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Highly Ordered 2D Microgel Arrays: Compression versus Self-Assembly
Karen Geisel, Walter Richtering, Lucio Isa*
A microgel monolayer at the oil-water interface is prepared using two adsorption methods and

visualized by cryo-SEM and AFM methods. Hexagonal microgel arrays of different degrees
of ordering are gained.
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applications, ranging from particle lithography to stabilizers in foams or emulsions. In addition to
DOI: 10.1039/X0XX00000X commonly used “hard” colloids, soft polymeric particles like microgels are attracting increasing

attention due to their potential for the fabrication of tailored and responsive assemblies. In particular,
www.rsc.org/ regular hexagonal arrays of microgels have been previously deposited after assembly at a fluid
interface. While the arrangement cannot be easily controlled after adsorption and self-assembly from
the bulk phase, specific structures can be achieved by compressing an interfacial microgel monolayer
spread in a Langmuir trough and by transferring it onto substrates at distinct compression states. The
degree of ordering after compression surpasses the one that is reached after self-assembly from the
bulk and is, in general, independent from the presence of charges and different microgel morphologies.
As a consequence, by monitoring the surface pressure during compression it is possible to produce
highly ordered microgel arrays where the interparticle distance can be systematically and externally
controlled.

Introduction (e.g. temperature or pH) indicate that they have high potential
to outperform hard particles in terms of surface patterning
through self-assembly at interfaces. Previous studies have in
fact shown that solid particles can be assembled into regular
close-packed and non-close-packed arrays at liquid-liquid
interfaces, which can be subsequently deposited onto solid
substrates and used as lithography masks.'*"'’

Microgels have also been shown to form very regular patterns
on solid substrates when they are assembled from a drying
droplet or by spin-coating'®*** and can also be subsequently
patterned into more complex structures by micro-contact
printing.”® Microgel arrays find use in a vast range of
applications,* including microlens arrays,” interferometers,®
biosensing®’ and substrates for cell culture.®® In all of these
applications it is very important to be able to tune, in addition
to the microgel size, the separation between different microgels
on the substrate to achieve complete control on the material
structure. Different packing densities of microgels on the
surface have been demonstrated using a range of different
approaches, e.g. by drying droplets of different
concentrations'” ?° or using different drying procedures or
substrates.’’ Extraordinary long range ordering was also
achieved by facilitating the spreading of microgels on solid
substrates by the addition of alcohol.”® Different spacing
between particles could be reached when they were covered
with polymer shells of different thickness.'® > ** Finally,

Particle-laden fluid interfaces have been used in research and
industry since Pickering and Ramsden discovered that solid
particles can be used to provide long-term stability against
coalescence in emulsions.” 2 Since then, great effort was taken
to investigate the properties of such particle-covered interfaces,
ranging from interfacial rheology to particle arrangement.

Soft polymeric particles, like microgels, also assemble at oil-
water and air-water interfaces and lower significantly the
interfacial tension.* Furthermore, compared to hard particles,
they have additional properties at the interface due to their soft
and deformable nature.”® For instance, it has been observed
that microgels deform when adsorbed at the surface of
emulsion droplets and that enhanced emulsion stability is a
direct consequence of the deformability of the microgels at the
interface.'!” However, the degree of deformation after
adsorption at flat interfaces is not influenced by the presence of
charges in the bulk phase.'" Microgel-coated droplets of
opposite charge do not coalesce,'? and charged microgels are
less resistant to compression than uncharged ones.'> All these
unexpected features highlight the difference between microgels
and hard particles and indicate ample possibilities to employ
them for novel materials at interfaces or membranes.® 14

In particular, the high affinity of microgels to accumulate at
liquid interfaces and their responsiveness to external stimuli
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rotation speed during spin-coating was also found to influence
the microgel arrangement.'®

All these methods have the disadvantage that, even though
different packing densities can be achieved by concentration
variations, one cannot control directly and externally the

number of microgels at the interface (i.e. the surface
concentration); in these methods the bulk microgel
concentration is tuned to control interfacial assembly.

Furthermore, adsorption from the bulk and drying can lead to
local concentration gradients at the interface and thus affect the
final structure. It is therefore desirable to develop a method that
enables the possibility to produce monolayers with an
externally tunable particle content and separation.

