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ABSTRACT: Colloidal supraparticles are micron-scale spherical
assemblies of uniform primary particles, which exhibit emergent
properties of a colloidal crystal, yet exist as a dispersible powder. A
prerequisite to utilize these emergent functionalities is that the
supraparticles maintain their mechanical integrity upon the
mechanical impacts that are likely to occur during processing.
Understanding how the internal structure relates to the resultant
mechanical properties of a supraparticle is therefore of general
interest. Here, we take the example of supraparticles templated
from water/fluorinated oil emulsions in droplet-based micro-
fluidics and explore the effect of surfactants on their mechanical
properties. Stable emulsions can be generated by nonionic block
copolymers consisting of a hydrophilic and fluorophilic block and anionic fluorosurfactants widely available under the brand name
Krytox. The supraparticles formed in the presence of both types of surfactants appear structurally similar, but differ greatly in their
mechanical properties. While the nonionic surfactant induces superior mechanical stability and ductile fracture behavior, the anionic
Krytox surfactant leads to weak supraparticles with brittle fracture. We complement this macroscopic picture with Brillouin light
spectroscopy that is very sensitive to the interparticle contacts for subnanometer-thick adsorbed layers atop of the nanoparticle.
While the anionic Krytox does not significantly affect the interparticle bonds, the amphiphilic nonionic surfactant drastically
strengthens these bonds to the point that individual particle vibrations are not resolved in the experimental spectrum. Our results
demonstrate that seemingly subtle changes in the physicochemical properties of supraparticles can drastically impact the resultant
mechanical properties.

1. INTRODUCTION

Supraparticles are finite assemblies of primary colloidal
particles with micron-scale dimensions fabricated by confined
self-assembly processes, for example, within emulsion
droplets.1−4 If the primary particles are sufficiently mono-
dispersed, such supraparticles exhibit a well-defined structural
order determined by the interplay between the curvature
imposed by the templating droplet,5−7 the system size,8,9 and
the shape of the primary particle,10−12 as well as the drying
kinetics.13,14 As inherently hierarchical materials, supraparticles
bridge the microscopic and macroscopic scales and combine
emergent properties arising from the collective behavior of the
primary building blocks with characteristics of a macroscopic
powder and finite properties that can be different from self-
assembled materials in the bulk. The size of the primary
colloidal particles can be chosen to match the wavelengths of
visible light,15,16 in which case the defined structural
arrangement in the supraparticles produces tunable structural
color with an isotropic or anisotropic appearance.17−19 The

latter depends on whether their internal structure is
amorphous,20 partially crystalline,21−23 or completely crystal-
line.24 Such supraparticles already find use in structural
pigments,25 displays, and sensors.26

The surface topography and composition of supraparticles
can be controlled via mixtures of different primary particle sizes
and materials, creating hierarchical porous27 materials with
gradients13 for catalysis28 and tissue engineering29 or powders
with enhanced flowability for additive manufacturing.30

Incorporating functional primary particles encodes additional
properties into such supraparticles, such as magnetic
actuation,31 efficient separation,32 object identification,33
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antitampering,34 lasing,35 photothermal conversion,36 and drug
delivery.37 Supraparticles also serve as model systems in soft
condensed matter, providing insights for fundamental ques-
tions on structure formation,6,7,38,39 crystallization path-
ways,8,40 and the number−structure−property relationship9,41

of confined finite systems.
For any application, a fundamental prerequisite is that the

supraparticles must have sufficient mechanical stability to
ensure structural integrity. This is especially important since
the emergent properties arise from the defined internal
arrangement of the primary particles and will therefore be
lost upon breakage or disintegration. The mechanical proper-
ties of supraparticles, especially under compression, which is
likely to occur in applications, need to take into account both
the properties of primary particles and the strength of the
interparticle bonds holding these particles together.
On the primary particle level, nanomechanical studies of

submicron particles made from polystyrene,42 silica,43 gold,44

or titania45 provided detailed mechanical properties such as
their Young’s moduli, yield strengths, or elastic-plastic loading
indexes based on theoretical Hertz, Johnson−Kendell−Roberts
(JKR), or Derjaguin−Muller−Toporov (DMT) models.46 At
the supraparticle level, pioneering work in the chemical
engineering community has built the foundation to understand
the breakage47−49 and elastic-plastic properties50−52 of supra-
particles assisted by simulation methods.53−55 However,
typically produced in large-scale processes such as spray
drying,14 emulsification,56 or wet granulation, the supra-
particles in these investigations were inhomogeneous in size
and consisted of ill-defined primary particles without a uniform
shape and size, rendering a detailed correlation of their
structure with the resultant mechanical properties challenging.
With advancements in colloidal science, supraparticles with a
well-defined internal structure, accurate spherical shape, and
narrow size distributions can be fabricated, often by the
consolidation of well-defined colloidal primary particles
encapsulated in uniform emulsion droplets produced in
microfluidics.5,8,9,15,24,57−59 The precise control of the size
and number of primary particles and, hence, the size and
geometric feature of the supraparticles enables a detailed
investigation of their size- and structure-dependent mechanical
properties.60,61

From bulk studies of colloidal assemblies, it has been
established that surprisingly attractive mechanical properties
can result from a strengthening of the interparticle bonds, for
example, by the addition of binders,48 sintering,62 or
chemically interconnecting organic ligands on the surface of
the materials.63−66 Recently, we focused on the mechanical
properties of supraparticles in the absence of such binders.
Intuitively, it would be anticipated that such a material easily
breaks upon compression due to the relatively weak
interparticle contacts.61 However, supraparticles made from
polystyrene primary particles exhibit a surprisingly high
deformation resistance and ductile fracture behavior, which
was comparable to solid polystyrene microparticles at ambient
conditions.61 Based on an adapted Griffith fracture model, we
established scaling relationships connecting fracture stress and
strain to the dimensions of primary particles and supraparticles.
In this context, the interplay between the physical interparticle
bonds and the mechanical strength of the individual primary
particles determines the complex fracture behavior of supra-
particles.

The microfluidic fabrication of such defined supraparticles
occurs by evaporating a droplet of aqueous colloidal dispersion
in an continuous oil phase. Since no additive is added in the
water phase, in the first approximation, the formed supra-
particles should be considered a binderless granulate consisting
only of the primary particles, held together by van der Waals
forces and capillary bridges. However, the fabrication process
necessitates the presence of a surfactant that stabilizes the
individual droplets.67−69 These surfactant molecules, albeit
used in small concentration in the continuous oil phase, can
remain at the contacts between the primary particles and
therefore affect the mechanical properties of the supraparticles.
Such influences have not been addressed in our previous study
on supraparticle mechanics and, in general, can be easily
overlooked in the design of experimental systems to prepare
supraparticles from emulsion-based approaches.
Here we focus on the effect of these surfactants and show

that even trace amounts of the surfactant molecules can
significantly change the mechanical behavior of supraparticles.
Depending on the nature of the surfactant and its interaction
with the primary particles, the supraparticles can exhibit
strongly varying mechanical stability, with a fracture behavior
changing from ductile to brittle. We investigate the fracture
mechanics of the supraparticles with a detailed study of the
interparticle contacts with the different surfactant molecules.
To shed light on changes in the interparticle contacts by the
presence of surfactants, we employ the noncontact, non-
invasive, and zero-strain Brillouin Light Spectroscopy
(BLS)70−76 to record the primary particle mechanical
vibrations in the supraparticles. The vibration spectrum is
highly sensitive to the interparticle contacts77−80 and thus
allows correlating the mechanical properties of the supra-
particles under compression with the micromechanics of the
interparticle contacts. This correlation helps to rationalize the
changes observed in the supraparticle mechanical stability and
showcases the possibility of mechanical property design for
particulate materials via surfactants.

