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The self-assembly of small colloidal clusters, so-called colloidal molecules, into crystalline materials has
proven extremely challenging, the outcome often being glassy, amorphous states where positions and
orientations are locked. In this paper, a new type of colloidal molecule is therefore prepared, assembled
from poly(N-isopropylacrylamide) (PNIPAM)-based microgels that due to their well documented softness
and temperature-response allow for greater defect tolerance compared to hard spheres and for
convenient in situ tuning of size, volume fraction and inter-particle interactions with temperature. The
microgels (B) are assembled by electrostatic adsorption onto oppositely charged, smaller-sized microgels
(A), where the relative size of the two determines the valency (n) of the resulting core—satellite AB,-type
colloidal molecules. Following assembly, a microfluidic deterministic lateral displacement (DLD) device is
used to effectively isolate AB4-type colloidal molecules of tetrahedral geometry that possess a repulsive-
to-attractive transition on crossing the microgels’ volume phase transition temperature (VPTT). These soft,
temperature-responsive colloidal molecules constitute highly promising building blocks for the preparation
of new materials with emergent properties, and their optical wavelength-size makes them especially inter-

rsc.li/soft-matter-journal esting for optical applications.

1 Introduction

It is widely acknowledged that engineered anisotropy with
respect to shape and interactions is a powerful approach for
realising the self-assembly of colloids into new crystalline mate-
rials with new properties,"® and huge effort has been directed
towards the preparation of various anisotropic colloidal building
blocks - rods,”** spindels,"®™” mushroom caps and bowls,"®>*
cubes,”** dumbbells**® and peanuts,***° just to mention a
few - and towards understanding the laws that govern their
organisation. To expand the assortment of anisotropic colloids,
inspired by molecules whose organisation is dictated by the
valency and directionality set by the molecular orbitals, quite
recently the colloidal analogues were prepared through assembly
of spherical colloids into small clusters mimicking space-filling
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molecule models. These molecule-like clusters are collectively
known as ‘colloidal molecules’.*"*

Several methods for the preparation of colloidal molecules
have been reported in the literature, including chemical®*~°
and physical routes®'?”™" as well as template strategies.
Despite having been around for more than a decade, however,
the success in assembling colloidal molecules into crystalline
materials has been severely limited, as is evident from the
astonishing lack of publications in the area; only very recently
was their assembly demonstrated experimentally, when a col-
loidal MgCu, alloy was prepared using DNA-mediated assembly
from a binary mixture of preassembled tetrahedral colloidal
molecules and spheres.”" The difficulty in assembling colloidal
molecules into periodic structures — as compared to their
spherical constituents - lies within the greater probability of
kinetic trapping of particle positions and orientations in the
assembling structure, resulting in glassy, amorphous states.
This puts greater demands on our ability to tune the inter-
particle interactions during self-assembly, which is extremely
difficult to realise with colloidal molecules assembled from
traditional silica, polystyrene (PS) or poly(methyl methacrylate)
(PMMA) (charged) hard sphere-type building blocks.

In the present paper, the aforementioned problems asso-
ciated with colloidal molecule self-assembly are addressed.
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This is realised by reaching beyond the classical (charged) hard
sphere building blocks, by fabricating colloidal molecules from
soft microgel particles®®>° that possess a greater defect tolerance
in crystallisation compared to the hard counterparts and whose
size, volume fraction and interactions can all be conveniently
tuned in situ with temperature. Microgels are spherical, water-
swollen, crosslinked polymer particles of colloidal dimensions.
Due to the identity of the polymers used in the present paper —
temperature-responsive poly(N-isopropylacrylamide) (PNIPAM)
and poly(N-isopropylmethacrylamide) (PNIPMAM) with a lower
critical solution temperature (LCST) of 32°%°' and ~45 °C,*>™%
respectively — the corresponding microgels posses a so-called
volume phase transition temperature (VPTT).°® Below the VPTT,
the microgels are highly water-swollen and soft, and their
interactions are repulsive in nature due to a combination of
sterics conveyed by dangling polymer chains and electrostatics
originating from charged moieties in the polymer network.
Increasing the temperature across the VPTT, the change of
solvent quality leads to water expulsion and particle shrinkage.
Above the VPTT, in the collapsed state, van der Waals interac-
tions are important and - in case of sufficient charge screening —
the microgels experience an attractive force at small separations.
Since softness, size, volume fraction and interaction behaviour
can all be conveniently manipulated via temperature, microgels
have been widely used as versatile model systems for various
phase behaviour studies.®®”® Besides their well-known VPTT,
another important characteristic of PNIPAM and PNIPMAM
microgels is their dense core-fuzzy shell morphology,””® a
result of the faster reaction kinetics of the crosslinker - typically
N,N'-methylenebis(acrylamide) (BIS) - compared to the main
monomer.*?

As attractive electrostatic interactions have previously proven to
successfully yield small clusters through heteroaggregation,***>**-%¢
in the present paper colloidal molecules are prepared from a binary
mixture of oppositely charged microgels — one smaller and cationic
(labeled A), and one larger and anionic (labeled B) - into small,
narrowly size-distributed, colloidal molecule-like AB,-type clusters
with a core-satellite structure (Fig. 1), where the valency n can be
controlled via the B:A size ratio. With satellites (B) in large excess
with respect to cores (A) in order to suppress random aggregation,
and at high ionic strength where the electrostatic attraction is
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screened, assembly is initiated through dialysis that serves to turmn
on the attraction. Following assembly, microfluidic deterministic
lateral displacement (DLD) technology is used as an efficient tool to
isolate AB,type colloidal molecules - promising candidates for
assembly of the long-sought photonic diamond lattice, as predicted
by simulations®*° - through removal of excess satellites. Finally, the
temperature-dependent interaction behaviour of the colloidal
molecules is demonstrated using confocal microscopy. Their
temperature response with respect to interactions, size and volume
fraction, together with their softness and defect tolerance, make
these colloidal molecules highly promising building blocks for
self-assembly, relieving some of the issues typically associated with
assembly of hard sphere-type colloidal molecules.

