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in photonic glasses (PGs).[8–10] These 
jammed packings of monodisperse, 
dielectric spheres show coherent scat-
tering due to Mie resonances and short-
range order.[11,12] Because of the isotropic 
nature, the resulting colors are angle-
independent.[13,14] Particle size and mor-
phology, such as core-shell and hollow 
sphere structures, have been shown to 
influence the optical properties and pro-
vide tunable scattering and broadband 
reflectance of PGs.[15–19] Recently, aniso-
tropic particles have also been shown to be 
useful for the adjustment of the scattering 
properties of the ensembles.[20,21]

Hierarchical structural design can 
introduce further complexity to particu-
late system.[22] For example, multilayer 
PC films with a cross-plane, stepwise 
change of the lattice constant show prop-

erties not found in single-component systems. These range 
from broadband reflectivity[23] to angular selectivity.[24] How-
ever, fabrication methods are often tedious and typically apply 
physical vapor deposition or repetitive colloidal assembly.[25,26] 
Without precise optimization, the latter can suffer from deg-
radation of preformed layers and delamination. Further issues 
include incoherent light scattering at the interfaces and small 
sample sizes.

Despite the intense research on photonic crystals and glasses, 
one major category of colloidal mesostructure has received sur-
prisingly little attention: continuous gradient structures. Con-
tinuous gradients in colloidal assemblies is an emerging topic, 
with few examples and approaches being reported in literature. 
Gradual changes, e.g., in the interparticle distance or compo-
sition can be formed via centrifugation,[27,28] post-assembly 
deformation[29] or modified coating procedures.[30,31] From a 
fundamental point of view, a better physical understanding of 
photonic materials with gradually changing properties needs 
to be developed and compared to experimental results.[32–34] To 
our knowledge, no experimental realization of a photonic col-
loidal assembly with a continuous particle size gradient has 
been presented to date. To achieve such a structure, two major 
challenges need to be addressed: First, particle dispersions with 
precise control of size and a continuous size variation need to 
be reliably available. Second, self-assembly must retain, not 
mix, the particle size gradient and immobilize the particles 
gradually in the colloidal ensemble.

Here, we provide a solution to both challenges that conceiv-
ably can also be applied to other (functional) particles. This gen-
eral approach to continuous gradient colloidal glasses will add a 
missing piece to the field of colloidal mesostructures and opens 
a new field for photonic engineering and beyond. At the heart 

Colloidal crystals and glasses manipulate light propagation depending on 
their chemical composition, particle morphology, and mesoscopic structure. 
This light–matter interaction has been intensely investigated, but a knowl-
edge gap remains for mesostructures comprising a continuous property 
gradient of the constituting particles. Here, a general synthetic approach 
to bottom-up fabrication of continuous size gradient colloidal ensembles is 
introduced. First, the technique synthesizes a dispersion with a specifically 
designed gradual particle size distribution. Second, self-assembly of this dis-
persion yields a photonic colloidal glass with a continuous size gradient from 
top to bottom. Local and bulk characterization methods are used to highlight 
the significant potential of this mesostructure, resulting in vivid structural 
colors along, and in superior light scattering across the gradient. The process 
describes a general pathway to mesoscopic gradients. It can expectedly be 
transferred to a variety of other particle-based systems where continuous 
gradients will provide novel physical insights and functionalities.

Research Article
﻿

1. Introduction

Structured materials show perceptible photonic properties 
when the characteristic length scale is similar to the wavelength 
of visible light. The interaction of photons with a periodically 
changing refractive index (n) in photonic crystals (PCs) creates a 
dispersion relation with wave-vector dependent gaps analogous 
to that of electrons in semiconductors.[1] These stop bands are 
the cause of characteristic, iridescent structural colors.[2] From 
sensors to optical metamaterials, increasingly complex struc-
tures allow tailoring of these properties.[3,4] However, many are 
only accessible via simulations or in the microwave range,[5,6] 
others are limited to high-n materials.[7]

Complementary to the phenomenon of ballistic light trans-
port in ordered structures is the dispersive light diffusion 
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of our work is a controlled emulsion extraction process (CrEEP) 
that enables us to store the time-dependent size increase of 
monodisperse latex particles in a thin extraction tube, where 
laminar flow prevails. Subsequent filtration assembly trans-
lates the gradient dispersion into a film with a fully continuous, 
cross-plane gradient of the particle size. First, we present the 
synthesis method and then show the characteristics of the 3D 
self-assembled colloidal gradient material.

