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ABSTRACT: The depletion interaction as induced between
colloids by the addition of a polymer depletant is one of the
few ways in which short-ranged attractions between particles
can be controlled. Due to these tunable interactions, colloid−
polymer mixtures have contributed to a better understanding
of the role of attractions both in equilibrium phenomena such
as phase transitions and liquid surfaces as well as in systems
out of equilibrium such as gelation and the glass transition. It is
known that, by simple geometric eﬀects, surface roughness
decreases the strength of the depletion interaction. In this
study, we demonstrate both by Monte Carlo simulations and
experiments that it is possible to generate enough diﬀerence in attraction strength to induce phase separation in smooth particles
but not in rough particles. Roughness was induced by coating smooth particles with smaller spherical colloids. We indicate how
eﬀective potentials can be obtained through simulations and how the interplay between gravity and the depletion interaction with
a ﬂat container wall can be used to obtain a simple measure of the interaction strengths as a function of roughness.

■

INTRODUCTION
In recent decades, the number of colloidal model systems with
ever more complex shapes has strongly increased.1−4 However,
for eﬀective control over the self-assembly, phase behavior, and
other properties of such systems, not only the particle shape
but also other aspects of the interparticle interactions need to
be controlled. In this paper, we focus on one of the few ways
attractions can be induced between colloidal particles in a
controlled way, namely by polymer induced depletion
interactions. Depletion attractions are the result of an
imbalance of the osmotic pressure induced by a small polymer
or other colloidthe depletantwhen two larger colloidal
particles get closer to each other than the diameter of the
depletants (see Figure 1 and refs 5−10.). For relatively low
concentrations of the bigger colloids and the depletion agent,
the attraction strength is proportional to the concentration of
the depletant and the overlap volumes in which the depletant
cannot penetrate. As indicated schematically in Figure 1 and as
has been demonstrated recently in several papers (see e.g. refs
11 and 12) the depletion interaction can be signiﬁcantly
reduced if surface roughness is introduced with a size on the
order of the depletant size. These ideas are more recent
extensions of the realization that geometry can be used to aﬀect
the overlap volumes.13 Recent beautiful examples of manipulat© 2016 American Chemical Society

ing overlap volumes are the lock-and-key interactions between
convex and concave particles14 and (asymmetric) dumbbellshaped particles that formed colloidal micellar aggregates,15 and
a reversible crystal structure switch by changing the size of the
depletant in situ.16 In the case of the asymmetric dumbbellshaped particles, local roughness (on one of the particle lobes)
and the anisotropic shape of the dumbbell particle both play a
role and give rise to complex phase behavior. In this paper, we
focus our attention on mixtures of rough and smooth spheres
of approximately the same size. This system is simpler than that
presented in previous work, as the particle shapes are all convex
only. It is in some sense also a limiting case, as it is clear from
inspecting Figure 1 that depletion zones between spheres are
relatively small and would be signiﬁcantly increased if the
surfaces were more ﬂat like in the experiments from refs 11 and
12, and/or had also concave parts.14,17 The question that we set
out to answer in this paper is whether it is possible in mixtures
of rough and smooth spheres to induce strong enough
attractions between the smooth spheres that they would
phase separate or gel while the interactions between a smooth
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Figure 1. Depletion zones (light salmon) and overlap volumes (yellow) for two smooth spheres; a rough and a smooth sphere; and two rough
spheres. Colloids are depicted in blue, small spheres that form roughness in green, and depletant in purple.
depletant, Np polymers are placed at positions r⃗j in this volume. The
polymer diameter σp is taken to be twice the radius of gyration Rg (σp
= 2Rg). The colloid and polymer interactions are described by a
pairwise colloid−colloid interaction Hamiltonian Hcc = ∑Ni<jc ϕcc(R⃗ ij, ω̂ i,
ω̂ j), a pairwise colloid−polymer Hamiltonian Hcp = ∑Ni=1c ∑Nj=1p φcp(R⃗ i −
r⃗j,ω̂ i), and a polymer−polymer Hamiltonian Hpp ≡ 0 as the polymers
are assumed to be ideal. Here we introduced the colloid−colloid pair
potential ϕcc and the colloid−polymer pair potential ϕcp given by the
following:

