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Understanding and engineering the self-assembly of soft colloidal
particles (microgels) at liquid—Lliquid interfaces is broadening their
use in colloidal lithography. Here, we present a new route to
assemble rectangular lattices of microgels at near zero surface
pressure relying on the balance between attractive quadrupolar
capillary interactions and steric repulsion among the particles at
water/oil interfaces. These self-assembled rectangular lattices are
obtained for a broad range of particles and, after deposition, can be
used as lithography masks to obtain regular arrays of vertically
aligned nanowires via wet and dry etching processes.

Microgels are versatile soft colloids” that self-assemble at water/
air and water/oil interfaces™ enabling their controlled deposition
on a solid substrate and their use for soft colloidal lithography.*®
Although microgels made of poly(N-isopropylacrylamide) (PNI-
PAM) are hydrophilic and easily dispersed in water, they can be
readily adsorbed at liquid-liquid interfaces using a spreading
agent. Upon adsorption at the interface, each microgel spreads
to reduce the area of the bare fluid-fluid interface until the
deformation is counterbalanced by the microgel internal
elasticity.>” The spreading can be tuned by adjusting the
particle crosslinking density, leading to effective diameters
at the interface greater than twice the diameter in bulk
dispersions.® Once at the interface, the structural and dynamical
behaviour of assemblies of microgels is mainly dictated by
capillary and steric interactions.” Upon compression, microgel
monolayers can reach a point at which all microgels enter into
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contact to form hexagonal lattices whose lattice spacing can be
reduced by further compression.>'® In order to expand the
applications of soft colloidal lithography, new routes need to
be developed to produce patterns with symmetries beyond the
hexagonal one. A broad range of Bravais lattices can be obtained
for particles interacting via soft electrostatic repulsion via the
stretching of hexagonal lattices while they are being deposited
on the substrate.'* However, this process relies on a delicate
interplay between the wettability of the substrates, the angle of
deposition and a thermal fixation of the colloids to circumvent
the collapse of the structures due to capillary forces during
drying. Additional structures, including binary colloidal alloys®
and Moiré and complex tessellations,">"* can also be obtained
by sequential depositions of microgels, respectively of two
different sizes or of the same size. Nevertheless, they require
multiple steps and a careful control of the surface pressure IT to
achieve the target structure. In order to circumvent sensitive
processes, it would be desirable to obtain directly non-hexagonal
structures via robust self-assembly at the fluid interface. The
existence of complex two-dimensional structures beyond the
triangular symmetry was numerically predicted by Jagla twenty
years ago'* for colloids with a repulsion potential exhibiting two
distinct length scales (e.g. a hard core and a soft shell) and
recently experimentally realised by Rey et al for polystyrene
colloids with a microgel soft shell confined at a water/oil
interface.”” Non-triangular assemblies, including strings and
rectangular lattices, occur at high values of II, beyond compact
hexagonal monolayers, where the microgel shells are under
compression. However, the parameter space in the phase dia-
gram where such structures are obtained is fairly small, and
their kinetic access is delicate, making their experimental reali-
zation a complex task with limited tuneability.

We report here a novel, robust route to obtain self-
assembled rectangular microgels lattices at fluid interfaces
for a broad range of different particles. In contrast to the
lattices predicted by Jagla,"* we find rectangular lattices at IT
~ 0 mN m ', arising from the combination of steric repulsion
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and leading-order quadrupolar capillary attraction between
microgels at the interface, which are the result of the
nanometre-scale roughness induced by the microgels adsorbed
at the interface.'®'”

The microgels used here were synthesized via precipitation
polimerization of N-isopropylacrylamide (NIPAM) in water.®?
The NIPAM monomer and crosslinker (BIS) were added in
one or two steps to grow larger shells as reported in a previous
work."® Their labeling is CXSY, where X = 3,5,7% is the mass
ratio between crosslinker and total monomer, whereas the total
amount of monomer is constant, and Y = 0,1 is the number of
steps for additional shell growth. This procedure leads to the
synthesis of soft colloidal particles with consistent chemical
composition and core-shell architecture, but varying degrees of
crosslinking densities and diameters in bulk aqueous suspen-
sions and at the interface. Our microgels have bulk hydrody-
namic diameters ranging from (574 + 73) nm of C7S0 to (879 +
121) nm of C3S1, as measured by DLS (Malvern Zetasizer,
z-averaged diameter) and interfacial sizes ranging from
(786 & 30) nm of C7S0 to (1578 + 46) nm of C3S1 (measured
ex situ after deposition on a silicon substrate via AFM, see ESI{
for full synthesis details and dimensions). In Fig. 1, we show
rectangular lattices obtained after the deposition of monolayers
formed at water/hexane interfaces on silicon substrates using a
Langmuir-Blodgett (LB) trough at IT ~ 0 mN m™" for all types
of microgel studied.

