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hrough the first half of the 20th cen-

tury, a great intellectual revolution in

science boosted the development of
powerful and sophisticated techniques that
provided an accurate description of the
structure of matter. The need to understand
the relation between structure and function
for both classical and novel materials in
solid state physics has been an important
driving force behind such progress. Mean-
while, supported by such technical ad-
vances, molecular biology quickly acquired
a leading role in the burst of new scientific
ideas (e.g., DNA structure and structure—
function correlation in proteins), which de-
manded the development of advanced mo-
lecular models reaching an unprecedented
level of understanding in biological sys-
tems. In this context, chemistry has certainly
profited from the marriage of all these
intellectual approaches, providing a starting
point for the design and fabrication of new
synthetic systems by the combination of
molecules with different chemical functional-
ities, which has undoubtedly revolutionized
the nature and number of materials avail-
able to modern society.

Traditionally in materials chemistry, rea-
sonable control over the preparation of
inorganic solid state materials (e.g., metals,
ceramics, amorphous oxides) with macro-
scopic bulk properties (chemical, structural,
thermodynamic, electronic, magnetic, optical,
etc)) could be imparted by a judicious choice
of reactants and synthetic experimental
conditions.” However, the expected physi-
cal limitations that such conventional sys-
tems usually encounter in real applications,
where advanced and enhanced capabilities
and functionalities are demanded, led to
the search for new functional composite
materials based on the combination of in-
dividual components that either amplify
or possess new properties unique to the

GUERRERO-MARTINEZ ET AL.

ABSTRACT The development of nanoplasmonics
has been tremendous during the past two decades,
driven in part by the improvements in colloidal synthesis
of nanocrystals and manipulation of nanoparticle sur-
face functionalities. This has granted access not only to
exquisite control over the morphology of nanoparticles
but also to novel multiparticle nanostructures with a
variety of organizational motifs. Driven by such new
possibilities, completely unforeseen plasmonic effects

have been found, which let us think about applications in a variety of fields. In this Perspective,
we discuss the evolution of plasmonic nanomaterials and their corresponding properties and
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correlations with molecular concepts that have been around for a long time. Additional

thinking along these lines may lead to further expansion of nanoplasmonics and to multiple

surprising discoveries in this field.

ensemble.? Moreover, in many cases, where
processability for the transformation of bulk
systems into devices is a prerequisite, the
modification of these conventional materials
has been laborious and usually impractical.?

Synthetic chemistry, the covalent assem-
bly of small components into larger mol-
ecules, has emerged as a powerful technique
for devising novel materials, becoming a
natural starting point for the bottom-up
fabrication of devices.* This approach, used
by living systems to build large complex
structures from relatively small components
(e.g., proteins from amino acids), constitutes
one of the most important approaches that
currently drives nanotechnology. Therefore,
chemists are ideally qualified to study sys-
tems not only at the molecular level but also
at the nanoscale, where fine control over the
structure, size, shape, and assembly of the
nanosized building blocks is essential.® These
molecular nanomaterials are excellent alter-
natives to conventional bulk materials for
device fabrication due to their relatively
easy preparation and processability, which
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hinges on the excellent solubility
and sublimability of molecular com-
ponents. For instance, molecules
are essential in the preparation of
organic—inorganic hybrid materials,
where superior and novel properties
are obtained, compared with their
pure counterparts.®

Chemists are ideally
qualified to study
systems not only at the
molecular level but also
at the nanoscale, where
fine control over the
structure, size, shape,
and assembly of the
nanosized building

blocks is essential.

An area of nanotechnology where
this organic—inorganic synergy can
be fully exploited is nanoplasmonics,
in which the excitation of localized
surface plasmon resonances (LSPR)
on nanostructures of (typically) coin-
age metals can be combined with
molecular components to obtain
molecular plasmonic devices with
specific structural and photonic
properties.” In particular, plasmonic
metal nanoparticles offer the advan-
tage of combining the three-dimen-
sional (3D) control of particle size
and shape with that of monolayer
surface chemistry in metals, render-
ing them ideal building blocks for
nanoarchitecture design.? The opti-
cal response in metal nanocrystals is
strongly sensitive to their immediate
environment, and the interaction be-
tween adjacent particles leads to a
hybridization of the LSPR modes sup-
ported by the individual particles? In
fact, this hybridization model is based
on molecular orbital theory, which has
been used for decades to describe
molecular structure and interac-
tions, a similarity that explains a
number of interesting distance-
dependent optical phenomena, not