and rough particle (and thus also between two rough spheres)
stay below that necessary to induce phase separation.
Interestingly, the answer is yes, which is illustrated by confocal
microscopy real-space measurements of mixture of rough and
smooth sphere for which a depletion interaction induced by
polymer resulted in the formation of a gel between the smooth
particles while the dynamics of the rough particles labeled with
a diﬀerent dye remained still completely diﬀusive in between
the gelled phase.
It is clear that speciﬁcs of the interactions depend on many
parameters such as the screening length of the solvent; the
concentration of depletant; and the size of the particles with
respect to both the size of the depletant and the surface
roughness of the colloids. Therefore, we also demonstrate a
simple experimental procedurethat was validated by our
simulationsto gauge the strength of the interactions. In this
procedure, we used a competition between the depletion
attractions and gravity. We determined at what depletant
volume fractions the larger particles with diﬀerent smoothness
remained attracted against gravity onto a ﬂat wall oriented
perpendicular to gravity. Roughness on the particles was
controlled by aggregating a layer of smaller silica spheres of
opposite charge on top of smooth silica spheres. Using
diﬀerently ﬂuorescently labeled components allowed eﬃcient
characterization by real space confocal measurements. The
eﬀect of varying several of the many variables that inﬂuence the
eﬀective interactions was studied by simulations in order to
assess their importance.
In the following, we ﬁrst explain the experimental and
simulation methods used. Subsequently, we describe and
discuss both the eﬀective depletion interaction potentials and
how they are inﬂuenced by several variables obtained from the
simulations and the experiments performed to measure the
interaction strength and induce the phase separation/gelation.

■
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with β = (kBT) with kB the Boltzmann constant, and where R⃗ ij = R⃗ i
− R⃗ j, ξ(R⃗ ij, ω̂ i, ω̂ j) denotes the surface-to-surface distance between two
coated particles, and ξ(R⃗ i − r⃗j, ω̂ i) is the surface-to-surface distance
between a coated particle and a polymer coil. The total interaction
Hamiltonian of the system reads H = Hcc + Hcp. The kinetic energy of
the polymers and the colloids is not considered here explicitly, as it is
trivially accounted for in the classical partition sums to be evaluated
below.
The binary mixture of coated particles and ideal polymers with
interaction Hamiltonian H can be mapped onto an eﬀective onecomponent system with Hamiltonian Heff by integrating out the
degrees of freedom of the polymer coils. The derivation follows closely
those of refs18−22., see SI. The eﬀective Hamiltonian of the coated
particles is written as follows:
−1

Heff = Hcc − z pVf ,

(3)

where zpVf = zpVf(R,ω̂ ) is the negative of the grand potential of the
ﬂuid of ideal polymer coils in the static conﬁguration of Nc coated
colloids with coordinates R⃗ and orientations ω̂ . Here Vf(R,ω̂ ) is the
free volume of the polymers in the conﬁguration of the colloids. The
orientation-averaged eﬀective pair potential reads as follows:

METHODS

⎛ 1
βϕeff (R ij) = − log⎜
⎝ 16π 2

Simulation Details. Model and Eﬀective Interactions. The rough
colloidal particles are modeled as hard spheres with diameter σc coated
with small hard spheres of diameter σr on the colloidal surface acting as
roughness. The smooth particles are modeled as hard spheres of
diameter σs. We consider Nc coated particles at positions R⃗ i with
orientations ω̂ i in a macroscopic volume V at temperature T. As a