2. METHODS
2.1. Microfluidic Chip Fabrication. PDMS microfluidic

devices were produced by a typical soft lithography method, as
described in the literature.81 In short, a silicon wafer was spin-
coated with SU-8 negative photoresist, and a pattern mask was
used to create microstructures on the coated water surface
through UV light. The flow-focusing microfluidic channel
microstructures were then hardened and coated with an
antisticking layer (trichloro-(1H,1H,2H,2H-perfluorooctyl)-
silane, Sigma-Aldrich) to produce the master wafer. Poly-
dimethylsiloxane (Sylgard 184 PDMS from Dow Corning) was
mixed with a curing agent at a 10:1 weight ratio and degassed
before pouring onto the master wafer to an approximately 1 cm
thickness. The PDMS was cured at 80 °C in an oven overnight.
The cured PDMS chip was cut off by a razor blade and peeled
from the wafer. A biopsy punch (1.0 mm in diameter, Kai
Group) was used to create the inlets and outlets in the PDMS
chip. The remaining debris and dust on the PDMS chip surface
were removed by Scotch adhesive tape. The chip was washed
with ethanol and water (Milli-Q) and dried with compressed
air. After cleaning, the PDMS chip and a clean glass slide were
plasma-treated for 30 s in an oxygen environment at 30 W
power (Diener electronic, Femto). After surface activation, the
PDMS chip was bonded to the glass slide and put in the oven
at 80 °C for 30 min to enhance bonding. Afterward, the
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microfluidics channels were immediately flushed with 2 wt %
fluorosilane dissolved in HFE 7500 oil (3M) by injection
through a 1 mL syringe of a blunt needle. After 1 h, the
channels were flushed by compressed gas to remove the liquid
and kept in the oven to dry.
2.2. Supraparticle Fabrication. Styrene, acrylic acid, and

ammonium peroxodisulfate were purchased from Sigma-
Aldrich and used as received. Polystyrene colloidal particles
were synthesized using acrylic acid as comonomer and
ammonium peroxodisulfate as initiator in surfactant-free
emulsion polymerization following literature protocols.82 The
resultant aqueous polystyrene colloidal particle dispersion (1
wt %) was used as a dispersed phase in the flow-focusing
microfluidic channel. Fluorinated oil HFE 7500 (3M)
containing 0.1 wt % of fluorosurfactants was used as the
continuous phase. Anionic surfactant, perfluoropolyether
carboxylic acid (Krytox 157 FSH, DuPont,) was used as
received. Nonionic PFPE-PEG-PFPE surfactant (perfluoropo-
lypropylene glycol-block-poly(propylene glycol)-block-poly-
(ethylene glycol)-block-poly(propylene glycol)-perfluoropoly-
propylene glycol-block) was synthesized following literature
protocols.68 The anionic surfactant at the chosen concen-
tration yielded an interfacial tension of approximately 20 mN/
m, the nonionic surfactant further reduced the interfacial
tension to ∼10 mN/m. The liquids were pumped by a
precision pump (Cronus) into the microfluidic channel via
medical grade PE tubes at flow rates of 200 and 500 μL/h for
the disperse phase and the continuous phase, respectively. The
emulsion droplets were collected in a 1.5 mL glass vial for
storage and drying. Typically, 20 μL of the emulsion was

collected in 200 μL of oil. For spherical supraparticles, the glass
vial was stored at room temperature without a closing cap,
which allows water to be removed overnight by evaporation
and diffusion through the oil phase and thus yields
consolidated supraparticles suspended in oil. For crystalline
supraparticles, the glass vial was sealed with parafilm in which
one hole was poked with a 0.4 mm needle and stored at 5 °C
to slow down the evaporation. The drying process usually takes
4 weeks.9 These supraparticles were deposited onto a solid
substrate for scanning electron microscope characterization
(Zeiss GeminiSEM 500), mechanical testing, and Brillouin
light spectroscopy.

2.3. Compression of Supraparticles via Nanoindenta-
tion. Nanoindentation on the colloidal supraparticles was
performed in a Nanoindenter G200 (KLA, U.S.A.) with 0.01
nm depth resolution and 50 nN load resolution in displace-
ment-controlled mode. The diamond flat punch indenter had a
diameter of 90 μm (Synton MDP). The diameters of the
colloidal supraparticles were measured in SEM. For the
indentation measurements, the samples were deposited onto
a piece of silicon wafer directly from the fluorinated oil phase.
The silicon wafer was glued to the sample holder with a
minimal amount of superglue (Ultra gel, Pattex), and the
samples were left for 24 h for the glue to cure. After mounting
the sample holder into the indenter, at least 1 h was allowed for
thermal stabilization before starting the compression measure-
ments. The measurements were performed at ambient room
condition of 50% relative humidity. The loading and unloading
speeds were fixed at 50 nm/s, the maximum displacement set
at 60% nominal strain, and the peak holding time to 10 s. A

Figure 1. Emulsion-templated fabrication of supraparticles. (a) Schematic illustration of the supraparticle self-assembly in an emulsion droplet and
the role of surfactants. (b) Nonionic perfluoropolyether-block- (polyethylene glycol-block-polypropylene glycol-block-polyethylene glycol)-block
perfluoropolyether surfactant (PPP) used in supraparticle fabrication. (c) Anionic Krytox surfactant used in supraparticle fabrication. (d)
Monodispersed water in oil droplets (gray) encapsulating polystyrene colloidal particles produced by the microfluidic device. (e, f) Colloidal
supraparticles with spherical shape and ordered surface structure, made with PPP and Krytox surfactant, respectively. (g) Colloidal supraparticle
under a nanoindenter tip.
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double-sided tape was attached next to the sample holder to
facilitate the cleaning of the indenter tip. To this purpose,
multiple indentations were performed into the tape after each
particle measurement in order to remove the debris sticking to
the tip.61

2.4. Brillouin Light Spectroscopy (BLS). BLS is an
optical technique based on the scattering of light by thermally
excited hypersonic (GHz) phonons existing in all materials.
For isotropic transparent material, a single acoustic phonon at
frequency ω (=2πf) is probed at a given wave vector, ±q = ki −
ks selected by the scattering geometry, where ±q is for Stokes
and anti-Stokes components, ki and ks are wavevectors of the
incident and scattered light. Using energy and momentum
conservation laws, a doublet with frequency, ω = ±cq, relative
to the central Rayleigh line (ω = 0) appears in the spectrum of
the scattered light analyzed by a six-pass tandem-Fabry−Perot
interferometer.66,83 Here, c denotes the sound velocity
(longitudinal or transverse) in the medium, and the
momentum magnitude q depends on the scattering geometry.
In the so-called transmission geometry, qtrans = (4π/λ)sin α,
where α = θ/2, with θ being the scattering angle between ki
and ks and λ (=532 nm) is the laser wavelength in vacuum. In a
general case, q = (4πn/λ) sin(θ/2) depends on the material
refractive index, n.84 For localized phonons in space, for
example, particle resonances, the frequencies are q-independ-
ent, as revealed by recording the BLS spectra at two different
magnitudes of q.

