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Structural colors are produced by wavelength-dependent scattering of light from nanostructures. While
living organisms often exploit phase separation to directly assemble structurally colored materials from
macromolecules, synthetic structural colors are typically produced in a two-step process involving the
sequential synthesis and assembly of building blocks. Phase separation is attractive for its simplicity, but
applications are limited due to a lack of robust methods for its control. A central challenge is to arrest
phase separation at the desired length scale. Here, we show that solid-state polymerization-induced
phase separation can produce stable structures at optical length scales. In this process, a polymeric solid
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is swollen and softened with a second monomer. During its polymerization, the two polymers become
immiscible and phase separate. As free monomer is depleted, the host matrix resolidifies and arrests
coarsening. The resulting polymeric composites have a blue or white appearance. We compare these
biomimetic nanostructures to those in structurally-colored feather barbs, and demonstrate the flexibility
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In conventional dyes and pigments, color is encoded in the electro-
nic structure of molecules. In structurally colored materials, color
emerges from the interference of light scattered from sub-micron
variations in the refractive index."™ Since a wide spectrum of
structural colors can be made by different nanostructures with the
same chemical composition,®® structural color has the potential for
more sustainable color production.

Colloidal processing and block-copolymer assembly have
emerged as leading methods to produce synthetic structurally
colored materials.”?° In all these cases, the characteristic
length scale of the final structure is determined by the size of
its building block. The fabrication process involves two distinct
steps: the synthesis of building blocks and their subsequent
assembly. Synthesis and assembly typically have contradictory
physical and chemical parameters, necessitating additional
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of this approach by producing structural color in filaments and large sheets.

processing and purification steps between them. For example,
synthesis requires a low volume fraction of particles, while
assembly requires a high one.

In contrast, living systems construct photonic structures
directly from macromolecules, whose dimensions are much
smaller than the characteristic scale of the final structure. In
structurally-colored bird feather barbs, phase separation is
triggered by the supra-molecular polymerization of cytoplasmic
B-keratin into filaments.”””® Phase separation is ultimately
arrested by intermolecular cross-linking of disulfide bonds,
leaving stable nanostructures composed of air and cross-linked
protein. These structures come in two characteristic morphologies:
dense packings of monodisperse air bubbles or bi-continuous
channels.® These composites have pronounced short-range order,
and reflect a narrow band of wavelengths.*?*~

Recently, scientists have begun to exploit phase separation to
spontaneously form photonic structures. Strongly white networks
have been obtained from quenching polymer-solvent mixtures,*>
and thin structurally-colored films have been produced in an
immiscible polymer blend through a 2D phase-separation process
triggered by the evaporation of a co-solvent.* Structural colors
have also been observed in gels of a single polymer, formed by
polymerization-induced phase separation.**

Here, we produce structural colors by polymerization-
induced phase separation (PIPS) in the solid state. Starting
with a solid block of uncrosslinked polystyrene (PS) swollen
with methyl methacrylate monomer (MMA), we initiate free-

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Solid-state polymerization-induced phase separation. (a) Schematic representation of the process. Microscopic (top) and macromolecular
(bottom) views, showing the system after swelling (1), at the onset of phase separation (2), and near completion (3). PS (yellow) is swollen with a mixture
(blue) of monomer (MMA) and thermal initiator (AIBN). (b) Qualitative phase diagram. The red line indicates the phase boundary (binodal) and the
beginning of a two-phases region. The pink line indicates the onset of kinetic arrest. The typical polymerization procedure is described by the green

arrow. Steps 1, 2, and 3 from (a) are marked on the diagram.

radical polymerization and subsequent phase separation. As
monomer is depleted from the system, the matrix re-solidifies,
arresting the coarsening process. This biologically-inspired
process produces inclusions with a modest degree of short-
range order. The resulting materials have structural blue to
white appearances. We demonstrate the potential scalability
and versatility of solid-state PIPS by making large structurally
colored films and filaments.

