolloidal metal clusters. These simulations may form the
basis for the rational design of plasmonic assembly architectures, based

on the desired functional cluster properties, and they may also spark novel
material designs. Second, selected scalable state-of-the-art preparative
strategies based on synthetic polymers to guide the supracolloidal assembly
are discussed. These routes also allow for equipping the assembly structures
with adaptive properties, which in turn enables (inter-)active control over the

for plasmonic NP assembly. These strate-
gies typically involve using specific key
components as linker spacer, which serve
to guide the assembly process and control
the supracolloidal structures: Metal oxide
layers (such as silica) biomacromo-
lecular linkers (such as DNA),>® as well
as synthetic polymers are typical exam-
ples, each offering specific opportunities
but also involving limitations (for a more
detailed comparative discussion of these
different preparative approaches, we refer
to a recent review).” For example, metal
oxide layers create a rigid, permanent bar-
rier, and while this feature can be very
beneficial for particular investigations,

cluster optical properties.

1. Introduction

Today, the controlled synthesis of metallic nanoparticles (NPs)
with defined elemental composition, dimension, and shape,
the experimental characterization of plasmonic propertiesi? as
well as their simulation,®l are comparably developed. When
supracolloidal assemblies form from these well-understood
primary plasmonic entities, new collective properties emerge
and complexity increases considerably. The potential for
unlocking novel functionality and synergies between different
nanoscale building blocks has sparked a variety of strategies

Dr. C. Rossner, Dr. T. A. F. Kénig, Prof. A. Fery
Leibniz-Institut fiir Polymerforschung Dresden e. V.
Hohe Strafe 6, Dresden 01069, Germany

E-mail: rossner@ipfdd.de; koenig@ipfdd.de; fery@ipfdd.de
Dr. C. Rossner, Dr. T. A. F. Kénig, Prof. A. Fery
Center for Advancing Electronics Dresden (cfaed)
Technische Universitit Dresden

Helmbholtzstrafle 18, Dresden 01069, Germany
Prof. A. Fery

Physical Chemistry of Polymeric Materials
Technische Universitdt Dresden

Bergstrafe 66, Dresden 01069, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adom.202001869.

© 2021 The Authors. Advanced Optical Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution-NonCommercial-NoDerivs License, which
permits use and distribution in any medium, provided the original work
is properly cited, the use is non-commercial and no modifications or
adaptations are made.

DOI: 10.1002/adom.202001369

Adv. Optical Mater. 2021, 9, 2001869 2001869 (10f12)

it cannot be used for the development of
soft adaptive systems. Assembly concepts
based on DNA,P! on the other hand, argu-
ably offer the synthesis of intricate and
highly complex plasmonic assemblies with unmatched struc-
tural precision, as well as enabling their dynamic switching,®!
but at the same time their low-yield formation impedes the
development of these systems into devices and applications.
It is for these reasons, among others, that abiding effort is
devoted to achieving the tailored assembly of plasmonic NPs
by the aid of synthetic polymers. Recently, the assembly of plas-
monic NPs into static supracolloidal clusters, and also the pos-
sibility of controlling their dynamic features,® which becomes
possible through adaptive polymers,”l have attracted attention.
In light of the above, in this progress report we review and
discuss the scope and prospects of functional polymers to guide
the formation of plasmonic NPs into responsive clusters. Other
than in more comprehensive reviews on the polymer-guided
assembly of plasmonic NPs,'% of inorganic NPs in general,!!
or the assembly of inorganic NPs into a particular core—satellite
type arrangement structure,” we focus on the optical proper-
ties of different cluster assemblies and possibilities to engi-
neer these ensemble properties. In the selection of systems
presented, we have put a particular emphasis on the role of
the polymer as an (inter-)active component that can adapt to
external or internal triggers. Several distinct macromolecular
designs recently enabled the dynamic tuning of (supra-)colloidal
plasmonic systems in various ways. This is summarized in
Table 1, which lists the different stimuli that are available to
induce a material response together with the polymer compo-
nent that mediates it. With this focus on plasmonic properties
of (supra-)colloidal clusters controlled by polymers, the present
progress report complements recent reviews that have high-
lighted systems with small (<5 nm) metal nanogaps,! surface-
enhanced Raman scattering (SERS) properties of plasmonic NP
clusters,[®l and plasmonic metasurfaces.!l

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Table 1. Summary of available stimuli and respective adaptive polymer components to dynamically manipulate plasmonic nanoparticles and their

clusters.

Stimulus/trigger

Active polymer component

Temperature

Poly (N-isopropylacrylamide);'>-2% polystyrene;[2'22 star block copolymers of poly(N-isopropylacrylamide) and poly (N, N-dimethylacrylamide)

23]

poly(N-isopropylamide-co-allylacetic acid);?¥l poly[(di(ethylene glycol) ethyl ether acrylate-co-oligoethylene glycol

acrylate)-block-(N-(3-(dimethylamino) propyl) methacrylamide)];1*! poly (ethylene glycol)

pH Poly (aniline);-2°

Redox reaction

Solvent environment

Light Spiropyran-containing poly(methacrylate);*) azobenzene-containing poly(methacrylate)

Polystyrene; 3371 poly (styrene-block- (4-vinylbenzoic acid));P*® poly(methyl methacrylate)

126]

I poly(allylamine);*% poly (dimethylaminoethyl methacrylate);" poly(N-isopropylamide-co-allylacetic acid)?l

Poly(aniline)32:3328]

139]

;1 block-copolymers with coumarin-containing

poly(methacrylate) blocks!*!