3. RESULTS AND DISCUSSION
3.1. Colloidal Supraparticles Formed in Emulsion

Droplets Stabilized by Surfactants. Colloidal supra-
particles with a well-defined internal structure, spherical
shape, and low size polydispersity are fabricated using
emulsion droplets prepared by droplet-based microfluidics as
confinements.9,21 In the course of the self-assembled process,
water is removed from the droplet by evaporation and diffusion
into the oil phase until the colloidal primary particles
eventually consolidate into compact supraparticles. The
diameter of the supraparticles as well as the material, number,
and diameter of the primary particles can be controlled via the
droplet size and the concentrations of colloidal primary
particles.9,21 The kinetics of the drying process determine the
internal structure of the supraparticles. At very slow drying
conditions, crystalline supraparticles with defined geometrical

features are formed. Depending on the system size, either
truncated icosahedra, decahedra, or octahedra are formed as
minimum energy structures.8,9,24 A shorter drying time yields
spherical supraparticles. These structures exhibit a well-ordered
arrangement with close-packed particle layers at the surface
and a more disordered inside21 and are the most commonly
observed type of colloidal supraparticles.15,85

As suggested from Figure 1a, the stability of the emulsion
droplets during formation and self-assembly of primary
particles depends on the presence of surfactant molecules to
stabilize the droplet interface. In this study, we use a water/
fluorinated oil system that is typically used in PDMS-based
microfluidic devices because the fluorinated oil does not swell
the PDMS and therefore ensures reliable operation.86 We use
two types of surfactant that efficiently stabilize the water/
fluorinated oil interface and are often used in such microfluidic
systems.67,68 The nonionic surfactant, illustrated in Figure 1b,
is a triblock copolymer formed by a water-soluble middle part
and two perfluoropolyether polymers to induce steric repulsion
in the continuous fluorinated oil phase. The hydrophilic block
(blue) itself is based on a PPO-PEO-PPO triblock copolymer
(polyethylene glycol-block-polypropylene glycol-block-poly-
ethylene glycol) with a molecular weight MW = 900 g/mol
and is commercially available under the trade name of
“Jeffamine”. The perfluoropolyether is based on a commer-
cially available fluorinated oil under the name Krytox (Krytox
157 FSH, MW = 7000 g/mol). These Krytox molecules can
also directly function as an anionic surfactant. As illustrated in
Figure 1c, Krytox is a perfluoropolyether with a carboxylic acid
termination, which is deprotonated in an aqueous environment
and thus negatively charged. Note that while conventional
charged surfactants stabilize emulsions via electrostatic
repulsion, in this case, the charged moiety sits in the dispersed
phase, while the surfactant exposes the fluorophilic polymer to
the continuous phase and therefore induces steric stabilization.
At a concentration as low as 0.1 wt %, both surfactants can

efficiently stabilize the water-in-fluorinated oil emulsion
(Figure 1d). The uniformity of the droplet results in
supraparticles with near-monodispersed sizes, which allows
careful investigation of their mechanical properties. Both
surfactants repel the negatively charged polystyrene particles
(PPP surfactant by steric and Krytox by electrostatic repulsion)
from the droplet interface and allow the formation of
supraparticles with spherical outline and ordered surface

Figure 2. Supraparticles with nonionic PPP surfactant exhibit ductile mechanical properties and high stability from favorable surfactant-particle
interactions. (a) Supraparticles formed by polystyrene primary particles and the nonionic PPP surfactant show a reproducible compression behavior
with ductile fracture. Multiple, defined plateaus indicate multiple crack formation events without breakage of the supraparticle. (b−d) SEM
investigation of the supraparticle surface and morphology. (b) Supraparticle after compression shows several large cracks at the periphery but
remains as a single piece. (c) Close up of a deformed supraparticle. Individual primary particles are heavily deformed and solid material bridging
neighboring particles is seen. (d) Rig-like residues at the primary particle surface indicate the formation of solid deposits at the contact points
between primary particles.
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without discernible structural differences (Figure 1e,f).
However, as we will see, the mechanical stability of both
types of supraparticles is heavily influenced by the type of the
surfactants.
3.2. Supraparticles with High Mechanical Stability.

We first demonstrate that supraparticles formed with nonionic
surfactant (abbreviated as “PPP”) exhibit high mechanical
stability under compression. We use supraparticles with a
diameter of 7 μm consisting of 244 nm polystyrene primary
particles. We use an indentation tip of 90 μm to exclude any
edge effects and ensure that the supraparticle is compressed
between two parallel plates. The force and displacement of the
indenter tip is recorded from first contact to the supraparticle
until the tip advances up to a nominal strain of 60% (i.e., 4 μm
into the sample) during deformation. Since the diameter of the
supraparticle during compression changes dynamically during
the compression experiment, we define the nominal stress by
normalizing the force by the initial supraparticle cross-sectional
area and we define the nominal strain by normalizing the
displacement by the initial supraparticle diameter. We define
the slope in the linear region of the nominal stress−strain
curve before fracture as the deformation resistance of the
supraparticle. We define the first pop-in (or jump in
displacement) in the nominal stress−strain curve as the first
fracture event, and the area under the curve up to fracture as
the work of deformation.61