In order to understand in which region of a 2D phase
diagram the structures are obtained, in Fig. 2 we show the
compression curve of the C7S1 microgels and the corres-
ponding monolayer microstructure after deposition. These
experiments are performed on a LB trough, where we deposit
the particles on a substrate, which crosses the water/hexane
interface at the same time as the monolayer is gradually
compressed by the moving barriers of the trough. This proce-
dure allows transferring monolayers subjected to continuously

Fig. 1 Lattices with four-fold symmetries and corresponding FFT, obtained
by depositing the different microgels (a) C7S0, (b) C7S1, (c) C5S0, (d) C5S1,
(e) C3S0, and (f) C3S1, at IT * 0 mN m~. Scale bar is 5 um and the FFTs are
enlarged 3 times.
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Fig. 2 Compression curve for C7S1 microgels as they are deposited on a
silicon substrate in a LB trough. Microscope images are provided for
different points in the compression curve on the substrate (scale bar is
10 pm). The inset shows the corresponding order parameters (¥s) and
(W4) vs. II. Error bars correspond to standard deviations.

varying surface pressure onto a single sample, so that different
locations on the sample correspond to different values of pres-
sure and surface coverage (see ESIT for full details). From the
reading of IT using a Wilhelmy plate and the direct measurement
of the area per particle A, (extracted by image analysis after
deposition), we observe that lattices with a four-fold coordination
(e.g rectangular and rhomboidal) are found for values of IT =~
0 mN m " in the compression curve. As IT grows, the structures
transition to the well-known hexagonally packed monolayers. The
transition between the two types of coordination is clearly
displayed in the inset to Fig. 2, which shows the average order
parameters (¥,) and (¥¢) calculated as in eqn (1), where j = 4,6
represents the symmetry of the coordination described by (¥)),
N is the total number of particles, the index k refers to a given
particle with N; neighbours and 0y is the angle formed between
the particle k£ and its neighbour [ respect to a fixed axis.

I\ 0
N 2-e

Wy =v> 0

N
k

The average (¥,) and (¥,) parameters are closer to 1 when
there is a mainly rectangular or hexagonal lattice, respectively."?
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Therefore, from the data it is clear that for IT ~ 0mN m ™" (¥,) >
(¥e), while the point at which I starts rising corresponds to
a transition to a hexagonal layer, where (¥;) < (¥s). Above
10 mN m ™ an isostructural phase transition occurs, which results
in a decrease of (¥,), as previously reported.'®

In order to eliminate the possibility that the rectangular
lattices are an artifact induced by the deposition process, e.g. as
reported for drying droplets,'® we imaged these microgels
directly at the water/hexadecane interface, as well as at an
water/air interface, in conditions of IT ~ 0 mN m ' using
several complementary approaches. The first approach is direct
optical microscopy at the fluid interface using a 40x dipping
objective (Nikon) to image the interface through the oil. To
reduce the large convection flows present in the system, we
corralled the particles using a polymeric ring of 800 pum-
diameter fabricated with a Nanoscribe (fabrication described
in ESIT) and placed at the microgel-laden water/hexadecane
interface with a micropositioner. The field of view is 85 X
85 um* and we imaged close to the center of the ring, avoiding
possible confinement effects that are known to provide capil-
lary forces inducing square lattice formation at interfaces"*°
(see Fig. 3a). Within the ring, microgels exhibit Brownian
motion at the interface (see Movie S1 in ESIt) and the overall
structure of the interface is globally disordered, as reflected by