First attempts to achieve the ambitious goal to produce highly
ordered interfacial monolayers of soft particles have been made
using a Langmuir trough, where surface concentration and
pressure can be monitored in situ. The particles can then be
transferred to a substrate at a desired surface pressure for
subsequent production of two-dimensional particle arrays with
a desired inter-particle distance. For example, different phases
of polymer-covered gold particles could be produced at
different surface pressures of a monolayer at the air-water
interface®® and the particle distance could be controlled by the
surface pressure of the respective particle layer at the fluid
interface. In a similar way, soft oxazoline-functionalized
poly(methyl methacrylate) microgels have been assembled at
the air-water interface and regular arrangement was imaged
with Atomic Force Microscopy (AFM).>!

Here, we report the direct assembly of soft microgel particles in
highly ordered arrays. Two methods of producing these arrays
from microgel-covered interfaces were used. In a first set of
experiments, we examined microgels at the oil-water interface
that self-assembled from the aqueous sub-phase without
external compression. The local structure of the microgels was
investigated by Freeze-Fracture Shadow-Casting cryogenic
Scanning Electron Microscopy (FreSCa cryo-SEM).*>
Secondly, a defined amount of microgels was spread directly at
the oil-water interface to form a monolayer of particles in a
Langmuir trough. The particle layer was transferred onto solid
substrates using the Langmuir-Blodgett method and the
microgel arrangement arising from different degrees of
compression was investigated by AFM.

By comparing the microstructure of the deposited microgel
arrays with the in situ measurements by FreSCa cryo-SEM we
demonstrate that the two methods yield the same results, i.e.
clear hexagonal ordering that does not depend on the pH.
However, compression and deposition lead to a higher control
on the final structure. Finally, we show that the local inter-
particle separation depends solely on the local concentration
(and thus surface pressure) at the interface, irrespective of the
assembly method. Thus, we demonstrate that controlled
interfacial microgel assemblies can be produced and deposited
from liquid interfaces.

Results

2| J. Name., 2012, 00, 1-3
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Adsorption and self-assembly from the bulk phase

The microgels contain N-isopropylacrylamide (NiPAm) as
main monomer and methacrylic acid (MAA) as comonomer,
inducing pH-sensitivity. They are uncharged at low pH and
charged at high pH due to the deprotonation of the acidic
groups. The swelling of the microgels at higher charge density
is due to the osmotic pressure and illustrated in the insets in
Figure 1. Additionally, we used a second microgel where a pure
PNiPAm shell is surrounding the P(NiPAm-co-MAA) core.
This leads to restricted swelling of the core even in the charged
state. For both particle morphologies, the distribution of the
crosslinker is not homogenous but decreases toward the
periphery of the microgel.**

Figure 1 shows an example of FreSCa cryo-SEM images of the
two microgel types at the oil-water interface in the uncharged
and in the charged state. Local ordering with hexagonal
symmetry can be observed for all samples.

Figure 1. Images of microgel particles at the water-heptane interface (seen from
the heptane side) after fracturing. Hexagonal ordering can be observed in all
cases. a: uncharged core microgel at pH 3; b: charged core microgel at pH 9; c:
uncharged core-shell microgel at pH 3; d: charged core-shell microgel at pH 9.

As detailed in the Methods section, the coordinates of each
particle’s center can be identified in every image and used to
measure several structural parameters. In addition to the local
surface concentration obtained by counting the number of
particles per unit area (N, um), the radial distribution function
g(r) can be calculated. g(r) identifies the probability of finding a
particle at a distance r from a given particle at the interface;
peaks in the distribution indicate preferred distances and are a
signature of order in the interface microstructure. An example
of a radial distribution function of charged core-shell microgel
particles at the water-heptane interface is given in Figure 2.
Several peaks are found, which imply the extension of
structural order over several particle diameters. Moreover, the
position of the peaks corresponds to the position of the peaks in
the g(r) of an ideal hexagonally packed monolayer, identifying
the local packing as hexagonal, at least at short range.

This journal is © The Royal Society of Chemistry 2012
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Figure 2. Example of a radial distribution function of charged core-shell microgel
particles at the oil-water interface; d is the microgel diameter at the interface.
Black lines indicate the peaks of a g(r) of an ideal hexagonally packed monolayer
generated numerically. The inset highlights the centers of the particles as found
from the automated particle location procedure.