The nominal stress−strain curve of three typical supra-
particles is shown in Figure 2a. All three curves show a linear
region leading up to a pop-in at about 15 MPa at 10% nominal
strain, indicating a first fracture event. Several consecutive
plateaus indicate multiple fractures that occur in the course of
compression. Noteworthily, these plateaus also demonstrate
that the supraparticle deforms in a ductile manner and remains
in one piece after fracture. The almost vertical unloading
curves suggest predominantly plastic deformation. An average
nominal stress−strain curve of seven other samples with the
same diameter is shown in the inset by the solid yellow line.
The standard deviation is represented by the color band
(Figure 2a, inset) and shows the good uniformity of the
mechanical properties, which arises from the uniform character
of our supraparticles.
In a simplified view, the supraparticles are granular

assemblies of primary particles held together only by van der
Waals and capillary forces acting between their contact points.
For such a system, the supraparticles exhibit a surprisingly high

ductility and mechanical stability of 15 MPa fracture stress. We
examine the supraparticle morphology before and after
compression. Figure 2b shows a deformed supraparticle after
compression, exhibiting several large cracks extending from the
periphery to the center. We hypothesize that these cracks
correspond to the multiple plateaus in the nominal stress−
strain curve. Evidently, the supraparticle shows ductile
deformation and remains as one single piece after fracture.
In Figure 2c, clear deformation of primary particles can be
observed. At the top surface, where the supraparticle was in
contact with the flat indenter, the spherical primary particles
increasingly flatten into a disk shape with increasing diameter
and reduced interstitial volume. Importantly, solid bridges
(blue arrows) connecting neighboring primary particles are
observed within the small cracks, likely resulting from a viscous
polymer material residing at the contact points between the
primary particles. In Figure 2d, a similar solid residue is evident
in a ring-like structure at the surface of primary particles (blue
arrows) in a rare broken fragment of a supraparticle after
compression (supraparticles consisting of 1 μm primary
particles were used to illustrate the residue morphology).
The location of these solid features at the surface gives
evidence that it was formed in the contact points between
neighboring primary particles within the supraparticle. Since
the supraparticles are suspended in the fluorinated oil phase
before deposition to the solid substrate and mechanical
investigations, it can be inferred that the surfactant molecules
at least partially infiltrate the porous supraparticle structure.
Capillary bridges forming during drying will subsequently drag
them toward the contact points where they accumulate.
Seemingly, even at the low surfactant concentration of 0.1 wt
% used in our fabrication process, the nonionic surfactant
molecules precipitate around the contact points of the primary
particles inside the supraparticle. Estimation of the dimensions
of the formed rings from SEM images gives an approximate
volume ratio between the residue surfactant to the particle,
which we estimate to be around 0.02%. This value is
significantly lower than the typical binder content up to 10%
in industrial agglomeration,87 yet it effectively stabilizes the
supraparticles.
Interestingly, contrary to the common belief that reducing

the void volume or increasing the number of contacts increases
the mechanical strength of particulate materials,48,88 we do not
observe an increase of the deformation resistance or fracture
stress in crystalline supraparticles,9,24,41 which minimizes void

Figure 3. Supraparticles with Krytox surfactant exhibit brittle mechanical properties and low stability from unfavorable surfactant-particle
interactions. (a) Supraparticles formed by primary polystyrene particles and the anionic Krytox surfactant show brittle fracture with reduced
fracture stress and strain. (b) Supraparticles fracture in a brittle way without visible deformation of the individual primary particles. (c) Surfactant
traces reside on primary particle surface as tiny spherical dots.
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volume and maximize contacts (Figure S1a). We distinguish
the crystalline supraparticle by its faceted surface, indicating a
complete ordered interior structure,9,24,41 in contrast to the
disordered interior region of spherical supraparticles with only
an ordered surface.21 In addition, the crystalline supraparticles
do not exhibit a tendency to break along crystal planes in the
compression experiment at ambient conditions, as may be
expected for an atomistic system.89 Noteworthily, this behavior
changes when the supraparticles are subjected to mechanical
stress directly in the oil phase. In this case, the surfactant may
reside at the supraparticle surface but is not assumed to
infiltrate and manipulate the contact points. A treatment of 30
s ultrasonication to induce mechanical stress in a supraparticle
suspension shows that crystalline supraparticles tend to
fracture into defined pieces along their (111) crystal planes,
while spherical supraparticles with an amorphous core survive
without fracture (Figure S1b), retaining the similarity to the
expected behavior of atomic materials. These differences in the
behavior of crystalline supraparticles further suggest that the
mechanical stability in ambient conditions is not entirely
controlled by van der Waals and capillary forces, as is the case
for typical granular materials, but mediated by the infiltrated
surfactants. It also suggests that the PPP surfactant residues
may strengthen the contacts, hence, the unexpected ductile
deformation of the supraparticles, as we will argue below.
3.3. Supraparticles with Low Mechanical Stability.We

change the surfactant from nonionic PPP to anionic Krytox
and observe a completely different mechanical behavior. Three
individual nominal stress−strain curves for these supraparticles
are shown in Figure 3a. Both the supraparticle diameter (7
μm) and the primary PS particle diameter (244 nm) remain
the same, but their fracture stress drops significantly from 15
MPa (orange, PPP surfactant, inset) to about 1 MPa (black,
Krytox surfactant). In addition, the first fracture occurs at a
smaller strain at about 6%, compared to 12% for supraparticles
made with PPP surfactant. Noteworthily, after the initiation of
a pop-in fracture event, the stress decreases (instead of forming
a plateau in the case of PPP surfactant), meaning that the
indenter tip experiences hardly any resistance any longer as it
advances after the supraparticle fractures. This suggests brittle
and catastrophic fracture of the supraparticles where the
structure of the deformation-resisting supraparticle changes
abruptly and the contact between the indenter and the
supraparticle may be reduced or lost. This is confirmed by
SEM images of compressed supraparticles (Figure. 3b).
Contrary to ductile supraparticles fabricated with nonionic
PPP surfactant (Figure 2b), only pieces of supraparticles
fabricated in anionic Krytox remain on the substrate. The
primary particles remain spherical and undeformed. This,
together with the reduced deformation resistance, as well as
the ductile to brittle transition, agrees with change of
supraparticle mechanical properties induced by weakened
interparticle adhesion.61 The anionic surfactants do not form
bridges that connect neighboring primary particles, as seen in
Figure 2c, but are observed to be tiny spherical dots at some
primary particle surfaces (Figure 3c), suggesting dewetting
from the negatively charged polystyrene surface. Note that
despite the observed dewetting from the particle surfaces and
contact points of the formed supraparticles, the Krytox
surfactant is clearly able to stabilize the water in oil emulsion
and allows the formation of supraparticles. The dewetting
therefore seems to occur only at the last stages of the drying
process.

Table 1 compares the values of typical mechanical properties
extracted from the compression curves of supraparticles made

with PPP and Krytox surfactant. Although the surfactant
residue takes up as little as approximately 0.02% volume, it
significantly influences the mechanical behavior of the entire
supraparticles.

