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Here we report the self-assembly of ‘hard-soft’ micron-sized Janus particles into clusters in aqueous 

media. The assembly process is induced by the desorption of a polymeric stabiliser from particles, that is 

polyvinylpyrrolidone (PVP) polymer. Upon contact through collision and coalescence of the soft 

polymeric lobes, the newly formed clusters adopt a minimized surface area to volume ratio, thereby 

forming distinct microscopic supracolloidal analogues of simple molecular valance shell electron pair 10 

repulsion (VSEPR) spacefill structures. To explain this behaviour, colloidal stability of our particle 

suspensions were studied with and without an adsorbed steric surfactant. Simulations of expected cluster 

morphology, compared with those from cryo-SEM analysis support the mechanism of assembly driven by 

surface area minimization in the case of soft-soft interactions. Altering the soft lobe size with respect to 

the hard lobe indicates a moderate effect on number of primary particles per cluster. Additionally, higher 15 

order structures of clusters containing a number of primary particles exceeding what is possible for a 

‘solid’ core cluster are observed. As such, we also investigated the formation of suprastructures using a 

high number of ‘hard-soft’ Janus particles and verify their effective stabilization of air bubbles. 

Introduction 

Colloidal molecules, a term coined by van Blaaderen and 20 

coworkers,1 describes the formation of supracolloidal structures, 

through assembly of colloidal building blocks, that resemble the 

configuration of atoms in molecules both in angular arrangement 

and respective lobe size to that of valence shell electron pair 

repulsion (VSEPR) space-fill geometries. These intricate 25 

structures attract great interest in colloid science and soft matter 

physics, as they produce anisotropic or patchy objects (anisotropy 

referring to shape, size, chemical and physical characteristics). 

They may be used as further building blocks for hierarchical self-

assembly and as model systems for mimicking molecular 30 

assembly in shape and directional interactions.2, 3 

 To control the formation of colloidal molecules and thus the 

assembly process the building blocks themselves often have 

anisotropic features, but not always as for example in the work of 

Pine and co-workers particle clusters were fabricated in an 35 

emulsion system.4 When anisotropy of a single particle is 

opposing in character one speaks of Janus particles. The vast 

majority studies of Janus particles focus on their amphiphilicity.5-

11 Generally, Janus particles can be made by a variety of routes, 

such as phase separation,12-18 surface nucleation,19-21 40 

microfluidics,22-25 micro-contact26, 27 and particle PRINT,28, 29 etc. 

One easy accessible anisotropic shape and chemistry would be 

‘dumbbell’ or ‘peanut’-type particles. For example, dumbbell 

particles with a magnetic ferrofluid lobe can assemble into 

clusters and chains whilst being subjected to a magnetic field.30 45 

The conformation of which is a competition between magnetic 

attraction and steric hindrance. Anisotropic dumbbell particles 

featuring a ‘rough’ and ‘smooth’ phase were also reported to 

aggregate into clusters, whereby only the ‘smooth’ lobes of the 

particles interact, the ‘hard’ phases providing a sterically 50 

repulsive force against aggregation.31 Despite showing good 

control of selective interactions to form regular clusters, most of 

these techniques exploit reversible interactions, whereby 

application of sufficient shear or a change in ionic strength would 

cause disintegration of the cluster. Kraft et al. manufactured 55 

clusters which are permanently bonded together using a dumbbell 

type of morphology of which one lobe was liquid.32 These 

colloidal shapes were made in situ as a result of induced phase 

separation which led to the formation of the liquid lobe. The 

clusters formed upon collision at which point the liquid phase 60 

allowed for rearrangement of the clusters into an energetic 

favourable geometry. The shapes were locked-in by 

polymerization of the liquid phase. 