GUERRERO-MARTINEZ ET AL.

only between nanoparticles but also
between LSPRs and electronic tran-
sitions in molecules (e.g., refractive
index change, plasmonic—molecular
resonance coupling, and surface-
enhanced spectroscopies).'®

A direct consequence of the in-
extricable linkage between the re-
activity and optical properties in
molecules and metal nanoparti-
cles is the directional organization
of nanocrystals as building blocks
via molecular assembly (e.g., dimers,
polymers, and crystals), using the
same approaches previously devel-
oped for molecules. Therefore, the
spatial organization of nanoparticles
has been extended to the replication
of concepts observed at the molec-
ular scale that unravel as yet uni-
dentified new properties in nano-
plasmonics (e.g., plasmonic antiferro-
magnetism or plasmonic optical
activity; see Table 1). In this Per-
spective, we highlight several mo-
lecular mimetic approaches to
proceed from plasmonic atoms
and molecules to plasmonic poly-
mers and supercrystals with tailor-
ed optical properties and direc-
tionality. We illustrate this strategy
by describing the energy of single
nanocrystals, the assembly of func-
tional nano-objects into larger plas-
monic structures, and, finally, how
the nanoparticles can be integrated
within long-range ordered struc-
tures (Figure 1). We show how

In this Perspective, we
highlight several
molecular mimetic
approaches to proceed
from plasmonic atoms
and molecules to
plasmonic polymers
and supercrystals with
tailored optical
properties and

directionality.
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nanocrystals can be designed
and organized to achieve proper-
ties both in solution and in the
liquid crystalline or solid states
that are not present in the indivi-
dual components, with a particu-
lar focus on recent developments
that have drastically changed the
classical view of plasmonic metal
nanoparticles.

Plasmonic Atoms and Molecules. A
single gold atom comprises six energy
levels occupied with electrons that
can be excited to higher levels upon
absorption of selected electromag-
netic radiation with specific energy.
These so-called interband transi-
tions originate with absorption of
light in the ultraviolet (UV) spectral
range (>2.5 eV). In addition, a gold
atom can also release energy by
emission of light, as well as by light
scattering. Light—matter interac-
tions provide specific fingerprints
of atoms, which find application
mostly in elemental analyses. How-
ever, when gold atoms start to ag-
glomerate into clusters consisting
of at least 200 units, a new, free-
electron system emerges, in which
conduction electrons collectively os-
cillate in the presence of electromag-
netic radiation giving rise to LSPRs
(intraband-like transitions). This new
entity—the plasmonic particle—
can interact with electromagnetic
radiations in a similar way to atoms
(Figure 1), but optical phenomena
(absorption, emission, or scattering)
emerge in the visible spectral range
(<2.6 eV) rather than the UV. While
the interaction of light with metallic
nanoparticles is determined by the
plasmonic response, a compelling
analogy exists between LSPRs in me-
tal nanoparticles and wave functions
in simple atoms and molecules."’
Therefore, fundamental similarities
between ordinary and “plasmonic”
atoms explain why complex plasmo-
nic phenomena are often explained
in terms of atomic and molecular
physics.

Historically, the LSPR-related
bright colors of metal nanoparticles
have driven rather aesthetically
oriented applications. However,
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TABLE 1. Important Related Concepts about the Interaction of Light with Molecules and Plasmonic Nanoparticles and

Their Plasmonic Applications

molecular concept

plasmonic concept

plasmonic application ref

solvatochromism
electron transfer
energy transfer
luminescence
molecular resonance
chiral exciton coupling

refractive index change

hot electron transfer

plasmon resonance energy transfer
multiphoton photoluminescence
magnetic plasmon propagation
chiral dipole—dipole coupling

refractive index sensing
conductivity, catalysis

plasmonic optical activity

8,10
12,13

SEF, SERS 14,15, 23, 25, 56
light-emitting systems 16
plasmonic antiferromagnetism 21