−zp

∫Ω dωî ∫Ω dωĵ exp[−βϕcc(R⃗ ij , ωî , ωĵ )
⎞

∫V d rf⃗ (R⃗ i − r ⃗ , ωî )f (R⃗j − r ⃗ , ωĵ )]⎠.
⎟

(4)
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not all TBAC was expected to dissociate. The conductivity of the
solution was 0.441 ± 0.003 μS/cm; with Walden’s rule one arrives at a
Debye length of 41.3 ± 0.2 nm.
PS (565.500 g/mol) dispersions were prepared from this stock
solution, with concentrations of 3−8 g/L (3−8 wt %). Additionally,
stock dispersion of colloids were prepared: a stock dispersion of the
smooth colloids with a concentration of 70 g/L, and a stock dispersion
of the rough colloids with the same concentration. For phase
separation experiments, samples with both smooth and rough particles
were obtained by adding together equal volumes of the two stock
dispersions. Samples with depletant were obtained by adding an equal
volume of polymer stock solution to a volume of such a mixed
dispersion. Capillaries were ﬁlled by dipping them into the dispersion
and sealed with UV glue (Norland Optical Adhesive 68). After curing
of the glue, capillaries were sonicated for a few seconds to liberate
particles potentially sticking to the walls by depletion interaction.
Afterward, some capillaries were stored in a rotating stage28 to
approximately average out the eﬀects of gravity. Samples were
examined by confocal scanning laser microscopy (Leica SP2
microscope, horizontal stage, equipped with a 63x lens and Leica
type F immersion liquid).
For experiments to estimate the interaction strength, dispersions
were prepared as follows. Equal volumes were prepared, of which 50%
consisted of the stock solution of either rough or smooth spheres in
CHC, and 50% consisted of polymer stock solution diluted with CHC
stock solution (in a volume ratio depending on the desired ﬁnal
polystyrene concentration). Capillaries were ﬁlled with these
dispersions, sealed with UV-glue, and left on one side for 30 min.
The capillaries were then turned upside down and imaged by confocal
microscopy. After 30 min equilibration time, the capillaries were
observed again; this time was adequate to allow particles not ﬁxed to
the (now top) wall by depletion attraction to sediment. At four
locations in the capillary, an confocal image was obtained from the
particles stuck to the top capillary wall and the particles that had
sedimented to the bottom wall. Interactive Data Language (IDL)
tracking software by Crocker, Grier, and Weeks29 was used to count
the number of particles on each frame. The ratio of particles sticking to
the top wall to the total number of particles was calculated for each
location. These fractions were averaged for the four locations to obtain
the average fraction of particles sticking to the top wall.

Since the integrals over the orientations of the particles cannot be
solved directly, we perform the orientation average by evaluating the
integrand for many diﬀerent random orientations. We have checked
the convergence of the integrations.
Generation of Model Rough Particles. Rough particles similar to
those used in the experiments were modeled by Monte Carlo (MC)
simulations of a binary mixture of oppositely charged particles in the
NVT ensemble. We assume the particles interact via Yukawa potentials
with Debye length κ−1: we choose a positive charge on the large
colloids with diameter σc and negative charge on the small particles
with diameter σr. The simulation is run, and the charge of the large
colloids increased until all the small spheres have aggregated onto the
large spheres. We take the end conﬁguration of such a simulation as a
model for a rough particle. The structure of the small particles on the
surface of the large colloids can be tuned by the choice of κσc.
Calculations of Pair Potentials and Overlap Volumes. We
calculate the pair potentials between two rough particles, two smooth
particles or a rough and a smooth particle in the following manner.
Two such particles are placed in a cubic simulation box, and we sample
1 × 105 random orientations of the two particles. For the ﬁrst 1000
nonoverlapping conﬁgurations, we calculate the pair potential. If
nonoverlapping conﬁgurations are found, then the particles are moved
closer together and we generate orientations and calculate the
potential again.
To calculate the overlap volume, we divide the simulation box
containing the two particles into smaller cells. Cells which are not
completely inside or completely outside the overlap volume are
divided into eight subcells. For each subcell, the procedure is repeated
until the volume of the cell is smaller than 1 × 10−5. Then ten
randomly distributed points are generated in these subcells to estimate
the overlap volume in this cell. The ﬁnal overlap volume is the sum of
the overlap volume of all cells. In a test for a speciﬁc conﬁguration the
diﬀerence between the analytic expression and the computergenerated result was less than 1 × 10−5σ3.
Experimental Section. Particle Synthesis. Rough and smooth
particles were synthesized as described in the SI, combining elements
of ref 17 and refs 23−26. Brieﬂy, for the rough particles, we
synthesized 1.18 ± 0.01 μm (polydispersity 2%) silica particles
following a Stöber routine. These silica colloids were given a positive
charge by adsorption of PAH molecules. Subsequently, the silica cores
were decorated with small particles by slow sedimentation of the
positively charged core colloids through a dispersion of small 130 ± 4
nm negatively charged silica particles. Finally, a thin layer of Stöber
silica was grown onto these colloids, and they were functionalized with
3-methacryloxypropyltrimethoxysilane (MPS) for dispersion in the
index-matching solvent cyclohexyl chloride (CHC) through the
adsorption of a steric stabilizer (poly[12-hydroxystearic acid]
(PHSA) comb-grafted onto a poly[methyl methacrylate] (PMMA)
backbone).
Interaction Strength and Phase Separation Experiments. A CHC
stock solution was prepared with a stabilizer concentration of 0.6 g/L
and saturated with tetrabutyl ammonium chloride (TBAC). The salt
and the stabilizer were added to the CHC before the colloids were
dispersed in it. The steric stabilizer can act as an extra depletion agent,
but at the concentration used both rough and smooth particles did not
aggregate without adding an extra polymer depletant. A DLS
measurement (on a ZetaSizer Nano, Malvern Instruments) of 2 wt
% PS (polystyrene) in the CHC stock solution indicated a
(hydrodynamic) radius of gyration of the polymer in this solution of
23 ± 1 nm.
The Debye screening length λD in an electrolyte solution is given by
the following:27