Spontaneous adsorption and self-assembly can therefore
produce uniform monolayers with local hexagonal order in the
microgel layers. The method is appealing for its extreme
simplicity, but as evidenced in the FreSCa cryo-SEM images of
Figure 1, the global structure cannot be controlled and, as a
consequence, mostly locally ordered patches are found. Similar
to what has been shown for microgel-covered emulsion
droplets,*® non-uniform coverage of the oil-water interface can
be observed in some images that is due to sample preparation
(Figure S1). Measurements of the dynamic interfacial tension
(Table S1) show that the surface coverage at the interface is far
from steady state at the time where samples for FreSCa cryo-
SEM are vitrified, implying that freezing and thus imaging may
take place before microgel assembly reaches steady state.
Larger waiting times between sample loading and freezing may
increase the degree of ordering, allowing the microgels to move
and rearrange at interface after adsorption.” & *¢ A further
drawback of FreSCa cryo-SEM is that the separation between
the microgels at the interface cannot be directly controlled, but
depends on external parameters like bulk particle concentration
and adsorption time, but also on uncontrolled applied shear or
local concentration gradients (refer to the Supporting
Information for a more detailed discussion).

Systematic assembly under compression

In order to overcome these limitations and produce directly
tunable, highly ordered microgel arrays we chose a second
route. We have performed Langmuir-Blodgett experiments
where the compression of the monolayer was accompanied by
deposition of the particles at controlled surface pressures. The
microgel layer was transferred onto silicon wafers and the
deposited samples were then analyzed by AFM.

We have already shown that charges influence the behavior of a
microgel monolayer under compression. The compression

This journal is © The Royal Society of Chemistry 2012

isotherms showed the same trend in the uncharged and in the
charged state, where counter-intuitively an increase in surface
pressure was observed at lower area per particle when charges

were present in the microgel."

As this phenomenon is more
pronounced for the core microgel, only this particle type was
investigated with the Langmuir-Blodgett technique.

The compression isotherms of the core microgel layer in the
uncharged and in the charged state are shown in Figure 3.
Given the dimensions of the deposition trough, it was not
possible to explore the whole compression isotherm in one
single experiment. Different amounts of microgels were thus
placed at the interface and the resulting isotherms were
normalized to the applied amount. The surface pressure is
shown as a function of the specific area and increases with
increasing compression (i.e. with decreasing area per microgel).
The absence of full overlap between the different segments may
be due to variations in the number of microgels actually
confined at the interface after spreading (a small percentage of
the particles may fall into the bulk during spreading and/or
compression). In this context it is worth noticing that similar
amounts of nominally spread microgels can lead to varying
surface pressures and thus microgel arrangements (Figure 3b,
points D1 and D2).

Compression of a low amount of particles leads to a small
increase in surface pressure. When more microgels are placed
at the interface, the surface pressure rises more steeply until a
plateau is formed at high interfacial coverage. In the case of the
uncharged microgel, a second rise can be anticipated at high
concentration, similar to what has been observed earlier in a
different setup.'?
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Figure 3. Compression isotherms of the a) uncharged and b) charged core
microgel. The points where the microgel monolayer was transferred to a solid
substrate are indicated by arrows. Same letters indicate similar amounts of
spread microgels and the differently colored letters mark different particle
arrangements. blue: random. green: hexagonal packing with voids. red:
hexagonal packing. black: close hexagonal packing.
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Figure 4. AFM images of the transferred microgel monolayer in the uncharged
state at the points indicated in Figure 3a. The particle density increases from a to
h. Insets in images f, g and h show higher magnifications of the microgel
arrangement.

Figure 4 shows the AFM images of the transferred microgel
monolayer in the uncharged state at the points indicated in
Figure 3a. The particle density increases with the amount of
microgel at the interface from images 4a to 4h. The particles are
distributed randomly at the interface at low concentrations
(Figure 4a+b), corresponding to a low surface pressure. In any
case the underlying presence of repulsive forces can be inferred
by the absence of aggregation and the presence of a minimum
separation between neighboring particles. The microgels start to
interact when the amount of spread microgels is increased. As
soon as interactions are present, the formation of local
hexagonal microgel arrays is favored over the formation of e.g.
clusters or random close packing (Figure 4c-e). This leads to
the conclusion that soft repulsive interactions are present and
govern the arrangement. By further increase of the microgel
concentration, the packing becomes tighter until the microgels
are squeezed together at high loading (Figure 4f+g). At high
concentrations, the interface is fully covered and further
squeezing of the microgel particles is not possible. This leads to
a monolayer collapse through buckling of the interface or the
formation of multilayers. This can be inferred by the long-
wavelength height modulations in Figure 4h.

