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Abstract  

We describe a six-step method for making colloidal clusters of 2, 3 or 4 silica particles with a radius of 

1.2 µm. This method, originally described by Manoharan et al. (V. N. Manoharan, M. T. Elsesser, D. J. 

Pine, Science, 2003, 301,483), is based on the encapsulation of silica spheres in emulsion droplets. The 

originality of our work lies in the preparation of monodisperse emulsions, which allows us to obtain 

some high yields of small aggregates over a wide range of conditions. Using optical microscopy and 

disc centrifugation, we show that the relative fractions of 2, 3 and 4 particle aggregates is controlled by 

the emulsification conditions, particularly the concentration of silica in the dispersed phase. Our best 

yields are obtained using low to moderate shear rates, a highly viscous continuous phase, and 

intermediate amounts of silica. The sedimentation of the colloidal solution into a gradient of 

concentration leads to aqueous suspensions of identical clusters. Since the overall process can easily be 

scaled up, large quantities of identical clusters may be prepared, which should allow the thermodynamic 

properties of these new colloidal objects to be measured for the first time. These non-spherical particles 

could serve as building blocks for more complex assemblies, such as colloidal crystals which could find 

applications as photonic materials. 
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1. Introduction 

Colloidal crystals can be viewed as the mesoscopic counterpart of atomic or molecular crystals. They 

are comprised of particles with dimensions from a few nanometers to about one micrometer that order 

into 2D or 3D periodic lattices. They have been used to explore diverse phenomena such as crystal 

growth1-3 and the glass transition.4 and have many interesting applications for sensors,5 in catalysis,6 

advanced coatings,7 and for optical/electro-optical devices for information processing and storage.8,9 In 

particular, their unusual optical properties, namely the diffraction of visible light and the existence of a 

photonic stop band, make them ideal candidates for the development of photonic materials.8,10-13 They 

may lead to the fabrication of more efficient light sources, miniature waveguides, detectors, modulators, 

and circuits. 

 

Any study of colloidal crystals requires the preparation of monodisperse colloidal particles that are 

uniform in size, shape, composition and surface properties. Monodisperse spherical colloids of various 

sizes, composition, and surface properties have been prepared by numerous synthetic strategies.14 

However, the direct preparation of crystal phases from spherical particles usually leads to a rather 

limited set of close-packed structures (hexagonal close packed, face-centered cubic, or body-centered 

cubic structures).  

 

Relatively few studies exist on the preparation of monodisperse non-spherical colloids. In general, 

direct synthetic methods are restricted to particles with simple shapes like rods, spheroids or plates.15 An 

alternative route for the preparation of uniform particles with a more complex structure might consist in 

the formation of discrete uniform aggregates of self-organized spherical particles. The use of colloidal 

clusters with a given number of particles, with controlled shape and dimension, could lead to colloidal 

crystals with unusual symmetries.16  
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The preparation of colloidal clusters with well-defined structures is difficult because the interactions 

between the colloids are generally non-directional. Therefore, when suspended in a liquid medium, 

spherical colloids tend to form discrete aggregates but with a very broad size distribution and no well-

defined shape. An approach that has proved to be efficient consists of physically confining the particles 

using a template.17-26 This allows the clusters to be isolated from each other by the walls of the templates 

so that uncontrolled aggregation between the clusters is prevented. The structure of the cluster is 

essentially controlled by the respective shapes and dimensions of the template and of the particles.20 

 

Different sorts of templates can be used to direct the self assembly of spherical colloids into 

well-defined clusters. Some success has been achieved by patterning surfaces with chemical 

functions17,18 or with geometric structures.19,20 Aggregates with well defined shapes like polygonal or 

polyhedral clusters, rings, and chains were obtained. Other authors relate the use of emulsion droplets as 

template by adsorbing particles on their surface21,22 or by confining them into their core.23,24 However the 

majority of these works led to aggregates with a large number of particles.  