 Herein, we take a similar approach towards fabricating 

colloidal clusters. Instead of using liquids to arrange the colloidal 65 

building blocks, we use ‘hard-soft’ Janus particles (Fig. 1). The 

advantages are that we do not make use of a volatile phase and 

that we have no need for a post polymerization step. The soft 

section of the polymer particle acts as adhesive, which upon 

assembly ‘glues’ the building blocks in place, which makes 70 

locking the structure together by a post chemical reaction 

unneeded. Our particles are ‘dumbbell’ shaped with lobes of 

distinct glass transition temperature, that is -54 °C for the ‘soft’ 

poly(n-butyl acrylate) (PBA) lobe and 100 °C for the ‘hard’ 

poly(styrene) (PS) lobe. Polyvinylpyrrolidone(PVP) is used as 75 
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steric stabiliser in their synthesis to impart colloidal stability to 

these particles whilst dispersed in an aqueous phase. The 

aggregation and thus self-assembly of these ‘hard-soft’ Janus 

particles is triggered upon partial removal of the steric barrier by 

dilution of the dispersion and stirring.  5 

Experimental section 

Materials 

Styrene (Reagent Plus, 99%), n-butyl acrylate (>99%), poly(vinyl 

pyrrolidine) (PVP-K90, 360,000 g/mol),  all were supplied by 

Sigma-Aldrich, UK. Azobisisobutyronitrile (AIBN, 97%), 10 

ethanol (absolute AR) and methanol (AR) were purchased from 

VWR and used as received. Monomers were filtered through a 

basic alumina column to remove inhibitor before use. Deionised 

water was used in all experiments. 

Synthesis of hard-soft Janus particles 15 

Micron-sized polystyrene seed latexes with narrow particle size 

distribution were synthesized by dispersion polymerization. 

Briefly, styrene (25.0 g), AIBN (0.25 g), PVP (1.5 g) and 

methanol (70 g) were charged to a 250 mL round bottom flask 

and purged with nitrogen gas purge for 20 minutes, whilst stirring 20 

using a magnetic stirrer. Next, the mixture was heated to 70°C for 

24 hours whilst stirring was maintained and the reaction was kept 

under a slight nitrogen over pressure. After this, the resulting 

polymer dispersion was cooled to room temperature, purified by 

centrifugation, decantation of the supernatant, and re-dispersion 25 

into methanol (repeat twice) before analysis by optical 

microscopy and laser scattering analysis. 

 To make the hard-soft Janus particles dispersion in methanol a 

second step was required. Typically PVP-K90 (0.03 g), n-butyl 

acrylate (1.5 g), AIBN (0.1 g), water (5.70 g) and methanol (17.3 30 

g) were added to a 27.0 g methanol dispersion of polystyrene 

seeds particles (solids content of the seed latex = 11 wt%),. The 

mixture was stirred and purged with nitrogen for 20 minutes. 

After this, the flask was heated to 70°C for 24 hours to carry out 

the seeded dispersion polymerization under a nitrogen 35 

atmosphere. 

Particle cluster formation 

Methanol dispersions of ‘hard-soft’ particles were sedimented by 

gravity before replacement of an equal volume of supernatant 

with deionised water. Settled particles were re-suspended in fresh 40 

media by gentle swirling. This process was repeated twice more 

before dilution to 0.1 wt% solids content in deionised water. 

After which agitation by hand-shaking for 30 seconds was 

applied to generate clusters. 

Particle stabilised foams 45 

10 mL of an aqueous suspension of purified hard-soft particles at 

0.1 wt% (w/w) was hand-shaken in a 15 mL glass vial in the 

presence of air as to thoroughly aerate the suspension. The 

remaining foam layer was carefully resuspended in fresh 

deionised water prior to imaging. 50 

 

 

