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Abstract: Creating color through the self-assembly of specific building blocks to fabricate photonic morpholo-
gies is a promising and intriguing approach to reproducing the flamboyant visual effects and dynamic properties
observed in the natural world. However, the complexity and lack of robustness in the manufacture of these nano-
structured materials hinder their technical exploitation on a large scale. To overcome such limitations, here we
present a novel methodology to create bioinspired photonic pigments as dispersed and micrometer-scale par-
ticles based on highly ordered concentric lamellar microspheres made of block copolymers. First, we introduce
the fabrication protocol and the advantages of this approach compared to the traditional colloidal self-assembly.
Then, we discuss some possible future research directions focused on developing hybrid organic-inorganic
photonic pigments with enhanced dielectric contrast, reduced scattering, and specific functionalities. Finally, we
speculate on possible applications for these structures that go beyond their use as simple photonic pigments.
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1. Introduction

An interest in color is intrinsically rooted in human civiliza-
tions and the quest for increasingly stunning coloration effects
has led to exciting discoveries, which have stimulated funda-
mental research to develop an understanding of the underlying
physics of the observed phenomena.l!:2l Modern times have seen
a paradigm shift in the design of color effects from an empirical
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approach toward a computer-aided, predictive design of opti-
cal materials.34 Commonly employed pigments (i.e. insoluble
substances that show a certain color because they reflect specific
wavelengths of visible light) can be divided into organic and
inorganic ones. While the first provide high color quality and
tuneability, they are expensive to synthesize and display limited
stability over time. In contrast, inorganic pigments are typically
low-priced and are characterized by a high lightfastness, but
are often toxic and display poor tonality.l5-61 Therefore, novel
optical materials capable to control and manipulate light—mat-
ter interaction at the nanoscale are becoming crucial for several
technological applications, from cosmetics to protective coat-
ings.[7-121 A particularly intriguing inspiration for coloration has
been the natural world, where evolution has produced remark-
able displays of optical effects, from the most brilliant irides-
cence and luster on display in bird feathers or butterfly wings to
adaptive coloration in camouflaging chameleons or octopuses
(Fig. 1).113-171 These optical effects typically arise from an intri-
cate internal structure of the material at the nano- and microscale
at which visible light is reflected, dispersively diffracted, or
scattered.[18]

Of particular interest is the structural coloration arising from
photonic crystals (PhCs), which consist of an ordered lattice of
alternating refractive index, where the lattice parameters are of
the order of the optical wavelength. Comparably to electrons in
a periodic potential, these structures are characterized by a pho-
tonic band structure that identifies spectral regions forbidden and
allowed for the propagation of photons, giving rise to a photonic
bandgap (PBG) that is responsible for their chromatic response.!!9]
So far, this unique property has been mostly investigated to gener-
ate planar photonic coatings and films that reflect vibrant, irides-
cent colors.[20-22 However, the large-scale applicability of such
structures is strongly hindered by processing limitations, and
more user-friendly and ready-to-use substitutes are needed.[23]

In this perspective article, we focus attention on the recent
advances in block copolymers-based dispersable photonic pig-
ments. First, we briefly introduce the current approaches and
limitations in creating structural color pigments based on colloi-
dal assemblies. Then, we discuss the use of three-dimensional
confined self-assembly of block copolymers in emulsion droplets
to generate highly ordered concentric multilayer particles with
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Fig. 1. (@) Photograph of C. maynana and TEM image of an assembly of
B-keratin spheres and air nanostructure from the dark turquoise feather
barbs of C. maynana. Adapted with permission from ref. [13]. Copyright
2012 The Royal Society. (b) Macroscopic view and SEM images of a
Morphidae butterfly blue scales. Adapted with permission from ref.

[14]. Copyright 2009 American Institute of Physics. (c) Reversible color
change of a male panther chameleon (Furcifer pardalis) during excita-
tion; TEM images of guanine nanocrystals in S-iridophores in the excited
state and three-dimensional model of an FCC lattice. Adapted with per-
mission from ref. [15]. Copyright 2015 The Authors.

brilliant coloration and angular independence. We speculate about
the possibility to fabricate hybrid organic—inorganic photonic pig-
ments with enhanced dielectric contrast, reduced scattering, and
specific functionalities. Finally, we conclude by discussing sev-
eral possible applications that go beyond the use of such structures
as photonic pigments.