2. Discussion

2.1. Homogeneous Plasmonic Clusters: Rational Design, Optical
Properties, and Synthesis

Simulation methods have become indispensable in the rational
design of cluster assemblies and the explanation of their optical
properties. In order to complement, guide, and create transi-
tions to the current discussion in literature, we have limited the
simulation to gold/silver nanoparticles of different sizes and
their assemblies in a homogeneous environment. The coherent
coupling of light with the free electrons of the metallic NP can
be introduced by the example of colloidal gold.*¥! For an indi-
vidual particle, the optical parameters, such as spherical shape,
gold material, and polymeric environment, are kept constant
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and only the diameter (two times the radius) is changed (see
Figure 1). This simplification corresponds to a common syn-
thesis of gold nanoparticles,**! which enables their production
in sufficient yield for a subsequent cluster formation. The refrac-
tive index n = 1.4 was set as the environment in order to mimic
the desired functional environment. These simulations focus
on the spectroscopic response (cross-section, SI units: m?2),
as these are quantitatively comparable with the results from
commonly employed spectroscopic methods, such as UV-
vis—NIR spectroscopy. Often, these spectroscopies are the first
experimental characterizations performed after a synthesis. If
only the size of an isolated particle is changed, the properties
illustrated in Figure 1a can be obtained: With increasing size,
the plasmonic resonance shifts to higher wavelengths (lower
energy). Determined by the dielectric constant of the metal, the

4 56
Aggregation Numbe

0.8

1O

L& ' ~‘ 0.0

: ook} 123456
== Aggregation Number

Figure 1. a) Simulation of gold monomers, dimers, and trimers with a diameter of the individual nanoparticles between 15 and 60 nm. For the clus-
ters, the distance was kept constant at 2 nm. For a 60 nm particle, the index was calculated between n=1.3 and n = 1.5 (inset). The localized surface
plasmon resonances (LSPR) are represented as a dipole, defined by the positive (+) and negative (—) surface charges. b) Scanning electron microcopy
images of individual NPs with distinct dimension.’% (Adapted with permission.’% https://pubs.acs.org/doi/10.1021/nn503493c, further permissions
related to the material excerpted should be directed to the ACS). c) Transmission electron micrograph of NP dimers.*) Adapted with permission.’
Copyright 2018, Royal Society of Chemistry. d) Transmission electron micrograph of finite-size NP clusters (predominantly trimers and tetramers).*8l
Adapted with permission.® Copyright 2019, Wiley-VCH. Definition of abbreviations: extinction efficiency (Q), wavelength (1), longitudinal mode (L),
transversal mode (T). The scale bar in (b) applies to all images. The scale bars in (c) and (d) are 200 nm.
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free electrons of larger metal-nanoparticles can more easily be
excited into oscillations (reflected in lower excitation energy).[*l
With the diameter selection between 15 and 60 nm, the com-
monly used sizes from the literature for clusters are covered and
the plasmonic resonance occurs in the visible wavelength range.
Furthermore, the cross-section amount of absorption and scat-
tering increases with increasing size. In this article the simu-
lated cross-section of the absorption and scattering is summed
(extinction cross-section) and normalized by the area of the par-
ticle. This yields the extinction efficiency (Q) as a dimensionless
quantity. This description is used throughout the progress report
and allows a comparison of the different plasmonic clusters and
thus a continuation of the current discussion in literature. It is
important for the development into complex plasmonic clusters
that a single particle can be approximated as a dipole.”] The
simulations in this article can be reproduced using the finite-
difference time-domain (FDTD) or Yee’s method.[*¥! In addition,
the Mie theory by Mitzler®! was used to calibrate the results
from using the FDTD method for an isolated particle.

In colloidal dispersion, the particles are stabilized by ligands
(low molar mass surfactants, self-assembled monolayers or
macromolecular ligands). In the present review, we focus on
macromolecular ligands, which can be accounted for in the sim-
ulation by a dielectric shell. For an introduction, it is sufficient
to assume a homogeneous dielectric environment. A simulated
example with a 60 nm particle (inset Figure 1a) shows that the
resonance shifts by 10 nm when the environment changes from
water to a polymer (An = 0.1). For a detailed consideration of
the resonance shift with different particle sizes, shell diameters
and shell materials, we would like to refer to earlier work.>%
This sensitivity, defined by the change in resonance wavelength
divided by the change in the refractive index, can be increased
by an arrangement in clusters.’2%3 Nevertheless, the poten-
tial for modulating the plasmonic properties that comes with
a functional shell should already be emphasized for an iso-
lated particle, as this potential is also exploited in experimental
systems. For example, the resonance wavelength of gold NPs
coated with polyaniline (PANI) can be varied in a consider-
able wavelength range by adjusting the thickness of the PANI
coating layer.™¥ Besides its static properties, a coating with
macromolecular ligands can also provide adaptivity. By virtue of
its composition and architecture, the polymer shell can enable
active response to external stimuli. For example, dynamic
core—shell type NPs can be realized, in which the polymer
shell can be reversibly collapsed and expanded. When poly(N-
isopropylacrylamide) (PNiPAAM) brushes are grafted onto gold
NPs, shell collapse can be induced by plasmonic (local) heating
of the gold core environment."” Because the heating occurs
only locally, the shell may rehydrate (expand) fast (=100 ns) after
stopping the illumination.' A PNiPAAM coating of gold NPs
thereby offers the possibility to thermally induce local refractive
index changes leading to the described optical response.["]