2 Preparation of small clusters via
electrostatic assembly: some
general considerations

Because of attractive electrostatic interactions, oppositely-charged
colloids can, under the right conditions, assemble into small
clusters with a core-satellite structure. In such a system, the
electrostatic attractions are specific to particles of opposite charge
whereas the individual sets of particles are stabilised by electro-
static repulsion. Before entering into our experimental results that
build on this method for cluster generation, we briefly discuss the
factors that influence the cluster size, the cluster size distribution
and the cluster geometry - this in order to rationalise the design
of our experiments. Here, ‘cluster size’ refers to the valency or
coordination number, i.e. the number 7 of satellites (B) that are
electrostatically adsorbed onto a core (A), and we use the AB,
annotation to describe the overall cluster composition. For most
applications - crystallisation, for instance - it is beneficial to
obtain a high yield of a single type (size) of cluster.

The target colloidal molecules in the present study are AB,-
type clusters of tetrahedral geometry. Colloids with a tetrahedral
arrangement of attractive sites, mimicking the sp>-hybridised carbon
center in methane, have received much attention as simulations
have predicted their ability to assemble into the diamond lattice®*°
that exhibits a complete photonic bandgap in the optical regime.”*
The ability to prepare the necessary building blocks, and to be able

U | T>veTT
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7

Fig. 1 Electrostatically driven assembly of microgels into temperature-responsive colloidal molecules with a core—satellite morphology. Assembly starts
from a binary mixture of oppositely charged microgels at high ionic strength and is induced by dialysis that serves to decrease the ionic strength and to turn
on the electrostatic attraction. Following DLD isolation of the colloidal molecules through removal of excess satellites, their interactions (as well as size and
volume fraction) can be tuned via temperature from soft repulsive (T < VPTT) to hard sphere-like with an added short-range attraction (T > VPTT).
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to control their interactions and self-assembly, is consequently of
large interest and high priority to material scientists. The question
then arises, for which B: A size ratio is AB, clusters obtained?

It is quite intuitive that the B: A size ratio is of great importance
for the size of the clusters. If considering hard spheres, for
simplicity, a simple trigonometric calculation reveals that four
large spheres of radius R, in a close-packed tetrahedral arrange-
ment (face-centered cubic, FCC), can accommodate a small sphere
of radius r = (1/3/2 — 1)R ~ 0.225R inside the tetrahedral void.
This means that four large spheres can just fit around the central

small sphere when the size ratio R/r = 1/(,/3/2 — 1) = 4.45; for
R/r > 4.45 only three spheres can fit. Decreasing R/r from 4.45
merely causes loss of close-packing up until a certain point at
which a fifth large sphere can fit and - assuming that the large
spheres can ‘roll’ on the surface of the smaller one - close-packing
is restored for geometrical reasons.

Discussing hard spheres is a useful starting point, but most
colloids are never truly hard. For example, the presence of long-
range, repulsive electrostatic interactions that (in the case of
low ionic strength) reach far beyond the particle surface makes
the effective particle size and the preferred satellite center-to-
center distance considerably larger than observed for hard
spheres that can be packed until their surfaces touch. This
was observed by Demirdrs and co-workers who assembled
oppositely charged PMMA particles of R/r = 2.19 in an
intermediate-dielectric constant medium and varied the
strength of the satellite repulsion via the magnitude of the
particle charge: a decrease of n was observed with increasing
satellite charge.*> When instead the range of the electrostatic
interactions was tuned through the addition of salt, a peak in
the cluster distribution was observed with increasing salt
due to an interplay between satellite-satellite repulsion and
satellite-core attraction.

Whereas all of the clusters obtained in Demirors’ study had
regular geometries®® - explained by the strong satellite-satellite
repulsion - the typical situation is that strong, short-range, van
der Waals attractions cause the satellites to randomly and
irreversibly stick, or ‘park’, on the cores, thus precluding the
formation of symmetric clusters; in this sense, microgels are
beneficial since they lack strong short-ranged van der Waals
attractions. Despite its stochastic nature, the assembly of sticky
particles can yield remarkably narrow size distributions. Schade
et al. showed by simulations that for a R/r = 1 + v/2 ~ 2.41 size
ratio, the yield of loosely packed, distorted tetrahedral clusters
reaches 100%.** At this critical size ratio, the upper bound set by
packing constraints equals a long-time lower bound that can be
derived from solutions to the mathematical spherical covering
problem. In the same study, for R/r = 2.45, 90% tetramers were
experimentally obtained from assembly of oppositely charged PS
spheres. The deviation from the simulated distribution was
explained by the presence of vacant ‘parking spaces’ on the
cores even at long times, and by particle size polydispersity.
Irregular cluster geometries were also observed by Tagliazucchi
and co-workers who used PNIPMAM microgels as satellites and
PS particles as cores.®
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As different from the particles used in the aforementioned
studies, it is important to bear in mind that both the cores
and the satellites used in the present study are soft in nature
and can interpenetrate, compress and deform.®>"** The role of
softness was recently addressed by Colla et al. who used
molecular dynamics (MD) simulations to study the electrosta-
tically driven assembly in a fully symmetric, coarse-gained
system of oppositely charged microgels.”” Here, the softness-
related, elastic short-range repulsion was described by the
Hertzian potential,”®”®°*°7 which, most importantly, allows
for microgel interpenetration. Through this interpenetration,
oppositely charged microgels neutralise each other’s charges
very efficiently and the minimum of the potential well is (for a
moderate to high degree of softness) therefore found well
inside the overlap region. This results in the formation of very
dense aggregates, thus reducing the system’s overall charge
inhomogeneity and decreasing the charge ordering commonly
seen in charged hard sphere systems.