2. Photonic Pigments Fabricated in Confinement

The minimal requirement to mimic the structural color oc-
curring in nature is the ability to precisely fabricate nanostruc-
tures within a material. To do so, connecting different scientific
areas such as optics, soft-matter physics, colloidal chemistry, ma-
terials science, and biology is fundamental and provides an in-
novative, interdisciplinary research environment.

A simple yet powerful strategy is based on the self-assembly
of nanosized building blocks (i.e. bottom-up approach) under
geometrical confinement. While it is well known that geometry
might contribute to the overall optical response,?*l soft confine-
ment within micron-scale droplets is particularly interesting since
it allows for hierarchical architectures to be produced.[?5-291 Most
efforts have been so far based on confining the self-assembly of
colloidal particles or liquid crystals in precise superstructures, ei-
ther ordered (i.e. colloidal crystal) or disordered (i.e. colloidal
glasses).39-371 However, significant limitations of synthesizing
large quantities of photonic pigments based on these arrays in-
clude the lack of control over incoherent and multiple scattering
as well as the difficulty in producing pigments with distinct col-
ors across the entire visible spectrum. In this context, it has been
recently demonstrated that such limitations can be overcome by
exploiting the 3D confinement self-assembly of suitable block
copolymers (BCPs) in emulsion droplets leading to photonic par-
ticles with brilliant coloration.[38-441

2.1 Highly Ordered Block Copolymer-based Photonic
Particles

BCPs consist of at least two covalently linked polymer chains
that are immiscible.l*! The covalent link prevents macrophase
separation while favorable interactions between the same blocks
lead to the spontaneous formation of nanostructures with charac-
teristic sizes of 10—100 nm.!#6-48] Therefore, it is not surprising
that the 3D-confined self-assembly of block copolymers in emul-
sion droplets has received increasing attention for the synthesis
of polymer particles with well-defined size, shape, and internal
morphology.[2549-521 Generally speaking, BCPs exhibit rapid self-
assembly kinetics when processed by solution, macroscopic or-
dering into self-assembled morphologies, tolerance to high load-
ing of functional additives, and the possibility to manipulate the
resulting domain spacing simply by tuning the polymer chain
length and structure. Constraining the self-assembly process of
BCPs within a confined environment offers several advantages,
including exploiting the effects of unstable interfaces, entropy
loss, kinetic effects, and symmetry breaking to allow the fabrica-
tion of novel architectures that are often challenging to obtain
when processing BCPs into films from a polymer melt or solution.

Symmetric BCPs (i.e. block volume fractions f, = f, = 0.5)
typically form planar lamellar structures which, when the lamellae
are sufficiently thick (i.e. high enough block molecular weights
M ), result in structurally colored films, whose optical response is
governed by the Bragg-Snell law.[20] It has recently been reported
that within spherical confinement, the same self-assembly process
induces the formation of radially-aligned lamellar structures (i.e.
onion-like particles) resulting in concentric photonic multilayer
spheres as schematically shown in Fig. 2a,b.38-441 Here, a nearly
symmetric block volume fraction, a preferential interaction (i.e.
wetting) of one of the blocks with the confining medium, and
a sufficiently slow evaporation rate trigger the formation of the
concentric lamellar structure. For example, Yang et al.®® have
shown that poly(styrene)-b-poly(2-vinyl pyridine) (PS-P2VP, M
= 265 kDa) dissolved in chloroform produces concentric lamellar
particles when emulsified in a poly(vinyl alcohol) (PVA) aqueous
solution. The obtained particles displayed no evident coloration
due to the small thicknesses of the lamellar domains, but the band-
gap position was adjusted by the selective swelling of the pyridine
domains with ethanol. Inspired by this pioneering study, research-
ers have been focused on tuning the particle optical appearance
either via synthesis or supramolecular chemistry strategies. For
instance, Song et al.l*!l reported on full-spectrum photonic onion-
like microspheres (Fig. 2c) obtained by the confined self-assem-
bly of bottlebrush block copolymers (BBCPs). Here, the domain
spacing was controlled by synthesizing poly(norbornene)-graft-
poly(styrene)-b-poly(norbornene)-graft-poly(dimethylsiloxane)
chains with different lengths (M of 3300, 4100, 7100 kDa). A
more practical, user-friendly, and scalable approach was present-
ed by Yang et al.,13% who exploited the hydrogen bonding of pen-
tadecylphenol (PDP) to the P2VP block of PS-P2VP (M = 428
kDa) to form comb-like supramolecular assemblies, using a low
M, polystyrene homopolymer to counterbalance the increased
volume fraction of the P2VP(PDP) phase. Here, by adjusting the
system composition, the lamellar periodicity was controlled, thus
tuning the particle optical properties. Similarly, Moriceau et al.[4?]
reported on poly(styrene)-b-poly(4-vinyl pyridine) (PS-PAVP, M
= 427 kDa) photonic particles using ionic bonding between an
alkyl sulfonate derivate and P4VP, where the particles were gener-
ated in a vortex-assisted emulsification approach.