2. Results and Discussion

Surfactant-free emulsion polymerization is an established 
method for the preparation of monodisperse latex particle sus-
pensions.[35,36] Further control can be obtained via a semibatch 
process by first preparing seed particles that then increase 
in size when more monomer is added.[37,38] In our CrEEP-
approach (Figures S1 and S2, Supporting Information), the 
monomer is added gradually, and the growing particle suspen-
sion is simultaneously extracted into a thin tube. The resulting 
time-dependent change of the particle diameter is thereby 
stored in the extraction tube and turned into a positional 
dependency. Slow extraction and the small diameter of the tube 
provide controlled laminar flow. To verify the controlled nature 
of this process, we show that the reaction rate of the emulsion 
polymerization is fast compared the rate of monomer addi-
tion by evaluating the kinetics of the particle growth during 
seed synthesis (Figure S3, Supporting information). Mixing is 
further inhibited by fractionation via the injection of air bub-
bles as separators inside the tube. Thereby the monodisperse 
nature inherent to the emulsion polymerization is maintained. 
Analogous experiments without injection of air result in a 
slightly less ordered assembly (Figure S4, Supporting informa-
tion). The air bubbles have the additional benefit of quenching 
the remaining initiator molecules with ambient oxygen, inhib-
iting any further polymerization. The fact that the continuous 
particle growth and extraction take place in the same reactor 
as the seed synthesis ensures reproducible starting condi-
tions. Combined with the slow monomer addition, this results 
in a highly controlled reaction. Ultimately, a large number of 
equidistant fractions (in this case 110) are retained in the tube 
(Figure  1a). We examine every 10th fraction via dynamic light 
scattering (DLS) and correlate it to the respective reaction time 
during the extraction process (Figure 1b,c). We observe a near-
linear increase of the hydrodynamic particle diameter and a low 
polydispersity throughout the synthesis. Both confirm the high 
degree of control that is necessary for the self-assembly process, 
which is dramatically influenced by both size and size distri-
bution. In our example, we prepare a diameter range between 
220–310 nm to specifically target photonic materials in the vis-
ible range. In combination with the number of fractions, this 
implies a sub-nm step size between neighboring fractions. 
Naturally, this is smaller than the size distribution of any given 
latex particle synthesis. Consequently, this constitutes a smooth 
and gradual size increase, a feature not accessible using a 
multi-pot approach.

To demonstrate the quality of fractions obtained via CrEEP, 
we induce self-assembly via heated drop-casting. The forma-
tion of PCs with structural colors dependent on the diameter 

of the particles becomes apparent via white light microscopy 
(Figure  1d). Brilliant colors ranging from blue to red can 
be observed. Due to the fcc symmetry and the concomitant 
k-vector dependency of the optical stop-band, these are inher-
ently angle-dependent. Increasing the angle between light 
source and observer causes a blue shift of all 12 drop-cast spots 
(Figure 1e) and verifies the crystallinity. Further optical charac-
terization with normal incidence reflectance µ-UV–vis spectros-
copy (Figure 1f) elucidates the size-dependent properties. As the 
particle diameter increases, the stop-band peak gradually shifts 
to higher wavelengths. The position of the peak with respect 
to the reaction time of the corresponding fraction follows a 
linear trend (Figure 1g). Considering the linear dependency of 
the lattice spacing and wavelength in the Bragg–Snell Equa-
tion,[25] this corroborates the similar trend observed for the DLS 
results. Scanning electron microscopy (SEM) images of four 
selected PCs (Figure 1h) illustrate the monodisperse nature and 
hexagonal symmetry as well as the controlled increase of the 
particle size. An overview SEM image (Figure  S5, Supporting 
Information) shows large domain sizes. Altogether this pre-
liminary evaluation of the extracted fractions shows that the 
gradual increase of the particle size can be retained in a thin 
tube via CrEEP. Prevention of mixing thereby ensures that the 
monodisperse nature is maintained and allows self-assembly to 
form photonic structures.