Our process is schematized in Fig. 1. First, we swell transparent
polystyrene (PS) with methyl methacrylate (MMA) and a thermal
initiator (2,2'-azobis(2-methylpropionitrile) (AIBN)). To fix the quan-
tity of monomer and initiator, PS films equilibrate overnight in a
solution of ethanol, MMA and AIBN. While uncrosslinked PS
completely dissolves in a solution of MMA and AIBN, ethanol is
a bad solvent for PS. The final concentration of MMA in the PS is
tuned from 1 to 40 wt% changing the concentration of MMA in
ethanol from 12 to 41 wt%. This corresponds to step 1, indicated in
Fig. 1a and b. Then, we initiate polymerization by placing the
samples, still in their bath of swelling fluid, into an oven at a target
polymerization temperature, Ty, from 60 to 80 °C. As poly(methyl
methacrylate) (PMMA) chains grow, their solubility is reduced,
favoring phase separation, indicated as step 2 in Fig. 1a and b.
As polymerization proceeds, monomer is depleted and the matrix
stiffens. Eventually, polymerization goes to near completion, as
indicated by step 3 in Fig. 1a and b. In this final state, the
kinetically arrested matrix suppresses coarsening, and produces
stable far-from equilibrium micro-phase-separated structures.

These micro-phase separated composites appear either blue
or white depending on the synthesis parameters used. Gener-
ally, as the fraction of PMMA increases in the sample, its
appearance evolves from transparent, to blue, to white
(Fig. 2a). We quantify the molar fraction of PMMA in the
samples with 'H nuclear magnetic resonance (NMR) spectro-
scopy, and we define it as X = cpvma/(Comma + Cps), Where cpyvivia
and cps are the molar concentrations of polymerized MMA and
styrene, respectively. The final mole fraction of polymerized
monomer, X, depends on the concentration of MMA used, as

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Solid-state polymerization-induced phase separation produces
structural blue and white. (a) Photographs of initially transparent PS (X = 0)
and three samples with increasing PMMA fraction (X = 0.14, 0.21, 0.38) after
polymerization-induced phase separation at 70 °C. (b) Intensities as a function
of wavelength, /(7), from reflectivity measurements of blue, light blue and
white samples. Insets: Photographs of the corresponding samples on a black
background. The PMMA fraction of each sample is reported. Dashed line:
| oc 27 a Rayleigh scattering fit to long wavelengths of sample 1.

well as the polymerization temperature, and ranges from
~0.1 to ~0.4 in these experiments (Table 1).
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To quantify the appearance of the samples, we measure the
diffuse reflectivity of 1 mm thick samples using an angle-
resolved spectrophotometer. We measure the spectra as close
as possible to the backscattering direction, at an angle 6 = 15°
between the direction of illumination and detection. In Fig. 2b,
we compare the normalized intensities as a function of wave-
length, I(4), for samples with different molar fractions of
PMMA. In all cases, the diffuse reflectivity of the samples
decreases monotonically with wavelength across the visible
spectrum. This qualitatively resembles Rayleigh scattering.
Indeed, the longest wavelengths at the lowest polymer frac-
tions, X < 0.20, are reasonably well-fit by the expected 4 *
scaling, as shown by the dashed line in Fig. 2b. However, all
samples show an excess of reflectivity beyond this Rayleigh
background. As the PMMA-fraction increases, the reflectivity
increases and the blue colors fade into white. For samples
polymerized at higher temperatures (sample 3, X = 0.23), white
color appears at lower PMMA-fractions, as shown in Fig. 2 and
in Fig. S1 (ESIY). Fig. S2 (ESIT) shows that the color is angle-
independent.

Color originates from scattering within about 150 pm of the
surface. We can see this macroscopically by looking at the
cross-section of a sample (Fig. 3a), or by removing the surface
layer from the rest of the sample by mechanical abrasion
(Fig. 3b). Electron microscopy reveals that the structure near
the surface is distinct from the structure in the bulk. Fig. 3c and
d show scanning transmission electron micrographs (STEMs)
with the same field of view 4 x 2 pum® acquired 25 and 270 pm
from the surface of the same X = 0.20 sample. Near the surface,
we find a solid dispersion of PMMA spheres, about hundred
nanometers in diameter. In the bulk, we do not observe any
phase-separated domains at this length-scale.

