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Selective Janus Particle Assembly at Tipping Points of Thermally-

Switched Wetting**
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Abstract: Thermal wetting can simply, selectively and rever-
sibly join patchy particles into clusters (2D and 3D) and also
colloidal crystals over the narrow temperature range of 1-2°C.
This is demonstrated with Janus particles (gold half-coated
silica spheres) immersed in a binary mixture of water/2,6-
lutidine, such that the relative strength of gold—gold bonding
through hydrophobic interaction and silica-silica bonding
through the wetting-induced attraction is reversibly switched
according to temperature.

The burgeoning interest in reconfigurable materials is
a scientific challenge not achieved using conventional
schemes of self-assembly."! Here we explore the approach
of placing the system at a tipping point such that large changes
in assembled structure are triggered by small, reversible
environmental changes. If this could be achieved, it could be
useful for potential applications that have been envisioned for
reconfigurable colloids, for example adaptive optics and
coatings.”) Here, we describe our progress with a scheme
that is easily generalized: the exquisitely sensitive temper-
ature dependence of wetting in a suitable mixture of two
fluids.

The scheme is summarized in Figure 1. Janus spheres
(silica particles coated on one hemisphere with gold) are
immersed in the mixture of water/2,6-lutidine, a binary fluid
that has been widely studied to understand the physical
chemistry of liquids® and recently to cause attraction
between colloids whose surface chemistry is homogeneous."!
We work with silica particles, for which the preferential
wetting region (hatched region) lies below the phase tran-
sition temperatures of the binary liquid (gray region,
Figure 1) and at lutidine compositions above its critical
composition. The methods of Janus particle synthesis and
in situ microscopic observation of them are described in the
Supporting Information.

The opportunity to use this for reconfigurability comes
because for Janus particles there are two pair interactions
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Figure 1. Scheme of switchable bonding between Janus particles in the
context of the phase diagram of water/2,6-lutidine mixtures. In the left
panel, A and B denote gold and silica hemispheres and arrows
represent increasing and decreasing temperature. The top solid line
shows the coexistence temperature of water/2,6-lutidine mixtures.”
The bottom solid line is the preferential wetting temperature, esti-
mated from when spheres first join in experiments, above which
wetting causes silica surfaces to attract while the solvent mixture
remains in one phase (hatched region between two lines). When the
solvent mixture separates into two phases (gray region), particles
segregate at interfaces of two-phase liquid mixture. The rectangle
enveloped by dashed lines highlights the families of temperature and
fluid composition studied here. The associated scheme of reversible
particle assembly is described in the right panel.

whose relative dominance one can switch. Below the prefer-
ential wetting temperature, the charged silica surfaces repel
one another while hydrophobicity of the gold-coated hemi-
spheres (¢ potential of the gold surface ~0 mV, Supporting
Information) causes them to attract one another. But it is
different at higher temperature: now, wetting forces from the
preferential adsorption of water onto silica cause those
hemispheres to attract (hatched region in Figure 1). Such
preferential water adsorption from the binary mixture also
causes a right-shift!”! from the reported bulk critical point,
which is mass fraction of 2,6-lutidine x; =0.29 and critical
temperature 7.=34.0°C.F! In experiments reported below,
the mass fraction was chosen slightly off-critical, x; =0.35, to
encourage wetting, unless noted otherwise. At this composi-
tion, bulk demixing occurs at 34.2°C and the preferential
wetting temperature is 0.8 to 1.0°C lower than this. As
preferential wetting shifts the coexistence curve to higher
lutidine fraction, this temperature window is larger than that
at the critical composition quantified previously by total
internal reflection microscopy.”! At even higher temper-
atures, one enters a zone of macroscopic phase separation in
which Janus particles assemble as Pickering emulsions at the

Wiley Online Library

Chemie

4453


http://dx.doi.org/10.1002/anie.201310465

Angewandte

4454

Zuschriften

interfaces®® between the two phases, as shown in Figure S1,
except that this association is reversible unlike conventional
Pickering emulsions. This unusual property opens the door to
assemble conveniently both 3D clusters and 2D crystals.
After particles sediment onto planar silica substrates,
assembly is confined to be planar as for the 3 um spheres that
we consider, the single-particle gravitational height of ca.
25 nm is much less than the particle diameter. There are two
extremes to consider. Below the wetting temperature and
when local particle concentration is low (¢=0.3 to 0.5), we
observe small clusters (dimers and trimers mostly; Figure 2a)
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Figure 2. Reconfigurable assembly of 2D Janus particle clusters
through switchable bonding. a) Gold—gold bonded clusters. b) Silica—
silica clusters bonded by preferential wetting. c) Gold—gold bonded
zigzag chain. d) Chain unzipped by silica—silica bonding. e) Angled
chains joined by side-by-side bonding. f) The dependence of chain
curvature on gold etching time of 40 s (top) and 60 s (bottom). To
actuate this reconfiguration by switching on and off the silica—silica
attraction, we employ temperature changes between 1.0°C and 0.2°C
below the demixing temperature, which is 34.2°C at x, =0.35. Scale
bars are 5 um.