3.4. Molecular Interpretation. The contrasting different
mechanical properties of the supraparticle containing minute
nonionic or anionic surfactant residues suggests a unique effect
of the surfactant molecules at the primary particle contacts. As
illustrated in Figure 4, we postulate that the different molecular

properties of the two types of surfactants modify the adhesion
between neighboring primary particles, which results in the
widely different behavior of supraparticles. For the nonionic
PPP surfactant, the amphiphilic PPO-PEO-PPO block is
known to adsorb and cover the polystyrene particle sur-
face.90−92 The remaining PFPE blocks form a viscous material,
a natural state of this type of polymer at room temperature.
Together, these properties allow the surfactant to increase the
adhesion between neighboring primary particles (Figure 5a).
In addition, the hydrophilic nature of the polymer may be
beneficial to bind water and thus strengthen capillary bridges.
Separating these two particles requires not only overcoming
the van der Waals and capillary forces, but also energy as
mechanical work to deform and stretch the viscous polymer

Table 1. Typical Mechanical Properties of Supraparticles

fracture
stress (MPa)

fracture
strain (%)

deformation
resistance (MPa)

work of
deformation

(pJ)

with
PPP

15 12 125 320

with
Krytox

1 6 16 40

Figure 4. Hypothesis on the influence of surfactant in supraparticle
mechanical stability. (a) Nonionic PPP surfactant has a PPO-PEO-
PPO block that adsorbs to polystyrene surface due to hydrophobic
interactions, the polymer chains in the PFPE blocks from different
surfactant molecules are entangled. The PFPE polymer chains are
viscous at room temperature and promote adhesion between
neighboring particles. (b) Anionic Krytox surfactant has a carboxyl
group that deprotonates in ambient humidity to carry a negative
charge, which causes an electrostatic repulsion with the negatively
charged particle surface. The PFPE block also dewets the particle
surface. The surfactant molecule resides at the surface without
providing extra adhesive forces. The sketch is not drawn to scale.
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surfactant. With PPP surfactant, the mechanical stability of the
supraparticles is therefore enhanced. In contrast, the carboxylic
head of the Krytox surfactant carries a negative charge and is
therefore repelled from the negatively charged particle surface
due to the molecular layer of water in ambient conditions
(Figure 4b). The PFPE block (which accounts for more than
99% of the surfactant) does not wet the particle surface and
hence does not provide any additional adhesive force between
neighboring particles. The hydrophobic PFPE polymer may
even reduce the formation of capillary water bridges and act as
a lubricant between neighboring particles, reducing the
mechanical stability of supraparticles. According to this
hypothesis, the nonionic PPP surfactant strongly binds
neighboring primary particles, connecting all polymeric
particles in the supraparticle through polymer bridges into
effectively a large porous polymer material. In contrast, the
Krytox surfactant does not enhance the adhesion or may even
weaken the supraparticles. Visual inspection of broken
supraparticles supports this hypothesis. While supraparticles
fabricated with the PPP surfactant display large ring-like
residues around the contact points (Figure 2d), Krytox
surfactant seemingly leaves dot-like residues (Figure 3c) that
do not seem to interconnect primary particles.
We use Brillouin light spectroscopy (BLS) to test the

hypothesis. To this end, we record the vibration spectrum of
both supraparticles and individual primary particles with and
without the different surfactants and investigate their effect on
the particle contacts via the changes to the characteristic
vibrations. In the absence of any interparticle interactions, the
individual primary particles exhibit the characteristic spheroidal
Lamb (n, l) modes with n and l denoting the radial and angular
momentum numbers, respectively. In this case, the lowest peak
of the vibration spectrum is the (1,2) mode at the frequency
f(1,2) = Act/d, where ct is the transverse sound velocity in the
primary particle, d is diameter, and A (≈0.84 for polystyrene)
is a constant. The vibration spectrum is very sensitive to
interparticle interactions, manifested by the appearance of a
new low-frequency mode, termed interaction mode, and a split
and concurrently blue shift of the (1,2) mode. The low-

frequency mode is assigned to a longitudinal phonon in a
cluster of particles. It corresponds to the (1,1) translational
mode, which is of zero frequency in independent particles, that
is, no particle−particle interaction.66,83,93,94 The strength and
number of contacts of individual particles in a cluster influence
their vibration eigenmodes. Thus, if primary particles in the
supraparticles strongly adhere to their neighbors, their
individual vibration modes cannot be experimentally resolved.
Both the split of the (1,2) mode and the emergence of the
interaction induced (1,1) mode allow for a subnanometer
thickness sensitivity for adsorbed layers atop of nano-
particles.95,96

Figure 5a displays the experimental BLS spectra for a flat
colloidal crystal film (black) of the same polystyrene primary
particles with d = 236 nm, formed by the deposition and
ordering of colloidal particles in a drying droplet of colloid
dispersion on a solid substrate. We use this colloidal crystal
film with a well-ordered arrangement of the primary particles
in a face-centered cubic lattice (Figure 5c) as a reference
material to probe how the BLS spectra change upon exposure
to surfactants that occur in the supraparticle formation. To this
end, we first infiltrate the colloidal crystal with the following
liquid by dropcasting the liquid into the colloidal crystal: pure
HFE oil (green); HFE oil with nonionic 0.1% PPP surfactant
(red); HFE oil with 0.1% anionic Krtyox surfactant (purple). A
total of 5 μL of the liquid is dropcasted above the center of the
colloidal crystal film, which subsequently spreads and is
immersed in the film. BLS spectra are recorded after the liquid
dried under ambient room conditions, which left the
surfactants inside the colloidal crystal film.
The strong wing at about 1−3 GHz indicates the presence of

the interaction-induced (1,1) mode. This spectral feature is
better resolved in the normalized spectrum I( f)·f 2 displayed in
Figure 5b. Here, the prefactor f 2 accounts for the population of
the low frequency thermally excited phonons.83 A distinct
discernible broad (1,1) peak at about 2.5 GHz is resolved for
all infiltrating liquids (pure HFE oil, oil with PPP surfactant,
and with Krytox surfactant). Similarly, the particle interactions
cause a split of the (1,2) mode at about 5 GHz. The split of the

Figure 5. Brillouin light spectroscopy (BLS) spectra (circles) of a colloidal crystal of polystyrene primary particles in (a) normal I( f) and (b)
normalized I( f)·f 2 presentations. The spectra show the as prepared, dry colloidal crystal film (gray), as well as the film infiltrated with HFE oil
containing 0.1% nonionic PPP surfactant (red), pure HFE oil (green), and HFE oil containing 0.1% anionic Krytox surfactant (purple). Dashed
lines show for Gaussian line shape fits. Inset to (a): The single peak BLS spectrum recorded in a backscattering geometry shows the same film
infiltrated only with PPP. (c) SEM images of the colloidal crystal film as fabricated. Scale bars in (c) are 5 μm (upper) and 200 nm (lower panel).
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(1,2) mode can be represented by two Gaussian lineshapes
(Figure S2) centered at f1 and f 2 > f1. The frequency f L = 2f1 −
f 2 accounts for the presence of the interparticle interactions,
that is, it is equal to the frequency of (1,2) in the case of a
single primary particle. While the position, f1, and f 2 and their
relative intensities of the two peaks vary among the different
infiltrated polystyrene colloidal crystal films, the frequency, f L
= 2f1 − f 2 that accounts for the presence of interparticle
interactions f L = 3.82 ± 0.07 GHz remains unaffected by the
infiltrated fluids. The frequency f L (=0.84ct/d) represents the
shear modulus, G = ρct

