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Photonic Particles Made by the Confined Self-Assembly of a
Supramolecular Comb-Like Block Copolymer

Guillaume Moriceau, Cédric Kilchoer, Kenza Djeghdi, Christoph Weder, Ullrich Steiner,
Bodo D. Wilts,* and Ilja Gunkel*

Approaches that enable the preparation of robust polymeric
photonic particles are of interest for the development of nonfading and highly
reflective pigments for applications such as paints and display technologies.
Here, the preparation of photonic particles that display structural color in
both, aqueous suspension and the dry solid state is reported. This is achieved
by exploiting the confined self-assembly of a supramolecular comb-like
block copolymer (BCP) that microphase separates into a well-ordered lamellar
morphology with dimensions that promote a photonic bandgap in the visible
range. The comb-like BCP is formed by robust ionic interactions between
poly(styrene-b-4-vinyl-pyridine) (PS-b-P4VP) BCP and dodecylbenzene sulfonic
acid (DBSA), which selectively interacts with P4VP blocks. The components are
combined in chloroform, and an aqueous emulsion is prepared. Evaporation
of the organic solvent leads to the formation of solid microparticles
with an onion-like 3D morphology. These photonic pigments display brilliant
colors with reflectance spectra featuring pronounced optical bandgaps
across the entire visible wavelength range with a peak reflectivity of 80–90%.

1. Introduction

Due to their captivating appearances, nature’s vivid structural col-
ors are a long-standing subject of scientific interest.[1,2] Recently,
the development of bio-inspired photonic pigments has attracted
considerable attention since such materials may be suitable to re-
place conventional pigments in a broad range of industrial appli-
cations. Structural coloration arises from the interaction of light
with periodic dielectric materials that are structured on a length
scale that is comparable to the wavelength of light, i.e., a few
hundred nanometers.[3,4] The optical response of photonic ma-
terials can be tailored by their local morphology, dielectric peri-
odicity, and the refractive index contrast between the constituent
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materials. Structurally colored materials of-
fer high color purity and lightfastness, and
can a priori be assembled in a sustain-
able fashion from environmentally friendly,
nontoxic materials. Photonic pigments are
therefore of interest for many technologi-
cal applications, including paints and coat-
ings, optical sensing, display technologies,
lasing, and anticounterfeiting.[5–11]

Solution-based, bottom-up self-assembly
approaches based on either colloids or block
copolymers (BCPs) have recently gained at-
tention for the manufacture of photonic
materials.[12–14] BCP self-assembly, in par-
ticular, provides convenient access to vari-
ous nanostructured morphologies, such as
lamellae, hexagonally packed cylinders, and
gyroids.[15–17] Variation of the molar mass
of BCPs allows generating self-assembled
morphologies that exhibit a photonic re-
sponse in the visible range. Confining
the self-assembly of such tailored BCPs
to a specific geometry allows producing

photonic films with tunable coloration and stimuli-responsive
properties.[18–26] More recently, the approach has also been used
to create photonic fibers and particles.[27–30]

Photonic structures made entirely from linear BCPs suffer
from their intrinsically low refractive indices (typically around
1.5) and their high melt viscosity due to the high molar mass
that is required for structural periodicities with dimensions in the
range of wavelengths of visible light. The low chain mobility of
such ultrahigh molar mass BCPs (Mn > 400 kg mol−1) usually re-
quires time-consuming postprocessing steps. The low refractive
index (contrast) in polymeric photonic structures can, however,
be increased by the addition of inorganic high-refractive index
materials,[24,31,32] while the low chain mobility can be enhanced
by swelling the polymer with additives, such as solvents,[22,26,33]

H-bonding and ionic surfactants,[34–36] or by adding low-molar
mass homopolymers,[18,37] all of which also increases the period-
icity of the photonic structure.

Alternatively, approaches to prepare nanostructures with large
and relatively well-ordered domains without the need of anneal-
ing or other postprocessing[38] include architectures based on
bottle-brush BCPs,[39–41] dendritic BCPs,[42] and supramolecular
comb-like BCPs.[21,43] These have denser and significantly more
stretched backbones than linear BCPs, which facilitates the gen-
eration of morphologies with periodicities in the photonic range.
Compared to conventional BCP self-assembly, supramolecular
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assemblies of small molecules and BCPs that interact via H-
bonding or ionic interactions employ lower-molar mass BCPs,
the higher chain mobility of which increases the self-assembly
kinetics and results in good order even after short processing
times.