joined by hydrophobicity of the gold coating but with
attraction so weak that the particles rotate even when gold
patches are located close together (Movie S1). But above the
preferential wetting temperature, the water-rich phase accu-
mulates at silica, leading to silica-bonded clusters (Figure 2b
and Movie S1). Closely dense-packed 2D colloids (local ¢ =
0.7-0.8) produce extended planar structures, gold-bonded
zigzag chains below the wetting temperature, highlighted in
Figure 2c, with persistent shape that vibrates thermally
(Movie S2). Upon further increase of temperature, silica—
silica attraction “unzips” these chains, resulting in silica—silica
bonded long chain aggregates (Figure 2d and Movie S2) in
which the strong wetting force quenches particle vibrations.
Bond switching occurs generally, regardless of the local
particle concentration. For example, in Figure S2 one can
notice that trimers are the most abundant state, yet the
fraction of zigzag chains increases as the concentration
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approaches the close-packed regime, mainly due to higher
effective pressure contributed by neighbouring particles.'"!
Note that this spectrum of self-assembled structures is
controlled by small changes of temperature, 1-2°C, and
requires no chemical modification. During multiple temper-
ature cycles, joining and disjoining of silica—silica bonds
occurs within < 1 s around 1.0°C below the demixing temper-
ature, provided the composition is at the relatively low value
xp=0.35. When the lutidine fraction is higher, x; > 0.40,
hysteresis is prominent. For example, silica-joined clusters are
seen to persist even > 1.0°C below the preferential wetting
temperature.

It may at first seem odd that Janus particles line up
parallel to their equators but this is what we observed and it
confirms a prediction from computer simulations for a slightly
different physical system.'! Joined at their silica—gold
boundaries rather than face-to-face (Figure 2e) above the
preferential wetting temperature, in the present system it
seems that this configuration minimizes electrostatic repul-
sion while retaining wetting attraction. Physically, the prob-
able reason is that wetting-induced attraction extends over
more than a hemisphere area, because directional vacuum-
phase gold deposition in the synthesis step (Supporting
Information) meets the spheres from above, producing
negligibly small thickness near the equator. To test this
interpretation, we lessened the size of the attractive patch by
etching away the edge of the gold coating. This caused the
chains to bend towards the gold sides. It is analogous to what
happens with small-molecule surfactants, where changing the
head-to-tail ratio (the HLB balance) likewise causes curva-
ture change in surfactant assemblies."? Examples of HLB
balance in the present system are shown in Figure 2e and f.
Relatively large gold patches cause chains to bend with their
silica patch inward; relatively small gold patches cause chains
to bend with their silica patch facing outward.

This assembly method is not restricted to forming planar
structures. To form clusters, we adapt the pioneering droplet
shrinkage method of Pine and co-workers,® but exploiting
the unique reversibility of the present system. Demonstrating
the idea, we worked at mass fraction x; = 0.50, which is above
the critical concentration. The scheme with temperature
cycles is shown in Figure 3a. Raising temperature to 0.5-
1.0°C above the phase separation temperature produces
a water-in-oil emulsion within which multiple Janus particles
accumulate. Upon cooling to the miscible state, particles
within shrinking water droplets organize into well-ordered
clusters, the source of attraction being capillary forces from
water-rich menisci between silica hemispheres. These clusters
are stable for hours up to 5°C below the phase separation
temperature at this lutidine composition, because water
menisci persist due to wetting hysteresis.!'¥ Figure 3b and
Movie S3 illustrate a tetrahedron formed this way. Note that
the cluster size is determined by the number of particles
trapped, and that the larger clusters usually form from
coalescence of small droplets. Figure 3¢ shows additional
larger clusters whose high symmetry is notable. Movie S4
further demonstrates reversibility: it shows the disassembly of
a pyramid-shape pentamer upon deep cooling to 6°C below
the phase separation temperature.
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Figure 3. Formation of 3D clusters. a) Scheme of using temperature
cycles to reversibly assemble 3D clusters. The dashed line is the bulk
demixing temperature. Water-rich droplets are denoted in gray color.
b) Data accompanied by schematic diagram showing that tetrahedra
arise from droplet shrinkage. Temperature decreases from 0.5°C above
the demixing temperature (37.0°C at x, =0.50) to 1.0°C below that.
From left to right, droplet size shrinks (gray). c) Representative images
of 3D clusters with larger numbers of particles at 1.0°C below the
demixing temperature. The scale bar is 5 pm.