 

Recently Manoharan et al. reported a method for fabricating small clusters of particles using 

emulsions.25,26 Microspheres (diameter 844-900-1170 nm made from polystyrene, silica or PMMA) 

were dispersed in an oil-in-water emulsion with each oil droplet containing a small number N of 

spheres. The oil was then preferentially evaporated. Removing the liquid from a droplet containing 

particles bound on its surface generated compressive forces that drew the particles together into compact 

clusters. Surprisingly, for all N<11, the final particle packings were unique: the observed packings 

closely corresponded to those previously identified as minimizing the second moment of the mass 

distribution, M =∑i (ri - r0)2, where r0 is the center of mass of the cluster. Separation of the aggregates 

by density gradient centrifugation resulted in aqueous suspensions containing relatively high amounts of 

identical stable clusters (108 to 1010 clusters). However, lack of control of the emulsification conditions 
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led to polydisperse emulsions and severely limited the yield of each type of cluster. Indeed, 

encapsulation of particles in polydisperse emulsions led to a wide variation in the number of spheres in 

different droplets. Consequently, in order to obtain a relatively high proportion of small aggregates 

(N < 11), they used a small volume fraction of colloids in the oil phase.  

 

In this communication, we show that the preparation of monodisperse droplets by controlled 

emulsification is highly effective for making large quantities of small clusters. In this case, the mean 

number of colloid per droplet can be easily adjusted. More importantly, the statistical distribution of the 

number of spheres per droplet is narrowed significantly by tightly controlling the droplet diameter and 

by narrowing its distribution. This leads to an increase of the proportion of small aggregates over a large 

range of conditions. More precisely, we show that controlling of the amount of colloid in the dispersed 

phase, the viscosity of the continuous phase, and the shear rate during emulsification are all important 

for obtaining a high yield of clusters of a given size. We focus on the preparation of clusters containing 

fewer than five particles, i.e. doublet, triangular and tetrahedral clusters. Controlled assembly of these 

kind of aggregates may lead to interesting colloidal crystals particularly with a diamond-like structure.16  

 

2. Experimental Section 

Synthesis of hydrophobic monodisperse silica spheres. Hydrophilic silica spheres were synthesized 

by hydrolysis of tetraethylorthosilicate (TEOS 98%, ACROS) in a water medium containing ethanol 

and ammonia using a modified seeded growth procedure originally described by Stöber and Fink.27,28 To 

prepare the seeds, 50 mL of TEOS was added to 100 mL of a mixture of water/ethanol/ammonia 

(78/11/11% in volume) and the resulting solution was stirred for 10 min at 40°C. To make the final 

particles, we added 25 mL of TEOS and 50 mL of water/ethanol/ammonia solution (79/16/5% in 

volume) every 10 minutes to the original suspension of seed particles at 40°C. This procedure was 

repeated until the desired diameter was reached. The shape, mean radius, and polydispersity of the final 
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particles (1.21 µm ± 0.08) were determined using dynamic light scattering (DLS) and transmission 

electron microscopy (TEM). To make the silica particle surfaces hydrophobic, we used a method based 

on a silanization reaction of the hydrophilic silica surface with octyldimethylchlorosilane (ODMCS, 

95%, Aldrich).29 5 mL of ODMCS diluted in 30ml DMF was added to 10 g of hydrophilic silica 

dispersed in propylene carbonate. This mixture was incubated at 75°C under N2 atmosphere with a 

gentle stirring for 24h. The resulting suspension was rinsed using DMF and acetone to remove ODMCS, 

redispersed and further rinsed twice with octane.  

 

Emulsion preparation and shearing. The silica particles were dispersed in octane with a mass 

fraction φint. The suspension was sonicated and vortexed. To fabricate the premix oil-in-water emulsion, 

this mixture was progressively incorporated to an aqueous solution containing 1% w/w of Synperonic 

PE/F68 (Uniquema) and 15-30% w/w of polyvinylpyrolidone (PVP-K90, Aldrich). The concentration of 

dispersed phase (silica/octane) was 30% w/w. The Synperonic PE/F68 surfactant that was added to 

stabilize the O/W emulsion is a triblock copolymer of ethylene oxide(EO) and propylene oxide(PO) 

with an average formula of 75EO/30PO/75EO, an average molecular weight of MW ~ 8400g/mol and a 

hydrophilic to lipophilic balance of HLB=29. To increase the viscosity of external water phase, we 

added PVP-K90 which is a hydrophilic polymer with a molecular weight of Mw ~ 360,000 g/mol. To 

obtain a quasi monodisperse emulsion, we used a Couette apparatus30-33 (manufactured by TSR Co.34). 