Fig. 3 Spontaneous assembly of square lattices of C7S1 microgels at the
interface. (a) Frame of Movie S1 (ESI}) at the water/hexadecane interface at
the center of a 800 pm-diameter ring (scale bar: 10 um). The inset shows
the FFT, with the diffuse ring characteristic of 2D disordered liquids.
(b) Two frames of Movie S2 (ESIT) of a water/hexadecane interface
showing the spontaneous detachment of a microgel from a cluster,
marked for clarity (scale bar: 5 um). Representative four-fold coordinated
clusters are highlighted in red in (a) and (b). (c) Cryo-SEM image of a water/
decane interface where the interface has been fractured and the oil phase
removed, showing the microgels protruding from the vitrified water
phase (scale bar: 1 um). (d) SEM image of an upside-down fragment of
the microgel-cyanoacrylate film, showing the portion immersed in water,
with the microgels in a square lattice configuration (scale bar: 2 pm).
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the FFT in the inset to Fig. 3a. However, local, clearly four-fold
coordinated particle clusters are present at the interface
(Fig. 3a). These clusters are weakly bound, and continuously
form and disappear under thermal fluctuations and the resi-
dual small drift at the interface (see Fig. 3b and Movies S1-S3,
ESIt). These observations already demonstrate that short-
ranged four-fold coordinated assemblies exist at an unper-
turbed interface. However, the deposition process in an LB
trough promotes the creation of larger-area structures. In
particular, the presence of the macroscopically straight three-
phase (water-oil-silicon wafer) contact line aligns the formed
clusters with respect to the deposition direction and the con-
tinuous compression of the barriers produces extended regions
with the right surface coverage to obtain longer-ranged order.
This alignment at the meniscus also explains the formation of
lines in Fig. 2i for lower surface coverages, with insufficient
particle numbers to create a continuous monolayer. As a
complementary set of measurements, we employed two differ-
ent ways of immobilizing and imaging the particles at a fluid
interface. Rectangular lattices were first observed in freeze-
fracture shadow-cast (FreSCa) cryo-SEM images at the water/
decane interface (see Fig. 3c and ESIt), a technique that exploits
shock-freezing to immobilize and characterize the microgels
in situ at the water/oil interface.>*" In a last set of measure-
ments, we placed a silicon wafer in a Teflon beaker filled with
water, forming a x30° angle with the interface and partially
crossing it. We then deposited C7S1 microgels at the water/air
interface ensuring that we are close to [T ~ 0 mN m™". Then,
the Teflon beaker was enclosed in a methacrylate box next to a
droplet of cyanoacrylate. The evaporating cyanoacrylate reacts
at the water/air interface, and after an overnight wait, it created
an acrylate film that fixed the particles at the interface.?” Next,
the substrate was extracted from water, collecting the film,
which was characterized by SEM and AFM and showed the
presence of rectangular lattices (Fig. 3d and ESIt). This experi-
ment indicates that the self-assembly of rectangular lattices is
not specific to water/alkane oil interfaces, but it is also found at
water/air interfaces, expanding its generality and applicability.

After reporting these observations, we show that the for-
mation of the four-fold coordinated structures can be rationa-
lized by balance between capillary interactions and steric
repulsion among the microgels. Although capillary forces are
typically associated with interfacial deformations imparted by
hard colloids, they have also been reported for soft particles.”*
In general, the capillary forces between colloidal particles
trapped at a fluid interface and displaying an arbitrarily undu-
lated contact line can be described as a multipole expansion,
where, in the absence of gravity, the leading-order term has a
quadrupolar symmetry.>* Even if higher-order terms may not be
neglected for a full quantification of capillary interactions at
close separations,'””>*® the clear presence of four-fold symme-
tries in our experiments confirms that the aggregation behavior
can be captured by the leading quadrupolar term.

The steric repulsion between microgels at interfaces has
been described via Hertzian or generalized Hertzian potentials.'**’
As we are in the regime where the microgels are not externally
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compressed, the specific form of the steric potential is not relevant
and its contribution is effectively null until the particles overlap.
However, we can consider the steric repulsion, once the particles
enter into contact, to be much steeper than the quadrupolar
attractive interaction. This implies that, essentially, capillary forces
bring the particles at a center-to-center distance approximately
equal to their single-particle diameter at the interface, and not
closer. In order to reduce this separation further, external compres-
sion, ie. with the barriers of a LB trough, is required and leads to
the formation of 2D hexagonal crystals with lattice parameters
smaller than the single-particle diameter. The fact that the
microgels can rearrange at the interface, ie that the clusters
spontaneously form and disappear under thermal fluctuations,
furthermore indicates that the attractive capillary potential at
contact is of the order of a few KgT. With these assumptions, we
can estimate the capillary quadrupolar potential between two
microgels as a function of their center-to-center distance d as

R4
V(d) ~ —12ny,, H1H> cos(2¢, — 2(/)2)?, 2)

where j = 1,2 denote the two considered particles, yy, =~
55 mN m™' for a water/hexadecane interface, H; represent the
amplitude of the interface deformation and ¢; their phase, and R is
the radius of the particles at the interface.'® This expression is valid
for d > 2R, but it is still in the same order of magnitude even in the
limit d ~ 2R, in the near field.*®

Taking the example of 7CS1 microgels, we measure an
experimental value of d ~ 1.8 um between particles in rectan-
gular configurations, while 2R = 1.2 pm (see ESIt). Assuming
T = 25 °C, and the orientation of the phase angles that gives
the maximum attraction, we find that H,, = [0.4,1.3] nm for
V(1.8 um) = [1,10]KpT. These interface roughness values are
compatible with the ones we measure from the outer part of the
microgels via AFM, after deposition on a substrate, as reported
here (see ESIT) and in previous works.® These considerations
indicate that the formation of four-fold coordinated structures
can emerge as a consequence of attractive capillary interactions
with a quadrupolar leading order balanced by steric repulsion
upon contact in the absence of external compression, i.e. for
I ~0mNm ",