38, 39, 40, 48

current knowledge of plasmonics
theory and the effect of nearby mol-
ecules on light—particle interactions,
optical events on the particles—
especially absorption—find wide ap-
plication in fields such as biosensing
and energy conversion. Absorption of
light by the particle may produce
multiple collisions between the con-
duction electrons and the crystal
lattice (phonons), leading to the for-
mation of highly energetic species,
so-called hot electrons/hot holes. It
has recently been shown that hot
electrons can be freely transferred
to the conduction band of a closely
located n-type semiconductor, pro-
ducing electron flow (current)'? or
initiating catalytic reactions.”® In this
context, the plasmonic particles be-
have like organic dyes that absorb
and transfer energy nonresonantly
to the environment. On the con-
trary, plasmon resonance energy
transfer (PRET), as an analogous phe-
nomenon to Forster resonance en-
ergy transfer (FRET) between donor
and acceptor molecules, permits the
transfer of energy resonantly from a
plasmonic nanostructure to a chemi-
cal species. Technically, the plasmon
resonance band of the metallic nano-
particle should overlap with the elec-
tronic peak position of the absorber.
The PRET effect has been used to
explain metal-enhanced fluores-
cence (SEF)'* and surface-enhanced
Raman scattering (SERS).'> These
techniques open up new applica-
tions in visible absorption spectros-
copy, especially toward in vivo cell-
ular and molecular imaging down to
the single-molecule detection limit.
As flourophores, metal particles can
also emit light in the process known
as two-photon excitation emission,
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which arises due to the local elec-
tric field associated with the sur-
face plasmon resonance.'® Such
emission has been predicted to
improve biomolecular sensing.

To apply nanoplasmonics effec-
tively in biological environments,
particles should have sizes below
100 nm, providing maximum light-
harvesting properties, and minimal
structural hindrance. However, par-
ticles larger than 100 nm still pro-
vide enormous possibilities in
energy conversion. By exploiting
light scattering, one can control
the flow of electromagnetic energy,
which is crucial in photovoltaics or
water-splitting devices.'”'® Con-
ceptually, light is preferentially
trapped in the semiconductor film
by multiple scattering, causing an
increase in the optical path length
within the cell, thereby reducing the
physical thickness of the solar ab-
sorber and increasing its efficiency
by 80%." In summary, plasmon-
related technological development
requires a deep understanding and
control over plasmon manipulation,
especially on the architecture of
single particles.

While single plasmonic particles
exhibit similarities to atoms, an an-
alogy also exists between multi-
nanoparticle assemblies (dimers,
polymers, crystals) and molecules.
On the basis of molecular orbital
theory, a plasmon hybridization mod-
el has been proposed that predicts
how plasmon resonances vary upon
clustering of plasmonic particles
(Figure 1).° The plasmon hybridiza-
tion model has been a fundamental
concept in designing plasmon
rulers,?® in which interparticle dis-
tances and plasmon shifts are

correlated through a simple mathe-
matical expression. In practical terms,
a plasmon ruler allows monitoring
single-molecule biophysics (e.g., trans-
formation of macromolecules) evenin
three dimensions (3D), which may
have significant impact on the fu-
ture understanding of mechanisms
behind biological processes. More-
over, the molecular origin of the
plasmon hybridization model has
facilitated the recent development
of magnetic plasmons at optical
frequencies (Figure 1).2' The “plas-
monic heptamer” has been used as a
benzene analogue building block for
the construction of cyclic aroma-
tic structures, in which antiphase cou-
pling gives rise to “plasmonic anti-
ferromagnetic behavior”. From an
applications standpoint, plasmonic
nanostructures with aromatic-like ar-
chitectures can enhance plasmon
propagation and may provide new
opportunities for integrated optical
devices or waveguides.