Another avenue to form droplets that subsequently shrink
to form particle clusters exploits surface dewetting. To
implement the idea, we designed the experiment such that
water-rich droplets would dewet from a hydrophobic sub-
strate. It was convenient to modify silica planar substrates
with OTS monolayers (octadecyltrichlorosilane). The repul-
sive forces!* between OTS and silica hemispheres drives
particles to develop structures with silica sides facing away
from the substrate. When the particle concentration is small,
usually ¢ < 0.3, we observe small clusters similar to those in
Figure 3. High particle concentration, usually ¢ > 0.5, produ-
ces larger clusters, including micelles, tubes and even bilayers
(Figure S3 and Movie S5). Note that while a computer
simulation™ has predicted bilayers and tube shapes to be
unstable, the simulation prediction was for patches of equal
area but as argued above, wetting-induced attraction can
extend over an area larger than a hemisphere.

What if particles interact preferentially with the flat silica
substrate ? Beyond previously discussed switchable particle—
particle bonding, particle—substrate interaction dominates as
the particle density is kept low (¢ <0.10). We observed
orientational flips with increasing temperature (Figure 4a and
Movie S6). Below the wetting temperature (stage 1), particles
rotate freely out-of-plane with the gold hemisphere showing
a preference for the substrate because of gravitational bias
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Figure 4. Assembly from particle-surface attraction. a) Particle orienta-
tion changes as temperature rises: state 1 (freely rotating particle at
33.2°C), state 2 (gold-silica equator stands perpendicular to the
substrate at 34.0°C), state 3 (gold—silica boundary lies parallel to the
substrate at 34.3°C), state 4 (crystalline clusters of state 3 particles at
34.3°C). States 4’ and 4" are large crystals. The demixing temperature
is 34.2°C for x, =0.35. The scheme shows two steps of orientation flip
upon temperature change. b) Coalescence-induced sudden collision of
two particles and also multiple particles. The water-rich wetting layer
droplets surrounding them are shown in gray circles imaged by
defocusing the microscope slightly. Scale bars are 5 pm.

from the metal coating and electrostatic repulsion between
silica and substrate. Within the preferential wetting regime
(stage 2), particles align with their equators roughly perpen-
dicular to the substrate, reflecting the compromise between
gaining wetting force and minimizing silica-substrate repul-
sion and gravitational energy. Above the phase separation
temperature, even just 0.1-0.3°C above it (stage 3), water-rich
droplets on the substrate trigger the particles to maximize
contact of their silica hemispheres with the substrate.!'®) This is
so when the thickness of wetting droplets is less than the
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particle radius such that the capillary attraction causes the
particles to flip; the case of thicker wetting droplet is shown in
Figure 3b. Of course, droplets tend to coalesce. Droplet
coalescence causes particles to crystallize into perfect hex-
agonal packing (stage 4). Large crystals form rapidly from
merger of droplet-coated regions of the substrate (stage 4’
and Movie S7) and even without droplet merger provided
that the surface contains a high density of particles (stage 4”).
To demonstrate thermal reversibility in this situation, crystals
in stages 4’ and 4" were gradually cooled to 1.5°C below the
demixing temperature (Figure S4 and Movie S8). Interest-
ingly, crystals of flipped particles, except those at edges, are
found to survive even 0.6 °C below the demixing temperature
due to the residual water layers. Further decreasing temper-
ature promotes complete dissolution of these water layers,
leading the crystal to fall apart into individual particles and
gold bonded zigzag chains, respectively, at these two concen-
trations.

This long-range “attractive” force causes swift particle—
particle assembly at separations as large as tens of pm,
illustrated in Movies S6 and S7. To confirm that the mecha-
nism is coalescence between water-rich solvent droplets, we
defocused the microscope to make the wetted regions visible,
as drawn in the insets of Figure 4b. To quantify kinetics of the
process, we computed the radii of gyration of these assem-
blies. Inspecting how this changes with time (Figure 4b), one
identifies rapid (<0.1s) decrease of R, and also rearrange-
ments within the assemblies, illustrated by the arrow in
Figure 4b.

We conclude by commenting on the generality and
limitations of our approach. To make it work, it is necessary
to have reversible switching of A—A and B-B bonding. Our
system satisfies this criterion. But we found this approach fails
when the hydrophobic attraction is too strong, specifically
when Ci;-thiol was used to make gold more hydrophobic, in
which case particles became bound irreversibly (Figure S5).
However, provided that reversibility is maintained, the
approach appears to generalize nicely. We found that triblock
particles coated with gold at the poles!!”! similarly switch
between gold-gold bonded dimers, trimers and chains (Fig-
ure S6). To exploit more complex patch arrangements and
shape anisotropy!"® can be considered as a next step that
follows logically. There exist other potentially effective
approaches to achieve reconfigurable assemblies, especially
use of DNA linkers," but an advantage of this method is that
there is no need to modify the surface chemically, provided
that it is convenient to work under the solvent conditions of
this experiment.
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