While the optical response of planar multilayers can be easily
explained in terms of the Bragg-Snell law, the visual appearance
of concentric multilayer structures is more complex and several
factors must be taken into account.53 When these spheres are sub-
jected to diffuse illumination (i.e. illuminated uniformly from all
directions), the maximum wavelength (A_ = 2n_d, with d being
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the domain periodicity) is reflected back isotropically. The result
is a consistent and non-iridescent appearance. In contrast, under
direct illumination, the light is dispersed and reflected into a wide
angular range, resulting in an angular-dependent optical response.
Nevertheless, when observed under bright-field illumination,
where the numerical aperture of the objective determines both
the illumination and the collection cone,>*! concentric multilay-
ers always reflect in the specular direction since the light incident
on non-normal particle surfaces is reflected outside the numerical
aperture of the objective lens and is thus not detected.

Compared to the traditional photonic pigments prepared by col-
loidal self-assembly, these hierarchical and highly ordered onion-
like microspheres present several advantages. First, ordered spher-
ical colloidal crystals are typically comprised of a few ordered
outer layers with close-packed particles and a more disordered
core, which results in multiple scattering of light, decreasing in
color purity, which causes a whitish appearance. Similarly, dis-
ordered spherical colloidal crystals display poor reflectivity with
their color resulting from the coherent scattering of individual col-
loidal particles with a defined short-range interparticle distance.
In contrast, the long-range order of concentric lamellar particles
based on BCP self-assembly provides brilliant and monochro-
matic coloration. Second, these structures allow for greater color
tunability and optical response control. Indeed, whereas prepar-
ing colloidal photonic crystals with a red hue is a major chal-
lenge due to the difficulty in obtaining big enough periodicities,
block copolymer-based assemblies can be easily prepared with a
domain spacing that gives rise to a photonic bandgap in the red
spectral region. Additionally, BCP-based photonic pigments can
be crosslinked to increase their long-term stability in most or-
ganic solvents. Also, when exposed to specific solvents (i.e. good
solvents for only one of the blocks), such structures display a cer-
tain degree of mechanical stability due to the concentric lamellar
morphology and can display reversible color changes attributed to
the selective swelling of the lamellar domains. Finally, the rapid
increase of commercially available BCPs and the possibility to
prepare large quantities of concentric lamellar particles on rela-
tively short timescales make this approach extremely versatile and
interesting also from an industrial point of view.

3. Future Perspectives
Despite the recent advances discussed above, the efficient fab-
rication of highly ordered photonic particles based on block co-