After the CrEEP, a gradient colloidal dispersion is stored 
inside the extraction tube in a size-sorted manner. We now pre-
sent a straightforward self-assembly process to transform this 
gradient dispersion into a colloidal glass with a smooth and 
continuous gradient. Our semicontinuous filtration technique 
involves dilution and subsequent filtration of each fraction. 
This allows us to fabricate a free-standing colloidal glass film 
with a gradually increasing particle size from top to bottom 
(Figure  2a; Figure  S6a, Supporting Information). A sample  
3.5 cm in diameter and with a thickness of 110 ± 5 µm is 
thereby obtained (Figure S6b, Supporting Information).

We demonstrate the successful fabrication of the intended 
gradient colloidal glass by laser scanning confocal microscopy 
(LSCM)[39] across the edge of a broken gradient film. An overlay 
of the height image obtained via laser-scanning and white 
light microscopy images from various focal positions provides 
a simple and intuitive impression (Figure  2b; Figure  S7, Sup-
porting Information). Complementary to the colorful appear-
ance observed for self-assembled particles of separate fractions, 
we find structural colors continuously ranging from blue to red, 
reminiscent of a rainbow. The top and bottom faces appear blue 
and red, respectively, corresponding to the particle size of the 
first and last fraction. The addition of a broadband absorber 
is known to counteract the effect of diffuse scattering.[40] We, 
therefore, improve the saturation of the side-view structural 
colors by a thin layer of carbon (10 nm) on the surface of the 
cross section  (Figure  S8, Supporting information). While the 
colloidal glass filtration is conducted in a semicontinuous 
way, we do not observe any layering or stepwise particle size 
increase. As outlined in the gradient dispersion synthesis, the 
mean particle size changes with <1 nm from fraction to frac-
tion, which is too small to be resolved analytically. Another 
advantage of the filtration approach is that a large sample can be 
prepared with homogeneous gradient properties. The colloidal 
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gradient and hence the photonic properties are identical when 
examining cross sections via LSCM at several different macro-
scopic positions along the length of the filtered film (Figure S9, 
Supporting Information).

SEM images of selected positions along the cross sec-
tion  (Figure  2c) provide structural insights into the origin of 
colors in the gradient. The filtration assembly forces random 
aggregation of particles and thus a disordered structure. We 

Adv. Mater. 2023, 35, 2208745

Figure 1.  Characterization of equidistant fractions after the controlled emulsion extraction process (CrEEP). a) Snapshot of fractions during the extrac-
tion process showing even separation by air bubbles. b,c) Hydrodynamic diameter (DH) and polydispersity index (PDI) obtained from DLS measure-
ments of every 10th fraction. The reaction time noted here corresponds to the CrEEP starting with the gradual monomer addition. A linear fit shown 
in red elucidates the highly controlled nature of the gradual seeded growth. The polydispersity remains below 5% and is independent of the reaction 
time. d) Light microscopy images of these fractions after drop-casting showing size-dependent structural colors typical for colloidal crystals. Scale bar: 
100 µm e) Photographs of the samples measured in (d) at different angles between camera and light source. f) µ-UV–vis reflectance spectra of the 
drop-cast fractions showing a gradual red-shift of the stop-band as the particle size increases. g) Peak position of the stop-band versus reaction time 
showing a linear relation. This stands in accordance with the DLS measurements and particle size. h) SEM images of selected drop-cast fractions. 
Insets show the corresponding light microscopy images. Both the increase in absolute size, as well as the consistently monodisperse nature, can be 
observed in the self-assembled colloidal crystals showing hexagonal symmetry.
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attribute this to the fast kinetics of the filtration process and 
the absence of capillary forces.[22] The result is a photonic glass 
that consists of monodisperse, dielectric Mie scatterers and 
shows a position-dependent resonance frequency. Measure-
ment of particle diameters at equidistant z-positions along the 
cross section allowed statistical evaluation of the change in size 
(Figure  2d; Figure  S10, Supporting Information). Two impor-
tant observations can be made here: 1) The position-dependent 
particle size shows a linear trend. This, once more, empha-
sizes the high degree of control during synthesis and assembly. 
We achieve this linearity by careful optimization of the CrEEP 
(details are outlined in Figure  S11, Supporting Information). 
2) At any given z-position, all particles are nearly monodis-
perse, underlining the performance of the fractionation in 
our process. The efficiency of fractionation is better than the 
polydispersity of the emulsion polymerization itself; hence the 

