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The exceptional properties of hydrogel colloids are exploited for the formation of tailor-made 2D colloidal

crystals. The presented strategy facilitates the self-assembly of hydrogel colloids into highly ordered arrays
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in which the lattice constant and the diameter of the employed colloids can be independently adjusted by

solely chemical means providing easy access to complex nanostructures.
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Colloidal lithography is a well-established technique for fabri-
cating nanostructured surfaces (reviewed e.g. in**). The appeal
of this bottom-up approach is based on its simplicity, time- as
well as cost-efficiency and its applicability to structuring large
surface areas. In general it exploits the self-assembly of hard
spheres such as silica® or polystyrene® nanoparticles into
ordered two-dimensional arrays. Different methods were
utilized for assembling and depositing the colloids onto
surfaces such as the Langmuir-Blodgett approach®” pioneered
by e.g. Mohwald,® dip coating,” spin coating,'®"* and lift-off from
interfaces."* Most often hexagonally close-packed colloidal
monolayers were prepared but also other arrangements
including loosely packed hexagonally ordered arrays™ and
square arrays'>'® were realized by carefully choosing appro-
priate deposition parameters including ionic strength, pH, and
concentration of the colloidal solution. In order to generate
loosely packed hexagonally ordered arrays of hard spheres very
often previously deposited close-packed arrangements were
reworked with reactive ion etching'” or thermal treatment.*® The
latter provides more elaborated nanostructures. Also the degree
of order of the resulting array depends strongly on the fabri-
cation process and at least two requirements have to be fulfilled
in order to obtain colloidal arrays composed of hard spheres
with a minimal amount of defects: highly monodisperse
spheres and a clean environment (if possible free of dust).

An elegant way to promote the formation of defect-free
colloidal crystals is the utilization of soft spheres for their
production. Their softness and compressibility facilitate the
dissipation of defect energies over long distances. Thereby the
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formation of dislocations in the crystal lattices by point defects,
resulting from e.g. contamination of the surface with dust
particles, is prevented.' For example, by assembling stimuli-
responsive hydrogel microgels composed of poly(N-iso-
propylacrylamide) (polyNIPAM) at an air/liquid interface and
applying mechanical shear 2D colloidal crystals with excep-
tional long-range order on large areas were obtained.” The
assembly of hard spheres into hexagonally ordered, close-
packed monolayers at air/liquid interfaces has already been
extensively studied.**>* Also the Langmuir-Blodgett technique
was successfully transferred to arranging polyNIPAM nano-
spheres into highly ordered lattices.”® Moreover, this method
allowed a very precise control of the polyNIPAM interparticle
distance. However, the diameter of the hydrogel colloids in this
publication was controlled by reactive ion etching even though
it has already be shown for single polyNIPAM microspheres
adsorbed on glass substrates that their diameter can be
changed by immersion and drying in certain solvents.”®

In this work, a new technique referred to as soft colloidal
lithography (SCL) is presented which allows for preparing 2D
colloidal crystals with independent control over lattice
constants and colloid diameters by taking advantage of the
remarkable properties of polyNIPAM colloids. Solely chemical
stimuli supply the necessary external preconditions in order to
vary both parameters in the resulting highly ordered, loosely
packed colloidal array. Hence, SCL paves the road to the simple,
fast, and cost-efficient fabrication of tailor-made 2D colloidal
crystals which can be utilized to obtain highly desired photonic
metamaterials.

The process of SCL is schematically shown in Fig. 1. Briefly,
polyNIPAM microgels were wet-chemically synthesized accord-
ing to Pelton et al.”” and adapted from Kim et al.*® (details of the
synthesis can be found in the ESIf). Two different types of
polyNIPAM microspheres were thereby obtained which were
investigated throughout this work: on the one hand polyNIPAM
colloids with a diameter of ~1 pm and on the other hand
anionic polyNIPAM colloids with a diameter ~2 um. To guar-
antee the formation of highly ordered 2D colloidal crystals,
polyNIPAM microspheres were pre-assembled at an air/liquid

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Soft colloidal lithography (SCL). PolyNIPAM colloids are self-
assembled into highly ordered arrays at an air/liquid interface and
subsequently deposited onto glass substrates using dip coating or spin
coating. The diameter of the polyNIPAM colloids was varied by the
deposition parameters, e.g. the temperature, without changing the
lattice constant of the 2D colloidal crystal. Localized tuning of the
diameter of the polyNIPAM colloids was achieved by treating the
substrate surface with liquids inducing swelling or collapse of the
hydrogel.

interface by addition of ethanol to the colloidal dispersion. The
resulting hexagonally ordered loosely packed array of poly-
NIPAM colloids was mechanically annealed and afterwards
transferred onto cleaned glass cover slips using dip coating or
spin coating.*

In Fig. 2 images of hexagonally arranged polyNIPAM arrays
on glass substrates are displayed which were obtained by
scanning electron microscopy (SEM) detecting backscattered
electrons.

