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T
ranslational and rotational diffusion
of colloidal particles was extensively
studied by experiment,1�7 simula-

tion,8 and theory9�13 over the past de-

cades. In most of these studies, colloidal

particles with simple shapes such as

spheres,14�18 ellipsoids,19,20 rods,21�26 and

platelets27 were used. The hydrodynamic

properties of well-defined model colloids

with shapes that differ from these simple

geometries are important to understand

the diffusion of objects with complex

shapes.28 The dynamics of complex par-

ticles are fundamental to the understand-

ing of many practical problems such as bio-

distribution, sedimentation, coagulation,

flotation, and rheology.29 Hence, Granick

and co-workers prepared different planar

clusters from micron-sized particles.30,31

Such particle clusters are ideal candidates

for the study of the motion of complex ob-

jects because they exhibit well-defined ge-

ometries.32 The 2D diffusion of the clusters

could be studied by video microscopy be-

cause the overall dimensions of the clusters

were in the micron range.30 The planar par-

ticle assemblies were prepared through

evaporation of a suspension of silica micro-

spheres on a microscope slide. The ran-

domly distributed planar aggregates were

cemented together and resuspended in an

aqueous solution.30 This technique is lim-

ited to micron-sized planar assemblies and

small quantities of clusters.

Velev and co-workers prepared 3D as-

semblies of microspheres using emul-

sion droplets as a template for the clus-

ter formation.33,34 Pine, Bibette, and co-

workers developed this technique further

for the production of clusters having

well-defined configurations.35,36 Packing

of the microspheres was accomplished

through the agglomeration of the par-

ticles adsorbed onto the surface of

macroemulsion droplets.37 Recently, we

combined this approach with basic prin-

ciples established in the miniemulsion

technique.38 Colloidal clusters with over-

all dimensions below 300 nm could be

obtained using narrow-dispersed emul-

sion droplets with diameters of 1.9 �m

prepared through power ultrasonication

and monodisperse spherical building

blocks with diameters of 154 nm.38 Clus-

ters of these dimensions underlie Brown-

ian motion, which prevails over gravita-

tional forces. The dynamics of these

submicron-sized clusters with well-

defined configurations can be thus stud-

ied by dynamic light scattering tech-

niques. Hence, they present excellent

model systems to study the diffusion of

particles with complex shapes.
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ABSTRACT We report on the translation and rotation of particle clusters made through the combination of

spherical building blocks. These clusters present ideal model systems to study the motion of objects with complex

shape. Since they could be separated into fractions of well-defined configurations on a sufficient scale and because

their overall dimensions were below 300 nm, the translational and rotational diffusion coefficients of particle

doublets, triplets, and tetrahedrons could be determined by a combination of polarized dynamic light scattering

(DLS) and depolarized dynamic light scattering (DDLS). The use of colloidal clusters for DDLS experiments

overcomes the limitation of earlier experiments on the diffusion of complex objects near surfaces because the

true 3D diffusion can be studied. When the exact geometry of the complex assemblies is known, different

hydrodynamic models for calculating the diffusion coefficients for objects with complex shapes could be applied.

Because hydrodynamic friction must be restricted to the cluster surface, the so-called shell model, in which the

surface is represented as a shell of small friction elements, was most suitable to describe the dynamics. A

quantitative comparison of the predictions from theoretical modeling with the results obtained by DDLS showed

an excellent agreement between experiment and theory.

KEYWORDS: colloidal clusters · diffusion · Brownian motion · rotation · depolarized
dynamic light scattering · shell model · ellipsoids of revolution
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Polarized dynamic light scattering (DLS) became

a routine technique to measure translational diffu-

sion coefficients of submicron-sized particles. In DLS,

the incident light is usually vertically polarized. The

scattered light is dominated by the vertically polar-

ized contribution, but it can contain a horizontally

polarized contribution, as well.22,39 In depolarized

dynamic light scattering (DDLS) experiments, the lat-

ter contribution to the scattered light is measured

through a horizontally oriented polarizer, such as a

Glan�Thompson prism.39 Pecora and co-workers

could demonstrate that both translational and rota-

tional diffusion coefficients can be derived from the

contribution of the horizontally polarized scattered

light.22

DDLS has been frequently applied to small

molecules40�42 but less often to large molecules or par-

ticles because of their relatively weak depolarized

signal.19,26 However, different theoretical models and

computational procedures have been proposed for the

calculation of the hydrodynamic properties of complex

particles. A comprehensive overview of model building

and hydrodynamic calculation is given in refs 28, 43,

and 44.