2 (ρ is the mass density) of the
polystyrene primary particles. The value of G = 1.1 GPa (for d
= 236 nm) is experimentally the value of bulk polystyrene. The
robust vibration spectrum indicates that the vibration spectra
of the pure polystyrene colloidal crystal can be recovered upon
infiltration with surfactants used in the supraparticle formation.
Note, however, that the treatment in both protocols cannot be
strictly identical: while a supraparticle is fully surrounded by
surfactants, in the case of the flat film, the distribution of
surfactant is likely less uniform. To probe how a spectrum of a
fully infiltrated colloidal crystal would appear, we added pure
PPP surfactant to the colloidal crystal. The resulting spectra
shown as an inset to Figure 5a do not show any particle
vibrations and only display a peak at about 11 GHz. This
spectrum was recorded in a backscattering geometry and
corresponds to the effective medium longitudinal sound
velocity (∼1900 m/s). In this case, the PPP clearly induces
sufficient interparticle adhesion to prevent individual particle
vibrations entirely.
Next, we focus on the vibration spectra of individual

supraparticles prepared from the two different surfactants. To
investigate individual supraparticle, we employ micro-BLS that
provides a spot size of the probe beam of about 1 μm.93 Figure
6 displays the BLS spectra of crystalline and disordered
supraparticles (Figure S1), both fabricated in HFE oil
containing 0.1 wt % of the anionic Krytox surfactant. In this
case, elastic vibrations of the constituent primary PS particles
are observed. Similar to the flat colloidal crystal film, the single
quadrupolar mode (1,2), observed for noninteracting spherical

colloidal particles, is split in both ordered and disordered
supraparticles, as shown in Figure 6. The two supraparticles
reveal minor differences in the (1,2) peak shape characterized
by different relative intensities of the two spectral contributions
(dashed lines in the lower panel of Figure 6) and f1, f 2 values.
The different packing in crystalline and disordered particles
can cause different contacts between the primary polystyrene
particles sensitively reflected in the shape of the (1,2) mode
split. The comparison of the intensity ratios f 2/f1 between the
crystalline and the disordered supraparticle suggests stronger
interactions for the crystalline supraparticle, which is expected
due to the larger number of neighbors. Notably, the spectra of
the crystalline supraparticle is very similar to the colloidal
crystal film, underlining the high degree of crystallinity in this
supraparticle (Figure S3). From the computed f L (=2f1 − f 2) it
follows that the shear modulus has the same value (1.2 GPa)
for the two supraparticles (Figure 6), which agrees with the
value of the primary PS particles (Figure 5).
In contrast, the BLS spectrum of a supraparticle fabricated in

HFE oil containing 0.1 wt % PPP surfactant drastically changes
the BLS spectrum. No individual particle vibrations are
resolved in the experimental spectrum. Instead, the BLS
spectrum shows longitudinal acoustic phonons propagating in
the effective medium. While a single effective medium phonon
is observed in the crystalline films of the polystyrene primary
particles (inset of Figure 5a), the spectrum of the supraparticle
(upper spectrum in Figure 6) displays two acoustic phonons at
about 5.8 and 11 GHz. The latter frequency is the same in
both systems phonon and represents the effective medium
acoustic phonon, whereas the lower frequency mode in PPP
coincides with the longitudinal phonon in the neat PPP
(Figure S4). The presence of this phonon implies either an
inhomogeneous medium with submicron PPP microregions
exceeding the phonon wavelength (∼200 nm) or a thin,
continuous surface PPP layer. We hypothesize that such
pockets may form as residues at the contact points, while a
surface layer may form upon drying of the supraparticle as the
surfactant stabilizing the shell interaction with the outermost
surface of the PS primary particles via hydrophobic interactions
of the propylene glycol groups, as discussed in Figure 4 above.
The BLS investigation of the interparticle contacts clearly
indicates a strong increase in contact strength in the presence
of PPP surfactant, corroborating with the increased resistance
to mechanical compression shown above. In contrast, using
Krytox as a surfactant did not alter the particle vibrations,
corroborating with the hypothesis that this type of surfactant
does not re-enforce the interparticle contacts. As a
consequence, supraparticles prepared with Krytox exhibit
lower mechanical properties and break in a brittle manner.
Note that while the affinity of the surfactant to the particles
enhance their mechanical stability, it needs to be carefully
balanced with the primary role of the surfactant, which is to
ensure emulsion stability during the supraparticle formation
process. In particular, using strong attraction, such as the
anionic Krytox surfactant with positively charged polystyrene
colloidal particles, we observe that individual primary particles
leave the emulsion droplet and thus do not form supraparticles
in our emulsion-based process.

4. CONCLUSIONS
We show that the mechanical stability of colloidal supra-
particles is mediated by the inevitable surfactant residue from
the emulsion fabrication step. Using the example of a