Exploiting the spontaneous formation of non-hexagonal
structures opens up new opportunities for soft colloidal litho-
graphy. As a demonstration, Fig. 4a shows a square array of
C7S0 microgels, which is subsequently used as a mask for the
metal-assisted chemical “wet” etching, of vertically aligned
silicon nanowires (VA-NWs) in a square lattice configuration
(Fig. 4b). To achieve this, a silicon substrate similar to the ones
in Fig. 1 was prepared. In a next step, the microgels were
swollen in photoresist, effectively turning into lithography
masks® (see ESIt). After the swelling, the substrate was
sputter-coated by a 10 nm-thick gold layer and immersed in
an etching solution containing HF and H,O, for 4 min. The
photoresist-swollen microgels protect the underlying silicon
wafer from the metal-assisted etching, leading to the formation
of nanowires in correspondence of each microgel. The final
structure was imaged via SEM, tilting the substrate by 30°. The
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Fig. 4 Square lattices for colloidal soft lithography applications. (a) AFM
height image of a square lattice of C7SO microgels deposited on a silicon
substrate at IT ~ 0 mN m™2. (b) Substrate prepared similar to the one in
(a) and subjected to metal assisted chemical wet etching. (c) Square lattice
of C3S0 microgels deposited on a silicon wafer and dry etched with deep
reactive ion exchange. (d) Same substrate as in (a) subjected to a second
deposition of smaller microgels with IT ~ 25 mN m~. All scale bars are
2 um. The inset in (c) is 2 pm-wide.

VA-NWs are ~ 2.6 pm-long and the partially removed microgels
in the washing process are still visible, and can be removed via
further O, plasma treatment.” Furthermore, we tested the
capability of such soft colloidal masks to be used in conven-
tional deep reactive ion exchange, “dry” etching. To this end,
we deposited C3S0 microgels in a square lattice configuration
and swelled them in photoresist. Next, we performed the dry
etching for 60 s, obtaining the VA-NWs shown in the SEM
image in Fig. 4c. The pillars were ~640 nm long and the
microgels were etched away in the process. Although the dry
etching could not produce VA-NWs as long as in the equivalent
wet etching process, it leads to a very homogeneous patterning
over the whole substrate, while wet etching is more hetero-
geneous and leads to a wider distribution of VA-NWs lengths.
Ideally, one could improve the performance of soft colloidal
masks for dry etching by improving the photoresist swelling
process and combining it with a Bosch etching process where
etching steps are alternated with the deposition of protective
passivizing layers.?® The use of microgels with different core-to-
shell size ratios allows for the independent tuning of diameter
and spacing of the VA-NWs.

Finally, Fig. 4d, shows the possibility of realizing sequential
depositions of microgels where the first layer has a square
symmetry instead of a hexagonal one, as previously shown.>"?
First, a square lattice of C7S0 is produced at IT ~ 0 mN m™
(Fig. 4a). Next, the same substrate is immersed in water and a
second deposition of smaller P(NIPAM-co-MAA) microgels at I1 ~
25 mN m " is performed to produce a 2D binary colloidal alloy (see
ESI+ for further details). The combination of different symmetries
for sequentially deposited microgel layers offers exciting opportu-
nities for the future realization of complex structures.

Concluding, we show that interesting possibilities emerge
from the interfacial self-assembly of soft colloids at close to

1
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zero surface pressures. This region of the compression curves is
seemingly overlooked, as usually one finds 2D random gas and
liquid phases for repulsion-dominated systems, or isolated
aggregates if there are strong attractive forces. Here, by care-
fully exploring this region for soft microgels, we find that, at the
right values of surface coverage, large-scale assemblies with
four-fold symmetry emerge, which we hypothesize are caused
by weak capillary attraction counterbalanced by stiff steric
repulsion. These assemblies are found for a broad range of
core-shell PNIPAM microgels, with different sizes and cross-
linking densities, and for both water/oil and water/air inter-
faces. Their formation thus seems general and future work to
prove if the same structures are found for microgels with
different chemistries and architectures will be very interesting.
We expect that these lattices with four-fold symmetries can not
only be added to the extensive library of self-assembled 2D
structures for colloidal lithography, but that they can also
inspire further engineering of particle pair potentials at inter-
faces, e.g. through targeted particle-induced deformation of the
interface as realized for larger objects.>® Detailed numerical
studies of the interplay between particle architecture and
interactions at the interface, paying close attention to near-
field capillary forces, may finally direct the design of tailored
soft colloids for the fabrication of new functional materials.
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