The premix emulsion (minimal amount of 15g) was injected with a velocity of Vinj =0.7 μm/s and 

sheared between two concentric cylinders, the inner cylinder rotating at a selected angular velocity 

(0 to 71.2 rad s-1). The corresponding shear rate (0 to 14200 s-1) is given by the equation γ ≈ Rω/(Ri-R) 

where ω, R and  Ri are the angular velocity, the radius of the inner cylinder (19.89mm) and the radius of 

the outer cylinder (19.99mm), respectively.  
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Cluster preparation and separation. The sheared emulsion was diluted in a 1% w/w aqueous 

solution of Synperonic PE/F68 with a mass fraction of 10%. The crude silica cluster suspension was 

obtained by removing the octane by distillation at 125°C under atmospheric pressure during 60 min 

under continuous gentle stirring. At the same time, the suspension was concentrated by evaporation of 

the appropriate amount of water to reach a concentration of 2% w/w of silica in water. Clusters were 

separated by size, using a simple sedimentation process. 50 mL of the cluster suspension was carefully 

loaded on a top of a column (height = 400mm) containing 5 L of a linear gradient (3-12% w/w in water) 

of Ficoll 400 (Aldrich). After 12 hours of sedimentation, the individual bands corresponding to aqueous 

suspensions of purely identical clusters were extracted with a syringe. The fractions were purified by 

exchanging several times the aqueous solutions with a 1% solution of Synperonic PE/F68 in water. In 

this medium, the clusters were stable during some days.  

  

Characterization methods. The emulsion and cluster suspensions were examined with an optical 

microscope (Nikon) equipped with an oil immersion objective (×100). Clusters in the dried state were 

imaged with a scanning electron microscope S440 (LEICA) in secondary electron mode after sputter 

coating with gold.  

The cluster size distribution in the crude suspension was determined by sedimentation in a disc 

centrifuge (model DC 18000, CPS instruments). The disc was first allowed to reach the desired rotating 

rate/speed (2300 rpm) as a function of the silica density (d=2,1). The sucrose gradient was formed by 

injecting 1.6 ml of water with sucrose concentrations of 24, 22, 20, 18, 16, 14, 12, 10 and 8 % w/w. The 

sucrose gradient was allowed to run for at least 30 min. Then 0.1ml of cluster suspension in water was 

injected in the center of the rotating disc.  

The sedimentation time for each cluster type is different, increasing monotonically with the 

hydrodynamic diameter. Indeed, the sedimentation rate of an aggregate of N spherical particles in a disc 

centrifuge can be calculated by equation (1)  
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)⋅η⋅ /(18) ⋅⋅ρΔ⋅⋅= h23
0 DRω D(NV   (1) 

where D0 is the particle diameter, Δρ is the difference between the densities of the aggregate and the 

liquid, ω is the angular frequency of the disc, R is the radius of the disc, η is the viscosity of the liquid 

and Dh is the hydrodynamic diameter of the aggregate.  

For a small N, the hydrodynamic diameter of an aggregate is given by the empirical equation (2) 35  

0h D)N418.0518.0(D 2/1 ⋅⋅+=  (2) 

The rate of an aggregate is then related to N by equation (3) and thus V is increased with the particle 

number N  

 )N 0.418 + (0.518/N~V 2/1⋅  (3) 

The concentration of each type of aggregate is determined by continuously measuring the turbidity of 

the fluid near the outer edge of the rotating disc. The turbidity measurements were converted to a weight 

distribution using Mie theory light scattering calculations. The scattering cross sections Cscat, N were 

calculated for each type of aggregate relatively to the scattering cross section of a single particle Cscat,1. 

The calculated values were 2.05 for doublets, 3.15 for triplets (triangular) and 4.30 for quadruplets 

(tetrahedral) with a sphere diameter of 1.2 µm and an optical index of 1.45 at 470 nm.36 A typical result 

of this analysis is shown in figure 3. From left to right, the four peaks correspond to single particles, 

doublets, triplets, and quadruplets, respectively. We have verified the position of each peak is correct 

using equations (1)-(3) 

 

3. Results  

Our process for the preparation of aqueous phases of identical clusters was performed in six steps. 