3 Materials and methods
3.1 Materials

N-Isopropylacrylamide (NIPAM, 97%, Aldrich), N-isopropyl-
methacrylamide (NIPMAM, 97%, Aldrich), N,N'-methylenebis-
(acrylamide) (BIS, 99%, Sigma-Aldrich), acrylic acid (AAc, 99.5%,
Acros Organics), allylamine (AL, 98%, Aldrich), methacryloxyethyl
thiocarbamoyl rhodamine B (MRB, Polysciences Inc.), fluorescein
O-methacrylate (FMA, 97%, Aldrich), sodium dodecyl sulfate (SDS,
>99%, Duchefa Biochemie), 2,2'-azobis(2-methylpropionami-
dine)dihydrochloride (V50, 97%, Aldrich) and potassium persul-
fate (KPS, >99%, Sigma-Aldrich) were all used as received. Water
was purified using a Milli-Q water purification system (resistivity
18.2 MQ cm, Millipore).

3.2 Microgel synthesis

3.2.1 PNIPAM-co-AAc microgels B474. A mixture of NIPAM
(2.87 g, 25.4 mmol), BIS (0.22 g, 1.4 mmol, 4.8 mol%), AAc
(0.16 g, 2.2 mmol, 7.6 mol%), MRB (4 mg) and SDS (7 mg) in
water (190.0 ml) was stirred and purged with nitrogen for
30 min at room temperature before increasing the temperature
to 70 °C. A solution of KPS (78 mg in 5.0 ml of water) was then
added to start the polymerisation. The reaction was maintained
at 70 °C under nitrogen for 4 h before cooling down to room
temperature. The microgel suspension was filtered through
glass wool to remove traces of coagulum, and was thereafter
purified by repeated cycles of centrifugation, decantation and
redispersion.

3.2.2 PNIPAM-co-AL microgels A115. The synthesis proce-
dure was adapted from literature.”®*'°° A mixture of NIPAM
(3.00 g, 26.5 mmol), BIS (0.21 g, 1.4 mmol, 4.6 mol%), AL
(0.15 g, 2.6 mmol, 8.5 mol%) and SDS (42 mg) in water
(180.0 ml) was stirred and purged with nitrogen for 1 h at
60 °C before raising the temperature to 70 °C. A solution of KPS
(141 mg in 20.0 ml) was then added to initiate polymerisation,
which was allowed to proceed for 4 h at 70 °C and under

This journal is © The Royal Society of Chemistry 2019
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nitrogen before cooling down. The suspension was filtered
through glass wool and was thereafter purified by dialysis for
1 week.

3.2.3 PNIPMAM-co-AL microgels A220. The same proce-
dure as for the PNIPAM-co-AL microgels A115 was followed
but with NIPMAM (3.00 g, 23.6 mmol), BIS (0.18 g, 1.2 mmo],
4.4 mol%), AL (0.13 g, 2.3 mmol, 8.5 mol%), SDS (40 mg), water
(180.0 ml) and KPS (119 mg in 20.0 ml).

3.2.4 PNIPAM-co-AL microgels A394. A mixture of NIPAM
(2.99 g, 26.4 mmol), BIS (0.20 g, 1.3 mmol, 3.1 mol%) and FMA
(4.3 mg) in water (160.0 ml) was stirred and purged with nitrogen for
1 h at 60 °C before increasing the temperature to 80 °C. A solution of
V50 (71 mg in 10.0 ml) was added to start the polymerisation, 3 min
later followed by a mixture of NIPAM (1.43 g, 12.6 mmol) and AL
(72 mg, 1.3 mmol, 3.1 mol% AL) in water (10.0 ml). The reaction
was allowed to proceed for 4 h at 70 °C and under nitrogen. The
suspension was filtered through glass wool and was then purified by
repeated centrifugation rounds.

3.3 Preparation of colloidal molecules

Colloidal molecules were prepared by mixing core microgels (A)
suspended in 0.1 M KCl (aq.) with satellite microgels (B)
suspended in 0.1 M KClI (aq.) to yield a final satellite concen-
tration of ~1.1 wt% and a B:A number ratio of ~(12 x n):1.
The mixture was vortexed for a minimum of 4 h to distribute
the cores among the satellites, and was thereafter - in order to
induce assembly - dialysed against water, under tumbling, for a
minimum of 3 days to ensure complete saturation of the cores
by adsorbing satellites.

3.4 Analysis of colloidal molecule size distributions

Colloidal molecule size distribution was determined by analy-
tical ultracentrifugation (AUC) using a rotating disk centrifuge
(CPS Instruments CPS-24000). At 12144 rpm, 9 sucrose solu-
tions of decreasing density from 8 to 2 wt% (1.6 ml of each)
were layered on top of each other, and after 30 min the sample
to be analysed (~0.1 ml of ~0.07 wt%) was injected. The size
distribution was obtained by measuring the time required to
reach a certain position in the gradient near the outer edge of
the disk, where detection takes place. The concentration at this
position was measured by light absorbance as a function of
time, and was then converted (by the software) to a weight
distribution using Mie theory.