We quantify the compositional difference between surface
and bulk using NMR. As shown in Fig. 3e, there is an increase
in the mole fraction of PMMA, X, at the surface relative to the
bulk of the sample. We also define the monomer conversion as
7 = comma/(Cmma T Comma), Where cyva and cpyma are the molar
concentrations of free MMA and MMA in a polymer. In Fig. 3e,
we see that the monomer conversion is lower in the surface
than in the bulk. We hypothesize that the structural difference
between surface and bulk arises during polymerization. As

Table 1 List of all the samples, their compositions and their synthesis
parameters: X = molar fraction of PMMA in the sample, = monomer
conversion, %, MMA = percentage of methyl methacrylate in solution,
T, = polymerization temperature, t, = polymerization time, PS = polystyrene

Sample name X 7 %, MMA T, [°C] ¢, [min] Fig.

Blue 0.14 0.85 30 70 90 2a

Light blue 0.21 0.91 35 70 90 2a

White 0.38 0.96 45 70 90 2a

#1 0.15 0.67 40 60 90 2b and 4a-c

#2 0.32 0.82 45 60 90 2b, 4a-c and 5b
#3 0.23 0.97 40 80 90 2b and 4a-c

4 0.20 0.89 40 60 90 3a-e, 6a and c
Black PS — — 30 60 90 6b

Fiber — — 35 60 90 6d
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monomer is depleted in the sample, it can be replenished by
the surrounding reservoir of monomer. The competition of
monomer diffusion and polymerization kinetics defines a
boundary layer where monomer is steadily replenished during
polymerization. This simple picture qualitatively captures the
observed differences between surface and bulk, and particularly
the complementary increase of X and decrease of # in the
surface layer.

To determine how the morphology of the surface layer
affects the optical properties of the material, we applied both
scanning transmission electron microscopy (STEM) and small
angle X-ray scattering (SAXS). STEM shows how the size, spa-
cing and polydispersity of inclusions depend on the synthesis
parameters. In the outer ring of Fig. 4a, we compare STEM
images of three samples with different PMMA fractions and
processing temperatures. To quantify the differences in these
images, we locate the centroid of each particle, and calculate
the pair-correlation function, g(r), shown in Fig. 4b. All samples
show anti-correlation at short spatial scales, presumably due to
competition between the PMMA nuclei for free polymer. Addi-
tionally, the 60 °C samples show a distinct peak in g(r) at
separations of 202 nm and 260 nm, with modest peak correla-
tion values of 1.50 and 1.54 respectively. The other sample,
processed at 80 °C, shows a hint of a short-ranged positive
correlation near the same location, but suffers from limited
statistics. Note that these g(r)’s are obtained from 2D sections of
a 3D materials, and provide a limited view of the translational
order in the samples.

Scattering methods precisely quantify 3D structural correla-
tions and provide better statistics by averaging over a much
larger sample volume. The inner ring of Fig. 4a shows a sector
of these three samples’ isotropic SAXS patterns, aligned at g = 0.
The full scattering patterns can be found in Fig. S3 (ESIt).
Azimuthally-averaged scattering profiles are shown in Fig. 4c.
While the 60 °C samples show modest peaks at g = 0.028 nm ™ *
(sample 1, X = 0.15) and g = 0.022 nm " (sample 2, X = 0.32), the
higher temperature sample shows no significant features
across the probed region of the spectrum. The peak is stronger
for sample 2 (X = 0.32), whose reflectivity showed a larger
deviation from Rayleigh scattering compared to sample 1
(X = 0.15) (Fig. 2). The peak in the SAXS spectra of the 60 °C
samples correspond to length scales, d, of 224 and 280 nm, as
indicated in Fig. 4c. These values are similar to the location of
the peaks in g(r) calculated from STEM images near the sample
surface (Fig. 4b). This suggests that even though the X-ray beam
travels across the entire sample, the scattering is dominated by
the same near-surface structures.