Here we present for the first time a study of both

the translational and rotational diffusion of submicron-

sized colloidal clusters consisting of up to four building

blocks through a combination of DLS and DDLS. This

technique could be used because the clusters underlie

Brownian motion. Hence, in contrast to self-diffusion

measurements of micron-sized objects by

microscopy,30,45 the true 3D diffusion of complex col-

loids excluding wall effects can be studied by DDLS.

Moreover, different models28,44 that have been pro-

posed for the description of the hydrodynamic proper-

ties of complex particles were probed to predict the

translational and rotational diffusion coefficients of the

clusters with regard to their configuration. The theoreti-

cal results were then compared with the experimental

results to get a clear understanding of the hydrodynam-

ics of the complex assemblies.

RESULTS AND DISCUSSION
Particle Clusters. We studied dilute aqueous suspen-

sions of particle clusters with a specific number of con-

stituents N such as particle doublets (N � 2), triplets (N

� 3), and tetrahedrons (N � 4). These clusters consisted

of amino-modified polystyrene particles of 154 in diam-

eter (Figure 1). The assembly into clusters was accom-

plished using narrow-dispersed emulsion droplets as

templates.38 The colloidal building blocks were ad-

sorbed onto the oil droplets because the adsorption

lowers the interfacial energy due to the Pickering ef-

fect. Subsequent evaporation of the oil causes capillary

forces which make the particles pack together. This pro-

cess leads to clusters of well-defined configurations

(Figure 1) which are believed to result from a preorien-

tation of the particles already at the droplet surface.37,46

Figure 1 shows that the suspension of the clusters

can be separated by centrifugation into fractions of uni-

form clusters because of their different sedimentation

velocity in a density gradient.38 The analysis of the dy-

namics was restricted to clusters made from up to four

constituents because these clusters have only one dis-

tinct configuration. Cluster consisting of more than four

particles may have more than one configuration. For ex-

ample, five spherical building blocks can be assembled

into triangular dipyramids or square pyramids. More-

over, the smaller clusters could be prepared in scales

which are sufficient for scattering experiments, and

Figure 1. Sample preparation: The clusters were fabricated through the aggregation of particles adsorbed onto narrow-
dispersed emulsion droplets. The statistical distribution of the building blocks onto the droplets led to clusters of different
size. The number-weighted size distribution of the clusters obtained by analytical disk centrifugation shows that essentially
large amounts of small clusters were formed (center). Because of their different sedimentation velocity, the clusters could
be separated through centrifugation in a density gradient into fractions of single particles (1), particle doublets (2), triplets
(3), and tetrahedrons (4). The FESEM micrographs demonstrate that suspensions of uniform clusters were obtained which
present model systems for particles with complex shapes. Scale bars are 200 nm.
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they can be separated into uniform fractions by cen-
trifugation because of the large difference in mass of
small assemblies (Figure 1).

DDLS Experiments. In the following, we discuss the
DLS and DDLS analysis of the submicron-sized clusters,
which were used to determine their translational and
rotational diffusion coefficients DT and DR, respectively.
The principle of the experimental setup is shown in Fig-
ure 2A. In both DLS and DDLS, the incident light was
vertically polarized. The DDLS intensity autocorrelation
functions (Figure 2B) presented the sum of two discrete
exponential decays, where the slow mode was related
to the translational diffusion while the fast mode origi-
nated from translational and rotational diffusion. The
relaxation rates of the slow and the fast modes, �slow

and �fast, of the autocorrelation functions can be ex-
pressed as follows:4

In DLS, the autocorrelation functions are domi-
nated by the slow mode with the relaxation rate
�slow (eq 1). The contribution of the fast mode to
the autocorrelation function is poor and can be ne-
glected as long as the scattering objects have di-
mensions which are on the same order as the in-

verse absolute value of the scattering vector 1/q (q

� 4�n/� sin(�/2), where n is the refractive index of

the solvent, � the wavelength, and � the scattering

angle). This is the case for the clusters with dimen-

sions below 300 nm. Hence, DLS could be used to

study the translational diffusion of the clusters but

not for the analysis of their rotational dynamics.