Solvent evaporation and self-assembly
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Fig. 2. (@) Schematic of the
preparation method for block
copolymer-based concentric
lamellar particles via solvent
evaporation and (b) color tune-
ability by domain spacing con-
trol. (c) Reflection microscopy
image, cross-sectional TEM
micrograph and reflectance
spectra of photonic particles
prepared by the self-assembly
of the bottlebrush block co-
polymer poly(norbornene)-
graft-poly(styrene)-block-
poly(norbornene)-graft-
poly(dimethylsiloxane) in
emulsion droplets. Adapted
with permission from ref. [41].
Copyright 2019 American
Chemical Society.
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polymers is still hampered by the empirical nature of the process,
the low dielectric contrast among the blocks, the difficult synthe-
sis of high molecular weight BCP chains, and the low color pu-
rity due to the presence of structural defects leading to incoherent
scattering. Furthermore, the formulation of a dry coating consist-
ing of closely packed photonic particles is problematic, because
of the light scattering from the particle surfaces and the voids
between them. These aspects prevent the exploitation of their
full potential as photonic pigments. Therefore, in the following
sections, we discuss promising strategies to reduce or overcome
some of the mentioned limitations, and we speculate on possible
future research directions and applications.

3.1 Incorporated Broadband Absorbing Materials

Self-assembled structures inherently contain defects. This
causes the backscattering of the light transmitted through the la-
mellae and, as a result, a whitish, opaque appearance is typically
observed.5> In nature, evolution has mitigated this problem by the
use of broadband absorbing materials, which are typically pres-
ent in the form of melanin or other dark pigments.!5¢! Typical ex-
amples are the Steller’s jay (Cyanocitta Stelleri) bird that displays
bright blue and black feathers stemming from a combination of
disordered nanostructures and a basal melanin layer,’7l whereas
the Pollia condensata fruit presents a metallic blue coloration
arising from the combination of layers in thick-walled cells and
cell-cores containing dense brown tannin pigments.!58! Several re-
searchers have applied this concept to artificial photonic materi-
als, where synthetic melanin colloidal particles have been used as
absorbing building blocks[*-611 or carbon black has been added
to nanostructured films[6!-63] to enhance the intensity contrast be-
tween band-gap peaks and the background.

While highly ordered concentric lamellar particles made from
block copolymers have relatively low defect densities compared
to photonic colloidal assemblies, the scattering of light becomes
a problem, once many particles are deposited from a solution to
form a coating. In this case, high scattering from the particle
boundaries reduces the color contrast between the band gap of
individual particles and the background. The incorporation of
broadband absorbing materials into these coatings is required to
maximize the contrast and improve the color appearance. Here,
the easiest strategy is to directly add black solid nanoparticles (e.g.
carbon black, magnetite, etc.) or black hydrophobic dyes (e.g.
Sudan black) to the BCP solution before emulsification. However,



PoLymeRrs, CoLLoIDS AND INTERFACES

829

CHIMIA 2022, 76, No. 10

two main challenges are expected with this approach. First, the
overall intensity of reflected light is significantly lower because
all wavelengths of light are absorbed. Second, the thermodynam-
ics and kinetics of the self-assembly process are altered, which
might lead to unexpected and uncontrolled structures. Therefore,
we discuss two possible strategies to fabricate core-shell photonic
particles, where the core contains the absorbing element and the
shell the reflective assemblies (Fig. 3a).
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Fig. 3. Concentric lamellar particles where (a) the incoherent scatter-
ing is reduced using a broadband absorbing core and (b) the dielectric
contrast between the domains is enhanced by the addition of high re-
fractive index inorganic nanoparticles. (c) Simulated reflectance spectra
obtained from FDTD simulations of concentric lamellar particles with a
diameter of 20 pm and layer thicknesses of 60 nm, varying An between
0.1and 0.5 (.e. n = 1.5, 1.6 <n, <2.0).

3.1.1 Core-shell Photonic Particles via Two-step Double
Emulsification

Among the variety of double emulsions, so-called Water-in-
Oil-in-Water emulsions (W/O/W) are water droplets dispersed
in oil droplets which themselves are dispersed in an aqueous
phase.[04651 These can be efficiently produced by two-step emul-
sification processes, where water (i.e. the inner phase) is first
emulsified in oil (i.e. the middle phase) by high-energy homoge-
nization generating a primary emulsion that is then re-emulsified
in a second aqueous solution (i.e. the outer phase).l°¢! Despite
the resulting droplets often lacking structural uniformity due to
interfacial instabilities, this method holds great promise to fab-
ricate core-shell photonic particles.[67:68] Indeed, by using two
suitable surfactants (i.e. a hydrophobic one for the preparation of
the primary W/O emulsion and a hydrophilic one for the prepa-
ration of the secondary W/O/W emulsion) and dispersing the
selected broadband absorber into the first aqueous phase, a black
core surrounded by self-assembled concentric lamellae can be
envisaged. In such an assembly, the band-gap spectral range is
reflected from the photonic concentric multilayer, and subse-
quently, the transmitted spectral range is efficiently absorbed
in the core giving rise to a brilliant coloration even when many
colloidal spheres are present in a coating. Adjusting the emul-
sification conditions, or using precise microfluidic devices!®!
enables precise control over the dimension of the core and the
thickness of the shell, providing an additional way to tune the
particle optical response.