The principle of reversibly re-configuring the polymer
coating between two states has been exploited to create plas-
monic switches. Here, gold NPs with poly(aniline) (PANI)
shells are the most prominent example. In these PANI-coated
gold NPs, the dielectric constant of the polymer shell can be
modulated through pH? and electrochemicall®?33] triggers
or a combination of both,?® since PANI inherently features
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dual-stimuli responsive properties. In the case of redox (elec-
trochemical) switching, the LSPR position can be precisely
adjusted by controlling the potential, and high reversibility
(200 cycles) could be achieved.l?l For both stimuli, the extent
to which the plasmon resonance maximum is switched is cor-
related with the PANI shell thickness.[?5] Comparably large
plasmon resonance shifts (up to =150 nm)?*2 have been realized
in this system, with high modulation depths.”’ As such, these
hybrid NPs have been used as a sensor to detect analytes that
together with an assay lead to solution pH change."

By arranging two particles into a dimer cluster, the extinc-
tion efficiency can be increased and, even more importantly for
applications, the plasmonic modes will undergo a qualitative
change (Figure 1a). Due to the geometric arrangement in rela-
tion to the exciting electric field, a transverse (T) and a longi-
tudinal (L) mode are generated. The longitudinal mode or the
parallel alignment of the plasmonic dipoles along the geometric
axis is the most dominant and energetically lowest mode. The-
oretically, an antiparallel case is also excited. This antiparallel
mode is also named dark mode because the sum of the dipole
moments is zero and thus this mode cannot be excited from
the far field. Moreover, this mode must be located for gold
particles at much higher energy (<<530 nm) than the isolated
particle resonance (plasmon hybridization).’l The transversal
mode (T) can also be excited by an electric field component per-
pendicular to the geometric axis. The antiparallel arrangement
of the dipoles is also called dark mode in the literature, because
the individual dipoles cancel each other out.”® As a trade-off
between computational effort and yield, only the modes par-
allel and perpendicular to the geometric axis are calculated
(Figure 1). Moreover, in the case of dimers, the extinction effi-
ciency increases when the particle diameter is increased, while
the particle spacing (2 nm) is kept constant. At this point, it
should be added that the observed redshift is a function of the
ratio of distance to diameter. This general scaling behavior is
also known as plasmon ruler equation.”]

If another particle is added, a trimer is created. The spectra
of a dimer and a trimer are similar in their shape but they are
completely different in their plasmonic modes. These modes
can also be explained by a plasmon hybridization model.l>®
The plasmon hybridization can be built up by a linear combi-
nation of basic plasmonic modes of known geometries. In the
case of a dimer, the model consists of two dipolar modes that
can be developed into a parallel and an antiparallel mode as dis-
cussed earlier. Applied to a trimer, this model can be developed
by a dipolar (red arrow in Figure 1a) and a quadrupolar mode
(anti-parallel arranged dipoles).’?! The fact that these hybrid-
ized modes typically show a higher quality factor than single
particle LSPRs, is especially relevant for sensing applications,®"!
which motivated efforts to control complex cluster assemblies.
The energetically highest mode can be explained by the single
particle resonance. From a synthetic point of view, the forma-
tion of homogeneous plasmonic NP dimers and other discrete
oligomers is challenging, because it requires the right balance
between attractive NP interactions ensuring cluster formation
and cluster stability (net attractive intra-cluster interactions) on
one hand and colloidal stability of the resulting clusters on the
other hand (net repulsive inter-cluster interactions or kinetic
stability). Attractive directional NP interactions to form NP

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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dimers may be imparted through NP monofunctionalization.[®!