Therefore, we used DDLS to study the rotation of

the clusters, as well.

In DDLS, the horizontally polarized component

of the light scattered by the clusters is detected

through a polarizer (vH detection).39 This contribu-

tion to the scattered light is much smaller than the

intensity of the vertically polarized scattered light

(vV detection) measured in a DLS experiment. This

did not present an obstacle for the study of the clus-

ter hydrodynamics because the concentrations of

the cluster suspensions were still in the dilute re-

gime but high enough to record intensity autocorre-

lation functions in vH detection (Figure 2B). In prin-

ciple, the depolarized autocorrelation functions of

the clusters should be characterized by a single ex-

ponential decay with the relaxation rate �fast follow-

ing eq 2. However, the autocorrelation functions

were the sum of two discrete experimental decays.

This was further corroborated by CONTIN analysis47

of the autocorrelation functions, which was used to

Figure 2. Depolarized dynamic light scattering (DDLS) experiments of particle tetrahedrons (N � 4): (A) schematic repre-
sentation of the experiment; the incident light is vertically (v) polarized. Moreover, the signal of the light scattered by the
clusters is mainly governed by vertically polarized light (V), as well. In DDLS, a horizontally oriented polarizer is used to mea-
sure the horizontally polarized component (H) of the scattered light. The latter is zero for isotropic particles but nonzero
for scatters with optical or shape anisotropy. (B) Depolarized intensity autocorrelation functions (g(2)(�) � 1) measured at
30° (blue line) and 40° (red dashed line) for a suspension of particle tetrahedrons. (C) Relaxation time distributions A(�) (CON-
TIN plots) as derived from the autocorrelation functions. The right peak (slow relaxation mode) originates from the transla-
tional diffusion of the clusters, whereas the left peak (fast relaxation mode) contains information on both the translation and
rotation of the complex assemblies. (D) Relaxation rates � as the function of the square of the absolute value of the scatter-
ing vector q: slow modes of DLS (blue triangles) and DDLS (red spheres); fast mode of DDLS (black spheres). The linear cor-
relations follow eq 1 (slow modes) and eq 2 (fast modes), respectively, which in turn give access to the translational and ro-
tational diffusion coefficients.

Γslow ) DTq2 (1)

Γfast ) 6DR + DTq2 (2)
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calculate the distribution of the relaxation times
A(�). In all cases, bimodal distributions of the relax-
ation times � were obtained (Figure 2C). The fast
mode originated from translational and rotational
diffusion of the clusters according to eq 2 (Figure 2D;
see also Supporting Information Figures 1 and 2).
Hence, it can be used to obtain DT and DR. The sec-
ond mode, that is, the slow mode, emerges from ver-
tically polarized scattered light as a consequence of
the limited extinction ratio of the Glan�Thomson
polarizer (10�5). Because this mode follows eq 1, it
provides an additional access to DT (Figure 2D).

The particle clusters are bearing amino groups on
their surface, which leads to electrostatic stabiliza-
tion. Electrostatic repulsion among the clusters
might affect the dynamics.48,49 Hence, we immersed
the clusters in solutions of 10 mM NaCl to screen
the charges. The results did not differ from the val-
ues of DT and DR measured in pure water. Hence, all
further experiments could be performed in water be-
cause the electrostatics did not influence the dynam-
ics of the clusters in the dilute regime.

The building blocks of the clusters should be op-
tically isotropic because of their spherical shape.
However, even for these particles, a depolarized sig-
nal could be measured. Despite the low polydisper-
sity of the building blocks of the clusters, there
might be slight deviations from either the spherical
shape or an uneven distribution of the amino groups
on the surface, which makes the particles optically
anisotropic. The depolarized signal caused by such
effects is rather poor. At a scattering angle of 40°, the
contribution of the fast mode to the intensity of
the scattered light is only 3%. Nonetheless, it could
be used to determine DR in addition to DT (see Sup-
porting Information Figure 1). Of course, DR is af-
fected by a larger error in this case than for the par-
ticle doublets and triplets which have an anisotropic
shape. The shape anisotropy of the doublets and
triplets results in large depolarized signals, that is,
30 and 21%, respectively, of the total intensity of the
scattered light. The intensity of the depolarized sig-
nal increases with the shape anisotropy of the as-
semblies (see Supporting Information Figure 3).
Therefore, DDLS is a suitable method to especially
study the dynamics of dumbbell-shaped3 or rod-like
particles.26