3.5 Isolation of colloidal molecules

Isolation of colloidal molecules through removal of excess
satellites was achieved using a deterministic lateral displace-
ment (DLD) device. A detailed description of the device can be
found in the ESLt A dilute suspension (& 0.06 wt%) of clusters
and excess satellite microgels was introduced through the two
sample inlets at the sides of the array, whereas water was
introduced through the central inlet. The pressures (x 100 mbar)
applied to the inlets were fine-tuned to ensure a balanced flow
aligned along the direction of the channel. The device was
typically run for 4 h, which generated x40 pl of suspension in
the cluster outlet. Upon recovery from the outlet reservoir, some

This journal is © The Royal Society of Chemistry 2019
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of the water was allowed to evaporate in order to increase the
cluster concentration.

3.6 Characterisation techniques

3.6.1 3D dynamic light scattering (3D DLS). DLS was per-
formed on highly dilute suspensions (10> wt%) using a 3D light
scattering spectrometer (LS instruments AG) that implements a
solid state laser light source (660.0 nm, 100 mW). The fluctuations
in the intensity of the scattered light were measured in a 3D cross-
correlation configuration'®! with modulation unit.'> 5 mm cylind-
rical NMR-tubes were used as sample cells. 21 correlograms - 3 per
angle, each with 60 s acquisition time — were obtained at scattering
angles from 40 to 100° in steps of 10°. The diffusion coefficient D
was obtained by linear regression from I' = Dg?, with I' the decay
rate from a single exponential fit and g the magnitude of the
scattering vector. The hydrodynamic radius (Ry) was calculated
from D using the Stokes-Einstein equation, assuming hard
spheres of radius Ry. Microgel swelling curves were obtained by
measuring Ry as a function of temperature in the range 20 to
55 °C. Temperature control of the sample was ensured by regulat-
ing the vat temperature using a water circulation thermostat.

3.6.2 Confocal laser scanning microscopy (CLSM). CLSM
micrographs were recorded on an inverted confocal laser scan-
ning microscope (Leica DMI6000) with an SP5 tandem scanner
operating in resonant mode and using a 100x/1.4NA oil
immersion objective. The microscope is mounted in a thermo-
stated enclosure that enables temperature control with an
accuracy of 0.2 °C. The samples under study were kept between
two cover glasses separated by a 0.12 mm spacer (Invitrogen
Secure-Seal™ imaging spacer). Covalent incorporation of fluor-
escent rhodamine and fluorescein derivatives (MRB and FMA)
during microgel synthesis enabled fluorescence CLSM studies.
A543 nm HeNe and a 488 nm Ar laser was used to excite the two
respective fluorophores.

3.6.3 Electrophoretic mobility measurements. A Malvern
Zetasizer Nano-Z (Malvern Instruments Ltd) equipped with a
633 nm 4 mW HeNe laser with automatic laser attenuator was
used for electrophoretic mobility (1) measurements. Disposable
folded capillary cells (Malvern DTS1070) were used as samples
cells. Measurements were performed at a fixed scattering angle
of 17° using the M3-PALS laser interferometric technique. The
electrophoretic mobility is given as the average of 10 consecu-
tive measurements. Samples were equilibrated for 15 minutes
prior to measurements. Sample concentration was 10~ wt%.

4 Results and discussion
4.1 The microgel building blocks

Soft, temperature-responsive microgels were chosen as building
blocks for the preparation of core-satellite, AB,-type colloidal
molecules. In a previous publication we already reported on the
ability of microgels to serve as temperature-responsive interaction
sites — there to mediate the interactions between micron-sized,
microgel-decorated oil droplets."® In the present work, anionic,
rhodamine-labelled PNIPAM microgels of Ry 474 nm (at 20 °C)

Soft Matter, 2019, 15, 8512-8524 | 8515
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Table 1 Overview of selected properties of the four microgel systems used in the present paper

BIS Co-monomer g X 10 @20 °C Ry@20 °C  Ry@55 °C
Microgel ID  Polymer [mol%]  [mol%] [m>v"s"] [nm] [nm] 2(20 °C)  B474:Axxx@20 °C
B474 PNIPAM-co-AAc 4.8 7.6 —2.46 474 233 8.4 —
A115 PNIPAM-co-AL 4.6 8.5 +2.80 115 70 4.4 4.12
A220 PNIPMAM-co-AL 4.4 8.5 +3.14 220 113 7.4 2.15
A394 PNIPAM-co-AL 3.1 3.1 +2.47 394 177 11.0 1.20

were chosen to serve as satellites (B), and will in the following be
referred to as B474. PNIPAM microgels were preferred as satellites
over poly(N-isopropylmethacrylamide) (PNIPMAM)-based ones
due to the lower, more easily accessible VPTT (32 versus 45 °C).
As cores (A), three oppositely charged (cationic) microgel particles
were investigated, and were picked based on their size. The three
core microgels are in the following referred to as A115, A220 and
A394, respectively, where 115, 220 and 394 refer to their respective
Ry in units of nm (at 20 °C). The A220 cores are based on
PNIPMAM whereas the other two are PNIPAM-based; the A394
cores are fluorescein-labelled whereas the other two are non-
fluorescent. All four microgels were obtained by free radical
precipitation polymerisation,”>'%*'°® and are all moderately
crosslinked using BIS (3.1-4.8 mol%). Negative charges where
incorporated into B474 through co-polymerisation with AAc,
whereas positively charged AL was used as co-monomer in the
synthesis of A115, A220 and A394. Incorporation of the charged
co-monomers was confirmed by measurements of the microgels’
electrophoretic mobility u in water (Table 1). All four microgels
were monodisperse and readily crystallize as evident from Bragg
diffraction in concentrated suspensions. CLSM micrographs of
the fluorescent B474 and A394 microgels are shown in Fig. 2; the
small size and poor contrast of the (non-fluorescent) A115 and
A220 microgels did not allow for their direct visualisation by
(bright-field) CLSM.