Recently, particles with tunable shapes and internal morpholo-
gies were produced by confining BCP self-assembly within emul-
sion droplets.[44–49] Using this strategy, particles with an inter-
nal morphology of concentric lamellae (onion-like microspheres)
can be prepared. Due to their spherical shape, such particles hold
promise as noniridescent photonic pigments.[30,50–53] Zhu et al.
recently prepared such photonic microspheres by emulsifying
chloroform solutions of poly(styrene-b-2-vinyl-pyridine) (PS-b-
P2VP), 3-n-pentadecylphenol (PDP), and polystyrene in water us-
ing a microfluidic device with subsequent solvent evaporation.[52]

The PDP hydrogen bonds with the nitrogen atoms of the
P2VP blocks, thereby forming supramolecular comb-like macro-
molecules, which upon solidification microphase separate into
onion-like microspheres with alternating concentric domains of
P2VP(PDP) and PS. The color of the resulting photonic parti-
cles in aqueous suspensions could be tuned across the entire
visible spectral range by varying the molar mass of the BCP
and the amounts of the additives, while the possibility to re-
tain the structural colors after drying the suspensions remains
to be demonstrated. To achieve this, the integrity of the particles,
i.e., their composition, shape, and internal structure, must be re-
tained upon drying. In this regard, ionic BCP assemblies, such
as supramolecular comb-like complexes of poly(styrene-b-4-vinyl-
pyridine) (PS-b-P4VP) and dodecylbenzene sulfonic acid (DBSA),
are of particular interest, as they can form robust solid lamellae
with a periodicity that gives rise to a visible bandgap, as previously
demonstrated for films.[38]

Here, we report that the confined self-assembly of such
supramolecular PS-b-P4VP(DBSA) BCPs within 𝜇m-sized
spheres generates 3D photonic pigments that show structural
color in both, suspension and the (dried) solid state. The use
of DBSA, which forms strong ionic interactions with the P4VP
blocks, yields supramolecular comb-like BCP assemblies that
adopt a well-ordered concentric lamellar morphology with a
large, constant periodicity, producing structural color. While
both suspended and solid particles were predominantly green,
some white coloration was observed for the solid particles, likely
due to the formation of voids upon drying.

2. Results and Discussion

2.1. Preparation of Photonic Particles Using Supramolecular
Comb-Like BCPs

The supramolecular BCP used in this study is made of PS-b-
P4VP (number-average molar masses, Mn,PS = 350 kg mol−1

and Mn,P4VP = 77 kg mol−1) and dodecylbenzene sulfonic acid
(DBSA), which selectively complexes the P4VP blocks via ionic
bonding. Complexation with 1 equivalent of DBSA per 4VP
unit is expected to afford a symmetric comb-like BCP (weight
fractions of 𝜔PS = 0.52 and 𝜔P4VP(DBSA) = 0.48) with a high
total molar mass (Mn = 666 kg mol−1), which is anticipated to
self-assemble into a lamellar structure with a periodicity beyond
100 nm (Figure 1).

P4VP was favored over P2VP because of its higher glass
transition temperature (148 vs 102 °C) and on account of the
better accessibility of the nitrogen atoms in the para position,
which facilitates the protonation and formation of mesomor-
phic structures.[34,54] DBSA is a commercial, high-boiling point
surfactant that is capable of protonating the 4VP monomers,
which forms pyridinium ions that strongly interact with sul-
fonate anions forming a polyelectrolyte.[34,54] The strong ionic
interaction between DBSA and P4VP was previously shown
to enable the formation of supramolecular comb-like, hierar-
chical assemblies with comparably large periods, suitable for
photonic materials.[21,38] This contrasts with supramolecular as-
semblies formed by comparatively weak and dynamic H-bonds
(e.g., P2VP-PDP), which undergo order–disorder transitions at
low temperatures rendering them more suitable for stimuli-
responsive systems, such as sensors.[55] To form photonic par-
ticles, the self-assembly of lamellae-forming supramolecular
comb-like BCPs was confined inside emulsion droplets using
a solvent-evaporation-based emulsion technique (Figure 1).[46]