According to eqs 1 and 2, the linear regressions
of �fast and �slow on q2 shown in Figure 2D should
have the same slopes, that is, the translational diffu-
sion coefficient DT. This holds as long as the transla-
tion and rotation motions of the clusters are decou-
pled. We observed a perfect agreement of DT as
obtained from DLS and from both modes for the par-
ticle doublets and triplets, which in turn confirms
the decoupling of rotational from translational diffu-
sion (see Supporting Information Figure 2). For the

tetrahedrons, the slopes of the linear regressions

shown in Figure 2D slightly differ. Because of the

low volume fractions of the cluster suspensions of

less than 10�5, interparticular interactions and a cou-

pling between rotation and diffusion can be ex-

cluded.50 The deviation might be due to the larger

experimental error of the DDLS measurement of

tetrahedrons because a tetrahedron has rather small

shape anisotropy as compared to a doublet and a

triplet. However, the building blocks are slightly op-

tically anisotropic. Moreover, they may also slightly

differ in size, which contributes to the shape aniso-

tropy. For tetrahedrons, the fast mode contributes

10% to the total scattering intensity of the DDLS

experiment.

Figure 3 shows the translational and rotational

diffusion coefficients of the different cluster species

as derived from the � versus q2 plot according to eqs

1 and 2. DT decreases smoothly with increasing size

of the clusters. Translational diffusion is widely

dominated by the volume of the assemblies,

whereas the shape plays a minor role. Hence, the de-

crease of DT with the cluster size follows widely from

the increase in the mean radius with the number of

constituent particles of the clusters. However, the ro-

tational characteristics differ from the translational

properties. When going from the single particle to

the particle doublet, a marked drop of DR is ob-

served, whereas the particle triplet has almost the

same rotational diffusion coefficient as the doublet

(Figure 3). Similar observations were made for

micron-sized clusters.30

DR decreases again by 2/3 when going to the

tetrahedron. Hence, it is evident that the decrease

of DR does not exclusively correlate with the cluster

volume because the rotational properties are

strongly determined by the shape of the clusters, as

well. To gain further insight into the experimental

data, we use two different models which will be dis-

cussed in the following sections.

Figure 3. Translational diffusion coefficients DT (red circles)
and rotational diffusion coefficients DR (blue squares) of the
particle clusters as the function of the number of building
blocks N (single particles, N � 1; particle doublets, N � 2;
triplets, N � 3; tetrahedrons, N � 4).
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Simple Description of the Dynamics on the Basis of Spheroids.

As mentioned above, the dynamics of the rigid clus-

ters in solution encompass translational and rotational

motion. These motions correlate directly with the over-

all size and shape of the clusters. The solvent is as-

sumed to obey the low Reynolds number Navier�

Stokes equation and incompressibility equations.43

Hence, the hydrodynamic properties of a rigid object

are contained in a diffusion matrix that provides a lin-

ear relationship between velocities and angular veloci-

ties to forces and torques acting on the body. In prin-

ciple, the diffusion matrix can be calculated by solving

the Navier�Stokes equation, but this is usually prohibi-

tively difficult due to the complex shape of the ob-

jects. However, spherical bodies and spheroidal shapes

are among the few shapes for which the flow equations

of hydrodynamics can be solved exactly. For ellipsoids

of revolution with two semiaxes of equal length, the

translational (D�
T, D�

T ) and rotational (D�
R, D�

R ) diffusion

coefficients parallel and perpendicular to the main sym-

metry axis are given by43

where

G(p) ) log(1 + √1 - p2

p )/√1 - p2

for p 	 1 and

G(p) ) arctan(√p2 - 1)/√p2 - 1

for p 
 1.

Here a is the semiaxis along the axis of revolution,

b is the equatorial semiaxes, and p � b/a is the axial ra-

tio. In the case of prolate ellipsoids, the axial ratio p is

smaller than 1 since the axial semiaxis a is longer than

the equatorial semiaxes b. Conversely, p 
 1 in oblate

ellipsoids because the axial semiaxis a is shorter than

the equatorial semiaxes b. Finally, spheres have an axial

ratio of 1 because all three semiaxes are equal in length.