λD =

■

RESULTS AND DISCUSSION
Simulations: Eﬀect of Surface Coverage on the
Eﬀective Depletion Potential. Eﬀective pair potentials
were calculated for two colloids of radius σc covered with
small particles of radius σr = 0.15σc and polymers with a
reservoir packing fraction of 0.16. The surface coverage was
varied from 0 to 300 small particles per large particle. The
potentials are summarized in Figure 2. The line for zero surface
coverage shows that the attraction minimum for smooth
particles is at −6 kBT. For a sparse surface coverage of 25
particles, the potential has two minima: one at R = σc and one
at R = σc + σr. Upon increasing the surface coverage to 100−
150 small particles per large particle, a single minimum
develops at R = 1.28σc as the ﬁrst layer of particles becomes
denser. When the ﬁrst outer layer is complete (we deduce that
this occurs at approximately 1.7 × 102 small particles), the
minimum starts to shift to higher values and it reaches R = 1.5
σc for a full second layer (around 3.3 × 102 small particles). All
in all, the best reduction of the attractive depletion potential is
reached when the outer layer is incomplete, in this case when
the surface packs 60−80 or 220−260 small particles, and not
when the outer layer is complete at around 1.7 × 102 or 3.3 ×
102 particles. For this reason, experiments were conducted with
particles with an incomplete surface packing.
The range of attraction is increased by the rough surface. It is
equal to σp for smooth particles. For rough spheres, the range is

ϵϵ0kBT
2e 2NAI

(5)

with ϵ the dielectric constant of the medium, ϵ0 the vacuum
permittivity, kB the Boltzmann constant, T the absolute temperature, e
the elementary charge, NA Avogadro’s number, and I the ionic
strength. The added amount of TBAC was equivalent to 2 mM, yet
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Figure 2. Eﬀective depletion potentials as a function of interparticle
distance for two rough particles, shown for increasing numbers of
small particles decorating the surface. The ﬁrst number in the legend
denotes the number of small spheres, while the second label (in
brackets) indicates the fraction of one complete layer. The bare
spheres have a diameter σc. The polymer has a diameter of 0.04σc and
a polymer reservoir packing fraction of ηrp = 0.16. The small spheres
have a diameter of 0.15σc. The attraction between the smooth spheres
is 6 kBT.

Figure 3. Eﬀective depletion pair potential βϕeff(R) as a function of
center-to-center separation R between two rough spheres covered with
250 small spheres of 0.15 σc. The polymer diameter σ (given here as a
fraction of σc) and reservoir packing fraction ηrp = zpσ3π/6 are varied as
labeled. The polymer reservoir packing fraction is chosen such that the
attraction between smooth colloids is 6 kBT.