overlap of individual fractions is continuous. The result is one 
of the significant features presented in this work: the circum-
vention of discrete steps in a gradient particle assembly. The 
photonic glass shown here is consequently a fully continuous 
gradient structure.

For a full characterization analogous to that of discrete 
fractions, we show local µ-UV–vis reflectance spectra at equi-
distant positions along the gradient material (Figure  3a; 
Figure  S12,  Supporting Information). As the particle size 
increases, the reflectance peak shows a gradual red shift 
(Figure  3b). This positional dependency is linear, (Figure  3c) 
which correlates with the linear change in diameter exam-
ined via SEM evaluation. Compared to the spectra of colloidal 
crystals in Figure  1f, the width of these peaks is significantly 
larger. We attribute this to the short-range order and also 
partly to the fact that the measurement averages over a range 

Adv. Mater. 2023, 35, 2208745

Figure 2.  Gradient photonic glass prepared via semicontinuous filtration. a) Schematic illustration of the z-gradient structure resulting from the gradual 
assembly process. b) Light microscopy images of the top and bottom surface as well as the cross section showing the gradual transition of structural 
color throughout the entire visible spectrum. c) Representative SEM images of the colloidal assembly at the positions indicated in the cross-section. 
d) Size distribution of particles at equidistant positions along the gradient as obtained from the SEM images in Figure S10 (Supporting Information). 
At each position, more than 100 particles were measured. Outliers are shown as black diamonds.
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of 10 µm, thereby covering a particle size increase of ≈8 nm 
in each area. The latter effect becomes more obvious when 
increasing the spot size (Figure S13d, Supporting Information). 
Averaging over half the cross section  thereby naturally results 
in further peak broadening. Spectra obtained from samples 
without carbon-coating show stronger diffuse scattering, most 
visible toward smaller wavelengths (Figure  S13a,c, Supporting 
Information).

The fact that isotropic colloidal assemblies exhibit no discrete 
peaks in Fourier space and, therefore, produce non-iridescent 
colors can be a significant advantage.[16] We examine this prop-
erty by tilting the cross section  of a gradient photonic glass 
under a microscope and conducting LSCM measurements at 
different viewing angles from 0 to 50° (Figure 3d–g; Figure S14, 
Supporting Information). This approach is similar to previ-
ously shown characterization methods of colloidal supraparti-
cles.[41] Unlike the results obtained for the iridescent colloidal 
crystals in Figure  1e, the coloration remains unchanged and 
ranges between blue and red at all viewing angles. In summary, 
the local characterization reveals that the gradient colloidal 
glass exhibits angle-independent reflectivity throughout the 
visible spectrum.