Together SAXS and STEM show weak structural correlations
in the samples polymerized at 60 °C, dominated by the spacing
between the PMMA particles. Structures formed at higher
temperatures consistently show higher polydispersity (Fig. S4,
ESIt) and no structural correlations. This reflects a broadened
molecular weight distribution by free-radical polymerization at
higher temperatures.*>>’

We compare our PS-PMMA structures formed by polymeri-
zation-induced phase separation to some of the natural

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Color originates in a surface layer. (a) Photograph of a blue sample (sample 4, X = 0.20) in cross-section. (b) Photograph of the same sample with
the surface layer removed on the right side. (c and d) STEM bright-field images of the sample near the surface and in the bulk. Scale bar: 500 nm. (e)
PMMA fraction and monomer conversion in the sample measured by NMR at the surface, bulk and overall.

15 b r=202nm 9 d =224 nm
3 5
=1 S,
G
0 -0
0 200 400 600 0 0.05 0.1
r=260 nm — d =280 nm
. 5 20
= o,
[} —~ 1
ep
0 T 0
0 200 400 600 0 0.05 0.1
r=220 nm
= S
oF s, 50
o =
=
0 T 0
0 200 400 600 0 005 0.1
r [nm] g [nm™]

Fig. 4 Structural characterization of phase-separated samples. (a) Comparison of three samples with different PMMA fractions, X, and polymerization
temperatures, T, as indicated. Outer ring: bright-field STEM images taken in the structured surface layer. Inner ring: sections of SAXS patterns. The dark
blue feature in the center is the beamstop. On the right: color bar for the SAXS patterns. The scale bar on the left corresponds to 300 nm for the STEM
images and 0.009 nm™* for the SAXS patterns. (b) Pair correlation functions, g(r), calculated from particle locations extracted from the STEM images in (a).

(c) Azimuthal averages calculated from the 2D SAXS patterns in (a).

photonic structures which inspired them in Fig. 5. Electron
micrographs of the color-producing air-keratin structures in the
vibrant blue-green feather barbs of Cotinga maynana are shown
alongside a PS-PMMA sample (sample 2, X = 0.32) in Fig. 5a
and b. Both materials have angle-independent blue color, and
show approximately spherical inclusions. The inclusions in the
feathers, however, are more uniform and more closely packed.
Together, this leads to much stronger structural correlations, as
demonstrated by a sharp peak in their SAXS spectrum,
shown in Fig. 5c. For comparison, the scattering spectrum of
the PS-PMMA sample is shown in Fig. 5d. It features a much
broader peak at smaller g. While the order of our biomimetic
samples falls short of the most vibrant structurally colored
feather barbs, they are more ordered than others.® For example,

This journal is © The Royal Society of Chemistry 2021

the SAXS scattering spectrum from the nanostructures under-
lying the blue-gray feather barbs of Andigena laminirostris shows
only a subtle shoulder on a broad background, as shown in
Fig. 5e.

Previous work on structure-property relationships in the
color of bird feathers® has shown that a sharp peak in
the SAXS spectrum at gpm.x leads to a narrow band in the
back-scattering reflection spectrum, centered on Amax, with
Amax = 4TNe/qmax Where n. is the effective refractive index of
the composite. For bird feathers, 7. is about 1.265.° Thus, the
sharp structural correlations of C. maynana produce a vivid
color at A,.x ~ 520 nm. The effective index of the PS—-PMMA
samples can be estimated from the fraction of PMMA as well as
the refractive indices of the two phases, nps = 1.57 and

Soft Matter, 2021,17, 5772-5779 | 5775
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Fig. 5 Biological and bio-inspired photonic structures. (a) TEM image of
the photonic structure in the feather barbs of Cotinga maynana. (b) STEM
image of the photonic structure in sample 2. The images in (a) and (b) have
the same field of view. For both the scale bar is 500 nm. (c) Azimuthally-
averaged SAXS spectra, /(q), from the feathers of Cotinga maynana. Inset:
C. maynana (image in the public domain). (d) /(g) from sample 2. Inset:
Photo of sample 2 on a black background. (e) /(g) from the feathers of
Andigena laminirostris. Inset: A. laminirostris (image in the public domain).

npmma = 1.48. Using the Maxwell-Garnett approximation,*?>®

we find effective indices ranging from 1.53 to 1.56. Applying
this analysis, we might expect structural correlations in
PS-PMMA sample 2 to produce some excess scattering over a
broad-range of wavelengths in the near infra-red from about
830 to 930 nm. However, this is overwhelmed by a broad
Rayleigh-like background, as shown in Fig. 2.