Characterization 

Laser diffraction measurements 

Bulk particle sizing measurements were undertaken using a 55 

Mastersizer 2000 (Malvern Instruments, Malvern, UK). Dilute 

aqueous particle suspensions were introduced using the Hydro S 

dispersion unit. Time-lapse measurements of 400 min duration, 

sampling every 20 min were undertaken in a closed system using 

degassed tap water in ambient conditions stirring at 1750 rpm. 60 

Laser was aligned to optimum transmission intensity and a 

background spectrum collected to eliminate any contaminants 

presenting in the final data. Dilute suspensions of 1 wt% were 

introduced drop wise by submerged syringe to ensure no 

premature flocculation or bubble introduction until 5% laser 65 

obscuration was reached. A 30 sec ultrasonic cycle to remove any 

bubbles and break apart any flocculation was run before the 

measurement ensued. Concentration of particulate was fixed at 

0.04 vol% with respect to total media volume, as determined by 

Mastersizer instrumentation. 70 

Turbidity measurements 

To determine the turbidity, ‘hard-soft’ particles of 1:1 PS/PBA 

ratio were first synthesized, and diluted in pure water or PVP-

K90 solutions to 0.2 g/L of particulate content. 10 mL of these 

suspensions were sealed in a glass vial and mounted into a Model 75 

777 Microarray Oven (SciGene, California, USA) before rotating 

at a set speed under ambient room temperature conditions. The 

radius from the centre of the vial to the rotor centre was fixed at 

20 cm. Periodically, samples from the vials were measured for 

absorbance at 540 nm using a UV/Vis spectrophotometer. A 80 

calibration curve of known primary particle concentration was 

measured to back calculate primary particle concentration from 

absorbance (Fig. s1, ESI†). Absorbance measurements at 540 nm 

were taken for set concentrations of polystyrene particles (PS 

seed), poly(butyl acrylate) particles (BA seed) and ‘hard-soft’ 85 

Janus particles. Evidently, the PS seed absorbs and scatters more 

light than PBA beads, due to the higher refractive index of 

polystyrene compared with poly butyl acrylate (1.57 against 1.47 

respectively). As expected, the Janus particle absorbance sits 

between these values, although biased towards the polystyrene 90 

value. This is due to the larger size and aspect ratio of the Janus 

particle as opposed to a sphere.  A simple exponential function 

was fitted against these values, which was in turn was used to 

calculate concentration of singular particles from absorbance. We 

apply the assumption that particles, irrespective of size, scatter 95 

light equally, and that we may measure flocculation by the 

decrease in initial particle number. 

Optical and electron microscopy 

Particles were imaged on a Leica DM2500 using a Nikon D5100 

camera. Cryogenic Scanning Electron Microscopy analyses were 100 

carried out using a Zeiss Supra 55-VP Field Emission Gun 

Scanning Electron Microscope with a Gatan Alto 2500 cryo 

transfer system and a Gatan C1002 Liquid Nitrogen cold stage. 

Dilute aqueous suspensions of particles were drawn into a brass 

rivet and cooled in liquid nitrogen. Samples were heated to -90 105 

°C under high vacuum for 10 minutes to remove contaminant ice 

through sublimation followed by platinum sputter target coating 
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in an argon atmosphere (20 seconds, 10 mA). Imaging was 

undertaken at -120 °C using a 3 kV accelerating voltage with a 

gold anti-contaminator at -189 °C. Image analysis was conducted 

with ImageJ software. 

Simulations of cluster formation 5 

Surface Evolver (Ken Brakke) was used to graphically depict the 

lowest surface energy morphology of volume constrained 

Anisotropic particle clusters of 1 <n > 5. Simulations were built 

on coarse Janus particles consisting of two separate domains. At 

the start of the simulation, the particles were in contact by a 10 

central domain. Depending on the number of primary particles 

and desired hard:soft lobe ratio, the separate lobes and central 

soft domain volume ratio was constrained to the desired 

parameter. The simulation was then iterated, refined and further 

iterated until the difference in interfacial energy between the last 15 

two iterations was negligible.  