We now compare the diffuse reflectance from the top surface 
of the colloidal gradient glass with different reference samples 
(Figure  4a–f) to establish how the continuous mesostructure 
affects the optical properties. Homogeneous, non-gradient sam-
ples are prepared via filtration of pure small (224 nm) and large 
(304 nm) particles, respectively. Additionally, these particles are 

used for the fabrication of a statistical, binary mixture as well 
as a bilayer sample. The CrEEP technique is applied to prepare 
two different samples: 1) a statistical “gradient mixture” via 
mixing of all fractions and subsequent filtration and 2) the con-
tinuous gradient material discussed in Figure 2 and Figure 3. 
The two CrEEP-syntheses are shown to be identical via UV–vis 
spectroscopy and DLS measurements of the particles in the 
respective first and last fractions (Figure S15, Supporting Infor-
mation). The film thickness is 112 ± 3 µm throughout all sam-
ples (Figure S16, Supporting Information).

The single-component sample consisting of small particles 
shows an intense blue color, whereas the large particles result 
in a less saturated red appearance. The latter is more compro-
mised by diffuse light scattering and, therefore, appears fainter. 
The UV–vis diffuse reflectance spectra of these samples show 
distinct peaks at 420 and 580 nm, respectively (Figure  4g), as 
expected from the increase in diameter.[42]

Next, the two disordered structures, both binary and gradient 
mixture, are compared. Microscopy images of cross sections of 
the two show a white color. However, the reflectance spectra 
reveal a pronounced difference (Figure  4h), even though both 
samples comprise particles in the same size range. The binary 
mixture almost exclusively results in a profile characteristic for 
diffuse scattering. A slight shoulder at 550 nm hints toward a 
rather weak contribution of coherent scattering. Conversely, 
in the case of the gradient mixture, a distinct peak at 515 nm 
can be observed. This lies roughly in the middle of the peaks 
observed for the pure small and large particles, respectively. 

Adv. Mater. 2023, 35, 2208745

Figure 3.  Local optical characterization of the gradient photonic glass. a) Microscopy image of a carbon-coated cross-section illustrating the spot size 
and position where individual spectra were obtained. b) Local spectra and c) wavelengths of the peak maxima showing a linear red-shift from the top 
to the bottom of the gradient. d) Microscopy setup used to examine different viewing angles of one gradient cross-section to prove the angle independ-
ence of the structural colors. e,f) Resulting overlay of height and white light microscopy images obtained via LSCM of a sample tilted between 0 and 
50°. The color range of the gradient remains between blue and red, independent of the viewing angle.
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two pure SEM measurements show a statistical mixture of all 
particle sizes and no segregation (Figure S17, Supporting Infor-
mation), corroborating that this coloration must be attributed 
to coherent scattering of the isotropic assembly. We rationalize 
the difference via the degree of disorder, elucidated by the pair 
distribution function, g(r) of the two types of colloidal glasses. 
Simple 2D simulations (Figure  S18, Supporting Information) 
of both cases and subsequent g(r) evaluation[43] show that the 
binary mixture shows a pair correlation function limited to a 
set of distinct pairs: small–small, small–large, and large–large. 
No additional peaks can be observed in subsequent coordina-
tion spheres. In the gradient mixture, peaks in the g(r) can be 
observed up to the 5th coordination sphere. Since phase corre-
lation and constructive interference of scattered waves depend 
on the short-range order[8] this results in a more pronounced 
peak in the reflectance spectrum.

Lastly, we compare the bilayer and the gradient sample 
(Figure  4i). The former represents the most extreme case of 
a stepwise gradient, while the latter is the fully continuous 
counterpart. In both cases, the sample is oriented, so that 
the smallest particles are on top. The reasoning behind this 
is that waves of shorter wavelengths (blue light) are affected 
more by diffuse scattering of the large particles. Small par-
ticles that show Mie resonance at these frequencies should, 
therefore, interact with the light first.[26] The spectrum of the 