Microdroplets were generated using vortex-assisted emulsifica-
tion of a chloroform solution of comb-like PS-b-P4VP(DBSA)1
(30 mg mL−1, 2 wt%) in a continuous aqueous phase contain-
ing CTAB (1 mg mL−1) as a surfactant (see the Experimental
Section for details and the Supporting Information for a dis-
cussion on the optimization of the process). Upon evaporation
of chloroform, the droplets shrink and the PS-b-P4VP(DBSA)1
concentrates until a critical polymer concentration is reached,
upon which the supramolecular BCP self-assembles inside the
droplet. After complete evaporation of chloroform (after about 5
days), and the subsequent removal of excess surfactant by cen-
trifugation cycles, polydisperse 𝜇m-sized solid particles display-
ing a vivid coloration were obtained in aqueous suspension (Fig-
ure S1A, Supporting Information). The particle diameter varied
between 5 and 20 𝜇m. Dry, solid particles were isolated by drop-
casting the aqueous suspension of particles onto a glass slide and
drying in a vacuum oven at 50 °C (Figure S1B, Supporting Infor-
mation). The particle composition was determined by 1H NMR
and IR spectroscopy (Figures S2 and S3, Supporting Informa-
tion). The optical properties of the particles were assessed using
microspectrophotometry, and their structure was investigated by
focused-ion beam scanning electron microscopy (FIB-SEM).

2.2. Optical Properties

Particles show an intense coloration only around their center,
which is typical for concentric multilayered systems that are im-
aged using a microscope with a fixed numerical aperture.[30,50,56]

While a variety of bright colors was observed, particles with
a green coloration were dominant (Figure S1, Supporting In-
formation). To assess their spectral properties, we measured
their local reflectance spectra with a microspectrophotometer.
Figure 2 shows optical micrographs and reflectance spectra of
representative particles in suspension (Figure 2A) and in the
dried state (Figure 2B). The reflectance spectrum of a typical
green particle in suspension displays a sharp reflectance peak
around 550 nm with high intensity (up to 90% relative to a silver
mirror). In the nonsuspended state, the coloration was preserved
and the hue remained unchanged (Figure 2B). The individual
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Figure 1. Schematic illustration of the assembly of photonic particles from PS-b-P4VP(DBSA)1 comb-like block copolymers (BCPs) using a solvent-
evaporation emulsion technique. The supramolecular comb-like BCP is initially dissolved in chloroform (yellow, bottom phase) and mixed with an
aqueous solution of the surfactant cetyltrimethylammonium bromide (CTAB; blue, top phase). Surfactant-stabilized droplets are produced by vortex-
assisted emulsification. During evaporation, chloroform diffuses out of the droplets and evaporates. The droplets shrink and the BCPs self-assemble.
The particles become solid when the solvent evaporation is complete, yielding microparticles with internal nanostructure.

reflection spectra were, however, broadened and lower in in-
tensity compared to the spectra of particles in suspension. We
attribute this to the increased refractive index contrast between
the particle and its surrounding, as well as changes in particle
size and increased variation in the periodicity of the lamellae
upon drying. The retention of the green coloration in the dry,
nonsuspended state indicates that the periodicity of the internal
structure was mostly unchanged when the suspension was
dried. Note that maintaining coloration in a dry, nonsuspended
state is not necessarily straightforward for polymeric particles
due to shrinkage and deformation of the structure that is ex-
pected upon evaporation of residual solvent or additives—even
water-insoluble PS colloids are known to shrink upon drying.[57]

Interestingly, a significant fraction of dry particles appeared
white. The reflection spectrum of such a white particle is mostly
featureless across the visible spectral range and shows a minor
reflectance peak around 500 nm (Figure 2B, gray line).