The orientation-averaged translational diffusion coeffi-

cient can be expressed as

DT can be measured by DLS and DDLS according to

eqs 1 and 2. The rotational diffusion around the axis of

revolution characterized by D�
R can be detected pro-

vided the ellipsoidal particles exhibit an optical anisot-

ropy of sufficient magnitude. Otherwise, only the rota-

tional diffusion coefficient D�
R can be measured by

DDLS due to the particle shape anisotropy.

As a first approximation, one may use eqs 3�7 in or-

der to model the diffusion coefficients of the clusters

under consideration. Using the temperature T � 298.15

K and the solvent viscosity � � 0.000891 Nsm�2 as in-

put into eqs 3�7 leads to the diffusion coefficients

given in Figure 4. These calculated diffusion coeffi-

cients are similar to the experimental data shown in

the left column of Figure 4. Hence, the dynamics of the

D|
T )

kBT

8πηa
(2 - p2)G(p) - 1

1 - p2
(3)

D⊥
T )

kBT

16πηa
(2 - 3p2)G(p) + 1

1 - p2
(4)

D|
R )

3kBT

16πηa3p2

1 - p2G(p)

1 - p2
(5)

D⊥
R )

3kBT

16πηa3

(2 - p2)G(p) - 1

1 - p4
(6)

DT )
D|

T + 2D⊥
T

3
(7)

Figure 4. Translational (DT) and rotational (D�
R ) diffusion co-

efficients as obtained by DLS and DDLS, respectively, to-
gether with the diffusion coefficients calculated for sphe-
roids according to eqs 3�7. The length of the axial semiaxis
a of the spheroids and the axial ratio p are input estimates
which cannot be directly correlated with geometric param-
eters of the clusters. For the particle doublets and triplets as
well as for the corresponding ellipsoids, D�

R perpendicular
to the main axis of symmetry is measured and calculated, re-
spectively. The SEM micrographs show the particle clusters
oriented with their main body parallel to the plane of the fig-
ure (left column).
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clusters can be described in terms of the dynamics of a

sphere for N � 1 and 4, a prolate ellipsoid for N � 2,

and an oblate ellipsoid for N � 3, where N is the num-

ber of the building blocks. However, the length of the

semiaxis a and the axial ratio p cannot be determined

directly from the size and shape of the particle clusters

in the case of N � 2, 3, and 4, but these parameters fol-

low from modeling the experimental data with the

help of eqs 3�7. Thus, this model gives already a first

description of the diffusion of the clusters. However, be-

cause its parameters cannot be derived directly from

the geometry of the clusters, hydrodynamic models

were probed that allow incorporating the true shape.

Modeling of the Cluster Dynamics Based on Hydrodynamic

Models. In order to take into account the shape of the

clusters correctly, we use the so-called shell model, in

which the surface of the clusters is covered with a large

number of nonoverlapping spherical friction elements.

This model is in widespread use, and public-domain

computer programs are available (see, e.g., refs 28, 44,

and 51 and references therein). The hydrodynamic in-

teraction between the beads is the crucial point in the

numerical computation of the diffusion coefficients. Re-

placing a complex particle surface by a shell of very

small spherical friction elements will give the correct

diffusion coefficients, provided the diffusion matrix can

be calculated numerically for a large number of small

beads.

Figure 5 presents the calculated translational and ro-

tational diffusion coefficients together with the experi-

mental results. In the calculations, the radius Rs � 80 nm

of the constituent spheres and the center-to-center dis-

tance L � 145 nm between two spheres within a clus-

ter were used. L is taken directly from the field emission

scanning electron microscopy (FESEM) images shown

in Figure 1. It differs from the diameter of the building

blocks because the clusters do not consist of touching

constituent spheres. This is due to the assembly of the

building blocks from toluene droplets. At the oil�water

interface, the cross-linked polystyrene particles are

partly swollen in toluene because toluene is a good sol-

vent for polystyrene. Capillary forces created by the

evaporation of the toluene pack the plasticized par-

ticles together in their final configuration. This leads to

a partial deformation of the spheres and enhances the

contact area among the constituent spheres within the

cluster.