bilayer shows two discrete peaks at the same wavelengths as 
the single-component reference samples. This proves that the 
diffuse reflectance measurements are sensitive to photons 
coherently scattered in lower regions of the sample. This is 
possible due to an increased ratio of single- and multiple scat-
tering events caused by the short-range order and near-field 
effects.[13] These observations also hold for the interpretation of 
the optical properties of the gradient photonic glass. Here, we 
see a plateau over the full region between the two peaks of the 
bilayer. Unlike in the bilayer, no local minima and maxima are 
observed. Instead, a uniform reflectance results over the visible 
range. We attribute this unique property to the gradual mes-
oscale structure of this material. In comparison, step-gradient 
samples prepared via deposition of discrete layers always show 
distinct peaks (Figure  S19, Supporting Information). The gra-
dient spectrum is in accordance with the local optical charac-
terization, as the plateau of the diffuse reflectance spans the 
same wavelength range as the maxima of peaks measured 
along the cross section  in Figure  3b. Additionally, the plateau 
and general shape closely resemble the reflectance spectrum 
obtained from a non carbon-coated cross section  measured 
with a large spot size (Figure  S13c, Supporting Information). 
This implies the applicability of such a gradient material as a 
broadband reflector in a wavelength range of choice. We con-
firmed this possibility by a separate CrEEP synthesis with an 

Adv. Mater. 2023, 35, 2208745

Figure 4.  Diffuse reflectance UV–vis spectroscopy of colloidal assemblies prepared via filtration. a,b) Cross section light microscopy images of samples 
consisting of monodisperse particles. c) Disordered, binary mixture of these reference particles. d) Sample prepared by mixing all fractions obtained 
from the semibatch emulsion polymerization prior to filtration. e) Bilayer of small and large particles. f) Gradient sample prepared via the presented 
semicontinuous filtration approach after semibatch emulsion polymerization. g–i) UV–vis diffuse reflectance spectra of all samples measured with an 
integrating sphere. The inset in (i) elucidates the measurement geometry.
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extended size range from 220 nm up to 450 nm (Figure  S20, 
Supporting Information). The gradient colloidal glass, conse-
quently, covers a much broader spectral range compared to the 
system outlined here (Figure  S21, Supporting Information). 
The critical role of the mesoscopic structure becomes apparent 
when directly comparing the gradient superstructure to the 
gradient mixture (Figure  S22, Supporting Information). Self-
assembly of a gradient particle dispersion mixture without an 
additional mesoscopic gradient does not show a plateau in the 
visible range. Furthermore, the diffuse reflectance of the gra-
dient photonic glass is superior to the disordered case across 
the entire spectral range.

Enhanced scattering of visible light is of great importance in 
fields such as thin reflective coatings and passive cooling appli-
cations.[44,45] Beside the use of high-n materials such as titania, 
recent studies have examined alternative approaches such as 
the variation of the particle morphology of low-n materials to 
improve the scattering performance.[21,46] An alternative/com-
plementary approach is our optimized mesostructure. The gra-
dient colloidal glass provides a tuneable approach to enhanced 
broadband reflectance, opening an alternative approach to 
create the whitest white. The fabrication proceeds without any 
stacking faults or cracks that can arise during the much more 
complicated fabrication of multilayer inverse opals or (2+1) 
photonic crystals.[15,25] Recent theoretical work has examined 
the passive cooling properties of gradient particulate assem-
blies.[33] These simulations are corroborated by our observation 
that the gradient colloidal glass shows superior diffuse reflec-
tance compared to the mixed case. Overall, gradient mesostruc-
tures are a highly attractive materials class from which novel 
applications in the field of wave–matter interaction, granular 
mechanics, and filtration can be expected. This interest will be 
further expedited by the fact that this type of gradient can con-
ceivably be assembled using any type of particle that can be fab-
ricated via seeded growth.