smaller polymers. A packing fraction well below the semidilute
regime is satisfactory.
After submission of our paper, an extensive combined
integral theory and Monte Carlo simulation approach was
published investigating the eﬀects of roughness on depletion
forces as well.31 One of the main conclusions in this recent
paper is the same as ours: when surface roughness is on the
same order as the size of the depletion agent, attractions
between the rough particles are much reduced compared to
smooth spheres and phase separation can be suppressed.
Closely related to polymer size, charge/steric stabilization
also aﬀect the eﬀective depletion potential; an elaborate
discussion on this point is in the SI.
Simulations: Eﬀect of Ionic Strength during Particle
Formation. In the simulations, the random aggregation
process leads to diﬀerent appearances of roughness on the
particle surface, depending on κσc and the initial fraction of
small colloids in the binary mixture. For low κσc, the small
particles are evenly distributed and very structured on the
surface of the large particles, while for high κσc, they are much
more disordered. We chose κσc = 10, since the resulting
conﬁgurations showed the strongest resemblance to the
synthesized particles. The ﬁnal surface coverage of the
simulated particles depends on the volume fraction of small
particles in the simulated binary mixture. Figure 4a shows
simulated colloids with various surface coverages. A surface
coverage of 200 small particles was employed in all simulations
of the experimental system, based on similarity in appearance
and a similar number count of small particles on one
hemisphere in Figure 5a (roughly 100 particles on the visible
hemisphere).
Simulations: Prediction of the eﬀective potential for
the experimental system. Experimental parameters such as
polymer size were chosen based on the theoretical predictions
drawn from the above simulation results. A pair potential was
then also calculated based on the speciﬁc parameters in the
experimental system, such as the diameters σc, σr, and σs. The
corresponding pair potentials for two smooth particles, two
rough particles and a rough and a smooth particle are shown in
Figure 4b. For ηrp = 0.15 the smooth particles have an attraction
of approximately 6kBT, suﬃcient to be well inside the gel

about σp + σr at complete coverage for suﬃciently high polymer
fugacity. The extension of the range is even more pronounced
for incompletely covered particles. The random nature of the
aggregation process makes it very unlikely that two particles will
have a commensurate surface roughness. Due to the scarcity of
these conﬁgurations, the loss in rotational entropy is large. For
the polymer concentrations studied here, the rough particles
are always less attractive than the smooth particles as a result of
this loss in entropy. At very high polymer concentrations, the
loss of rotational entropy will no longer be signiﬁcant and some
of the rough particles will become more attractive than the
smooth particles due to the larger overlap volume possible
between commensurate surfaces. For the parameters studied
here, we only observed this for polymer volume fractions much
larger than one.
Simulations: Eﬀect of Polymer Size on the Eﬀective
Depletion Potential. The eﬀect of polymer size was explored
theoretically as well. We chose the polymer reservoir packing
fraction ηrp such that the depletion attractive strength between
smooth spheres was set at 6 kBT upon changing the polymer
size. For the smallest polymers, the polymer reservoir fraction
was 0.04, while the highest was 0.58. The latter polymer
reservoir fraction lies in the semidilute regime, where one
cannot assume that the polymers do not interact.30 Figure 3
shows the attraction between two rough spheres covered with
250 small particles of diameter 0.15σc for various polymer
reservoir packing fractions ηrp.
Figure 3 demonstrates that when the polymer has
approximately the same size as the small particles used for
the roughness, the attraction between rough particles is nearly
as strong as between the smooth particles. However, the range
of this attraction is longer: σp + σr (versus σp for two smooth
particles). For smaller polymers, the attraction is suppressed
until the potential is purely repulsive, in this case for σp ≈
0.05σc. In other words, smaller depletion agents are indeed
more sensitive to particle roughness as they probe a larger part
of the rough surface. Roughness is smoothed out by larger
polymers. Notice also that the volume fraction of polymer
required to obtain a reasonable attraction is much lower for the
1236
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Figure 4. (a) Snapshots of generated rough particles, obtained as described in the section Methods with a screening length of κσ = 10. (b) The
eﬀective pair potential βϕeff(r) as a function of center-to-center separation for the rough and smooth particles for parameters close to those used in
the experiments: σc = 1175 nm, σr = 122 nm, σp = 46 nm, and a coverage of 200 small particles per large particle. The solid, dashed, and dotted lines
are for ηrp = 0.15, 0.08, and 0.03 respectively.

Figure 5. Micrographs of rough ﬂuorescently labeled silica particles (core size σ = 1.18 μm, small sphere size 130 nm) imaged by (a) SEM and (b)
TEM. Scale bars represent 200 nm. Additional SEM micrographs are in Figure S5.