Figure 6. BLS spectra of supraparticles fabricated in two different
surfactants. The red and purple curves correspond to crystalline and
disordered supraparticles using Krytox surfactant. The interaction-
induced split of the (1,2) mode is represented by two Gaussian peaks
(dashed lines). The green curve corresponds to the supraparticle
using the nonionic PPP surfactant. Notably, no particle vibrations are
resolved, and the BLS spectrum shows signatures characteristic of two
propagating acoustic phonons.
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microfluidic production process with perfluorinated oil as the
continuous phase, we probe this difference by two types of
commonly used surfactants. Even at a trace amount, using the
nonionic block copolymer-based surfactant PPP results in
mechanically stable supraparticles that exhibit high deforma-
tion resistance and ductile fracture behavior. The anionic
surfactant Krytox, in contrast, yields supraparticles with
mechanical properties that are reduced by about 1 order of
magnitude from 15 MPa fracture stress to 1 MPa. In addition,
the fracture behavior with this type of surfactant changes from
ductile to brittle. We complement the macroscopic mechanical
investigation with a microscopic monitoring of the interparticle
contacts via Brillouin light spectroscopy. These investigations
corroborate the macroscopic interpretation that the nonionic
surfactant strongly strengthens the interparticle contacts to the
point that no individual vibrations can be resolved. Our work
sheds light on the critical role of surfactants in tailoring the
mechanical properties of colloidal supraparticles and provides
guidelines for the fabrication of mechanically robust supra-
particles, which are the prerequisite for any targeted
applications of such materials.
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Controlling the Large-Scale Fabrication of Supraparticles. J. Phys.
Chem. B 2020, 124, 11263−11272.
(57) Shang, L.; Cheng, Y.; Zhao, Y. Emerging Droplet Microfluidics.
Chem. Rev. 2017, 117, 7964−8040.
(58) Park, S.; Hwang, H.; Kim, M.; Moon, J. H.; Kim, S.-H.
Colloidal Assembly in Droplets: Structures and Optical Properties.
Nanoscale 2020, 12, 18576−18594.
(59) Kim, S. H.; Lee, S. Y.; Yi, G. R.; Pine, D. J.; Yang, S. M.
Microwave-Assisted Self-Organization of Colloidal Particles in
Confining Aqueous Droplets. J. Am. Chem. Soc. 2006, 128, 10897−
10904.
(60) Pileni, M.-P. Mechanical Properties of Supracrystals. EPL
(Europhysics Letters). 2017, 119, 37002.
(61) Junwei, W.; Jan, S.; Andreas, S.; Patrick, F.; Patrick, H.; Stefan,
R.; Wolfgang, P.; Benoit, M.; Nicolas, V. Mechanics of Colloidal
Supraparticles Under Compression. Sci. Adv. 2021.
(62) Kim, Y. R.; Lee, T. W.; Park, S.; Jang, J.; Ahn, C. W.; Choi, J. J.;
Hahn, B. D.; Choi, J. H.; Yoon, W. H.; Bae, S. H.; et al. Supraparticle
Engineering for Highly Dense Microspheres: Yttria-Stabilized
Zirconia with Adjustable Micromechanical Properties. ACS Nano
2021, 15, 10264−10274.
(63) Giuntini, D.; Zhao, S.; Krekeler, T.; Li, M.; Blankenburg, M.;
Bor, B.; Schaan, G.; Domenech, B.; Muller, M.; Scheider, I.; Ritter,
M.; Schneider, G. A. Defects and Plasticity in Ultrastrong Super-
crystalline Nanocomposites. Sci. Adv. 2021, 7, 1−11.
(64) Dreyer, A.; Feld, A.; Kornowski, A.; Yilmaz, E. D.; Noei, H.;
Meyer, A.; Krekeler, T.; Jiao, C.; Stierle, A.; Abetz, V.; et al.
Organically Linked Iron Oxide Nanoparticle Supercrystals with
Exceptional Isotropic Mechanical Properties. Nat. Mater. 2016, 15,
522−528.
(65) Ayouch, A.; Dieudonné, X.; Vaudel, G.; Piombini, H.; Vallé, K.;
Gusev, V.; Belleville, P.; Ruello, P. Elasticity of an Assembly of
Disordered Nanoparticles Interacting via either Van der Waals-
Bonded or Covalent-Bonded Coating Layers. ACS Nano 2012, 6,
10614−10621.
(66) Cang, Y.; Liu, B.; Das, S.; Xu, X.; Xie, J.; Deng, X.; Fytas, G.
Surface Contacts Strongly Influence the Elasticity and Thermal
Conductivity of Silica Nanoparticle Fibers. Phys. Chem. Chem. Phys.
2021, 23, 3707−3715.
(67) Holtze, C.; Rowat, A. C.; Agresti, J. J.; Hutchison, J. B.; Angile,
F. E.; Schmitz, C. H. J.; Koster, S.; Duan, H.; Humphry, K. J.; Scanga,
R. A.; et al. Biocompatible Surfactants for Water-in-Fluorocarbon
Emulsions. Lab Chip 2008, 8, 1632−1639.
(68) Etienne, G.; Kessler, M.; Amstad, E. Influence of Fluorinated
Surfactant Composition on the Stability of Emulsion Drops.
Macromol. Chem. Phys. 2017, 218, 1600365.
(69) Seemann, R.; Brinkmann, M.; Pfohl, T.; Herminghaus, S.
Droplet Based Microfluidics. Rep. Prog. Phys. 2012, 75, 016601.
(70) Penciu, R. S.; Fytas, G.; Economou, E. N.; Steffen, W.;
Yannopoulos, S. N. Acoustic Excitations in Suspensions of Soft
Colloids. Phys. Rev. Lett. 2000, 85, 4622−4625.

(71) Kuok, M. H.; Lim, H. S.; Ng, S. C.; Liu, N. N.; Wang, Z. K.
Brillouin Study of the Quantization of Acoustic Modes in Nano-
spheres. Phys. Rev. Lett. 2003, 90, 4.
(72) Courty, A.; Mermet, A.; Albouy, P. A.; Duval, E.; Pileni, M. P.
Vibrational Coherence of Self-Organized Silver Nanocrystals in f.c.c.
Supra-Crystals. Nat. Mater. 2005, 4, 395−398.
(73) Cheng, W.; Wang, J.; Jonas, U.; Fytas, G.; Stefanou, N.
Observation and Tuning of Hypersonic Bandgaps in Colloidal
Crystals. Nat. Mater. 2006, 5, 830−836.
(74) Still, T.; Sainidou, R.; Retsch, M.; Jonas, U.; Spahn, P.;
Hellmann, G. P.; Fytas, G. The “Music” of Core-Shell Spheres and
Hollow Capsules: Influence of the Architecture on the Mechanical
Properties at the Nanoscale. Nano Lett. 2008, 8, 3194−3199.
(75) Still, T.; Mattarelli, M.; Kiefer, D.; Fytas, G.; Montagna, M.
Eigenvibrations of Submicrometer Colloidal Spheres. J. Phys. Chem.
Lett. 2010, 1, 2440−2444.
(76) Schneider, D.; Beltramo, P. J.; Mattarelli, M.; Pfleiderer, P.;
Vermant, J.; Crespy, D.; Montagna, M.; Furst, E. M.; Fytas, G.
Elongated Polystyrene Spheres as Resonant Building Blocks in
Anisotropic Colloidal Crystals. Soft Matter 2013, 9, 9129−9136.
(77) Tchebotareva, A. L.; Van Dijk, M. A.; Ruijgrok, P. V.; Fokkema,
V.; Hesselberth, M. H. S.; Lippitz, M.; Orrit, M. Acoustic and Optical
Modes of Single Dumbbells of Gold Nanoparticles. ChemPhysChem
2009, 10, 111−114.
(78) Mattarelli, M.; Montagna, M.; Still, T.; Schneider, D.; Fytas, G.
Vibration Spectroscopy of Weakly Interacting Mesoscopic Colloids.
Soft Matter 2012, 8, 4235−4243.
(79) Girard, A.; Gehan, H.; Mermet, A.; Bonnet, C.; Lermé, J.;
Berthelot, A.; Cottancin, E.; Crut, A.; Margueritat, J. Acoustic Mode
Hybridization in a Single Dimer of Gold Nanoparticles. Nano Lett.
2018, 18, 3800−3806.
(80) Noual, A.; Kang, E.; Maji, T.; Gkikas, M.; Djafari-Rouhani, B.;
Fytas, G. Optomechanic Coupling in Ag Polymer Nanocomposite
Films. J. Phys. Chem. C 2021, 125, 14854−14864.
(81) Xia, Y.; Whitesides, G. M. Soft Lithography. Angew. Chem., Int.
Ed. 1998, 37, 550−575.
(82) Goodwin, J. W.; Hearn, J.; Ho, C. C.; Ottewill, R. H. Studies on
the Preparation and Characterisation of Monodisperse Polystyrene
Latices. Colloid Polym. Sci. 1974, 252, 464−471.
(83) Kim, H.; Cang, Y.; Kang, E.; Graczykowski, B.; Secchi, M.;
Montagna, M.; Priestley, R. D.; Furst, E. M.; Fytas, G. Direct
Observation of Polymer Surface Mobility via Nanoparticle Vibrations.
Nat. Commun. 2018, 9, 1−11.
(84) Wang, Z.; Cang, Y.; Kremer, F.; Thomas, E. L.; Fytas, G.
Determination of the Complete Elasticity of Nephila Pilipes Spider
Silk. Biomacromolecules 2020, 21, 1179−1185.
(85) Park, J.-G.; Kim, S.-H.; Magkiriadou, S.; Choi, T. M.; Kim, Y.-
S.; Manoharan, V. N. Full-Spectrum Photonic Pigments with Non-
Iridescent Structural Colors through Colloidal Assembly. Angew.
Chem., Int. Ed. 2014, 53, 2899−2903.
(86) Lee, J. N.; Park, C.; Whitesides, G. M. Solvent Compatibility of
Poly(Dimethylsiloxane)-Based Microfluidic Devices. Anal. Chem.
2003, 75, 6544−6554.
(87) Pietsch, W. Size Enlargement by Agglomeration. Handbook of
Powder Science and Technology; Springer US: Boston, MA, 1997; pp
202−377.
(88) Bika, D. G.; Gentzler, M.; Michaels, J. N. Mechanical Properties
of Agglomerates. Powder Technol. 2001, 117, 98−112.
(89) Pérez, R.; Gumbsch, P. Directional Anisotropy in the Cleavage
Fracture of Silicon. Phys. Rev. Lett. 2000, 84, 5347−5350.
(90) Hueckel, T.; Hocky, G. M.; Palacci, J.; Sacanna, S. Ionic Solids
from Common Colloids. Nature 2020, 580, 487−490.
(91) Li, J. T.; Caldwell, K. D.; Rapoport, N. Surface Properties of
Pluronic-Coated Polymeric Colloids. Langmuir 1994, 10, 4475−4482.
(92) Pitto-Barry, A.; Barry, N. P. E. Pluronic® Block-Copolymers in
Medicine: From Chemical and Biological Versatility to Rationalisation
and Clinical Advances. Polym. Chem. 2014, 5, 3291−3297.
(93) Graczykowski, B.; Vogel, N.; Bley, K.; Butt, H. J.; Fytas, G.
Multiband Hypersound Filtering in Two-Dimensional Colloidal