Cluster counting measurements 

During the polymerisation, 8 mL aliquots of reaction mixture 

were withdrawn from the reaction flask at 95 min and 191 min 

into the seeded dispersion polymerisation and cooled on ice to 20 

quench polymerisation. The remainder of the reaction was heated 

for a total of 1425 min. All three samples were analysed by 

gravimetry and optical microscopy before diluting to 0.1 wt% 

(w/w) solids content with methanol before allowing suspensions 

to sediment by gravity. The supernatant was then replaced with 25 

an equivalent volume of 50/50 methanol/water (v/v) before gently 

swirling to redisperse particles. This process was repeated once 

more using fresh water instead. To induce cluster formation, each 

suspension was handshaken for 30 seconds and imaged under an 

optical microscope. Populations of clusters containing 2-5 30 

primary particles were counted using ImageJ software, recording 

over 100 clusters for each sample over 3 micrographs per sample. 

Results and discussion  

Hard-soft Janus particles used in this study were synthesized by 

seeded dispersion polymerization. A series of hard-soft colloidal 35 

dumbells were made from a PS spherical seed, with varying sizes 

of the PBA lobes. For example, Fig. 1b and 1c display hard-soft 

Janus particles with PBA:PS volume lobe ratio of approximately 

0.53:1. PVP-K90 was used as the steric stabiliser in both steps of 

the synthesis to impart colloidal stability to these particles when 40 

dispersed in an aqueous phase. Aggregation and thus self-

assembly of these Janus particles can be triggered upon partial 

removal of physisorbed PVP in combination with shear. 

Adsorbed PVP is easily removed (rebalance partitioning of PVP 

between particles surface and the continuous aqueous phase) 45 

upon dilution of the dispersion. 

 

 

 

 50 

 

 

Fig. 1 (a) schematic illustration of polystyrene (PS, ‘hard’)-poly(n-butyl 

acrylate) (PBA, ‘soft’) Janus particles; (b) optical and (c) Cryo-SEM 

image of the ‘hard-soft’ particles; (d) ‘hard-soft’ particles assembled to 55 

colloidal molecules. Scale bars in (b) 2 µm and (c) 1 µm. 

 The method of dilution as means to trigger assembly was first 

tested with hard polystyrene microspheres (diameter of 

approximately 2 µm) synthesised using PVP as steric stabiliser to 

observe the effect of dilution on colloidal stability in stirred 60 

conditions. From time-lapse laser scattering measurements, it 

became clear that diluted particle dispersions (1 wt%) flocculated 

into clusters over time, whereas microsphere suspensions with 

added PVP stabiliser in the medium were stable against long term 

flocculation, despite the shear conditions experienced within the 65 

flow cell of the instrument (Fig. s2, ESI†). The desired loss of 

colloidal stability upon dilution is attributed to the partial 

desorption of PVP from the surface of the particles. 

 Based on the microsphere flocculation results, the rate of 

flocculation of the ’hard-soft’ Janus particles was studied. The 70 

concentration of particles was measured by scattering data 

(turbidity) from UV/VIS measurements at 540 nm. We employed 

a technique to measure the singular Janus particle concentration 

as a function of time whilst under the influence of a constant 

mixing shear force using a rotary oven. The rate of flocculation 75 

appeared to be proportional to the applied shear force, and 

exhibits an exponential decay profile (Fig. s3, ESI†). In a similar 

series of experiments the contribution of PVP in the continuous 

phase towards restricting flocculation was studied. For this we 

measured turbidity of dilute suspensions of particles at fixed rotor 80 

speed of 32 rpm, with various concentrations of PVP dispersed 

into the aqueous phase. It clearly shows that without any added 

PVP to the solution, the particles flocculated rapidly as expected. 

However upon the addition of PVP to the suspension, 

flocculation rates slowed down, until at 3x10-5 mol/dm3, 85 

flocculation was completely prevented (Fig. 2). These results 

verify that indeed self-assembly can be induced upon dilution of a 

dispersion (leading to partial desorption of PVP from the surface 

of the particles), and thus can be used as strategy for the cluster 

formation of our hard-soft Janus particles. 90 

Page 3 of 8 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



 

4|Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

Fig. 2 Primary ‘hard-soft’ Janus particle concentration as a function of 

time for a range of PVP-K90 concentrations in the continuous phase 

(mixing speed at 32 rpm), as measured by turbidity. 