Thermodynamically controlled oligomer formation was realized
in NPs decorated with a single polymer patch.?*3* Under poor
solvency conditions, the polymer patches attract each other,
leading to NP assembly driven by minimization of surface
tension. At the same time, fusing individual polymer patches
into a larger single patch invokes a chain stretching penalty.
The balance of both contributions to the free energy may lead
to the favored formation of discrete oligomers (trimers and
tetramers, see Figure 1d).*® In addition, by relying on a diblock
copolymer architecture of the surface-grafted macromolecules,
the trimer/tetramer formation can be controlled via an external
stimulus that specifically targets the outer, surface-remote
polymer block.®®! Kinetically controlled dimer formation in
high yield (=60%) was realized in a reversible manner for gold
NPs functionalized with mixed poly(methyl methacrylate)/
poly(ethylene glycol) (PMMA/PEG) brushes, upon inducing
PMMA brush collapse in a selective solvent.’%) The assembly
into dimers was attributed to the formation of mutually attrac-
tive collapsed PMMA domains. It was speculated that during
NP encounter, the solvent-swollen PEG brushes would deplete
from the forming dimer junction, and accumulate in the non-
contacting areas, thus leading to dimer stabilization.l3% For this
system, it was shown theoretically that interparticle gap size can
be controlled by adjusting the amount of grafted PMMA. Very
small nanogaps (<1 nm) lead to the largest field enhancement
in the nanogap.®”! Note that at particle distances smaller than
2 nm, non-local and tunnel effects occur, which can be used for
electron transport through the gap junction.%¥! A similar halt
of NP agglomeration at the dimer state was also observed for
gold NPs coated with a physisorbed layer of polystyrene-block-
poly(acrylic acid) block copolymers at a moderately elevated
solution temperature (60 °C, see Figure 1c).’Y Here, control
over the agglomeration process could be exerted by control-
ling the protonation state of the polyacid block. As can be seen
from Figure 1a, dimerization of polymer-coated NPs leads to an
additional longitudinal plasmon mode. Using the shift of this
plasmon mode for sensing analytes leads to higher sensitivities
compared with the transversal band.*l The peak position of the
longitudinal band in dimers is also more sensitive to changes in
the refractive index (induced by protonation of PANI-coating)
compared with the monomeric case (see above).?l Light-
induced reversible formation of oligomers of plasmonic NPs
was realized for gold NPs coated with binary brushes consisting
of spiropyran-containing poly(methacrylate) and poly(ethylene
glycol) (PSPMA/PEG), which rests on the photoisomerization
of spiropyran units in the polymer side chains of the PSPMA
brushes into their conjugated, zwitterionic isomer upon UV
irradiation.*) In this system, SERS activity can be modulated
depending on the light-controlled dispersion state.
Heterodimers (of gold NPs of distinct dimension) have been
realized through electrostatic assembly of oppositely charged
nanoparticles. The dimer structures were stabilized—and
prevented from fusing into larger assemblies—by stabiliza-
tion with a densely grafted PEG layer. In another example,
triblock copolymers made from a bifunctional reversible addi-
tion—fragmentation chain transfer (RAFT) agent, in which the
RAFT trithiocarbonate group is located in the center of the
middle (polystyrene) block, which joins two outer poly(acrylic
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acid) blocks were used to template the formation of quantum
dots.%! The as-prepared quantum dots were functionalized
with polystyrene loops, which allowed subsequent attachment
of (on average one) gold NPs at a certain distance from the
quantum dot.’”] These heterogeneous dimers showed signifi-
cant fluorescence enhancement, which can be attributed to
the distance-dependent balance in which near-field-promoted
increased excitation rates overcompensate de-excitation path-
ways, thanks to the polystyrene spacer.

2.2. Transition from Tightly Packed to Chain Clusters and
Clusters with Material Heterogeneity

Upon self-assembly, polymer-coated NPs can follow distinct
scenarios, as addressed in a fundamental work of Kumacheva
and co-workers.[%® If charged polymer-grafted NPs are exposed
to poor solvency conditions for the coating polymer layer, the
balance between attractive (solvophobic) polymer— interactions
and electrostatic repulsion can lead to either (3D) globular
assemblies (governed by minimization of polymer—solvent
interactions) or (1D) chain assemblies (governed by electrostatic
repulsion). The spatial arrangement of plasmonic NPs in their
superstructures plays a decisive role for their optical proper-
ties. This is highlighted in Figure 2a for the smallest cluster for
which distinct spatial arrangements are conceivable, the trimer

O= . O Ve
Aty

650
9100 600, 800 =t L
Nnm

bsoe OO Y

058 ~ ONO

400 600 800
Nnm

Figure 2. a) Simulated transition from a tightly packed trimer to a chain.
The asterisk marks the first order chain mode, which is very sensitive
to the orientation angle (). b) Analogy between chain modes and the
particle in the box model. c) Evolution of the optical properties for homo-
geneous and heterogeneous gold and silver trimer chains. d) Scanning
electron microscopy image of a homogeneous gold trimer chain (scale
bar is 50 nm). e) Scanning electron microscopy image of a heterogeneous
silver-gold-silver trimer chain (scale bar is 100 nm). Adapted with per-
mission.[%% Copyright 2020, AAAS. Definition of abbreviations: scattering
efficiency (Q.«), wavelength (4), full width at half maximum (FWHM).
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cluster. The plasmonic modes of a tightly packed trimer and a
trimer chain differ fundamentally. Therefore, this transition in
optical extinction spectra could be used to monitor the dynamic
re-arrangement of trimer structures that gradually approach
their (linear) equilibrium structures.%”) Furthermore, it can be
speculated that the Dsj,-to-D..y, (or vice versa) transition may be
realized with an adaptive polymer. To do this, the position of
the central NP must be fixed while the others can change their
position like satellites in orbit. This scenario was calculated
with gold NPs with a diameter of 45 nm (spacing 2 nm) with
orientation angles (@) between 60° and 0°. From these calcula-
tions, the following observations can be made: During the tran-
sition to the chain (60° < o < 09, the energetically lowest mode
shifts to the red. In this transition, the resonance becomes
wider and the scattering efficiency increases. If the particles are
in a line (o= 0°), the chain modes of zero-order and first-order
can be identified. In the line assembly the plasmonic modes are
clearly sharper compared with the modes during the transition.
Note, in this simulation we consider the scattering properties
of the excited plasmon modes only. In the case of 0°, the zero-
order and first-order of the chain mode are solely excited, which
scatter less into the far field than at 1°. The chain modes can be
developed from a particle in the box model.”*72 For this pur-
pose, the potential well is developed by a discrete number of
coupled dipoles. Thus, along the chain (potential) can exist only
modes which are an integer multiple of its half wavelength.
Moreover, the simulations also show that the chain mode of the
first order is more sensitive by a factor of two to changes in the
orientation angle compared to the zero order. These first-order
chain modes (or antisymmetric/dark mode) are also suitable
for efficient energy transport along the geometric axes.”7