From an applications
standpoint, plasmonic
nanostructures with
aromatic-like
architectures can
enhance plasmon
propagation and may
provide new
opportunities for
integrated optical

devices or waveguides.
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Figure 1. Plasmonic nanostructures based on molecular concepts: red and blue lines respectively show the correlated
evolution of molecules and plasmonic nanostructures, from atomic systems with disorder over both short and long distances,
into crystals with both long-range and short-range order (following a bottom-up approach). Dimensionality increases as the
manifold of specific combinations between molecules and nanocrystals increases, ranging from 1D plasmonic atoms and
molecules, through plasmonic polymers with different dimensionalities (1D, 2D, and 3D), and finally 3D plasmonic super-
crystals. The cooperative buildup of plasmonic architectures is achieved by the incorporation of molecules into the
nanocrystal structures, which is represented by molecular—nanoparticle crossroads: single molecule—nanocrystal units,
nanoparticle—nanoparticle polymers, and molecular—plasmonic liquid crystals. On the basis of molecular orbital theory
(MO), the plasmon hybridization model is used to predict the plasmon resonance response in “unimolecular” nanoparticles
and their covalently and/or self-assembled binuclear and multinuclear derivatives. Using this model, an interesting molecular
concept such as aromaticity has been translated into the “plasmonic language” through magnetic plasmon propagation in
benzene-like systems. In a further step of organization, mimicking biomacromolecules has led to the design of plasmonic
polymers with controlled 3D chiral morphologies and outstanding optical activities. Finally, and perhaps still an open
question, metal nanoparticles can be organized in plasmonic liquid and solid crystals to design new functional metamaterials
that could eventually be integrated into complex molecular architectures to fabricate macroscopic plasmonic devices.

Plasmonic Polymers. Nanoplasmo-
nics is expanding, along with rapid
scientific developments in carbon-
based polymer chemistry, due to
the exciting possibilities for the pre-
paration of novel materials via one-
and two-dimensional (1D and 2D)
directed assembly of nanocrystals,
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which mimics the structure of organ-
ic macromolecules.?? The straight-
forward and specific assembly of the
metal nanoparticles serves as a plat-
form for different LSPR and FRET
strategies for sensing molecular
linkers.?® Additionally, on the basis
of the light confinement between
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neighboring plasmonic nanoparticles
(nanoscale hot spots),>* these poly-
mer-based plasmonic materials have
been used to build SERS sensors® and
optoelectronic devices.?

In this context, plasmonic poly-
mers can be considered as large nano-
structures, built up by repetition
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of smaller nanosized units—metal
nanoparticles—mimicking the struc-
tures of 1D and 2D molecular poly-
mers and even block copolymers (see
Figure 1). The bonding between the
building blocks is of significant im-
portance since covalent bonds lead
to essentially irreversible linkage of
the metal nanocrystals,”” whereas
noncovalent interactions may allow
potentially reversible dynamic bind-
ing.? Typically, the synthesis of nano-
crystals involves an initial chemical
modification with thiolated mol-
ecules at certain regions of their crys-
tallographic facets, followed by addi-
tional reactions to promote the bind-
ing of the different components. De-
spite the topological point defects pre-
sent in metal nanoparticles,?® spherical
nanocrystals lack a geometrical
preference toward site-specific
functionalization, thus limiting their
potential applications to form plas-
monic polymers. In contrast, one of
the most appealing advantages of
metal nanorod scaffolds, as com-
pared with their spherical counter-
parts, is their versatility toward chem-
ical functionalization. Gold nanorods
can be readily functionalized at the
tips with, for example, dithiolated
molecules of different lengths and
flexibilities, building up plasmonic
polymers through tip-to-tip irreversi-
ble bonds3® On the contrary, the
molecular self-assembly strategy ap-
plied to plasmonic polymers is based
on the edge functionalization of gold
nanorods by thiolated organic poly-
mers, whose chemical functionalities
cooperate under certain experimental
conditions (e.g., solvent, temperature),
forming reversible bonds at the
nanorod—nanorod interface.?'
Aiming at mimicking biomolecu-
lar polymers with increased dimen-
sionality, recent efforts have led to
the design of nanomaterials with
controlled 3D chiral structures and
morphologies.®? Indeed, chiral plas-
monic elements have been ex-
plored as promising metamaterial
candidates for exotic optical func-
tions such as nonlinear optics>> or
negative refractive index.>* To achi-
eve this, the concept of plasmonic
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polymerization has been extended
to 3D complex structures with col-
lective chiral organizations, where
metal nanoparticles with different
compositions, sizes, and shapes can
be linked through covalent bonding
or chemically/physically adsorbed
onto molecular chiral templates
(Figure 1). Recent reports have illu-
strated the promising potential of
these chiral metallic nanostructures,
which exploit the characteristic
LSPR of metal colloids to produce
intense optical activities due to sig-
nificant differences in extinction be-
tween left and right circularly
polarized light.3> The origin of plas-
monic collective chirality is based
on interactions between nanoparti-
cles assembled with 3D chiral order,
which has been explained by means
of a coupled dipole model, in which
each particle is described as an
interacting electric dipole, in a di-
rect analogy with chirality in molec-
ular systems.>®