An analogous behavior is observed for the charged microgels,
where the degree of ordering in the particle layer also increases
with  particle concentration (Figure 5). The particles are
separated at low concentrations (Figure 5A and DI1). With
increasing compression, the transition between random and
hexagonal ordering can be observed (Figure 5D2) where areas
with close hexagonal packing are separated by voids. The
particles are close enough to adopt an ordered structure, but the
interface is still not completely covered with microgels. The
structure of D1 and D2 is similar to what has been observed for
microgels directly deposited on the interface from bulk, where
hexagonal packing coexists with random particle arrangement

(Figure S1). A complete hexagonal array is formed as soon as
the whole interface is covered by microgels (Figure SE). At
high concentration a close packing of the microgels is observed

(Figure 5G).
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Figure 5. AFM images of the transferred microgel monolayer in the charged state
at the points indicated in Figure 3b. The inset in G shows higher magnification of
close packed microgels. The increasing ordering is represented by clearer
oscillations in the radial distribution functions corresponding to images A and G.
Each graph reports radial distribution functions from images at three different
spots on the same substrate (red, green and black lines).
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The position of particles in the AFM images was also analyzed
to calculate the radial distribution functions. Examples are
given in Figure 5, while the remaining functions are shown in
Figure S2 and Figure S3. The various g(r) at different surface
pressures mirror the qualitative trend reported above. At low
surface pressure and high area per particle, no clear oscillations
can be observed in g(r) (Figure 5). Only a first peak is clearly
visible corresponding to the existence of a well-defined
separation between particles. The shape of g(r) is similar to the
one obtained by the random deposition of repulsive (charged)
particles.’’
pushed together and form regular structures. Correspondingly,
the oscillations in g(r) become clearer, indicating a higher
degree of ordering. In particular, clear hexagonal ordering (also
indicated by the splitting of the second and third peak of g(r),
see Supporting Information) is present at intermediate surface

With increasing surface pressure, particles are

This journal is © The Royal Society of Chemistry 2012
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pressures. At the highest surface pressures, where the particles
are closely packed, the material is polycrystalline, but retains
local hexagonal order. A comparison with microgel deposition
from dried droplets (Figure S4 and Figure S5) also reveals the
increased ordering in the case of the deposition after
compression and the relative simplicity and efficiency of
producing the LB-

technique.

regular microgel monolayers using

Discussion

As evident from Figure 4 and 5, the particle distance at the
substrates decreases with increasing compression while the
particle arrangement changes from random to highly ordered.
We can thus compare different characteristic areas in the
isotherms where the particle arrangement changes significantly.
This is indicated by the different colors of the letters in Figure
3.

Blue area: The particles do not show any ordered arrangement
but adsorb to the interface randomly. There exists a minimum
separation distance between the particles that is much larger
than the particle size.

Green area: The particles start to arrange hexagonally, but
patches of particles are separated by voids. This arrangement
marks the transition between a random and a hexagonal
structure. It shows that it is not necessary for the interface to be
covered completely with particles to achieve hexagonal
arrangement.

Red area: The interface is completely covered with microgels
that form a hexagonal pattern. With increasing particle
concentration, the distance between the particles decreases.
This leads to the conclusion that the interaction causing the
particle arrangement can be overcome by compression and
higher particle concentration.

Black area: A close arrangement of microgels is reached. The
particles are compressed against each other and the particle
distance equals their size.

Additional quantifiers can be extracted from the images to
describe further the structure of the interface. The nearest
neighbor distance (D) between particles at the interface is
identified by the position of the first peak of g(r).

This journal is © The Royal Society of Chemistry 2012
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Figure 6. Mean nearest neighbor distance as a function of the surface pressure.
D was determined from the position of the first peak in the g(r) functions
corresponding to the AFM images in Figure 4 and 5. Error bars represent the
standard deviation and were calculated from the full width of half maximum of a
Gauss fit on the first oscillation of g(r).

A plot of the mean nearest neighbor distance against the surface
pressure (Figure 6) reveals that the distance decreases with
increasing surface pressure. The higher the surface pressure, the
closer the particles are squeezed together. At low surface
pressures the particles can move freely within the interface and
maintain a high distance to each other. When the surface
pressure increases, the particles are squeezed together and the
distance between them decreases rapidly. At high compression,
a plateau in surface pressure and interparticle distance is
reached corresponding to the occurrence of very dense packing
and monolayer collapse.

Now that we have discussed the arrangement at different
surface pressures after transferring the microgel monolayer to
solid substrates, we turn to compare these results to the ones
obtained from FreSCa cryo-SEM measurements. Figure 6
already shows that there is a direct correlation between the
nearest neighbor distance and the surface pressure at which the
monolayer was transferred to the substrate. Turning our
attention to the FreSCa micrographs and the corresponding g(r)
functions, we have already commented on the fact that the
adsorption and thus the particle distance cannot be controlled
directly while the microgels assemble at the interface from the
bulk phase. Nevertheless, the local nearest neighbor distance
from the FreSCa images can be analyzed and compared to the
nearest neighbor distance from the AFM images.