3.1.2 Core-shell Photonic Particles via the Co-assembly of
Functionalized Nanoparticles

The self-assembly of block copolymers with inorganic
nanoparticles in three-dimensionally confined geometries has
been demonstrated to be a facile and robust method to generate

hierarchical hybrid nanostructures.[’0-711 The inorganic NPs en-
dow the resulting hybrid particle structures with various optical,
electrical, and catalytic properties, with the BCP matrix serving
as a stable support platform.[72 Here, spatial control of NPs within
the organic matrix is fundamental as their local distribution, orien-
tation, and interparticle distance greatly influence the properties
of the final nanocomposite materials. In general, entropic effects
have a great influence on the self-assembly of BCP/NP hybrid
materials with the ratio of the NP size to the associated domain
size being one of the most critical factors.[”3 Additionally, recent
studies reported that the location of polymer-grafted NPs within a
block copolymer matrix can be precisely controlled by the chemi-
cal structure, areal density, and length of the ligand, by inducing
favorable enthalpic interactions between the NPs and one BCP
block. Among others, Xu et al.[’+75] prepared concentric lamellar
PS-P4VP particles loaded with gold nanoparticles functionalized
with a polystyrene homopolymer. Increasing the ligand length led
to crusted onion-like, seeded onion-like, and finally alternate-lay-
ered onion-like hybrid particles. Similarly, changing the grafting
density of NPs allowed controlling their location within the lamel-
lar structure, whereas their loading concentration can be varied to
tune the core size.

These results suggest that broadband absorbing NPs could be
segregated to the center (i.e. forming a black core) inside highly
ordered photonic particles if properly functionalized. In this re-
gard, the synthesis of linear polystyrene-functionalized magnetite,
cobalt ferrite, palladium, and platinum nanoparticles with sizes
ranging from a few nm to one hundred nm is well established and
several protocols are available in the literature.70-791 Therefore,
we foresee this method as a fast and user-friendly approach to
improve the optical appearance of block copolymer-based pho-
tonic particles.

3.2 Enhanced Dielectric Contrast

Photonic crystals comprised of materials with a large refrac-
tive index (e.g. GaAs, GaN, Si, efc.) containing air voids have
become a paradigm for light control in photonic devices.[80-81]
Polymer PhCs, in contrast, intrinsically suffer from low dielec-
tric contrast (An) in the visible spectrum and are thus ill-suited
for applications requiring accurate light control.[82 Specifically,
for BCP-based photonic pigments, An is often lower than 0.1,
which, combined with incoherent light scattering, limits their
applicability. This is illustrated in Fig. 3, showing Finite-
Difference Time-Domain (FDTD) simulated reflectance spectra
of concentric multilayer particles with a diameter of 20 pum, a
periodicity of 120 nm (i.e. a layer thickness of 60 nm), and An
ranging from 0.1 to 0.5. In agreement with Bragg-Snell’s law,
the spectral position of the bandgap is given by A =2(d,n, +
d n ). All spectra have similar maximal reflectances and similar
short wavelength onsets of the optical band gap. Increasing An
however substantially widens the optical bandgap towards lower
wavelengths.