Our PS-PMMA samples are translucent. Therefore, their
color is more evident on a dark background than on a light
background, as shown clearly in Fig. 6a. We can mitigate this
effect by incorporating a low concentration of broadband
absorber into the composite.’* Fig. 6b shows a sample where
the same phase separation process was executed in a commer-
cial black polystyrene sample. With this built-in absorption, the
dependence of the appearance on the background disappears.

Structural colors based on thin films or coatings with
specific thickness can be challenging to apply to curved sur-
faces and large areas. Our approach to polymerization induced
phase-separation is easy to apply to a wide variety of sample
geometries. As a proof of concept, we show that our process can

5776 | Soft Matter, 2021,17, 5772-5779
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create larger structurally colored sheets (Fig. 6¢) and fibers
(Fig. 6d).

In conclusion, we show that it is possible to produce a
structurally colored material based on solid-state phase separa-
tion driven by free-radical polymerization. While the resulting
structures are stable and have the appropriate length scale, they
are too disordered to reflect a narrow range of wavelengths. The
palette of structural colors is currently limited to blue and
white, nevertheless this approach offers many potential bene-
fits. First, in contrast to most self-assembly strategies, phase
separation processes can generate well-defined supermolecular
structures in a single step. Second, solid-state polymerization-
induced phase separation is inherently self-limiting. As mono-
mer is consumed, the matrix hardens and arrests coarsening.
Third, photonic nanostructures can be easily incorporated into
a wide variety of sample geometries. Finally, this physical
approach to arrest phase separation should extend to a wide
range of chemistries. We expect that this process can be
extended to any pair of immiscible polymers, where one
monomer is a good solvent for the second polymer.

In order to achieve a broader range of more saturated colors,
as found in bird feathers, we need to achieve stronger structural
correlations. Free radical polymerization provides little control
of the polymerization kinetics. In solution, it is well known to
create a very broad distribution of chain lengths. By contrast,
living radical polymerization methods (such as atom transfer
radical polymerization (ATRP) or reversible addition fragmen-
tation chain transfer (RAFT)) provide tight control of the
polymerization process and yield narrow molecular weight
distributions.***° By adapting these chemistries to the solid
state, we expect that we can gain sufficient control of the
nucleation and growth process to produce structures with more
sharply defined length-scales, and tunable, saturated colors.

Experimental section
Preparation of the transparent PS samples

Polystyrene pellets, average M,, ~ 280000 Da (CAS: 9003-53-6)
were purchased from Sigma-Aldrich. They were dried in
vacuum at 60 °C overnight in a Binder Vacuum drying oven,
and either hot-pressed into films of thickness 1 mm using a
Fontune Holland table press, or extruded into fibers with a Dr
Collin GMBH extruder. Pressing parameters: 205 °C for 5 min,
40 kN. Extrusion parameters: 200 °C, 3 rpm. The films or fibers
were then cut into pieces and annealed in vacuum at 103 °C in
the Binder oven to release stresses.

The black polystyrene (1 mm thick) used in Fig. 6b was used
as purchased from Kitronik Ltd. The material consists of high
impact polystyrene (HIPS) covered with a layer of general
purpose polystyrene (GPPS). Product code: 5701. Phase separa-
tion happened in the GPPS layer.

Fabrication of the structurally colored composites

Methyl methacrylate 99% from Sigma-Aldrich (CAS: 80-62-6)
containing monomethyl ether hydroquinone as inhibitor was

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Color in samples of different size and geometry. (a) A blue phase-separated sample formed from transparent PS (sample 4, X = 0.20) across a
white and a black background. Left vertical side of the sample: 1.5 cm. (b) A blue phase-separated sample formed from black PS across a white and a
black background. The color exhibits no background dependence. Left vertical side of the sample: 1 cm. (c) A blue phase-separated sample about

~20 cm?. (d) A blue phase-separated fiber. Diameter: 1 mm.