The temperature-responsive behaviour of the microgels was
studied, first of all, by dynamic light scattering (DLS), by
measuring Ry as a function of temperature in the range from
20 to 55 °C (Fig. 3A and Table 1). All four microgels possess a
volume phase transition on increasing the temperature, for the
B474 microgels however less sharp compared to what is com-
monly reported for pure PNIPAM. Similar swelling curves for
PNIPAM-co-AAc microgels have been reported, and were linked

5 pm 5pm

Fig. 2 CLSM micrographs of (A) the B474 satellites and (B) the A394
cores, adsorbed to the cover slip at 20 °C. In both cases the microgels are
suspended in water and the concentration is 0.1 wt%.

8516 | Soft Matter, 2019, 15, 8512—-8524

to the presence of charged co-monomer moieties in the particle
interior, which counteracts the temperature-induced collapse
of the polymer network.'® However, recent results indicate that
the effect is instead primarily due to the extended conformation
of the dangling ends at the microgels’ periphery in the strong
electric field induced by the presence of the charges.'*°

From the measured Ry values, the swelling ratio « - a
measure of a particle’s swelling capacity - can be calculated.
o(T) is here defined as

“(T) = Rlsqs

Vswollen _ |:R£:|3 (1)

Vcollapsed
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Fig. 3 (A) Microgel swelling curves measured by DLS, showing Ry as a
function of T. The microgels were dispersed in water. Vertical lines indicate the
VPTT of (pure) PNIPAMS®6 and PNIPMAM,54197108 respectively. (B) Evolution
of the swelling ratio o with T.
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Fig. 4 CLSM micrographs of the B474 microgels at 3.7 wt% in water, at (A) 20 °C (T < VPTT), (B) 40 °C (T > VPTT) and (C) 20 °C again, respectively.

where Viyolien and Veoliapsea are the particle volume at tempera-
ture T and in the fully collapsed state (55 °C), respectively.
(20 °C) varies significantly among the four microgels (Table 1
and Fig. 3B) - from 4.4 for A115 to 11.0 for A394 - which may
stem from a combination of factors such as the identity,
amount and efficiency of incorporation of monomer, co-
monomer and crosslinker, as well as various synthesis para-
meters. The variation in «(20 °C) will not be discussed in more
detail, as the aforementioned variables were not systematically
investigated in the present paper.

The size (volume) reduction measured by DLS can be directly
visualised by confocal laser scanning microscopy (CLSM), here
exemplified using the B474 microgels (Fig. 4). At 3.7 wt% and
below the VPTT (20 °C), the highly swollen microgels are in a
long-range ordered, crystalline state. As the temperature is raised
to 40 °C, however, the particles shrink, their volume fraction
reduces and the crystal melts into a fluid state. On returning back
to 20 °C, the ordered, crystalline phase is restored. This simple
demonstration illustrates how temperature can be effectively
used as a tool to explore the phase diagram via in situ tuning
of particle size and volume fraction,*® which is not possible for
hard spheres. As shown elsewhere,'*! this annealing process can
be effectively used to facilitate microgel crystallisation and to
remove crystal defects.

In addition to control over size and volume fraction, the use
of microgels allows for convenient tuning of the inter-particle
interactions through a combination of salt that governs the

5 pm

electrostatic repulsion, and temperature that governs the poly-
mer-solvent interactions and the inter-particle van der Waals
attraction. Again, CLSM can be used for direct visualisation of
the temperature-response: in Fig. 5, reversible association of
the B474 microgels was brought about by increasing the
temperature to above the VPTT (40 °C), under acidic conditions
(5 mM HCI) to neutralise the charges of the carboxylic acid
groups and to screen the remaining electrostatic repulsion
originating from charged initiator residuals. It is worth noti-
cing that 2.5 mM HCI was not sufficient to suppress the
electrostatic stabilisation. Association of the microgels leads
to the formation of a volume-spanning network structure,
which completely dissociates on returning to temperatures
below the VPTT.

4.2 Preparation of colloidal molecule-like clusters

Using the oppositely charged satellite B474 and core A115, A220
and A394 microgels, we took on an electrostatically driven assem-
bly approach to prepare core-satellite, AB,-type, colloidal molecule-
like clusters (Fig. 1). For mixing of the two species - cores and
satellites — two different methods were initially investigated.
Common for the two methods is the use of an excess of satellites
compared to cores (x/(12 x n):1 B:A number ratio) in order to
ensure decoration of the cores by the satellites (and not the other
way around) and to suppress formation of unwanted aggregates
of alternating satellites and cores. The fundamental difference
between the two mixing methods is the ionic strength at which the

[200) ——— [i] ———— [}

Fig. 5 CLSM micrographs of the B474 microgels at 2.5 wt% in 5mM HCL, at (A) 20 (T < VPTT), (B) 40 (T > VPTT) and (C) 20 °C again, respectively. (A) and
(C) are snapshots from videos recorded in bulk solution, whereas (B) is a maximum intensity projection constructed from 22 xy frames collected over

a z-distance of 5.29 pm.