Both arrays were prepared using polyNIPAM colloids with
a diameter of ~2 pm which were pre-assembled on a glass
substrate and transferred onto a water surface at a defined
temperature.

Then the polyNIPAM monolayer was deposited onto glass
substrates via dip coating. During this process the temperature
of the water on which the pre-assembled polyNIPAM colloids
floated was changed from 20 °C (Fig. 2a) to 50 °C (Fig. 2b).
Details of the procedure are given in the ESI (Fig. S21t).

The influence of only this one parameter on the resulting 2D
colloidal crystal is striking. The resulting colloidal arrays are
characterized by their high degree of order, low variation in

a) b)

Fig. 2 Scanning electron micrographs of polyNIPAM colloids depos-
ited onto glass substrates at different temperatures using dip coating:
(a) deposition at 20 °C and (b) deposition at 50 °C. Scale bar: 5 um.
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their periodicity, and their significant change in the diameter of
the polyNIPAM colloids.

To get quantitative results for the geometrical arrangement
of these arrays, the periodicity of the lattice and its degree of
order was extracted from several SEM images according to
a published method.>** Briefly, the position of each polyNIPAM
colloid in the array was determined using an algorithm imple-
mented in the software Image] which served as basis for
subsequent calculation of the radial distribution functions. All
prepared colloidal arrays showed a very high degree of order
(see Fig. S1a and bt). The lattice constant of the polyNIPAM
colloids was determined to be 1.2 pm + 0.1 um whereas the
anionic polyNIPAM colloids assembled into an array with
a higher periodicity of 2.1 pm + 0.1 pm. The diameters of the
polyNIPAM colloids on the surface were analyzed using the
routine of Image]. If a deposition temperature of 20 °C was
used, the diameter of the deposited colloid types was deter-
mined to be 0.72 um 4 0.02 pm and 1.15 pm =+ 0.09 pm for
polyNIPAM and anionic polyNIPAM colloids, respectively. By
changing the deposition temperature to 50 °C a reduction in the
diameter of both types of polyNIPAM colloids was achieved:
0.61 um =+ 0.04 pm for polyNIPAM colloids and 0.83 pm =+ 0.13
um for anionic polyNIPAM spheres. Similar results were ob-
tained using spin coating which are presented in the ESI (Fig. S3
and S4t). The large difference in the diameters of the poly-
NIPAM colloids at different temperatures is based on the
stimuli-responsive properties of polyNIPAM which can react to
small differences in its environment, including temperature,
PH, and ionic strength of the dispersion, with an abrupt volume
change (reviewed e.g. in*'). This exceptional response of poly-
NIPAM is based on altering the balance between hydrophilic
and hydrophobic interactions in the polymeric network. Also
polyNIPAM colloids adsorbed to a glass surface change their
volume (reviewed e.g. in*?). In Fig. S61 AFM images of anionic
polyNIPAM microspheres deposited at different temperatures
onto glass surfaces are displayed. The cross-section demon-
strates that not only the diameter of the anionic polyNIPAM
colloids (‘footprint’) but also their height varies considerably:
82 nm + 3 nm for arrays fabricated at low temperatures and
160 nm + 7 nm for arrays prepared at high temperatures, for
example. These results are in accordance with published values,
which were obtained for similar experiments on the volume
changes of polyNIPAM colloids on glass surfaces which were
induced by other stimuli.*®

However, the lattice constants of the obtained polyNIPAM
arrays are not significantly influenced by the deposition
temperature (Fig. S5t). This behaviour is intuitively unexpected
but has already been reported for the assembly of large poly-
NIPAM colloids at oil/water interfaces. Here, polyNIPAM
colloids change their shape and develop a flattened morphology
based on their amphiphilic properties. Depending on the soft-
ness (cross-linking density) of the polyNIPAM colloids their
peripheral shells can overlap to a different extent leading to
a constant interparticle distance in the formed hexagonal
array.*»*