The results of this comparison as a function of the local particle
density are shown in Figure 7. Additionally, the compression
isotherms of Figure 3 were converted to particles per area (as
measured from the corresponding AFM images) and included
in the graphic to highlight the different degrees of compression
corresponding to the observed inter-particle separations. This
plot emphasizes that closer distances are achieved at higher
microgel loading. This is valid for both assembly methods, self-
assembly (FreSCa) and directed assembly (Langmuir trough
and subsequent AFM); in both cases the dependence of the
particle distance versus microgel concentration at the interface

J. Name., 2012, 00, 1-3 | 5
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follows the simple scaling of a soft repulsive hexagonal lattice
(x?)."° Images with random arrangement were also analyzed
and included for comparison (grey rectangle in Figure 7). It is
obvious that those data do not follow this simple scaling rule.
Furthermore, there is no clear difference detectable for
microgels in the charged and in the uncharged state. This is in
contrast to recent results where charges increase the particle
distance at the surface of microgel-covered oil droplets, as
measured in-situ with confocal microscopy.*® This discrepancy
to our results further underlines the sensitivity of microgel-
covered interfaces and shows that sample preparation and slight
changes in the investigated system can influence the outcome

of the experiments to a large extent.
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Figure 7. Nearest neighbor distance plotted versus particle density as extracted
from FreSCa cryo-SEM (filled squares) and AFM images (open triangles). Green:
uncharged core microgels; blue: charged core microgels; black: uncharged core-
shell microgels; red: charged core-shell microgels. Compression isotherms of the
uncharged (green) and the charged (blue) core microgels are also shown. The
grey rectangle marks random particle arrangement and the black line shows the
x? relation between D and N, area’.

In contrast to the Langmuir trough deposition followed by
AFM measurements, FreSCa images were taken not only of the
core but also of the core-shell microgel, and the corresponding
interparticle distances are also included in Figure 7. This allows
a comparison of arrangement of the different microgel
morphologies after spontaneous adsorption to the interface. A
higher number of particles per area is found for the core
particles compared to the core-shell microgels thatcan be
attributed to the smaller size of the core particles. However, a
normalization of the data to the microgel size at the interface
shows that both microgel types reach area fractions close to 1
after spontaneous adsorption (Figure S6) and no significant
difference in the interfacial coverage of the core and the core-
shell microgel can be detected.

Microgels deform at the interface after adsorption and appear in
a flattened shape, with the loosely-crosslinked corona being
spread out at the interface to produce a high interfacial
coverage with polymer segments.'” ' This is reflected in the
lower particle density of the interface after self-assembly from
the bulk (squares in Figure 7) compared to the compressed
microgels after assembly in a Langmuir trough (triangles in

6 | J. Name., 2012, 00, 1-3
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Figure 7). The interparticle distance is strongly reduced under
compression, corresponding to an increasing surface pressure.
The surface pressure reaches a plateau when the microgels
cannot be compressed further.

Additional evidence of the compressed nature of microgels
after deposition on a solid substrate can be gathered by
calculating the area fraction ¢ that is occupied by microgels as
reported in Figure S6. The area fraction is calculated assuming
the size of the uncompressed microgels at a flat oil-water
interface as previously determined from FreSCa cryo-SEM
micrographs.'' As also evidenced in Figure 8, which shows the
hexagonal order parameter & as a function of area fraction,
very high values of ¢ beyond 1 are obtained, implying a strong
compression of the microgels at the interface at the highest
values of surface pressure. Even though the actual size of the
microgels in the AFM images after exposure to the oil phase
and drying may not correspond to their hydrated size at the
interface (a comparison of the size on the substrate with the
hydrodynamic diameter measured in bulk shows that the
microgels are indeed collapsed on the substrate — see Methods
section), from the AFM images in Figure 4 and 5 it can still be
noticed that when the microgels come into contact, their size,
measured after deposition, decreases as they are compressed
against each other.

In a recent paper, the size of microgels at the interface was
compared to compression isotherms. Significant shrinking of
the microgels was observed after compression as well as after
spontaneous adsorption by comparison of the isotherms with
measured microgel sizes resulting from cryo-SEM imaging and
light scattering.>® This evidence further supports the finding
that the microgel size on the substrates in the dried state do not
represent the real size at the interface.*®

Self-assembly (FreSCa images, Figure 1) as well as directed
assembly under compression (AFM images, Figures 4 and 5)
can produce microgel layers with high local order. The degree
of structural order can be quantified by computing the
hexagonal order parameter & as a function of the area fraction
(Figure 8). Random arrangement results in an absolute value of
&6 = 0.4, values of &g closer to 1 indicate higher ordering.