This journal is © The Royal Society of Chemistry 2019
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cores and satellites are mixed. In the first method, the cores were
added to the satellites under deionised conditions where electro-
static attractions are present already from the start. In order to
suppress aggregate formation, the cores were added only very
slowly and at high stirring speed to ensure their rapid distribution
among the satellites. In the second method, the cores were instead
added to the satellites at high ionic strength (0.1 M KCl), and not
until the resulting suspension had been well mixed and the cores
evenly distributed among the satellites, the electrostatic attraction
was turned on by dialysis. Whereas the two approaches yielded the
same types of small clusters (which we will come back to in the
next paragraph), unwanted aggregates (Fig. S1, ESIt) - sometimes
macroscopic — were common in the case of mixing under deio-
nised conditions but were very rare if mixed at high ionic strength.
This illustrates the importance of a low local concentration of
cores, in combination with a large excess of satellites, in order to
suppress aggregate formation. Most likely, as the cores enter the
satellite suspension during deionised conditions, they are not
distributed among the satellites fast enough, despite slow addition
and high stirring speed. In contrast, mixing at high ionic strength
allows for the cores to be evenly distributed among the satellites
prior to assembly. In that case, suppression of aggregate formation
becomes only a matter of having a large enough excess of satellites.
The more successful method - mixing at high ionic strength
followed by dialysis — was used in all subsequent experiments.

4.3 Controlling the cluster valency

Having established a method for core-satellite mixing, the ability
to control the valency n of the resulting AB, clusters via the B: A
size ratio was investigated. Here, the B:A size ratio was varied
through the core (A) size, using the A115, A220 and A394 micro-
gels in combination with the B474 satellites. The corresponding
B: A size ratios are given in Table 1. As previously mentioned, 7 is
(for hard particles) governed by geometrical constraints and by
the strength and range of the satellite-satellite repulsion.***®
However, as the soft nature of microgels allows for deformation,
compression and interpenetration,”*** we acknowledge also that
the particle softness and the extent of microgel-microgel overlap
might influence n. Whereas the effect of microgel softness is
outside the scope of the present paper, it is important to keep in
mind that for the same value of B:A, the use of soft and hard
particles does not necessarily yield clusters of the same n. Never-
theless, the B: A size ratio yielding a certain n with hard particles
may still serve as a guide. Thus, based on previous work on PS
particles,” the A220 cores were selected in order to yield (tetra-
hedral) AB,-type clusters in combination with the B474 satellites.

AB,, clusters obtained with B474 in combination with A115,
A220 and A394 were qualitatively assessed using CLSM. With
the A115 cores, AB,-type clusters were obtained (Fig. 6A and
Video S1, ESIT) alongside a very small number of trigonal planar,
AB; ones. All of the AB, clusters displayed a carbon dioxide-like,
linear geometry, likely due to the electrostatic repulsion between
the like-charged B474 satellites as also explained elsewhere;"®
this is analogous to the valence shell electron pair repulsion
(VSEPR) model proposed for small molecules. The presence of a
small number of AB; clusters is likely reflecting the soft repulsive
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potential between the satellites, since there remains a finite
probability for such AB; clusters if the strength of the satellite-
satellite repulsion is not too large compared to the thermal
energy at the point where the ongoing reduction of the ionic
strength and thus the increasing core-satellite attraction perma-
nently fixes a given cluster configuration.

On increasing the core size, clusters of higher n were
obtained. As aimed for, methane-like, AB,-type clusters of tetra-
hedral geometry (Fig. 6B and Video S1, ESIT) were by far the most
prevalent ones when the A220 cores were used. AB; clusters were
observed only very rarely, whereas AB, clusters were absent. As
explained elsewhere,*’ the presence of AB; clusters can be
attributed to unoccupied ‘parking spaces’ on the cores even at
long times.

A further increase in core size, realised using the A394 cores,
resulted in sulfur hexafluoride-like, octahedral ABg-type clusters
(Fig. 6C and Video S1, ESIt). Some phosphorus pentafluoride-
like, trigonal bipyramidal ABs-type ones were also observed. The
electrostatically adsorbed B474 satellites are well separated on
the central green cores, giving the assemblies a patchy particle-
like appearance.

For all of the A-B combinations investigated in the present
paper, regular clusters were obtained: linear dimers, tetrahe-
dral tetramers and octahedral hexamers, respectively. As also
argued elsewhere,*® we attribute the symmetric distribution of
satellites to the electrostatic satellite-satellite repulsion that
serves to maximise the satellite-satellite distances. For this
maximisation to be possible, the satellites need to be able to
rearrange with respect to each other. We believe that such
rearrangements are enabled by the slow decrease of ionic
strength during the dialysis process that only slowly serves to
increase of strength of the core-satellite and satellite-satellite
interactions. This initially allows the particles to find their
optimal positions, which are slowly ‘frozen’ as the strength of
the interactions increases.

To summarise, the above demonstration that the valency n can
be conveniently tuned via the B:A size ratio makes the electro-
static assembly method for AB,, cluster production highly versatile,
as it can be used to generate assemblies ranging from the low-
valency clusters described above to high-valency, raspberry-like
ones. Interestingly, despite the soft nature of the microgels and
their ability to interpenetrate, compress and deform,””®* the
relationship between the B:A size ratio and n observed for hard
particles does not seem to be significantly altered. For the
reminder of the present paper, the target tetrahedral, AB,-type
clusters that resulted from the assembly of B474 satellites and
A220 cores will be the focus.