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c06839
J. Phys. Chem. C 2021, 125, 23445−23456

23455

https://doi.org/10.1021/acs.langmuir.6b04648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b04648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcis.2015.11.028
https://doi.org/10.1016/j.jcis.2015.11.028
https://doi.org/10.1016/j.ces.2014.04.016
https://doi.org/10.1016/j.ces.2014.04.016
https://doi.org/10.1016/j.ces.2014.04.016
https://doi.org/10.1016/j.powtec.2004.01.022
https://doi.org/10.1016/j.powtec.2004.01.022
https://doi.org/10.1016/j.apt.2015.05.005
https://doi.org/10.1016/j.apt.2015.05.005
https://doi.org/10.1021/acs.jpcb.0c07306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00848?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0NR04608F
https://doi.org/10.1021/ja063528y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja063528y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1209/0295-5075/119/37002
https://doi.org/10.1126/sciadv.abj0954
https://doi.org/10.1126/sciadv.abj0954
https://doi.org/10.1021/acsnano.1c02408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c02408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c02408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.abb6063
https://doi.org/10.1126/sciadv.abb6063
https://doi.org/10.1038/nmat4553
https://doi.org/10.1038/nmat4553
https://doi.org/10.1021/nn303631d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn303631d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn303631d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CP05377E
https://doi.org/10.1039/D0CP05377E
https://doi.org/10.1039/b806706f
https://doi.org/10.1039/b806706f
https://doi.org/10.1002/macp.201600365
https://doi.org/10.1002/macp.201600365
https://doi.org/10.1088/0034-4885/75/1/016601
https://doi.org/10.1103/PhysRevLett.85.4622
https://doi.org/10.1103/PhysRevLett.85.4622
https://doi.org/10.1103/PhysRevLett.90.255502
https://doi.org/10.1103/PhysRevLett.90.255502
https://doi.org/10.1038/nmat1366
https://doi.org/10.1038/nmat1366
https://doi.org/10.1038/nmat1727
https://doi.org/10.1038/nmat1727
https://doi.org/10.1021/nl801500n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl801500n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl801500n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz100774b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3sm50959a
https://doi.org/10.1039/c3sm50959a
https://doi.org/10.1002/cphc.200800289
https://doi.org/10.1002/cphc.200800289
https://doi.org/10.1039/c2sm07034k
https://doi.org/10.1021/acs.nanolett.8b01072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b01072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c04549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c04549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/(SICI)1521-3773(19980316)37:5<550::AID-ANIE550>3.0.CO;2-G
https://doi.org/10.1007/BF01554752
https://doi.org/10.1007/BF01554752
https://doi.org/10.1007/BF01554752
https://doi.org/10.1038/s41467-018-04854-w
https://doi.org/10.1038/s41467-018-04854-w
https://doi.org/10.1021/acs.biomac.9b01607?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.9b01607?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201309306
https://doi.org/10.1002/anie.201309306
https://doi.org/10.1021/ac0346712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac0346712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0032-5910(01)00318-7
https://doi.org/10.1016/S0032-5910(01)00318-7
https://doi.org/10.1103/PhysRevLett.84.5347
https://doi.org/10.1103/PhysRevLett.84.5347
https://doi.org/10.1038/s41586-020-2205-0
https://doi.org/10.1038/s41586-020-2205-0
https://doi.org/10.1021/la00024a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la00024a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4PY00039K
https://doi.org/10.1039/C4PY00039K
https://doi.org/10.1039/C4PY00039K
https://doi.org/10.1021/acs.nanolett.9b05101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c06839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Crystals: Adhesion, Resonances, and Periodicity. Nano Lett. 2020, 20,
1883−1889.
(94) Babacic, V.; Varghese, J.; Coy, E.; Kang, E.; Pochylski, M.;
Gapinski, J.; Fytas, G.; Graczykowski, B. Mechanical Reinforcement of
Polymer Colloidal Crystals by Supercritical Fluids. J. Colloid Interface
Sci. 2020, 579, 786−793.
(95) Kang, E.; Kim, H.; Gray, L. A. G.; Christie, D.; Jonas, U.;
Graczykowski, B.; Furst, E. M.; Priestley, R. D.; Fytas, G. Ultrathin
Shell Layers Dramatically Influence Polymer Nanoparticle Surface
Mobility. Macromolecules 2018, 51, 8522−8529.
(96) Randazzo, K.; Bartkiewicz, M.; Graczykowski, B.; Cangialosi,
D.; Fytas, G.; Zuo, B.; Priestley, R. Direct Visualization and
Characterization of Interfacially-Adsorbed Polymer atop Nano-
particles and within Nanocomposites. Macromolecules 2021, This
paper is accepted for publication.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c06839
J. Phys. Chem. C 2021, 125, 23445−23456

23456

https://doi.org/10.1021/acs.nanolett.9b05101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcis.2020.06.104
https://doi.org/10.1016/j.jcis.2020.06.104
https://doi.org/10.1021/acs.macromol.8b01804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b01804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b01804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c06839?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