 

 The second part of this study involves the visualization of the 5 

particle clusters after partial flocculation of the Janus particles 

using dilution and shear (the latter to enhance impact velocity). 

The self-assembled cluster morphology can be governed by the 

orientation of particles upon collision resulting in four possible 

interaction regimes; hard-hard, hard-soft, soft-soft and 10 

simultaneous hard-soft (Fig. 3, note that the angle of collision can 

vary). We hypothesize that only a soft-soft collision can lead to 

adhesion of the soft lobes, as they are easily deformable and 

compatible (miscible) with one another. A hard-soft collision is 

less likely to lead to permanent locking as the ‘hard’ PS lobe is 15 

chemically incompatible with the ‘soft’ PBA lobe.  

 

Fig. 3 Schematic of possible collision arrangements for two ‘hard-soft’ 

Janus particles. 

 Fig. 4a and 4b depicts clusters with the number of primary 20 

particles (Np) incorporated from 1 to 5, as directly visualized 

under Cryo-SEM and optical microscope, also see an overview 

image of clusters in Fig. s4, ESI†. They confirm our hypothesis. 

A striking aspect of these images is that all of these structures 

bear a significant meso-scale resemblance to valence shell 25 

electron pair repulsion (VSEPR) space-fill models for simple 

molecules. We believe that the reduction of interfacial area for 

the cluster is the driving force behind rearrangement into these 

regular structures. Upon collisions of soft lobes, their temporary 

deformation leads to a higher surface area and a raised surface 30 

tension due to the lack of PVP presence. Accordingly, the soft 

component will deform to minimize interfacial energy, and 

therefore form the geometries as seen in the microscopy images. 

Surface energy minimization simulations were conducted to 

model the morphology of particle aggregates from 1 to 5 primary 35 

particles upon a soft-soft interaction by ‘Surface evolver’ (Fig. 

4c). The simulation data obtained from the surface energy 

minimisation show a consistent agreement with the morphologies 

from the Cryo-SEM and light microscopy images, indicating that 

surface energy minimisation is indeed the driving force behind 40 

the controlled geometry we observe experimentally.  

Fig. 4(a) high resolution Cryo-SEM and (b) optical images of clusters in 

suspension with primary particle number 1-5; (c) respective graphical 

surface energy minimization simulation from Surface Evolver, green 

indicates the ‘hard’ PS phase, red indicates the ‘soft’ PBA phase. Bottom 45 

row shows examples of simple molecules with analogous VSEPR 

spacefill geometries. All scale bars: 1 µm. 

 We also investigated the effect of increasing the soft PBA lobe 

size in relation to the PS seed particles to see if lobe size ratio 

affects the number distribution of primary particles found in 50 

clusters. Three different samples were prepared with PBA:PS 

volumetric lobe ratios of 0.13:1, 0.32:1, and 0.53:1 (Fig. 5).In all 

three samples clusters containing two primary particles, that is 

dimers, are the most prevalent followed by trimers, tetramers and 

pentamers. This is logical as once a dimer is formed there is 55 

reduced available soft surface area for further particles to adhere 

to the ‘soft’ part of the cluster. Interestingly, the size of the PBA 

lobe appears to have a small influence on the cluster size 

distribution. Upon increasing the size of the PBA lobe, larger 

clusters are formed. This effect is plausibly due to the magnitude 60 

of soft PBA surface area available for the primary particles to 

adhere to. As the surface area increases, more primary particles 

can contribute to the cluster, indicating a degree of geometric 

constraint arising from the hard PS seed particles (Fig.6, also see 

the images of clusters in Fig.s5, ESI†). 65 

Fig. 5 Optical micrographs of ‘hard-soft’ Janus particles used in cluster 

counting study, with conversion value at time of sample extraction and 

PBA lobe volume ratio, (a) conversion: 26%, PBA:PS volume ratio: 

0.13:1; (b) conversion: 50%, PBA:PS volume ratio: 0.32:1; (c) 

conversion: 91%, PBA:PS volume ratio: 0.53:1. 70 

 

 

 

 

 75 
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Fig. 6 Populations of clusters containing 2-5 primary ‘hard-soft’ Janus 

particles with three different soft lobe sizes. 