From the comparison of the experimental data with

the calculated results, it is apparent that the shell model

is an appropriate theoretical tool for studying the dy-

namics of these systems (Figure 5). In addition, we used

a bead model28,44 in which the particle clusters are rep-

resented directly by big spheres of radius Rs. Using the

same model parameters as for the shell model leads to

translational and rotational diffusion coefficients which

differ by less than 3% from the results of the shell model

calculations. Hence, the bead model confirms the re-

sults obtained with the shell model.

We note that the experimental results cannot be ex-

plained assuming slip boundary conditions instead of

conventional stick boundary conditions,11 which led to

the theoretical data shown in Figures 4 and 5. For ex-

ample, the assumption of slip boundary conditions

would lead to an increase of the translational diffusion

coefficient of a sphere by the factor of 1.5 as compared

to the calculated values for DT in Figures 4 and 5,

whereas the rotational motion of a sphere does not dis-

place any fluid, which implies a diverging rotational dif-

fusion coefficient. Both results do not agree with the ex-

perimental data. Hence, the assumption of slip in

contrast to stick boundary conditions is not appropri-

ate for modeling the diffusion of the clusters. Slip

boundary conditions work better for small objects of

molecular dimensions which have lower orientation

times than the particle clusters (Figure 2C).11,52

Figure 5. Comparison of the translational (DT) and rotational
(D�

R, D�
R ) diffusion coefficients as obtained by DLS and DDLS,

respectively, together with the theoretical results using the
shell model. For the particle doublets and triplets, the rota-
tional diffusion coefficient D�

R perpendicular to the main
symmetry axis is measured. In the left column, the particle
clusters are oriented with their main body parallel to the
plane of the figure.
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Modeling on the basis of the shell model was used to
confirm the kind of rotation which is monitored in the
DDLS experiment because diffusion coefficients for the
rotation around all specific axes can be calculated and
compared to the experimental result. A sphere does not
possess specific axes of rotation. However, particle dou-
blets and triplets have two specific axes of rotation (Fig-
ure 5). D�

R characterizes the rotation around the main sym-
metry axis, that is, the axis that connects the centers of
the building blocks in the case of the doublet, whereas
the main symmetry of the triplet is the C3 axis perpen-
dicular to the plane of the constituents. D�

R is related to
the rotation around the axis perpendicular to the main
symmetry axis of the objects. In both cases, the rotational
diffusion coefficient D�

R is measured by DDLS due to the
shape anisotropy of the particles, while D�

R cannot be de-
tected because of the rather small anisotropy of the
spherical building blocks (Figure 5).

As discussed in the previous section, the diffusion
of a tetrahedron resembles those of a spherical object
because of its low shape anisotropy. For this reason, the
rotation of the tetrahedron cannot be assigned to a
specific axis.

To summarize this point, the shell model gave an ex-
cellent prediction of the diffusion coefficients of the par-
ticle clusters because the true shape as derived from the
FESEM micrographs could be taken into account. For this
reason, the predictions obtained from this model agree
well with the experimental results (Figure 5).

CONCLUSIONS
A common method in studying the dynamics of

particles is DLS. DDLS further broadens the scope

of this technique because it can be used to study

both translational and rotational properties of small

particles which underlie Brownian motion. Monodis-

perse spherical particles with diameters on the or-

der of 100 nm can be combined to different

submicron-sized clusters with well-defined shape.

For this reason, and because the translational and ro-

tational properties of submicron-sized clusters are

decoupled, colloidal clusters present ideal model

systems to study the diffusion of complex particles

with DDLS. Unlike diffusion studies by microscopy,

DDLS monitors the true diffusion properties and

does not underlie wall effects. A simple description

of the diffusion of clusters made up from a small

number of constituents is obtained in terms of the

diffusion of rotational ellipsoids. The major disad-

vantage is that there is no direct relation between

the geometric parameters of the clusters and the ro-

tational ellipsoids. This gap between experiment

and theory can be overcome by sophisticated hydro-

dynamic models such as the shell model which were

developed in recent years. These models allow a pre-

cise prediction of the diffusion coefficients based on

the shape of the objects. Moreover, they are very

useful tools to interpret experimental data sets.