4.4 Cluster size distribution analysis

As some - albeit very rare — AB;-type clusters were observed
alongside the AB, ones following assembly of the B474 satellites
and the A220 cores, the cluster size distribution was quantita-
tively determined by analytical ultracentrifugation (AUC) in a
8-2 wt% sucrose gradient using a rotating disc centrifuge that
separates clusters of different n based on their different sedi-
mentation velocities V; Vis under Stokes conditions proportional

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 CLSM micrographs of AB,-type clusters, in an excess of B474 satellites, at three different B: A size ratios: (A) 4.12, (B) 2.15, and (C) 1.20. The
micrographs are snapshots from videos recorded in bulk solution. We recommend the reader to watch the corresponding Video S1 (ESIt) where the
geometry of the different clusters is shown more clearly. The schematic drawings show the most prevalent type of cluster in each case.

to the square of the particle diameter D according to V oc D*. A
detector located near the outer rim of the rotating disc allows for
the different cluster populations to be resolved as individual
peaks in a diagram of absorbance versus time, and conversion
from turbidity to weight distribution is then done using Mie
light scattering theory (based on the assumption of spherical
shape). Integration to obtain the peak areas finally gives the
relative amount of the different cluster species. Analytical ultra-
centrifugation has previously been used to assess the distribu-
tion of small clusters composed of PS spheres.">'"

With AUC, a suspension of pure B474 satellites was first
analysed in order to confirm that there were no random aggre-
gates prior to assembly, and indeed only a single peak was
observed (Fig. S2, ESIt). In addition to the satellite peak, a narrow
series of peaks corresponding to colloidal molecule-like AB,-type
clusters was observed when the suspension harvested from the
dialysis bag was analysed (Fig. 7). We conclude that the largest
among the peaks corresponds to the many AB, clusters that were
observed by CLSM, whereas the few AB; clusters give rise to the
small peak to its left. A slightly noisy base-line is observed to the
right of the AB, peak, which is probably due to the presence of
extremely rare, small aggregates. From integration of the AB; and

This journal is © The Royal Society of Chemistry 2019

AB, peaks (Fig. 7), is was determined that the target AB, clusters
constitute 90% of the total (AB;-AB,) cluster population by
weight. As shown for hard particles,”® the yield of AB, microgel-
based clusters can likely be boosted further by fine-tuning of the
B: A size ratio (and/or of additional parameters that affect n).

4.5 Stability of colloidal molecules

Using microgels, which contain up to 90% water in the swollen
state and therefore possess negligible attractive van der Waals
forces, it was presumed that a core-satellite crosslinking strat-
egy needed to be implemented in order to form stable AB,-type,
colloidal molecule-like clusters that do not dissociate under the
acidic conditions required to induce attractive inter-particle
interactions above the VPTT. However, even after 24 hours in
5 mM HCI (i.e. conditions under which the satellites are attrac-
tive at T > VPTT), the AB,-type clusters seemed to be, based on
CLSM studies, just as prevalent as in pure water (Fig. S3, ESIt).
The conclusion is that loss of negative charges due to protona-
tion of the carboxylic acid groups is not sufficient to cause
dissociation, possibly as the negative charges originating from
persulfate initiator residuals still contribute to sufficient electro-
static attraction between cores and satellites. Not only do the
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Fig. 7 Particle (cluster) size distribution measured by AUC for the suspen-
sion harvested from the dialysis bag following assembly of B474 satellites
and A220 cores. The relative abundance (by weight) of ABsz and AB4
clusters was obtained by integration of the peaks corresponding to the
two populations. The percentage of the target AB, clusters was given by
0.5339/(0.5339 + 0.05666) = 90%.

clusters remain intact in acidic solution, but they also do not
dissociate in the presence of salt; after 2 weeks in 0.1 M KCl, the
clusters are still as numerous as before, as qualitatively assessed
by CLSM (Fig. S3, ESIY).

In addition to the still prevailing electrostatic attraction under
acidic conditions, we believe that the lack of dissociation of the
electrostatically assembled clusters under acidic or saline con-
ditions is due to two contributing factors which both stem from
the slow dynamics present in polymer systems. First, as also
argued elsewhere,®” as interpenetration and entanglement of the
fuzzy shells of the core and satellite microgels is likely extensive,
their mobility with respect to each other is restricted and the
core-satellite connection is strengthened; disassembly of the two
then requires full disentanglement of these extensively interpe-
netrating fuzzy shells. Second, for a satellite to desorb from the
core, all core-satellite ion pairs need to dissociate at the same
time. If only a fraction of the pairs dissociate at a time, there is a
high probability that re-pairing occurs before the entire satellite
can desorb. In this way, the satellites remains bound to the core
by its own inertia. This is much analogous to adsorption of a
polyelectrolyte to an oppositely charged surface, which can be
regarded as essentially irreversible (over a finite time scale)."™*

Since neither acid nor salt caused dissociation of the clusters, we
considered crosslinking not necessary. One can imagine, however, to
make use of a 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
coupling scheme that serves to connect the carboxylic acid groups of
the satellites with the primary amine groups of the cores."*