2.3. Structure of the Particles

To further investigate the structural origin of the green coloration
and the scattering of the white particles, the internal morphology
of the dried, nonsuspended green and white particles was charac-
terized using FIB-SEM. Prior to FIB-SEM analysis, dried particles
were transferred onto carbon tape and the reflection spectra were
measured for a green and a white particle (Figure 2B, P1 and
P2, respectively). Figure 2C shows the cross-sections of the same
green and white particles that were spectrally analyzed. Both
particles exhibit a concentric lamellar morphology of alternating

layers, which is consistent with the symmetric composition
(𝜔PS = 0.52) of PS-b-P4VP(DBSA)1 supramolecular BCPs. The
green particle is compact and well-ordered throughout, with
an apparent repeat period of 166 ± 33 nm. The white particle
shows a similar, layered internal morphology that is, however,
partially disrupted by larger porous defects or voids. These
microvoids will scatter incident light, and therefore cause the
white diffuse appearance of these particles. This is corroborated
by the observation that the white appearance of dry particles can
be reverted to a green coloration by resuspending the particles
in deionized water (Figure S4, Supporting Information). The
microvoids seem to open along the interface of individual layers,
i.e., perpendicular to the direction of the tension associated with
particle shrinkage during vacuum drying. Note that it is possible
that microvoids already form during solvent evaporation as the
absence of scattering for water-suspended particles might be due
to the lower RI contrast compared to nonsuspended particles.[58]

The presence of fibrils in these cracks is characteristic of crazing,
which is commonly observed for glassy polymers under exces-
sive tensile stresses.[59,60] The observation of “microcrazing"
suggests that the cracks arise from drying-induced deformations
of the particles in their glassy state. This implies that adjusting
the drying rate of suspended particles, or postannealing of dried,
nonsuspended particles, might induce healing of the cracks and
thereby restore the coloration observed in suspended particles,
which certainly warrants further investigations. Notwithstand-
ing, in colloidal particles the complete suppression of particle
shrinkage seems difficult and thus distortion and cracking
are observed during the assembly of well-ordered colloidal
monolayers and dry colloidal crystals.[61]
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Figure 2. Spectroscopic and structural characterization of self-assembled PS-b-P4VP(DBSA)1 microparticles. A) Reflectance spectrum and optical micro-
graph (inset, scale bar: 10 μm) of a single water-suspended particle of green color, the dominant particle coloration in suspension. B) Reflectance spectra
for representative green (P1) and white (P2) particles in the dry, nonsuspended state, along with a simulated spectrum (red curve) using the structural
data of P1. C) FIB-SEM images of the cross-sections of the nonsuspended particles P1 and P2 shown in B). While both particles have well-ordered
morphologies, the white particle P2 features large internal defects.

2.4. Optical Modeling

To confirm that the particle coloration originates from its con-
centric lamellar morphology, i.e., structural color, we simulated
the reflectance of an idealized 3D concentric multilayer structure
using experimentally determined layer thicknesses with an av-
erage periodicity of 166 ± 33 nm and tabulated refractive indices
n of P4VP (nP4VP = 1.62), DBSA (nDBSA = 1.51), and PS (nPS
= 1.59) (Figure 2B, red line).[52] A peak reflectance at 550 nm
with a half-width of ≈50 nm is obtained by this simulation.
Figure S5 (Supporting Information) shows the angle-dependent
reflectance and highlights that a significant broadening of the
reflectance only occurs for very large measurement apertures.
The simulated values are consistent with the spectral data, al-
though the experimental spectra are broader, which is attributed
to local structural variations, including varying layer thicknesses.
This implies that the optical properties are effectively dictated
by the composition and structural properties of the particles,
which are directly related to the molecular structure of the
PS-b-P4VP(DBSA)1 supramolecular BCPs.