A higher area fraction (i.e. higher particle density) results in a
higher ordering for both assembly methods and no clear
difference can be found between the charged and the uncharged
state of each microgel type. This leads to the conclusion that the
ordering and the particle density do not depend strongly on
electrostatic interactions. As mentioned in the introduction, the
behaviour of microgels at interfaces and of microgel-stabilized
emulsions exhibits complex dependence on charge effects. For
instance, oil

droplets covered with oppositely charged

microgels do not coalesce when they meet."”

Moreover,
counterintuitively, monolayers of charged microgels are more
easily compressed than monolayers of uncharged microgels ",
emphasizing the minor role played electrostatics compared to
steric interactions and the interplay between the latter and the
deformability and softness of the particles at the interface.
Finally, the core-shell microgel produces slightly higher

ordering after self-assembly at similar area fractions compared

This journal is © The Royal Society of Chemistry 2012
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to the core microgel. This suggests that the presence of the
PNiPAM shell has an effect on the particle arrangement at the
interface.

The self-assembled microgels cover an area fraction between
0.25 and 1 with no preferred order. In contrast to that, the
samples taken from the Langmuir trough show a steep increase
of & at an area fraction around 0.5 that indicates the transition
from random to hexagonal order. The microgels assembled
directly under compression show a high degree of ordering as
soon as hexagonal order appears. Thus, a higher and more
specific degree of ordering can be achieved after direct
assembly in the Langmuir trough than after self-assembly from
the bulk phase.

Interestingly, &; seems to decrease again when the close
packing at high area fractions is reached for samples taken from
the Langmuir trough (triangles around ¢=8). This is due to the
fact that upon strong compression smaller crystalline domains
are formed which give lower values of & From the AFM
image Figure 4h we can assume that buckling occurs at high
loading of the interface. This may lead to reduced measured
crystalline order of the interfacial microgel layer.
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Figure 8. Hexagonal order parameter & as a function of the area fraction ¢ for
the core and the core-shell microgel after self-assembly (imaging with FreSCa
cryo-SEM, squares) and for the core microgel after directed assembly in a
Langmuir trough (imaging with AFM, triangles). Uncharged (core: green; core-
shell: black) as well as charged microgels (core: blue; core-shell: red) were used
for both methods. Note the break in the abscissa.

Different groups have shown that the size of the polymeric
layer influences the arrangement at interfaces. Polymers stretch
at the oil-water interface to cover a maximum area'® '+ 3 4
leading to an arrangement where the interparticle distance is
influenced by the thickness of the polymeric layer.'® > 3°
Horecha et al. imaged ordered microgel arrays with AFM and
could resolve the core-corona structure adopted by microgels at
interfaces.*! It can thus be expected that the presence of a
loosely cross-linked shell influences the arrangement at liquid
interfaces and subsequently the imaged microgels on solid
substrates. In the present study the corona was visible in the
FreSCa cryo-SEM micrographs but not in the AFM images.
The center-to-center distance is similar to the size of the corona

This journal is © The Royal Society of Chemistry 2012

in the former case and it is thus likely that the corona influences
the particle distance. In the latter case, the center-to-center
distance is not constant but decreases when the particles are
compressed. It is therefore expected that the arrangement under
compression is not mainly governed by the thickness of the
shell. the
formation of multilayers or increased presence of defects would

polymeric Otherwise, particle rearrangement,
be dominant instead of an ordered array with varying particle
density. The influence of the corona can in this case be

overcome by compression.

Experimental part

Materials N-heptane (Merck, 99%) and n-hexane (Sigma-
Aldrich, 99%) were used as received. 0.1M HCI and 0.1M
NaOH were used to adjust the pH and Milli-Q water at pH 3 or
pH 9 was wused as subphase in the Langmuir trough
measurements. The microgels were placed at the interface in a
mixture of aqueous 1 wt% microgel dispersion (pH 3 or pH 9)
with isopropyl alcohol (IPA, 99.8%, Merck) in a ratio of 5:1
(viv).