A remarkable example of a linker
molecule that has been used for
building chiral nanocrystal assem-
blies with high degree of control
over the design and synthesis is
DNA.?” However, the chemical
yields obtained in the production
of optically active chiral ensembles
via biopolymer linkage are still very
low due to the formation of non-
chiral byproducts, therefore requir-
ing the use of separation and puri-
fication processes. As an alternative
approach toward plasmonic poly-
mers with amplified optical activity,
macromolecular chiral fibers with
specific chemical functionalities have
been used as templates to adsorb
metal nanoparticles. 3 Although sphe-
rical nanoparticles can be used, gold
nanorods with 3D chiral organization
appear to be significantly more effi-
cient plasmonic nanoantennas, achi-
eving intense and tunable optical ac-
tivity at the visible—near-IR spectral
region.>® The origin of the high optical
efficiency in anisotropic particles
has been investigated theoretically
through an LSPR hybridization model
that mimics exciton coupling theory,
commonly used in chemistry to
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explain the circular dichroism re-
sponse of organic molecules. It turns
out that, at high nanoparticle aspect
ratios, the scattering contribution
to the optical activity dominates
over the absorption cross section.*
In contrast to these near-field phe-
nomena, it has been postulated that
the optical rotary dispersion of the
chiral surrounding medium may af-
fect the LSPR modes in metal nano-
particles by far-field electromag-
netic coupling, which might repre-
sent an important contribution to
the optical activity of plasmonic
polymers to be considered in the
future.*’

Plasmonic Supercrystals. Advances
in materials research inarguably rely
on thorough understanding of con-
densed-phase structure and its re-
lationship to condensed-phase pro-
perties. In the case of molecular
crystals, many studies have rein-
forced the notion that properties
both in the liquid and solid states
can be manipulated through careful
design and selection of molecular
components and have demonstrated
that these properties strongly depend
on the molecular organization in 3D
space. These materials are based on
infinite frameworks of molecular
building blocks that are held to-
gether by weak van der Waals inter-
actions and stronger hydrogen
bonds and coordinative interactions.
Furthermore, they can be classified
into liquid crystals, where a short-
range order between molecules is
present but some distinct order over
larger distances can be observed,
and solid crystals, which have both
long- and short-range order. Again
following these molecular concepts
(Figure 1), metal nanoparticles coated
with rationally selected organic mol-
ecules have been arranged with a
certain lattice periodicity to build up
liquid crystals*? and solid crystalline
structures,*® showing interesting col-
lective plasmonic responses.

The use of liquid crystals in
nanotechnology relies mainly on the
physicochemical synergy between
organic molecules and nanoparticles.
Various general approaches toward
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the preparation of plasmonic liquid
crystals have been considered so far.
In the more usual methodology, pre-
synthesized metal nanoparticles are
coated with liquid crystalline com-
pounds as ligands** Alternatively,
the nanoparticles can be dispersed in
the mesophases by selecting capping
agents that are chemically compatible
with the surrounding medium.* Both
approaches lead to high degrees of
control over the sizes and shapes of
the nanocrystals, and thus over the
plasmonic responses of the materials,
though significant distortions of the
liquid crystalline phases can be
induced.*® In contrast, metal nano-
particles with reasonable monodis-
persity have been synthesized in situ
within liquid crystals that preserve
their original properties.*’