2.5. A Variety of Colors

While most of the particles showed green coloration, a small
fraction of both suspended and nonsuspended particles dis-
played other colors from the entire visible wavelength range
(Figure S1, Supporting Information). Their reflectance spec-
tra (Figure 3) show peaks that are bathochromically and
hypsochromically shifted with respect to the predominantly
green particles shown in Figure 2. The spectra of parti-
cles in suspension show sharp, high-intensity peaks, while
broader peaks and lower reflectance are observed for non-
suspended particles. Given all samples were prepared using
the same PS-b-P4VP, the change in lamellar spacing lead-
ing to differently colored particles likely arises from occa-
sional local deviations in the stoichiometrically defined DBSA
content but can also be due to the presence of surfac-
tant or residual solvent inside these particles. The observa-
tion of color over the full visible range implies that color
tunability is feasible in this system, which warrants further
investigation.
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Figure 3. Optical micrographs (scale bars: 10 μm) and corresponding re-
flectance spectra (shown in the color observed in the micrographs) of in-
dividual particles of various coloration A) in suspension and B) in the dry,
nonsuspended solid state.

3. Conclusion

In conclusion, we demonstrate a facile preparation process that
affords photonic particles based on a supramolecular comb-like
BCP of PS-b-P4VP functionalized with DBSA. The strong ionic
interaction between DBSA and the 4VP monomers enables the
formation of a robust, comb-like supramolecular BCP that self-
assembles into concentric lamellar morphologies (onion-like lay-
ered internal microstructure) in the confinement of 𝜇m-sized
particles. The preparation of such particles was achieved by
confining the self-assembly of supramolecular comb-like PS-b-
P4VP(DBSA) BCPs into an emulsion droplet exploiting a facile
solvent-evaporation emulsion technique in the presence of a suit-
able surfactant. The resulting particles display structural color in
aqueous suspension as well as in the dry, nonsuspended state.
While most particles showed a green coloration when suspended

in water, a significant fraction of the nonsuspended particles ap-
peared white, which is attributed to voids and cracks that were
formed in the particles upon removing them from suspension.
Despite these defects, the internal onion-like morphology of the
microparticles was preserved. In the absence of cracks, a similar
green coloration was observed for both suspended and nonsus-
pended particles, demonstrating the robust structural color ob-
tained in these supramolecular polymeric assemblies.

Such structurally colored polymeric particles hold promise for
applications in displays, paints, and coatings. To this end, the
work presented here should be further extended in terms of
color tunability and the suppression of crack formation in self-
assembled supramolecular BCP microparticles by adjusting the
DBSA content and further investigating the drying process, as
this would enable the routine synthesis of photonic pigments in
the solid state.

4. Experimental Section
Materials: The PS350k-b-P4VP77k BCP (Mn = 427 kg mol−1 – Ð = 1.15)

was purchased from Polymer Source, Inc. (Dorval, Canada) and used with-
out further purification. 4-Dodecylbenzenesulfonic acid (DBSA – mixture
of C10-13 isomers – ≥95%), cetyltrimethylammonium bromide (CTAB
– ≥98%), sodium dodecylbenzenesulfonate (SDBS – technical grade),
poly(vinyl alcohol) (PVA – Mw = 13–23 kg mol−1 — 87–89% hydrolyzed),
sodium dodecyl sulfate (SDS), and Tween20 were obtained from Sigma-
Aldrich and used as received.

Preparation of Supramolecular Comb-Like BCPs: PS350k-b-P4VP77k BCP
was dissolved in chloroform and stirred overnight to afford homoge-
neous stock solutions (30 and 40 mg mL−1). A stock solution of DBSA
(50 mg mL−1) in chloroform was prepared in parallel. Supramolecular
comb-like PS-b-P4VP(DBSA)1 BCPs were prepared by mixing the premade
stock solutions of PS-b-P4VP in chloroform with the DBSA stock solution
in chloroform (50 mg mL−1) to afford the desired molar ratio between
DBSA and P4VP units (1 equivalent). The total solid concentration was
adjusted to a desired value (20–40 mg mL−1) by adding chloroform. The
mixture was stirred overnight at room temperature (21°C) to allow equili-
bration of a supramolecular comb-like structure.

Surfactant solutions (continuous phase) were prepared by dissolution
of the surfactants (SDS, CTAB, SDBS, PVA, and Tween20) in deionized (DI)
water at predetermined concentration, stirred overnight at room temper-
ature, and filtered before use.