Moreover, the diameters of polyNIPAM colloids on glass
substrate surfaces were gradually changed. For this purpose
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a pre-assembled colloidal polyNIPAM monolayer was deposited
onto the surface of a temperature-controlled water bath. Then
the polyNIPAM monolayer was transferred onto a glass
substrate using dip coating. During the dip coating process the
temperature of the water bath was gradually changed. In Fig. 3
SEM images of highly ordered polyNIPAM arrays at different
positions of the glass substrate, which correspond to increasing
water bath temperatures, are displayed.

Variations in the colloidal diameter can be easily noticed.
Quantitative results for the polyNIPAM microsphere diameters
and the lattice constants are shown in Fig. 4a and b, respec-
tively. Whereas the diameter of the deposited polyNIPAM
colloids changes gradually, the variation in the interparticle
distance is not significant. By trend the lattice constant seems to
increase with increasing temperature. This observation could
be attributed to a change in the density of the polyNIPAM
microsphere array during dip coating. Zhang et al. and others
already demonstrated that the density of a colloidal polyNIPAM
monolayer determines the lattice constant of the 2D colloidal
crystal.”?®

The diameter of polyNIPAM colloids absorbed on a glass
surface can also be changed locally providing a chemical route

20°C

45°C

Fig. 3 SEM images of polyNIPAM colloids deposited onto glass using
dip coating. During the deposition the temperature of the water, on
which a pre-assembled polyNIPAM colloidal monolayer floated, was
gradually changed. SEM images of the sample were taken at different
positions of the glass substrate, reflecting different temperatures.
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Fig. 4 Diameter of polyNIPAM colloids (a) and lattice constants (b) of
prepared loosely packed colloidal arrays as a function of deposition
temperature during dip coating.

to more complex structures. Fig. 5a shows a SEM image of
a loosely packed polyNIPAM microsphere array which has been
prepared at 20 °C and subsequently treated locally with
a mixture of ethanol/bidest. Water containing 20 vol% ethanol,
i.e. placing a droplet at RT onto the substrate surface followed
by drying at RT. On the right hand side of the image the
diameter of the polyNIPAM microspheres is significantly larger
than on the left hand side. A histogram of the polyNIPAM
diameters present on the substrate surface is displayed in
Fig. 5b and demonstrates the bimodal distribution. The process
works also vice versa. PolyNIPAM colloids which have been
deposited at 40 °C onto the substrate surface have a diameter of
~0.8 um which can be changed to ~1 um by water treatment at
RT (Fig. 5¢ and d).

The lattice constant of the colloidal array is not influenced by
locally applying water to the substrate surface and drying the
sample at RT. Moreover, the swelling/collapse of polyNIPAM
colloids deposited on glass substrates is reversible in accor-
dance with published results on the thermoinduced behaviour
of single polyNIPAM colloids adsorbed on surfaces.*

0.
diameter / pm

Fig. 5 SEM images and corresponding histograms of polyNIPAM
colloids on glass substrates whose diameter was changed locally. (a)
SEM image of polyNIPAM colloids deposited at RT and locally treated
with 20 vol% ethanol in water. (b) Distribution of the diameter of the
polyNIPAM colloids shown in (a). (c) SEM image of polyNIPAM colloids
deposited at 40 °C onto the glass substrates which have locally be
swollen after applying a water droplet at RT. The corresponding
histogram is shown in (d).
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Conclusions

To summarize, the first example of independent control of
interparticle distance and particle diameter in highly ordered
2D colloidal crystals using solely chemical methods is demon-
strated. Highly ordered hydrogel microsphere arrays were ob-
tained by self-assembly at an air/liquid interface and the
diameter of the colloids was controlled by the deposition
protocol. By changing the temperature during the transfer of
the hydrogel microgel monolayer onto the substrate surface the
diameter of the colloids was successfully tuned gradually as well
as over the whole substrate surface. Furthermore, by placing
small droplets of a ethanol/water mixture onto a 2D colloidal
crystal made of hydrogel microspheres, their diameter was
locally changed suggesting a promising application of the pre-
sented method to the fabrication of photonic metamaterials
using e.g. metal-assisted etching (MAE) of silicon.
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