 In addition to colloidal molecule type clusters, much larger 

supracolloidal structures potentially in the form of colloidosomes 

were also observed, as seen in Fig. 7a.From the SEM images it is 5 

possible to see that the soft PBA phase of the Janus particles have 

coalesced, effectively embedding the hard PS particles in a soft 

elastic PBA matrix. In some cases the number of primary Janus 

particle constituents of the colloidosome shaped clusters exceeds 

the maximum number possible for a cluster possessing a central 10 

core and therefore it is plausible that the Janus particles coalesced 

in a 2D planar manner over a curved surface to form an actual 

colloidosome, that is a hollow supracolloidal structure (Fig. s6). 

A plausible template is air bubbles present as result of the 

agitation process. Theoretically, chemically isotropic Janus 15 

dumbbell or peanut-shaped particles have been shown to 

preferentially lie tilted or ‘flat’ at an interface, therefore 

maximizing the displaced interfacial area.33 This orientation 

allows the coalescence of the PBA lobes between the particles in 

a planar manner. Clusters not necessarily are hollow as there is a 20 

fine balance between the volume of the supracolloidal structure 

and the number of hard-soft Janus building blocks. For example, 

a quick calculation on the clusters displayed in Fig. 7b shows that 

they most likely do not have an internal cavity. 

Fig. 7 (a) optical microscopy image of higher order particle clusters; (b) 25 

Cryo-SEM images of examples of individual higher order clusters. 

  

 To further investigate the self assembly of these ‘hard-soft’ 

particles at 2D curved interfaces, large hollow colloidosomes 

were made through the assembly of ‘hard-soft’ Janus particles at 30 

a bubble interface (Fig. 8a). Densely packed particle domains 

assembled into a hexagonal close pack configuration can be 

clearly seen on a large bubble (Fig. 8b). As stated before, in 

theory, hard-soft particles can lie horizontally across the interface 

and coalesce in a 2-D planar manner. In an ideal case of complete 35 

coverage, this allows the formation of microcapsule type 

colloidosomes, which are hermetically sealed by the coalescence 

of the soft component. This will negate the need for a mechanism 

to seal the interstitial areas between particles such as sintering,34 

required in other examples of microcapsule formation using 40 

Pickering stabilizers. The bubbles are stable for an extended 

period of time, and have attained complete surface coverage as 

seen in Fig. 8c. This is expected behaviour for Pickering 

stabilized bubbles which allow gas diffusion and shrinkage until 

the particles jam on the surface as a result of decreased interfacial 45 

area.  

Fig. 8 (a) optical microscopy image of air bubbles of various stabilised by 

‘hard-soft’ particles; (b) a large bubble stabilised by Janus particles with 

clear hexagonal close pack domains; (c) colloidosomes one day after 

formation. 50 

Conclusions 

In conclusion, the formation of colloidal molecules and 

microcapsule type colloidosomes was reported using ‘hard-soft’ 

Janus particles. Cluster morphologies were governed by the 

deformation of the coalesced soft phase, energetically driven by 55 

surface energy minimisation and resembled the shape of simple 

molecules. The use of ‘hard-soft’ Janus particles allows for the 

preparation of non-permeable colloidosome-type microcapsules 

in a single step. We hope to have shown that Janus particles have 

more to offer than amphiphilicity, and that by using a different 60 

opposing characteristic interesting colloid science follows.  
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TOC graphic 

 

We demonstrate the self-assembly of ‘hard-soft’ micron-sized Janus particles into clusters in 

aqueous media. Upon the coalescence of the soft polymeric lobes, the newly formed clusters 

adopt a minimized surface area to volume ratio forming distinct microscopic supracolloidal 

structures. 
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