In Figure 2c, the impact of the nature of the metal is illus-
trated by comparing gold trimers with silver trimers as well
as mixed cases. The dashed line indicates that the plasmonic
modes are maintained for the selected material combinations.
If one compares the pure gold chains with the pure silver
chains one can observe a shift of all modes to higher energies.
This can be attributed to the different electron density for silver
and gold.® Thus, in the case of silver, the visible part of the
electromagnetic spectrum can be covered completely by plas-
monic modes. Furthermore, the simulations show the lower
damping advantage of silver in the wavelength range from
300 to 515 nm.M™ On the other hand, the lower damping advan-
tage of gold can be seen in the wavelength range between
515 and 800 nm. In this range, the resonance quality defined by
the frequency-to-bandwidth ratio is much narrower when gold
is present. The calculations were performed on 45 nm-sized
particles at a distance of 2 nm and an unpolarized light excita-
tion. It should also be noted that these heterostructures can be
used for energy transport with low losses.”! In relation to appli-
cations, the material must be considered in order to match the
desired wavelength range, optical quality, and chemical stability.

Both the homogeneous as well as the heterogeneous trimer
chains can be realized experimentally by a new supracolloidal
synthesis paradigm, which is the self-limiting directional nano-
particle bonding.[®” This concept lies on the salt-bridge forma-
tion between an inner poly-acid polymer block of a diblock
terpolymer grafted onto one type of NPs and an inner poly-base
block of a complementary diblock terpolymer grafted on another
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type of NPs. For both cases, an outer, surface-remote PEG-block
serves to provide colloidal stability of the derived self-assembled
clusters. Depending on the number of acid/base functionalities
on each of the NPs, interparticle bonding ceases once all acid/
base functionalities are consumed in their neutralization reac-
tion, leading to controlled cluster sizes. The bonding angles are
governed by electrostatic repulsion between the charged groups
in the salt bridges that constitute the interparticle bonds. Thus,
for trimer clusters, an equilibrium bonding angle of 180° (cor-
responding to o = 0°, Figure 2a) results.

Larger chain assemblies of plasmonic NPs (with a dispersion
with respect to the number of constituent NPs) have also been
realized. Cetyltrimethylammonium bromide (CTAB) coated
gold nanorods (NRs) may be site-selectively functionalized with
polymer ligands at the NR tips.1>3¢! Upon reducing the solvent
quality for the polymer ligands, the polymer-coated NR tips
become mutually attractive, and this may result in the formation
of chains of gold NRs. Interestingly, the gold NR gap distance
can be manipulated in response to the solvent environment:
Poorer solvency conditions lead to the accumulation of more
polymer ligands in the inter-rod gaps and hence larger separa-
tion.1?! Such AuNR chains have been used for hot-spot-driven
SERS and the enhancement effect was found to increase with
increasing the number of AuNRs per chain*’! and decreasing
gap size.”’ Tt is also possible to equip these AuNR chains with
chain-end functionality by employing colloidal chain stop-
pers.’®l By decorating the AuNR tips with PN'PAAM, a revers-
ible photothermal chain assembly of AuNRs can be achieved.””!
Chain-assemblies of spherical gold NPs can be created by using
diblock copolymer as template.®”] Depending on the surface
chemistry of the NPs, cylindrical micelles with NPs incorporated
in the micelle center may be obtained.®% In another system
comprising gold NPs coated with poly(dimethylaminoethyl
methacrylate) (PDMAEMA), the formation of chains of spher-
ical gold NPs could be triggered by changing the solution
pH.BU Heterogeneous chain assembly systems include binary
(comprising two distinct metal NPs) block-copolymer-typel8:82]
as well as alternating-copolymer-typel®>8384 chains. Here, the
alternating structure may be realized by relying on oppositely
charged nanoparticle building units.®’!

2.3. Controlled Agglomeration of Equally Sized
Plasmonic Nanoparticles

The assembly of plasmonic nanoparticles into larger, globular
assemblies®>®1 can be used for different purposes, including
the shift of the plasmon resonance peak as well as for colori-
metric assays for the detection of specific analytes. The former
process can be controlled by adjusting the ratio between a sta-
bilizing polymer coating and another (small molecule) destabi-
lizing agent (see Figure 3a).®® Starting from spherical primary
gold NPs, enhanced absorbance in the near-IR tissue transpar-
ency window (a wavelength range in which electromagnetic radi-
ation can penetrate comparably deep into biological tissue), can
be achieved upon aggregation.® The extent of cluster forma-
tion can as well be controlled by external triggers which address
a functional polymer coating, for instance by adjusting tem-
peraturel?%??l and by applying light.#? Coumarin-containing

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. a) Measured optical response upon controlled aggregation of 15 nm polymer-coated gold NPs. The extent of cluster formation increases from
Ato G. Adapted with permission.®3 Copyright 2013, American Chemical Society. b) (Reversibly) photo-crosslinked aggregates of gold NPs functional-
ized with coumarin-containing polymers.*2l Adapted with permission.l*2l Copyright 2018, NAS USA. c) Simulation of a nonamer cluster at different
particle sizes and constant particle spacing (2 nm). The surface charges show the cluster mode zero (Cy) and first order (C;). The boxes with arrows
show schematic drawings of the dipoles and an enlargement of the surface charges at the contact point.

polymer ligands for example can be used for photochemical NP
crosslinking (via [2+2]-cycloaddition reaction) and the cluster
dis-assembly (via cycloreversion at higher photon energies).*!