One common approach to increasing An in BCP-based struc-
tures is the synthesis of specialty polymers.[76-83-851 However, the
high molecular weights required for the self-assembly into pho-
tonic structures are difficult to synthesize and their equilibration
into self-assembled morphologies is very slow. Alternatively, high
or low refractive index organic additives/swelling agents can be
added to the block copolymer morphologies to selectively modify
the dielectric properties of one of the two domains.8¢-87 However,
the limited volume of additives that can be accommodated in the
microphase separated BCP assemblies limits the achievable An
values. New strategies are therefore required to increase the di-
electric contrast in block copolymer photonic pigments. In the
following sections, we propose two promising possibilities based
on the use of high refractive index inorganic fillers and hybrid
structures (Fig. 3b).
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3.2.1 Addition of Inorganic Nanopatrticles

One successful method to obtain high refractive index materi-
als is the blending of inorganic nanoparticles, such as TiO, and
ZrO, with n values of 2.1-2.7, into one of the polymer phases.[88-901
Nanoparticles in polymeric matrices have, however, the tendency
to agglomerate due to the strong attractive van der Waals forces
between them, causing the formation of undesired scattering cen-
ters.°! In highly ordered BCP photonic particles, their localiza-
tion within the lamellar stack has to be precisely controlled. As
discussed in Section 3.1.2, the co-assembly of block copolymers
with functionalized NPs represents a promising method to achieve
such structures. For example, Song et al.[°2! showed that commer-
cially available zirconium oxide nanoparticles functionalized with
gallic acid could be loaded into a polynorbornene-graft-poly(tert-
butyl acrylate)-block-polynorbornene-graft-poly(ethylene oxide)
(PtBA-PEO) planar multilayer structure, up to volume fractions
of 40%. The strong hydrogen-bonding interactions between the
ligand and PEO brushes enabled the selective incorporation of
the nanoparticles into the PEO phase avoiding their aggregation,
resulting in a large difference in the refractive index with respect
to PtBA (An > 0.27). Based on this result, we speculate that func-
tionalized high refractive index NPs can be loaded into concentric
lamellar photonic particles, controlling their selective enrichment
in one of the two polymer phases. Thus, an enhanced dielectric
contrast between the two blocks can be obtained, while preserving
the particle optical quality.

3.2.2 Sol-gel Chemistry

An alternative route to achieve high dielectric contrast hy-
brid PhCs exploits sol-gel reactions of precursors into metal or
metalloid oxides.[93-941 In these processes the oxide precursors are
typically hydrolyzed to form a sol which is then cast by spin- or
dip-coating to form dry xerogel thin films, which are subsequently
densified by high-temperature annealing. The large reactivity of
the precursors induces however the formation of scattering cen-
ters and the high annealing temperatures — up to and exceeding
500 °C - hinder their incorporation into temperature-sensitive
materials. Alternatively, polymers can be used as stabilizers, al-
lowing temperature decrease in the post-deposition processes. For
instance, Bachevillier et al.l%! reported high optical quality thin
films and Distributed Bragg Reflectors (DBRs) with outstanding
dielectric contrast based on high refractive hybrid titania achieved
by the hydrolyzation of precursors in cold water and subsequent
mixing of the hydrated oxide product with a water solution of
poly(vinyl alcohol). More recently, Bertucci et al.[%! developed a
mild condition sol-gel reaction to obtain high index photoactive
polymer-titania hybrids that can be combined with a low refrac-
tive index polymer-silica phase.

On this basis, concentric lamellar photonic particles based on
block copolymers presenting high dielectric contrast could be en-
visaged using a combination of self-assembly and sol-gel chem-
istry. Using selective solvents, a phase of pre-formed concentric
lamellar particles can, for example, be infiltrated with a sol pre-
cursor. The formation of the inorganic phase can subsequently be
induced by changing the temperature or chemical and UV treat-
ments. Alternatively, specific interactions between precursors and
one of the blocks might be exploited to form supramolecular as-
semblies that are subsequently used to produce hybrid concentric
lamellar structures. Despite this approach presenting several chal-
lenges, including the accurate control of the sol-gel reactions to
maintain a good optical quality, this approach is expected to lead
to highly performing photonic structures.

3.3Iridescence, Dynamic Optical Properties, and Hybrid
Photonic-plasmonic Structures

The previous sections discussed recent progress in block co-
polymer-based photonic pigments with a focus on possible strate-

gies to enhance their optical appearance. This section briefly pres-
ents several related research directions that might open pathways
toward other exciting applications.