First, colloidal particles of silica were synthesized. Next, the surface of the particles was made 

hydrophobic by chemical grafting. Then, an oil-in-water premix emulsion was made by adding an 

octane suspension of the colloids in an aqueous solution. Controlled shear of the premix was 

subsequently performed in order to obtain a quasi-monodiperse emulsion. Elimination of the octane 
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from the emulsion led to an aqueous suspension of the colloidal clusters. Finally, the clusters were 

separated by sedimentation in a liquid density gradient column. 

 

Spherical particles of silica were prepared using a method derived from the original Stöber process. 27 

As shown by DLS, they were highly monodisperse with a mean diameter of d = 1.2 µm. By grafting the 

silane agent octyldimethylchlorosilane (ODMCS) onto their surface,29 the particles could be easily 

suspended in organic media such as octane. The mass fraction of hydrophobized silica in octane (φint) 

was varied from 1% to 40%. The premix emulsion was made by adding the organic colloidal solution in 

an aqueous phase containing a hydrophilic surfactant (Synperonic PE/F68) and a thickening agent 

(PVP-K90).30 PVP was added in order to increase the viscosity ratio between the continuous phase and 

the dispersed phase and thereby improve droplet breakup of this crude emulsion during the subsequent 

shearing step. The amount of PVP in the aqueous phase was varied for studying the influence of the 

viscosity of the continuous phase on the shearing process. Figure 1 shows an optical micrograph of a 

premix emulsion (φint = 17%). The premix is highly polydisperse (sizes range from 2 to more than 20 

µm) and the droplets generally contain a large number of silica particles.  

 

The premix emulsion was sheared in a precision Couette cell.31,32 This method is capable of making 

large quantities of quasi-monodisperse emulsions with a great reproducibility. Water-in-oil, oil-in-water, 

water-in-oil-in-water monodisperse emulsions with various compositions have been prepared previously 

using this method.30-33 To control the mean diameter and the polydispersity of the droplets, we varied the 

shear rate from 1458 to 8331 s-1. Figure 2 shows an optical micrograph of the emulsion after shearing at 

3124 s-1. Compared to the premix, the droplets are less polydisperse with a much smaller size and 

generally contain only a small number of particles. Thus, as previously observed for simple oil-in-water 

emulsions,31-33 the controlled shear allowed a regular fragmentation of the premix droplets. 
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Figure 1 : Premix emulsion 

(scale bar 10µm) 

Figure 2 : Emulsion after shearing at 

3124s-1 (scale bar 10µm) 

The sheared emulsion was diluted in a solution of Synperonic PE/F68 in water. When octane was 

removed by slow evaporation, aggregation of the particles in the emulsion droplets occurred and thus a 

stable aqueous suspension of colloidal clusters was formed. As already observed by Manahoravan et al. 

and Yi et al.,25,26 removal of the surfactant and the thickening agent from the colloidal suspension by 

exchanging with pure water led to aggregation of the clusters. Therefore, adsorption of the Synperonic 

surfactant onto the clusters to prevent their aggregation is a crucial point.  

 

The proportion of each type of cluster as a function of their particle number N in the colloidal 

suspension was determined by disc centrifugation. The sedimentation rate of the clusters, which move 

under the influence of centrifugal force, increases with particle number, as shown in equations (1)-(3) 

Light scattering of the separated clusters was used to determine the presence of aggregates of different 

particle number in the original suspension. Figure 3 shows an example of the cluster size distribution in 

a suspension, each peak corresponding to a cluster with a given number of particles.  
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Figure 3 : Disc centrifuge characterization (%(PVP)=30%, φ int=17%, shear rate 3124 s-1).  

 From left to right, the four well-defined peaks correspond respectively to single particles, 

doublets, triplets and quadruplets. 