By virtue of the plasmonic properties of the clusters, colori-
metric assays can be implemented through linear macromol-
ecules that are anchored to the plasmonic nanoparticle by one
chain end, and possess a recognition element for the analyte on
the other, surface-remote chain end. Depending on the archi-
tecture of the polymeric coating layer, these nanoparticles may
or may not aggregate upon analyte binding.®”) In the former
case, the associated plasmon mode shift can serve as an optical
read-out of analyte concentration. In many cases such design
benefits from multivalency effects,® since multiple recogni-
tion elements are expressed on the exterior of the consequently-
produced NP coating layer.’292l Recently, Gibson and co-workers
implemented dynamic features to this kind of colorimetric assay,
by developing systems with externally triggerable recognition ele-
ment representation.’>*!l Their concept builds on earlier work
by Mirkin and co-workers!*” and rests on thermoresponsive PN*
PAAM, which was used to shield the recognition elements below
its lower critical solution temperature (LCST) and expose them
above its LCST, thereby “gating” the sensor capabilities.

In the experimental systems discussed above, the globular
assemblies of plasmonic NPs usually involve a dispersion with
respect to the number of NPs per clusters. To understand key
features of the plasmonic properties of these clusters, we exem-
plarily studied an arrangement of nine NPs (nonamer) into a
tight packing. Such exemplary considerations are also useful
to describe the transition from a nonamer cluster to a core—
satellite cluster, as will be of importance later. At this point,
this observation provides an insight into the mode structure
of plasmonic clusters. The simulated spectra show that the
energetically lowest cluster mode (Cy) shifts disproportion-
ately strong red (25%) when the particle diameter is increased
fourfold. Note that the cluster mode of a nonamer (663 nm @
D = 45 nm) differs from the chain mode of a trimer (690 nm,
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see Figure 2a). The surface charges in Figure 3c show that
additional mirror charges occur at the vertical contact points.
Energy is necessary to induce these mirror charges, therefore
the nanomer cluster mode is blue-shifted compared with the
trimer chain mode. The first order cluster mode (C;) shows a
different behavior. This C; mode is easier to excite for smaller
particles (Cy: 560 nm @ D = 15 nm) compared with larger par-
ticles (Cy: 550 nm @ D = 60 nm). Note that a single plasmon
decays either into a single photon (scattering) or into an elec-
tron—hole pair (absorption). For large particles, the probability
increases that the photons are scattered. This behavior can be
explained by the scatter to extinction ratio also known as scat-
tering performance.l®® For these decay channels, the energy is
taken from the exciting field, therefore the C; mode for small
particles is slightly red-shifted compared with the C; mode for
large particles. When comparing the cluster modes with the
chain modes, the following must be added: First, the quality of
the modes is lower with cluster modes. Second, the energetic
distance between the zero-order and first-order modes is larger
for cluster modes. Third, the mode structure is different. These
observations have concrete consequences for the application
when the transition from a chain to a cluster is induced.

2.4. Plasmonic Clusters with Size Heterogeneity: Core—Satellite
Clusters and Their Functionalities

The nonamers are suitable to model the transition from homo-
geneous to heterogeneous clusters with different sizes (see
Figure 4). With this approach, core-satellite clusters can be
viewed in a 2D plane. This procedure simplifies the description
of the plasmonic modes, because the surface charge oscilla-
tions always propagate in one plane. In a subsequent step, the
plasmonic modes discussion can be extended to a cluster with
particles in all directions in space (3D). Due to the symmetric
geometry of the core—satellite clusters, it is sufficient to calculate

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. a) Simulation of a core-satellite cluster in 2D (nanomer) at
constant satellite size and varying core diameter (d..). The core—satellite
distance is 2 nm. The surface charges show the cluster mode zero (Co)
and first order (C;). The boxes with arrows show schematic drawings of
the dipoles and an enlargement of the surface charges at the contact
point. b) TEM and optical extinction spectrum of core-satellite clusters,
mediated by protein (BSA) linker comprising gold cores (84 nm) and
on average 35 gold satellites (16 nm) with an interparticle distance of
4 nm.%¥ (Adapted with permission.®® https://pubs.acs.org/doi/10.1021/
acsnano.5b07533, further permissions related to the material excerpted
should be directed to the ACS).

the cluster at one polarization only. The extinction spectrum of
such clusters—with its two characteristic peaks—are similar to
that of a dimer (Figure 4a). In a plasmonic cluster with various
sizes, however, the main difference is that one particle can
excite or attenuate the other. As previously mentioned, induced
charges are generated at the contact surfaces (Figure 3c). In a
particle-to-film coupled setup this effect can also be viewed indi-
vidually.’’l This behavior observed in Figure 4a occurs at the
first order cluster mode (C;: 542 nm). It should be noted that
at the C; mode, the core is also excited. The resonance wave-
length of a D =120 nm gold NP is at 600 nm with an FWHM
of 200 nm.’l An opposite behavior, excitation of the core par-
ticle, is observed at the energetically lowest mode (Cy). At this
mode, the core induces the oppositely directed surface charge
in the satellite particle. Furthermore, the Cy mode is energeti-
cally lower than the single particle resonance of the core. This
behavior can be explained by the coherent coupling between
the core and the satellite particles. This mode structure also
continues for smaller core particle diameters. For applications,
the strength of the field enhancement is crucial. The surface
charges are derived from the calculations of the electric fields.
The magnitude of these field peaks will be discussed next. At
this point, it should be noted that for applications the cluster
mode is tailored by the choice of NP size, distance, number,
and position.