Photonic particles consisting of onion-like morphologies rep-
resent the most studied PhC geometry. Stacked lamellar structures
are an interesting alternative because they afford an anisotropic
optical behavior that is not possible in concentric lamellar par-
ticles.l7 Despite the significant advancements toward the shape
control of polymer particles obtained through the confined self-
assembly in emulsion droplets, a major challenge remains the
achievement of a near-perfect order over tens of micrometers.
Recently, a simple method was described for the preparation of
ellipsoid-shaped particles comprised of stacked lamellae using a
mixture of two surfactants that have selective interactions with
each BCP domain in order to tune the interfacial interactions.[9399
By exploiting this approach, He et al.[*3] developed photonic el-
lipsoidal particles with a highly ordered axially stacked lamellar
morphology whose color was tuned by controlling the molecular
weight of the used bottle brush block copolymers. These particles
displayed a strong orientation-dependent photonic behavior (i.e.
iridescence), which was controlled by adding magnetic nanopar-
ticles. These interesting structures might, for example, find use as
iridescent coatings and films in design applications.

Notably, BCP-based photonic particles hold promise not only
as pigments but also as sensing platforms. Indeed, several external
stimuli can be used to modify the domain periodicity, inducing
appreciable changes in the particle optical appearance. For in-
stance, pyridine moieties are pH sensitive due to the protonation
of the nitrogen atom occurring in acidic conditions, which makes
them partially water-soluble. As a consequence, when pyridine-
containing photonic particles are exposed to low pH media they
display a significant red-shift of the bandgap caused by the selec-
tive swelling of pyridine domains.['%! Similarly, the domain pe-
riodicity could be altered by introducing magnetic nanoparticles
within the photonic structure and controlling their orientation and/
or location by applying a magnetic field.

Concentric lamellar photonic particles can also be used as
mechanochromic sensors when glassy-rubbery microdomains are
created. Dong et al.['0! reported on onion-like microparticles con-
sisting of polystyrene and cross-linked bottlebrush polydimeth-
ylsiloxane, which show not only visible color changes under
compression but also a rapid recovery upon unloading, with no
obvious damage after 250 cycles. These studies suggest that block
copolymer-based photonic pigments might find applications in
several sensing systems.

Another unexplored research direction is the combination of
concentric lamellar photonic particles with plasmonic nanopar-
ticles (e.g. gold or silver NPs) to create hybrid structures with
unique functionalities.[192] Since the resonance of plasmonic NPs
can be tuned by varying their size and shape, they could be used
as selective absorbers, to increase the observed macroscopic hue
without affecting the intensity of the photonic bandgap.l'% The
spatial arrangement of the NPs within the concentric lamellar ma-
trix can be controlled by using specific ligands or the interactions
as discussed in the previous sections. Similarly, single-crystal
emitters could be also encapsulated within block copolymer-
based photonic microspheres to develop advanced optoelectronic
devices.[104-107] Generally speaking, these hybrid structures can be
used as platforms for realizing strong light—matter interactions.

4. Conclusions

Nature is a continuous source of inspiration with its incredible
level of functionalities that are achieved through the sophisticated
self-organization of relatively simple building blocks. For exam-
ple, the brilliant colors occurring in the natural world exhibit some
of the most flamboyant visual effects and remarkable dynamic
properties. Driven by the continuous advancements in nano-struc-
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turing techniques and analysis tools, research has started to inves-
tigate and reproduce these stunning effects. In this perspective
article, we introduce the preparation of highly ordered concentric
lamellar photonic particles made of block copolymers, exploiting
the 3D confined self-assembly in emulsion droplets to design pho-
tonic pigments as dispersed and micrometer-scale particles. The
importance of the incorporation of broadband absorbing elements
and the increase in the dielectric contrast are necessary strategies
to fully develop observable hues by controlling the incoherent
scattering and bandgap properties. These discussions underline
the interplay of multiple physical phenomena that, along with the
structural assembly process, require to be precisely modulated to
obtain the desired optical effects. Finally, strategies for the fab-
rication of advanced optical materials are introduced through the
combination of polymer sciences, chemistry, engineering, and
fundamental physics for future developments in the thriving field
of block copolymer-based photonic assemblies.
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