Microgel synthesis and characterization The microgel
synthesis was done by standard precipitation polymerization
with surfactant and was already described in detail elsewhere."'
An ALV-5000 instrument with light of 633 nm wavelength was
used to determine the hydrodynamic diameter d,, of the
microgels in bulk by dynamic light scattering (DLS). Sizes
d,=276+3 nm and d,=362+4 nm were measured for the core
microgel at pH 3 and pH 9, and d,=378+9 and d,=400+4 for
the core-shell microgel at pH 3 and pH 9. Electrophoretic
mobility was measured with a NANO ZS Zetasizer (Malvern
Instruments, UK) to be -0.09 = 0.01 10®*m? V™' s at pH 3 and -
0.70 £ 0.03 10®*m? V™' s at pH 9 for the core microgel, and -
0.05+0.02 10®*m? V' s at pH 3 and -0.22 £ 0.02 10®*m? V' s~
' at pH 9 for the core-shell microgel. The content of MAA in
the microgels was determined by pH titration to 6.3 + 0.6 wt%
for the core microgel and 2.8 = 0.5 wt% for the core-shell
The

Supporting Information) was measured on a DSA100 (Kriiss

microgel. interfacial tension data (reported in the
GmbH) with a pendant drop module. A drop of the microgel
dispersion of 0.1 wt% was created in a cuvette filled with n-
heptane. A video camera recorded the evolution of the drop
shape with time. The calculation of the IFT was performed by
image analysis with a drop shape analysis program supplied by
the manufacturer. The diameter of the microgels at the interface
determined from FreSCa cryo-SEM imaging is d; = 559+49 nm
(pH 3) and d; = 534+14 nm (pH 9) for the core microgel and d;
= 642466 (pH 3) and d; = 671+22 nm (pH 9) for the core-shell
microgel."' The area fraction for both assembly methods was
calculated from the number of particles per area and the size of
the microgels in the FreSCa cryo-SEM images (d;). The size of
the microgels at the AFM substrates was determined using the
automatic particle tracking procedure implemented in ImageJ.*?
The diameter of the core microgel on the substrate at pH 3
corresponding to the images in Figure 4 is 262+26 nm (a),
334438 nm (b), 270+34 nm (c), 365+33 nm (d), 254435 nm (e),
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20249 nm (f), 17248 nm (g) and 142+6 nm (h). The diameter at
pH 9 corresponding to the images in Figure 5 is 287+42 nm
(A), 253+£28 nm (D1), 266+32 nm (D2), 222424 nm (E) and
20246 nm (G).

FreSCa Cryo-SEM The sample preparation for FreSCA cryo-
SEM is described in detail elsewhere.!" *? In brief, the aqueous
microgel suspension (0.1 wt%) was placed inside a custom-
made copper holder and a droplet of heptane was carefully
placed on top to create the liquid-liquid interface. Then the
holder was closed with a flat copper plate, vitrified in a liquid
propane jet freezer (Bal-Tec/Leica JFD 030, Balzers/Vienna)
and mounted under liquid nitrogen onto a double fracture cryo-
stage. It was transferred under inert gas in a cryo-high vacuum
airlock (< 5x10mbar Bal-Tec/Leica VCT010) to a pre-cooled
-140°C (Bal-Tec/Leica BAF060
device) and then the samples were fractured and partially
freeze-dried at -100°C for 1 min. This was followed by
unidirectional tungsten deposition at an elevation angle a=30°
to a total thickness 6=2 nm at -120°C and by additional 2 nm
with a continuously varying angle between 90° and 30°. Freeze-

freeze-fracture device at

fractured and metal-coated samples were then transferred for
imaging under high vacuum (< 5x10"mbar) at -120°C to a pre-
cooled (-120°C) cryo-SEM (Zeiss Gemini 1530, Oberkochen)
for imaging either with an in-lens or secondary electron
detector.

Image analysis The center of particles in the FreSCa cryo-
SEM and AFM images were located using the well-known
Crocker and Grier*® algorithm written IDL (Exelis Visual
Information Solutions) which is publicly available.** The radial
distribution function and the order parameter & are calculated
with custom-written IDL routines. &g is a commonly used order
parameter to detect the presence of hexagonal order in two-
dimensional atomic or colloidal structures.*> *° Its calculation
proceeds via the identification of each particle’s nearest
neighbors using a triangulation algorithm. Once the nearest
neighbors are identified, the absolute value of &4 is calculated
for each particle as

Ee=1/6 <Zj \exp(iGOJ)b, (1)

where 0; is the angle between the selected particle and the j-th
nearest neighbor. For perfect hexagonal ordering &qis 1 for each
particle in the lattice; deviations from hexagonal ordering,
including a number of nearest neighbors different from 6, lead
to values smaller than one.