The small (few nm) nanogaps in core-satellite type struc-
tures as emphasized in Figure 4 are sought after in processes
that benefit from high field enhancement in these hot-spot-
dominated systems,® such as SERSI*% and plasmonic
heating.'"2 The coupling interaction between the core and
satellite NPs can also be used for refractive index sensing, as
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this assembly structure is more sensitive to refractive index
changes than are the isolated core or satellite particles.[*3] The
modular combination of plasmonic building units with distinct
dimension and shape enables the engineering of the plasmon
coupling and the plasmon resonance wavelength.l192193] Sych
nanoclusters can lead to Raman enhancement factors which
are high enough to allow spectrum collection from single clus-
ters.l'%U Recently, an intricate strategy was developed by which
satellite NPs can be positioned selectively at the high curvature
hot-spot regions of non-centrosymmetric NPs.'*4 This strategy
employs the site-selective constrained de-wetting of nanopar-
ticles end-grafted with polymer ligands,**1%! and subsequent
functionalization of vacant (polymer-deprived) surface regions.
That way, plasmonic satellite NPs can be selectively attached
to, for example, the vertices of nanocubes and triangular
nanoprisms.!%4

Abiding effort was recently dedicated to control the distance
between the core and the satellites, both in static systems as
well as in dynamic systems. Simulations (Figure 5a) show that
at a distance of 32 nm there is almost no coupling remaining.
The resonance observed at 536 nm is close to the resonance
of a 15 nm particle (530 nm). At smaller distances a red-shift
of the resonance can be observed, which can be attributed to
plasmonic coupling. The resonance shifts by 24 nm to lower
energy when the distance is reduced from 32 to 4 nm. To
achieve the same redshift with an isolated particle resonance,
the diameter would have to be increased seven times (from 15
to 100 nm). A significant change in the extinction spectrum
only occurs when the core-satellite distance reaches 2 nm.
At this distance a distinction can be made between a cluster
mode of zero (610 nm) and first order (560 nm). In addition,
the intensity of the electric field was calculated for the energet-
ically lowest modes at two configurations. These calculations
show that the field intensity is 20 times higher at a distance
of 2 nm compared to a distance of 32 nm. These local field
enhancements also known as hotspots and their benefits for
spectroscopic applications such as SERS as discussed above.
Experimentally, the control of interparticle spacing in static
systems becomes possible with surface-grafted macromol-
ecules. That way, the gap size can be adjusted between a few
nm up to several tens of nm (see Figure 5b), both for systems
comprising gold NPs of distinct sizes,"*1%1%7] a5 well as for
binary systems with gold NP core and silver NP satellites.[%8]
The dynamic modulation of the interparticle gap size becomes
possible by using adaptive polymeric linkers.'#192323 In
the majority of works, this stimulus-responsive interparticle
distance modulation was achieved by relying on the LCST
behavior of PNiPAAM (Figure 5¢).181923] In addition, double
responsive structures that respond to both heating above a
LCST as well as cooling below an upper critical solution tem-
perature (UCST), were realized through diblock copolymer
linkers comprising one UCST-type and one LCST-type ther-
moresponsive block.?’! In temperature intervals away from
critical temperatures, the temperature-dependent swelling of
polymer brushes can be used to gradually change interpar-
ticle spacings. In core-satellite systems comprising gold core
and quantum dot satellites, this can be used for temperature-
dependent fluorescence modulation, that is, a nanoscale
thermometer.[2%]

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. a) Calculated electric field intensity and extinction at 32 and 2 nm core-satellite distances. Displayed is the average field intensity in beam
direction. Electric field intensity for 32 nm must be multiplied by a factor of 5 to match the scale bar. b) Core—satellite clusters with varying core—satel-
lite distance as a function of the degree of polymerization of the linking star polymer (static system).['¢l Adapted with permission.%l Copyright 2014,
Wiley-VCH. c) Dynamic switching of the core—satellite distance upon heating above the LCST of inner poly(NiPAAM) blocks of the linking star polymer
as determined by SAXS.[’] Adapted with permission.[?’l Copyright 2018, American Chemical Society.