The highest proportion of aggregates of N = 2 particles (doublets) in the colloidal suspension was 

obtained by shearing at 4165 s-1 a premix emulsion containing 30% of PVP in the continuous phase with 

a mass fraction φint = 5% of hydrophobic silica in the dispersed phase. After evaporation of octane, disc 

centrifugation showed that the suspension contains 21% of doublets. The highest proportions of N = 3 

(triplets) and N = 4 (quadruplets) clusters (17% and 13%, respectively) were found for 30% of PVP at a 

shear rate of 3124 s-1 and with mass fractions φint = 10% and 17% of silica for triplets and quadruplets, 

respectively.  

 

We separated the clusters on the basis of their sedimentation velocity by introducing the crude 

colloidal suspension into a column containing a concentration gradient of Ficoll. Indeed, as pointed out 
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A B C 

earlier, the sedimentation rate of the clusters depends on the number of particles. Thus, after 12 hours, 

we observed that the original colloidal suspension was separated in five well defined bands. The first 

band consisted of single particles; the next three bands consisted of doublets, triplets, and quadruplets, 

respectively. The last much larger band was made up of clusters containing N ≥ 5 particles. Using this 

method, we can obtain aqueous suspensions containing identical clusters of N = 2, 3 or 4 particles. The 

maximum yield with respect to the initial amount of silica in the crude suspension is about 13 % for 

doublets, 15 % for triplets and 14 % for quadruplets. These optimal yields concern different 

experiments. At this stage, working with a crude cluster suspension containing about 1 g of silica, we 

obtained about one hundred milligrams for each type of cluster (1010 to 1011 in number), which is more 

than was obtained by Manoharan et al. who reported obtaining 108 to 1010 identical clusters.25 However, 

since the sedimentation step can certainly be scaled up to several grams of silica, the process could be 

used to prepare about one gram of identical clusters.  

 

Figure 4 shows the scanning electron micrograph of the pure phases of colloidal clusters after 

depositing them on a silicon wafer and removing the water. As observed by Manoharan et al.25 and by 

Yi et al.,26 the triplets and the quadruplets adopt triangular and the tetrahedral configurations, 

respectively. 

 

 

 

 

 

Figure 4:  Scanning electron micrographs of the silica colloidal clusters 

(A: doublet, B: triangular, C: tetrahedral)
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4. Discussion 

From these results, we see that careful control of the parameters during emulsification can increase the 

percentage of small aggregates in the cluster suspension and can lead to large quantities of identical 

clusters (N = 2,3,4) after the separation step. The composition of the cluster suspension is notably 

influenced by three parameters: the percentage of silica, the viscosity of the continuous phase, and the 

shear rate.  

 

We first comment about the role of the silica amount. Indeed, the composition of the cluster 

suspension is controlled principally by the concentration of silica, which we varied from 1% and 40% 

w/w in the oil (octane) phase.  We find that the fraction of aggregates containing more than 4 particles 

never exceeds 35% so long as the continuous phase is sufficiently viscous (30% of PVP in the 

continuous phase). The fraction of singlets, doublets, triplets, or quadruplets can be favored by varying 

the concentration of silica, as shown in figures 5-8. At very low concentrations of silica (φint = 1%), 

single particles dominate. For concentrations of silica between 5% and 25%, fragmentation of the 

emulsion leads to a majority of small aggregates. Doublets are favored for φint between 1% and 5%, 

triplets are favored for φint between 5% and 10%, and quadruplets are favored for φint between 10% and 

17%, independently of the shear rate used. Thus, increasing the concentration of silica from 1% to 17% 

favors aggregates of increasing number of particles.  

 

Mason and Bibette observed that the droplet radius of oil-in-water emulsions increases when the 

viscosity ratio between the continuous and dispersed phases is increased, since droplets having too high 

internal viscosity resist to fragmentation.31 Here, the addition of increasing amounts of hydrophobized 

silica in octane leads to an increase of the viscosity of the droplet phase. Thus, for a same shear rate, 
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fragmentation will be stronger with a small amount of silica so that smaller droplets containing fewer 

particles will be obtained. Curiously, when the amount of silica is greater than 17%, the proportion of 

single particles once again dominates. In this case, optical microscopy reveals that in the premix 

emulsion some silica spheres adsorb on the water-oil interface (above 30% of silica in octane, many 

particles strongly adsorb on the outer surface of the oil droplets, which tend to be deformed). This 

modifies the viscoelastic properties of the oil droplet interface. This, in turn, may significantly change 

the fragmentation mechanism of the oil droplets. In fragmentation of a conventional emulsion, the 

droplets are first elongated in response to the viscous stress, as early described by Taylor.37 Grace38 and 

more recently, Mabille et al..33, have shown that for an external to internal viscosity ratio larger than 0.5, 

the deformed droplets undergo capillary instabilities and hence, fragment into small monodisperse 

droplets. Here, the octane phase may be irregularly fragmented by expulsion of small droplets 

containing single particles. 