Preparation of Photonic Microspheres by Emulsion-Evaporation Using Vor-
tex Emulsification: The emulsion was prepared by mixing 0.5 mL of the
polymer formulation (organic dispersed phase) with 3 mL of surfactant
solution (continuous phase) in a 7 mL screw-cap vial, and by vortexing at
3000 rpm during 15 s. The resulting emulsion was transferred into a Petri
dish (ø = 5 cm — PD5) and diluted with 15 mL DI water (height ≈0.8 cm)
(see the Supporting Information for a discussion on the optimization of
the process). The PD5 was then covered and left at room temperature
(21 °C) in a ventilated hood for about 5 days to allow slow evaporation
of the organic solvent. The suspension was subsequently transferred to
a centrifuge tube and the excess of surfactant was removed by repeated
washing. Three cycles of centrifugation (at 9000 rpm, for 10 min), super-
natant removal and redispersion in DI water (3–5 mL) were performed.
The solid particles were stored as a suspension in DI water before charac-
terization. Dry, solid particles were isolated by drop-casting the aqueous
suspension of particles onto a glass slide and drying in a vacuum oven at
50 °C.

Optical Characterization: Optical microscopy and microspectroscopy
were performed using a customized Zeiss Axio Scope.A1 polarized
light microscope and a Point Grey GS3-U3-28S5C-C CCD camera (FLIR
Integrated Imaging Solutions Inc., Richmond, CA). A halogen lamp (Zeiss
HAL100) or Xenon lamp (SLS401, Thorlabs, Ely, UK) was used as light
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source in Koehler illumination for all measurements. The particles in
suspension were imaged on glass slides covered with a glass slip or
directly in suspension using an 40x water-immersion objective (Olym-
pusUMPlanFL). For dry-state imaging of nonsuspended particles, parti-
cles in suspension were deposited on glass slide and dried at 50 °C under
vacuum before imaging. Images were recorded in reflection in bright field.

The spectral reflectance was measured on the same equipment, where
an optical fiber (Avantes, QP50-2-UV-BX, 50 μm core size) was placed con-
focal to the image plane. The other end of the fiber was coupled to a diode-
array spectrometer (QEPro; Ocean Insight, Dunedin, FL). The reflectance
spectra were normalized against a silver mirror (Thorlabs, PF10-03-P01,
avg. reflectance >97.5% for 𝜆= 450–2000 nm). The spectral data were col-
lected in reflection mode (bright field) using a high NA objective (Zeiss,
LD EC Epiplan-Neofluar, 50x, NA 0.8).

Structural Characterization: The particles were cut open using a
focused-ion beam (FIB) and their internal morphology was imaged with
a FEI Scios 2 dual-beam SEM equipped with a Ga+ ion column and a field-
emission electron gun (FEI, Eindhoven, the Netherlands). The samples
were first mounted on aluminum stubs using conductive carbon tape and
coated with a 5 nm thick layer of Au using a sputter coater (Cressington
208HR, Cressington Scientific Instruments, Watford, England). Several de-
tectors (EDT, T1, or T2) and imaging voltage (2 or 5 kV) were used.

Optical Simulations: 3D optical modeling was performed with a finite-
difference time-domain (FDTD) method using commercial software (Fi-
nite Difference IDE, Release 2021 R.1.1; Ansys Lumerical Software ULC,
Canada). An idealized concentric PS/P4VP multilayer structure using a
lamellar period determined from SEM image analysis (ImageJ v. 1.58h., the
lamellar period was obtained by averaging 20 consecutive lamellae at 10
different locations) was created. In the 3D FDTD simulation, unpolarized
plane-wave illumination (400–800 nm) and a mesh size of 5 nm was con-
sidered. Power monitors placed behind the source were used to collect the
reflected power. The numerical aperture dependence was calculated from
the simulated far-field scattering pattern using a custom-written routine
in Matlab (v2020a, Mathworks).

Characterization of Particle Composition: Prior to characterization, the
particles suspension in water was freeze-dried. 1H-NMR spectroscopy
was recorded in deuterated chloroform (CDCl3) using a Bruker Avance
DPX-400 NMR Spectrometer. FTIR spectra were recorded with a Perkin
Elmer Spectrum 65 FTIR spectrometer and analyzed with the accompany-
ing Perkin Elmer Spectrum 10 software.
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the author.
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