2.5. Toward Colloidal Metamaterials

Metamaterials feature properties not typically encountered in
nature.ll The most famous properties are negative refrac-
tive index,M% electromagnetic cloaking,™¥ or strong circular
dichroism."? Large-scale synthesis of plasmonic nanoparticles
and their self-assembly into clusters can solve the scaling chal-
lenge of metamaterials at reasonable costs. In addition to electric
field amplifications, magnetic field enhancements also occur in
certain cluster geometries. In the simplest case, this occurs in
a single satellite that couples with the core. This concept was
demonstrated by the Linden group in an analogous setup with
two plate pairs metallic nanostructures.'3l Such structures
possess the electrical and magnetic modes, which are neces-
sary for the metamaterial property. By controlling the number
of surrounding satellites as well as the core material in core—
satellite-type clusters, colloidal metafluids, that is, plasmonic
supercolloids that feature optical properties that go beyond the
characteristics discussed so far, may be accessed. Synthetically,
the number of satellites can be precisely adjusted up to mod-
erate satellite numbers through the very recently established
concept of self-limiting directional nanoparticle bonding.[*” This
work was already discussed in the context of linear plasmonic
trimers above, but depending on the ratio of reactive (acid and
base) groups on the complementary plasmonic NPs, a wider
range of satellite numbers can be precisely adjusted as well (see
Figure 6a). Because the inter-NP junctions are rich with charged
groups, electrostatic repulsion interactions of these junctions
lead to a symmetrical equilibrium arrangement of the satel-
lite NPs. When larger satellite numbers are targeted, this para-
meter may be controlled by adjusting the feed ratio to the core
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particle in the cluster formation process.'®! This of course leads
to a comparably broad satellite number distribution.

If the core is replaced by a non-metal dielectric material,
only the satellite particles may plasmonically couple. Note that
coupling between two gold nanoparticles occurs when they
are less than 2.5 times their diameter apart."'®l As a result of
this coupling interaction, it was shown in the working group
of Dionne that silver satellites assembled around a dielectric
(polystyrene) core can create ring current.' Similar behavior
was observed for gold nanoparticles assembled around a silica
core.' These ring currents with their magnetic moment are
a prerequisite for the formation of so-called metafluid."”! For
comparison, this calculation was added in the Figure 6b for a
dielectric core (n = 1.4). By assembling the plasmonic nano-
particles on the surface of PNiPAAM-brush-coated silica NPs,
PNiPAAM microgel particles,?! or poly(NiPAAm-co-allylacetic
acid) mirogel particles,? the dieletric core becomes thermally
responsivel’®2% or pH/temperature dual responsive,?¥ in addi-
tion, which allows reversible swelling/shrinking transitions of
the overall assembly structure, thereby altering also the inter-
satellite spacings.[182024

3. Summary and Future Prospects

The plasmonic properties of individual plasmonic NPs are well
understood. When these individual entities are arranged in clus-
ters, a rich phenomenology in their optical behavior results.
This can be studied in computer simulations, as we have done
in this progress report. The cluster properties are controlled
through the combination of constituent NPs, but also the cluster

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 6. a) Symmetric arrangement of core-satellite clusters with defined satellite number, mimicking the symmetry of small molecule coordination
polyhedra.l®®) Adapted with permission.®] Copyright 2020, AAAS. b) Left: Calculated spectra for a core-satellite cluster with the core materials gold,
silver and polymer (n=1.4) as well as for a core—satellite distance of 2 nm (solid line) and 4 nm (dashed line). Right: Electric field intensity for selected
modes. The core diameter is 60 nm and the diameter of the 26 satellites is 15 nm. c) Silver NPs assembled around polystyrene beads.[*l Adapted with
permission.™ Copyright 2013, American Chemical Society. d) Gold NPs assembled around silica NPs.["*l Adapted with permission.["l Copyright 2015,
American Physical Society. The scale bars are 50 nm in (a) and (d) and 100 nm in (c).

architecture. To date, this cluster architecture can be tailored
using synthetic polymers. Their use enables the synthesis of
supracolloidal systems of reasonable complexity. Moreover, the
soft polymer component may be used to implement adaptive
properties, and, by virtue of this, add another dimension to
the plasmonic properties of NPs and their clusters. Depending
on the chemical nature of the employed polymers, a range of
stimuli can be used to dynamically manipulate the arrangement
structure of plasmonic NP clusters, and hence their optical
properties. In typical examples, this is realized through external
stimuli that lead to a gradual or sharp polymer conformational
transition at a given temperature, pH, solvent environment, etc.

Less attention was so far drawn to systems with multiple
levels of stimulus responsiveness. Such systems may include
multiple-stimuli responsivities (as discussed in this progress
report for dual responsive systems)*2 and/or hierarchical
stimulus responsive behavior, that is, “staged” responsivity
toward distinct orthogonal stimuli.l®® Further advances in this
regard may lead to a new generation of “smart” materials,
which goes beyond the switching between two distinct states
and involves more complex cascade adaptive behavior. Also,
the systems reported to date and discussed in this contribution
rely on adaptive control through external stimuli, however, in
principle internal feedback loops may be realized in similar
systems as well. Implementation of this may lead to new para-
digms for optical systems, which feature self-regulation, self-
activation, or complex conformational changes on the single
cluster level. The latter is especially of interest for colloidal
polymers consisting of >>10 individual particles since here
the conformational space is much larger and conformational
changes may dramatically influence coupling properties as
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well as accessibility of reactive centers for photocatalytic reac-
tions. Further, combining multiple cluster types may facilitate
complex cascades in shape changes/reactions. This provides
tantalizing opportunities, for example, in the fields of sensing
and photocatalysis, in which a new generation of multiplexed
sensor materials as well as self-adaptive photocatalytic systems
can be foreseen. Thus, supracolloidal structures may ultimately
approach biological examples like enzymes or motor proteins
in their functionality.
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