Langmuir trough measurements and deposition on
substrates Compression isotherms were recorded at room
temperature with a home-made Langmuir trough. The trough is
made from teflon and is equipped with two movable Delrin
barriers, a Wilhelmy balance with a Pt-plate and a dipping
device. The compressible area between the barriers is 210 cm?
and the plate is placed parallel to the barriers. The dipping arm
does not disturb the interface during lifting due to the special
shape of the trough. In a typical measurement, the lower part of
the trough is filled with water at pH 3 or pH 9. A silicon wafer
(cleaned by sonication in toluene and ethanol and plasma-
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hydrophilization) is mounted on the dipping arm and lowered
into the subphase. The water-air interface is cleaned with a
suction pump and the Wilhelmy plate is placed at the interface.
Then n-hexane is added, the Wilhelmy balance is set to zero
and the microgel-IPA solution is placed directly at the interface
with a Hamilton syringe. The interface is left to equilibrate for
30 min before the compression starts. A velocity of 10 mm min’
' is used for compression. At a trough area of 57 cm? the
compression is stopped and the silicon substrate is lifted
through the interface with a speed of 8.56 mm min™.
Alterations of the layer during deposition were avoided by
using hexane as oil and thus minimizing capillary forces and
viscous drag. Additionally, the substrate was moved at a slow
speed to reduce flow effects and to ensure that it dries faster
than the extraction speed (i.e. the samples dries immediately
when pulled out of the hexane). After each measurement, the
trough, the barriers and the Pt-plate were cleaned thoroughly
with ethanol and large amounts of Milli-Q water.

AFM imaging AFM height images were obtained by tapping
mode AFM (DI Dimension 3000, Olympus AC240 Si tips, k=
48.9-58.8 N/m, scan size 15x15 pm?, 512x512 pixel® acquire at
0.5 Hz) and the height was converted into a 256 bit grey scale
for the particle location analysis.

Conclusions

In this paper we demonstrated that externally controlled
microgel monolayers with high degree of two-dimensional
crystalline order can be prepared and deposited in a Langmuir
trough. The results have also been compared to in situ
inspection of monolayers of the same particles produced by
spontaneous adsorption and self-assembly.

In general, we found that the two methods produced similar
structures at the interface and that no significant differences in
the
microgel types and pH. Overall, spreading and compression

interface microstructure are obtained using different

lead to a much higher degree of control on the monolayer order
and inter-particle spacing, with marked advantages from an
application perspective. Furthermore, the presence of charges
and different particle architecture did also not influence the
the
separation versus area concentration followed the square-root

assembled structures and in all cases inter-particle
law for a soft repulsive hexagonal lattice. In this case though,
the main driving force for the soft repulsion does not come
from electrostatics, but rather from the compressibility of the
corona of polymer surrounding the particles at the interface."?

Even though spontaneous adsorption is very attractive due to its
simplicity, the interplay between particle mobility and interface
microstructure implies that at high surface concentrations
crystallization of the monolayer requires extended cooperative
rearrangements of the particles.*” Consequently, and due to
slow relaxation of the interfacial tension and thus microgel
arrangement, the structure observed by FreSCa cryo-SEM may
not be the steady-state one. This obstacle is overcome by
Langmuir-Blodgett deposition of microgel monolayers starting

with a defined, uniform packing density that is slowly and

This journal is © The Royal Society of Chemistry 2012
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uniformly increased by interface compression. Following the
second approach, direct and systematic production of microgel
arrays of different center-to-center distance is thus possible.

In summary, our results emphasize once more the differences in
the
spontaneously adsorb in the presence of excess in the bulk, to

preparation of Gibbs monolayers, where particles
Langmuir monolayers, where a fixed amount of particles is
spread at the interface. In the former case, the microstructure of
the interface is determined by the competition between the
adsorption rate and the timescale for particle rearrangements at
the interface; in the latter, it emerges as a balance between the
compression rate and the rate of the particle rearrangements.
The fact that the microgels are practically irreversibly trapped
at the interface indicates that relaxation processes can only take
place via particle mobility and interactions within the interface
and not through an adsorption/desorption equilibrium. Both
the possibility to the

microstructure of the interface, either by controlling the

routes offer in principle tune
adsorption rate and bulk concentration in the Gibbs case, or by
controlling the compression rate and the spread amount in the
Langmuir case. Our results show that, in practice, the second
route is much more effective for the fabrication of two-
dimensional ordered microgel arrays, where the interparticle
separation can be easily tuned by changing the surface pressure
upon compression.

The deposition of controlled, large-area arrays of microgels
could therefore pave the way for surface patterning and
lithography after assembly at a fluid interface, similar to what
has already been shown by using hard colloidal particles,'® but
with far more potential stemming from the flexibility of the

design and responsiveness of soft microgel particles.
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