3. Conclusion

We have introduced a general method that makes use of a 
previously untapped feature of colloid synthesis. The time-
dependent growth of colloidal particles is stored in a thin 
extraction tube prior to self-assembly. The self-assembly pro-
cess retains the gradual dispersion composition and provides 
access to fully continuous mesoscopic gradients. Local optical 
and structural characterization corroborated the gradient meso-
structure, and diffuse reflectance measurements showcased the 
unique broadband reflectivity. Our method will be of imme-
diate relevance for a broad interdisciplinary community inves-
tigating and optimizing photonic glasses toward highly efficient 
scattering systems[44,46] with potential applications in areas 
such as passive cooling.[45,47] Considering the generality of our 
synthetic approach, we expect that a wide range of novel, func-
tional materials with a gradient composition will become avail-
able that reach far beyond model polymeric particles. Perfecting 
the self-assembly process may lead to elusive chirped colloidal 
crystals,[32,48] while infiltration can provide further insight as to 
the superior mechanical properties of composite and porous 
graded materials.[49,50]

4. Experimental Section
Materials: Water used in this work was of Millipore quality. 

Methyl methacrylate (MMA 99%), sodium styrene sulfonate (NaSS, 
99.99%) and potassium persulfate (KPS, 99.99%) were obtained from 
Sigma Aldrich.

Seed Particle Synthesis: A 100 mL three-necked flask equipped with a 
reflux condenser and septa was loaded with 48 mL water and degassed 
for 75 min under a constant nitrogen stream at 80 °C and 650 rpm 
stirring speed. With 5 min of equilibration time between each addition, 
the following reactants are added: 1) 2 mg NaSS in 1 mL water, 2) 1.7 mL  
MMA, 3) 40 mg KPS in 1  mL water. The reaction was then allowed to 
proceed for 30 min before the semibatch process was initiated.

Semibatch Growth and Extraction: The setup preparation proceeds 
before the seed synthesis is started, so no oxygen enters the system 
between seed synthesis and gradual growth. Silicone tube (2  m) with 
an inner diameter of 2  mm was attached to a syringe, and both were 
filled with water. The free end of the tube was inserted through a septum 
and dipped into the reaction mixture. The cannula used for the injection 
of air was bent and inserted into this end of the tube. Two processes 
were started simultaneously after the 30 min of seed synthesis:  
1) Monomer feed was initiated, and 3.0 mL MMA was added at 3.0 mL h−1.  
2) Extraction was initiated, and 5.0 mL were drawn into the tube at  
5.0 mL h−1. Air fractions of 16 µL were pumped into the tube end every 
30 s. This resulted in 5–6 drops of monomer being added during the 
time it took to extract one fraction. After 60 min, 110 fractions were 
stored in the tube with a gradually increasing size of polymer latex 
particles. For the extended size range, the reaction proceeds analogously 
while adding 6.0 mL MMA at 6.0 mL h−1. The introduction of air-
bubbles to fractionate the extracted particle dispersion improved the 
particle size monodispersity during the filtration process (compare 
Figure S4, Supporting Information). It eliminated a boundary layer at 
the tube solid–liquid interface with zero flow velocity and quenches the 
polymerization. In combination with the laminar flow inside the tube any 
turbulent mixing was effectively suppressed by this technique and the 
extracted size distribution was retained.

Semicontinuous Filtration Assembly: The setup used for the filtration 
mediated self-assembly can schematically be seen in Figure  S6 
(Supporting information). The tube, filled with all fractions and 
still connected to the syringe, was used directly after the synthesis. 
Dispersion droplets were slowly pumped into an intermediate vessel 
at 0.4 mL h−1. Water was simultaneously added dropwise at 60 mL h−1. 
During dilution, the dispersion was mixed, and upon reaching a total 
volume of 5 mL, the vessel was periodically emptied via a Pythagorean 
cup mechanism. The diluted dispersion was thereby transferred into a 
vacuum filtration setup, and particles were deposited on a hydrophilized 
poly(tetrafluoroethylene) (PTFE) filter (Omnipore) with a pore size 
of 200 nm. The timing was adjusted, so that the filter process was 
completed before the next emptying of the intermediate vessel. During 
this time, the assembly did not dry but remained an aqueous paste. 
After completion, the swollen particle film was transferred from the filter 
via pressing and adhesion to a poly(dimethylsiloxane) (PDMS) substrate 
from which it could be removed after drying.