Hence, the present study of the diffusion of

submicron-sized particle clusters contributes to the

fundamental understanding of the dynamics of par-

ticles with complex shape. Hence, it is intended for

general use because the dynamics of complex par-

ticles are relevant to many practical problems occur-

ring both in nature and in industrial processes.

METHODS
Chemicals. The chemicals used were purchased either from

Sigma-Aldrich or Merck. Styrene was purified by washing with
10 wt % NaOH solution, drying over CaCl2, and vacuum distilla-
tion. All other chemicals were of analytical grade and used as
received.

Cluster Preparation. Amino-modified polystyrene particles were
used to build the clusters. These particles were prepared by
emulsion polymerization of styrene with divinylbenzene (5 mol
% relative to styrene) as the cross-linker, aminoethylmethacrylate
hydrocloride (AEMH, 3 mol % relative to styrene) as the co-
monomer, cetyltrimethylammonium bromide (CTAB) as the
emulsifier, and �,�=-azodiisobutyramidine dihydrochloride (V-
50) as the initiator. The polymerization was carried out at 80 °C
under a nitrogen atmosphere and continuous stirring at 320 rpm
for 6 h. Purification of the latex particles was accomplished by ex-
haustive ultrafiltration against water. The size and the size distri-
bution of the spherical particles were determined by dynamic
light scattering (DLS), transmission electron microscopy, and disk
centrifugation. The particles have an average diameter of 154
nm and can be regarded as monodisperse because their polydis-
persity index given as the weight-average diameter divided by
the number-average diameter is 1.004. The zeta potential of the
particles bearing amino groups on their surface is 
66 � 5 mV.

The particle clusters were prepared along the lines given in
ref 38. This experimental approach was based on the agglomera-
tion of the particles which were adsorbed onto the surface of

narrow-dispersed emulsion droplets. Briefly, the particles were
transferred from water into toluene. Three milliliters of the 4.5 wt
% suspension was added to a 0.5 wt % aqueous solution of sur-
factant (Pluronic F-68). A narrow-dispersed oil-in-water emulsion
was obtained through powerful ultrasonication using a high-
shear homogenizer. The self-assembly of the particles was in-
duced by evaporation of the toluene using a rotary evaporator.

Separation of the suspension into fractions of clusters con-
sisting of the same number of building blocks was accomplished
through density gradient centrifugation. The density gradient
was prepared by using a standard gradient maker with equal vol-
umes of a 9 and 20 wt % aqueous glycerol solution. Glycerol
was used because it can be easily removed during the subse-
quent dialysis of the cluster fractions against water.

Methods. Field emission scanning electron microscopy
(FESEM) was performed using a Zeiss LEO 1530 Gemini micro-
scope equipped with a field emission cathode. Electrophoretic
mobilities (u) of the particles were measured on a Malvern Zeta-
sizer Nano ZS in conjunction with a Malvern MPT2 Autotitrator
and converted into zeta potentials (�) via the Smoluchowski
equation (� � u�/�0�, where � denotes the viscosity and �0�
the permittivity of the suspension).

DLS and DDLS measurements were performed at 25 °C on a
light scattering ALV/DLS/DLS-5000 compact goniometer system
(Peters) equipped with a He�Ne laser (wavelength 632.8 nm), an
ALV-6010/160 External Multiple Tau Digital Correlator (ALV),
and a thermostat (Rotilabo). Cluster agglomerates and dust were
removed through centrifugation (Beckman Coulter Allegra 64R)
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at 3000 rpm for 20 min. Prior to the measurement, the superna-
tant was filtered through 0.45 �m PET syringe filters (membra-
Pure Membrex 25) into dust-free quartz glass cuvettes (Hellma).
The volume fractions of the cluster suspensions were 10�5 to
10�6. The samples were placed in a cis-decaline index matching
bath because cis-decaline does not change the polarization
plane of the laser light. For each sample, three runs of 180 s
(DLS) or 180 to 900 s (DDLS) were performed at scattering angles
of 20 to 90° (DLS) or 20 to 60° (DDLS). The scattered light passed
through a Glan Thomson polarizer (B. Halle) with an extinction
ratio better than 10�5. CONTIN analysis of the intensity autocor-
relation functions was used to calculate the relaxation
frequencies.47
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