4.6 Isolation of colloidal molecules

Due to the large excess of B474 satellites compared to A220 cores
(~48:1 B: A number ratio), assembly of the two naturally yields
a mixture of clusters and excess B474 satellites. Isolation of the
AB, clusters through removal of excess satellites was accom-
plished using DLD technology,"'*'"” a continuous microfluidic
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particle sorting method that relies on interactions of particles
suspended in a fluid with an obstacle array, which is tilted with
respect to the flow direction, under laminar flow conditions. While
this method in recent years has been shown capable of sorting
based on particle properties such as shape,'***?° softness,"*' and
polarisability,"”** its common mode of operation is size-based
particle sorting where the method is recognised for its excellent
resolution. The size-based sorting relies on a threshold size, the
critical diameter D., which is mainly determined by the array
parameters: the post-post distance and the tilt angle between the
post array and the flow direction. From the point of entry into the
device, particles smaller in size than D, follow a zigzagged but
ultimately straight course as they do not interact sufficiently with
the perpendicular posts to be shifted from the overall flow direc-
tion. Particles larger than D., on the other hand, are laterally
displaced across the streamlines when negotiating each post. In
this way, particles smaller and larger than D, are separated along
the length of the device and are finally collected in different outlet
reservoirs upon exiting the device. There is a plethora of samples
successfully sorted by DLD, including nanoscale colloids and
vesicles,'>*™?* blood (platelets,'*® WBCs,'*” RBCs,'*' CTCs,'*®
parasites,'>>"*%) and other types of samples such as droplets,"*'
bacteria chains'** and epithelial cells."*?

The nominal D, of the DLD device used in the present work was
D, =1.18 um, as estimated by the empirical expression in ref. 134.
This D. was large enough to suppress lateral displacement of
the excess B474 satellites while still allowing for displacement of
the AB, clusters, consequently achieving successful separation by
directing the two species to different outlet reservoirs (Video S2
shows AB, clusters in outlet reservoir, ESIT). CLSM micrographs of
isolated target AB,-type colloidal molecules are shown in Fig. 8. A
detailed description of the DLD device used in this work can be
found in the ESLf

5pum

5 um

Fig. 8 xyz maximum intensity projections, constructed from 40 xy frames
collected over a z-distance of 3.27 um and recorded at 20 °C, showing isolated
AB4-type clusters of tetrahedral geometry adsorbed to the glass cover slip.

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 CLSM micrographs showing the association of two AB4-type clusters, induced by an increase of temperature from 30 °C (T < VPTT) to 35 °C (T > VPTT)
in 5 MM HCL The micrographs are snapshots from a video recorded in bulk solution (Video S3, ESIt). The top and bottom panels show fluorescence and bright-

field micrographs, respectively.

It is worth mentioning that we also tried to remove the
excess free satellites from the clusters using density gradient
centrifugation. This however proved difficult due to problems
with detection of the bands, as the highly water-swollen micro-
gels scatter light only very weakly. Increasing the concentration
was not possible, as it resulted in streaming.

4.7 Temperature-dependent interactions between colloidal
molecules

The ability to control the inter-particle interactions between the
isolated AB,-type, colloidal molecule-like clusters was demon-
strated by CLSM, by raising the temperature across the VPTT
(from 30 to 35 °C) under acidic conditions (5 mM HCI) in order to
sufficiently reduce the electrostatic cluster-cluster repulsion.
Before the study, as the sample obtained from DLD was very
dilute, the concentration of clusters was increased by evapora-
tion to approximately one third of the volume. Analogous to the
observations made for the pure B474 satellite microgels (Fig. 5),
increasing the temperature across the VPTT serves to turn on
attractive inter-particle interactions that cause association of the
clusters. The association of two AB, clusters is shown in Fig. 9
(video S3, ESIt). As for the pure B474 satellites, the association
process is completely reversible, and the sample returns to its
original state on cooling down. In summary, these observations
show that the ‘intermolecular’ interactions between the AB,
clusters can be tuned in a simple manner through an interplay
between electrostatic repulsion, tuned by acid (or salt) concen-
tration, and attractive van der Waals interactions controlled by
temperature as an external stimulus.

5 Conclusions

Whereas colloidal molecules constitute highly promising build-
ing blocks for the preparation of new, ordered structures with
novel or improved properties, their typical hard sphere nature
has hampered the realisation of large crystals with the neces-
sary degree of perfection, largely due to difficulties with con-
trolling and tuning the inter-particle interactions. The current
paper has aimed to address this issue, by replacing the usual

This journal is © The Royal Society of Chemistry 2019

hard sphere building blocks with temperature-responsive ones
that allows for control of the inter-particle interactions via
temperature.

We have here reported on a novel, facile, cheap and easily up-
scalable bulk method for the preparation of large quantities of
temperature-responsive, microgel-based colloidal molecules. We
start from a binary mixture of oppositely charged microgels and
allow electrostatics to drive their assembly into well-defined,
core-satellite AB,-type, colloidal molecule-like clusters, where
clusters of a certain n can be obtained through careful selection
of cores and satellites of the appropriate relative size. As
hypothesised, the inherent response of the microgels to changes
in temperature allows for the inter-particle interactions between
the clusters to be conveniently controlled with temperature,
from soft repulsive below the VPTT to short-range attractive
above. We expect that this in situ control of the interactions -
and of the volume fraction - will greatly facilitate the assembly of
colloidal molecules into (dense) crystalline phases. Future work
will however have to address the quantitative investigation of the
directional inter-particle interactions, the phase behaviour and
the self-assembly of the clusters as a function of concentration
and temperature. Such studies will naturally require a large
amount of the target clusters, which can be realised by simple
up-scaling of the fabrication process, by improving the yield of
the target cluster type through fine-tuning of the B: A size ratio,*?
and/or by increasing the throughput of DLD sorting through
parallelisation.

For the preparation of open structures, such as the long-
sought diamond lattice, we now have building blocks of the
requisite shape and symmetry at hand. Replacement of our low-
optical density microgels with core-shell microgels comprising
an inorganic, metallic or magnetic core'*™"* provides us with
the possibility to prepare full photonic band gap materials in
the future.
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