Reference samples were prepared via filtration of diluted dispersions 
of the seed particles and/or the particle dispersion remaining in the 
reaction vessel after the termination of the semibatch process.

Drop-Casting: Rapid self-assembly of every 10th fraction was done 
by direct drop-casting of 2 µL dispersion onto a clean glass substrate 
preheated to 80 °C.

Dynamic Light Scattering: Diluted dispersions were measured with 
a Zetasizer (Malvern) with 175° backscattering geometry to obtain the 
hydrodynamic diameter and the size distribution of the latex particles.

Viscosimetry: The relative viscosity of two dispersions with small 
(224 nm) and large (304 nm) particles in water was determined with 
an Ubbelohde viscosimeter at 30 °C. An Ubbelohde capillary type 
0c in combination with a visco-clock was used to determine the 
flow times, respectively. The relative viscosity of the dispersion was  
calculated by ( / )Disp. H O H O2 2

t tη η= .
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Carbon-Coating: A Leica EM ACE 600 coater with planetary stage 
and quartz crystal thickness measurement was used to deposit carbon 
nanolayers on the cross sections  of samples with a sub-nanometer 
thickness accuracy.

Laser Scanning Confocal Microscopy: Both 2D color images, as well as 
3D-reconstructed images, were obtained using a laser scanning confocal 
microscope (Olympus, OLS5000) with a white light source as well as a  
405 nm laser, respectively. Cross sections  were examined using a  
50× lens with N.A. 0.95, and for the reconstruction, a pitch size of 0.12 µm 
was applied.

Scanning Electron Microscopy: Images were obtained with a Zeiss 
Leo 1530 (Carl Zeiss AG, Germany) at operating voltages of 1–3 kV and 
both in-lens as well as secondary-electron detection after sputtering of  
2 nm of platinum.

Micro UV–vis Spectroscopy: UV–vis spectra of drop-cast suspensions 
were measured on an Olympus IX71 inverted microscope with a 4× lens 
(numerical aperture (NA) 0.10) in reflection geometry with a halogen 
light source. An OceanOptics USB4000 spectrometer was coupled via 
fiber optics.

The local measurements of the gradient cross section were conducted 
using a Zeiss Axio Imager Z2 light microscope with either a 20× lens 
(NA 0.5, EC Epiplan-NEOLFLUAR, Zeiss) or a 50× lens (NA 0.55, LD EC 
Epiplan-NEOFLUAR, Zeiss). Spectra were measured using an MCS CCD 
UV-NIR Spectrometer (Zeiss, Germany) coupled to the light microscope. 
The spot size was further adjusted using mechanical apertures in the 
optical path toward the detector. A silver mirror was used as reference.

Diffuse Reflectance Spectroscopy: Diffuse reflectance spectra were 
collected with a Cary 5000 UV–vis spectrometer (Agilent Technologies) 
in combination with an integrating sphere accessory (Labspheres). 
The samples were mounted at the reflectance port of the sphere after 
adhesion to a glass substrate with carbon adhesive tape. As a reference, 
a Spectralon diffuse white standard (Labspheres) was used.

2D Simulation of Particle Assemblies: 2D-rigid body physics of circles with 
different diameters falling into a rectangular basin were simulated using the 
Pymunk library in Python 3. Circles were initiated as dynamic bodies one after 
the other at a random x-position at the top of the plane. They experienced 
only downward directed gravitational force as well as rigid body interactions 
with other circles as well as the walls and floor of the basin. A total number 
of 4000 particles were simulated in each case in a basin measuring  
1500 × 1000 units. The diameters were set to one of two specific integers  
(8 and 12) with a probability of 50% each for the binary case (Figure S18a,b, 
Supporting Information) and to random floating-point numbers between  
8 and 12 for the mixed gradient case (Figure S18c,d, Supporting Information). 
The crystalline assembly was simulated by letting circles with a diameter 
of exactly 10 fall into the basin (Figure S18e,f, Supporting Information).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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