 

To study the effect of the viscosity of the continuous phase, we prepared two sets of premix emulsions 

(φint = 5-30 % of silica), one containing 15% and the other 30% of PVP in the aqueous phase. Whatever 

the shear rate, the fraction of aggregates of N ≥ 5 particles was much smaller for the emulsions 

containing the higher concentration of PVP. For example, at a shear rate of 3124 s-1 with 30% of silica 

in octane, the proportion of large aggregates is 60% with 15% of PVP, but drops to 35 % with 30% of 

PVP. Our results can easily be interpreted using the results of the study of Goubault et al. on double 

water-in-oil-in-water emulsions.30 They observed that when the concentration of thickening agent in the 

aqueous phase is increased, smaller oil droplets with a narrower size distribution are obtained. This 

trend was explained by an increase in the viscosity of the continuous phase leading to a higher viscous 

stress during the shear and to a better fragmentation of the oil droplets.39 In simple oil-in-water 

emulsions, P Aronson had already shown that the increase in viscosity of the continous phase leads to 

smaller oil droplets.40 In our case, the viscosity of the continuous phase should also be high (this is 
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obtained by adding a large amount of PVP) in order to achieve effective fragmentation of the premix oil 

droplets that initially contain a high concentration of particles. This leads to a high percentage of small 

aggregates.  

 

The effect of the shear rate was studied for the different amounts of silica in octane. In all cases, the 

highest proportions of aggregates containing a small number of particles are obtained for a low to 

moderate shear rate (γ=1458 s-1 to 4165 s-1). At elevated shear rates (γ=8831 s-1), single particles are 

favored because the high viscous stress leads to fragmentation of the premix into droplets of small 

radius that contain only one particle.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5 : percentage of single particles in the 

cluster suspension  versus percentage of silica in 

the oil phase (shear rates : 1458s-1 to 8331 s-1) 

Figure 6 : percentage of doublets in the cluster 

suspension versus percentage of silica in the 

oil phase (shear rates : 1458s-1 to 8331 s-1) 
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Figure 7 : percentage of triplets in the cluster 

suspension versus percentage of silica in the 

oil phase (shear rates : 1458s-1 to 8331 s-1) 

Figure 8 : percentage of quadruplets in the 

cluster suspension versus percentage of silica in 

the oil phase (shear rates : 1458s-1 to 8331 s-1) 

 

5. Conclusion 

In summary, we used the method of emulsion encapsulation originally described by Manoharan et 

al.25 for making clusters of 2, 3 or 4 silica particles with a radius of 1.2 µm. We showed that careful 

control of the conditions of emulsification leads to emulsions with a narrow size distribution and leads 

to suspensions with a high percentage of 2, 3 and 4 aggregates. Our best results were obtained using low 

to moderate shear rates, a highly viscous continuous phase, and intermediate amounts of silica (φint = 5 

to 17%) in the droplet phase. Increasing the concentration of silica from 5% to 17% favors forming 

aggregates of an increasing number of particles: doublets, triplets and quadruplets. The separation of the 

colloidal solution by sedimentation in a concentration gradient led to aqueous suspensions of identical 
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clusters. Our preparation process of quasi-monodisperse emulsions can be performed on a large scale 

and hence, we are capable of making very large amount of crude cluster suspensions with increased 

yields in small aggregates. The cluster separation remains a limitating step. However our process 

already produces significantly greater quantities of identical colloidal clusters than previously possible. 

Since the sedimendation step can certainly be  scaled up, it should be possible to produce even larger 

quantities, so that the thermodynamic and flow properties of these new colloidal clusters can be 

investigated. These clusters may also serve as building blocks for more complex assemblies, particularly 

colloidal crystals which might find an application as photonic materials.  
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