purified through filtration in a chromatographic column con-
taining an inhibitor remover from Sigma-Aldrich (Product
code: 311332). The monomer was mixed with ethanol 96%
(Sigma-Aldrich, CAS: 64-17-5) and a thermal free radical initia-
tor, 2,2’-azobis(2-methylpropionitrile) >98% (Sigma-Aldrich,
CAS: 78-67-1). The ratio between monomer and initiator was
fixed to 0.25 g AIBN in 10 ml MMA. The volume concentration
of MMA in ethanol varied between 35% and 50%. Transparent
polystyrene films or fibers were then soaked into the solutions
and left to equilibrate for at least 24 h in a container with a
sealed cap. The container was then put in the oven (VWR, Venti-
Line) at the desired T, for 90 min. After the phase separation
occurred, the containers were removed from the oven and the
samples extracted from the solution, dried with a towel and left
on a glass substrate at room temperature over night.

Reflectivity measurements

The samples were mounted on a stage and illuminated using
an optical fiber with collimated white light from a DH-2000-BAL
Deuterium-Halogen Lightsource from Ocean Optics. The inci-
dent light was normal to the sample surface. The size of the
illuminated spot could be tuned using an aperture placed
between the collimating lense at the surface of the optical fiber
and the sample, and it was set to ~3 mm in diameter.
A detector was positioned at 15° from the direction of illumina-
tion. The detector consisted of an aperture, a collecting lens
and a second optical fiber connected to a QE-Pro High Perfor-
mance Spectrometer from Ocean Optics. At the start of the
measurement, a reference spectrum of the incident light was
collected with no sample in place. A spectrum with the shutter
closed to block the incident light (dark noise) was also
acquired. The reflectivity was calculated as the ratio between
the reflected intensity minus dark noise and the reference
spectrum minus dark noise. The plot of intensity as a function
of wavelength was smoothed with a moving average filter.

NMR analysis

Sample material was dissolved in chloroform-d >99.8% from
Apollo Scientific (CAS: 865-49-6). 'H-NMR measurements were
performed using a Bruker UltraShield 300 MHz magnet, and
analyzed using the software MestReNova. For the composi-
tional analysis at different locations in the same sample, the

This journal is © The Royal Society of Chemistry 2021

surface layer was removed from the sample using a razor blade,
and the remaining material along the sample thickness was
considered to be the bulk.

STEM imaging

Thin sections of 60 nm were obtained from the samples with a
diamond knife (Diatome Ltd, Switzerland) on a Leica UC6
ultramicrotome (Leica Microsystems, Heerbrugg, Switzerland),
and placed on Formvar and carbon coated TEM grids (Quanti-
foil, Grof8lobichau, Germany). The sections were then coated
with 5 nm of carbon using a Carbon Evaporator Safematic CCU-
010. STEM analysis was performed using a ThermoFisher (FEI)
Magellan 400 electron microscope. Electron micrographs of
bird feathers were acquired according to ref. 27.

SAXS experiments

SAXS experiments on polymers were performed at the cSAXS
(X12SA) beamline at the Swiss Light Source (SLS, Paul Scherrer
Institut). Beam energy: 13.6 keV, i.e. wavelength 2 = 0.91 A. The
intensities were recorded with a Pilatus 2M detector (Paul
Scherrer Institut). Sample-detector distance: 7.1 m. The wave
number (g) range was 0.01-1 nm ™. The beam diameter was
approximately 300 pm. The g range was calibrated using silver
behenate. The samples were taped to a metallic grid, so that the
area probed by X-rays was free standing. The measurements
occurred at several positions on the samples using 1 s exposure,
and the median was then calculated. SAXS experiments on bird
feathers in transmission geometry were collected at beamline
8-ID at the Advanced Photon Source as described in ref. 6.

Matlab analysis of STEM images

First, the PMMA inclusions had to be detected. A band-pass
filter was applied. The high value of the filter was chosen as the
highest value at which the number of detected particles devi-
ates from a linear trend. An intensity threshold was then
applied. The value of this threshold was determined as 95%
of the mean intensity across all the detected particles. Second,
once the particles had been defined, the determination of
centroids and the calculation of the size distribution were
performed using standard Matlab functions,
regionprops.

such as
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