Although liquid crystals have
found multiple optical applications
across different fields of chemistry
and physics, few examples exist of
the incorporation of metal nanopar-
ticles into mesophases with rele-
vant plasmonic properties. The
reason might be related to both
the anisotropic structure of liquid
crystals at the molecular level, in
which molecules with large aspect
ratios are employed, and the exten-
sive use of isotropic nanocrystals in
the preparation of plasmonic liquid
crystals. The stronger plasmonic re-
sponse of anisotropic nanoparticles
in these mesophases has been de-
monstrated by combination of gold
nanorods with cholesteric liquid
crystals, in which a chiral organiza-
tion of the nanoantennas shows
intense optical activity,*® as well as
in the preparation of metamaterials
based on plasmonic mesophases
with switchable polarization-sensitive
plasmon resonances.* Even though,
at this stage, these are just interesting
conceptual examples and no devices
have been realized with plasmonic
liquid crystals, the next step will be
the incorporation of such anisotropic
metal nanoparticles into liquid crystal
displays to manipulate light by parti-
cular orientations of the plasmonic
material under mechanical, magnetic,
or electric forces.

GUERRERO-MARTINEZ ET AL.

The idea that molecules self-
assemble in different fashions as they
change from the disordered isotropic
liquid state to the rigorously 3D-
ordered crystalline phase, passing
through intermediate liquid crystal-
line phases has been explored in the
field of plasmonic crystals as well. It
has been shown that anisotropic
nanocrystal superstructures can re-
sult from the formation of nematic
and smectic liquid crystalline phases
upon solvent evaporation, in which
plasmonic nanoparticles are oriented
in layers with close-packed hexa-
gonal arrangement due to the self-
assembly of amphiphilic capping
molecules.>® At this superior level of
organization, the concept of self-
assembly applied in crystal engineer-
ing and crystal structure prediction
with organic molecules has been
exploited in the preparation of 3D
plasmonic superlattices (Figure 1).>'
In this context, self-assembly refers
to the spontaneous organization of
metal nanoparticles as discrete
components through direct interac-
tions between molecules located at
the nanoparticle interfaces.>® As a
representative and enlightening ex-
ample, DNA has gained popula-
rity as a surface template in the
formation of self-assembled colloi-
dal supercrystals, providing fine
control over interparticle spacing
that can be used to tune the plas-
monic properties of the crystal over
micrometer length scales.>® Indeed,
the types of crystal structure ob-
tained in these assemblies (e.g.,
body-centered cubic, face-centered
cubic) has been controlled by vary-
ing the length and flexibility of the
DNA strands.>

Such facile and specific assem-
bly of nanocrystals has served as a
platform for building macroscopic
systems with applications in plas-
monic sensing, through colloidal syn-
thesis of metal nanoparticles with
tailored morphology and surface
chemistry, followed by self-assembly
into electrical and optical sensors.>®
For example, the fabrication of plas-
monic crystals with high optical activ-
ity has recently exploited enhanced
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Such facile and specific
assembly of
nanocrystals has served
as a platform for
building macroscopic
systems with
applications in
plasmonic sensing,
through colloidal
synthesis of metal
nanoparticles with
tailored morphology
and surface chemistry,
followed by self-
assembly into electrical

and optical sensors.

electric field concentration and nano-
antenna effects to maximize the SERS
signal at ultralow concentrations of
biorelevant analytes.>®

OUTLOOK

The discussion so far has evi-
denced the recent evolution of nano-
plasmonics hand-in-hand with con-
cepts that have traditionally been
used by chemists for the design and
construction of novel materials. Al-
though outstanding advances have
been achieved extremely quickly,
open questions remain regarding
properties that are still to be discov-
ered, mainly related to cooperative
effects when metal nanoparticles
are organized into perfectly defined
3D crystalline structures. Interest-
ingly, the number of studies with
real applications in nanoplasmonics
decreases when the complexity and
dimensionality of the plasmonic
system increases from plasmonic
atoms and molecules to supercrystals.
For example, fundamental studies are
required to determine the conditions
required for the construction of
supercrystals with a controlled num-
ber of monolayers or with tailored
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interparticle distances. In a way, this is
again related to chemical concepts,
such as phase diagrams, which have
long been used in colloid science,
even in a retroactive manner, since
atomic and molecular theory has
been strongly supported by studies
of colloidal systems.>” Additionally,
recent demonstrations of the ability
to build exotic crystalline lattices in
binary supercrystals®® suggests that
we shall soon see a new burst of
novel nanoplasmonic effects based

on molecular concepts.
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