regime.32,33 The rough particles on the other hand have a very
weak attraction minimum on the order of kBT, and will be able
to escape from this attraction due to Brownian motion. A rough
and a smooth particle have a slightly deeper attraction
minimum of approximately 2kBT, not suﬃcient to phase
separate.
Experimental Results. Transmission electron microscopy
(TEM) and Scanning electron microscopy (SEM) images of
the synthesized rough particles are shown in Figure 5. The
geometry of these particles displays an incomplete surface
coverage, which according to the simulations is more eﬀective
in suppressing depletion interactions than a complete surface
coverage.
The size of the smooth particles was carefully chosen in the
following manner. The “size” of the rough particles was
assumed to be σc + σr = 1.31 μm (i.e., the size of a sphere
centered on the seed colloid through the centers of the
adsorbed small particles). The smooth particles are slightly
smaller: 1.24 μm. Solely based on size, the depletion attraction
between the smooth particles would be smaller than that
between the rough particles, but the roughness reduces the
depletion potential of the latter species. The polymer size was
carefully chosen to be smaller than the size of the surface
roughness (small particles), since the simulations had pointed
out this is required for eﬀective reduction of the depletion
attraction: a larger polymer eﬀectively smoothes the surface

roughness. In our case, the hydrodynamic radius of gyration of
the polymer in this solution is 23 ± 1 nm, which is less than
half the radius of the small particles. Simultaneously, the double
layer must be small compared to the surface roughness and the
polymers, lest the double layer inhibit depletion attraction
instead of the surface roughness. For this reason, the double
layer was reduced by adding salt to the solvent. From the
conductivity of a CHC stock solution (without polymer
added), a Debye length of 41 nm was estimated using Walden’s
rule. This Debye length equals 0.32σr, and is on the order of the
polymer diameter, hence we assume a moderate smoothing
eﬀect.
In dispersions without depletant, no clustering of either
species was observed even after 2 days. We inferred that
particles of both species are thermodynamically stable in this
solvent. To establish the polymer concentrations at which the
onset of the depletion interaction occurs, the fraction of
particles sticking to the top wall of a capillary30 min after
turning the capillary upside downwas measured for various
polymer concentrations. When the buoyant force of the
particles exceeds the depletion attraction with the wall, all
particles must fall to the bottom glass after turning. Figure 6
shows the fraction of particles adhering to the top wall as a
function of polymer concentration for both smooth and rough
particles. The depletion attraction between two particles of one
speciesor even of diﬀerent speciesas smaller than the
1237
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predictions in Figure 2. The large clusters in Figure 7a have an
open, branched structure, indicating a strong depletion
interaction between the smooth particles, which agrees with
the deep attraction minimum (6 kBT) found in the theoretical
calculation of the pair potential. The time-averaged Figure 7b
shows that the smooth particlestrapped in clustersdid not
move, whereas the rough particles have explored the space
between the clusters through Brownian motion. Thus, we have
found a depletant concentration for which the smooth particles
spinodally demix, yet the rough particles can move freely. A few
rough particles are sharply visible in the time averaged image as
well, implying that those particles are trapped in the cluster.
This trapping can be due to the potential minimum between
rough and smooth particles, for the theoretical calculations
show a minimum in the potential between rough and smooth
particles.
In short, surface roughness was successfully used as a
property to selectively immobilize (inhibit Brownian motion)
in a mixture of two species of particles. Figure 4 shows the
attraction minima for particle sizes and polymer packing
fraction (ηrp = 0.15) close to those used in the experiments. We
thus conﬁrmed experimentally that the predicted large
diﬀerence in attraction strength between smooth/smooth and
rough/rough particle exists and can be exploited.

Figure 6. Sticking fraction of particles sticking to the top wall after
turning a capillary, as a function of depletant PS concentration.

depletion attraction between a particle and a capillary wall,
since the ﬂat wall has no curvature or roughness and this
implies a larger overlap volume. For smooth particles, the
attraction to a wall equals roughly twice the attraction between
two particles,9 and we ﬁnd a similar behavior for a rough
particle and a ﬂat wall (see SI). The smooth particles start to be
attracted to the capillary wall at approximately 0.5 wt %
depletant corresponding to 3 kBT adhesion, whereas the rough
particles require at least 2.5 wt %. In other words, these
measurements provide a lower limit of 1.0 wt % for the polymer
concentration needed for gelation of the smooth particles, while
the lower limit at which rough particles are expected to
aggregate is expected to be roughly 5 times larger.
For a polymer concentration of 2 wt % PS (corresponding to
a polymer packing fraction η ≈ 0.154), a sample of smooth
particles (70 g/L) showed large clusters after 1 day in the
rotating stage. In a sample of rough particles (70 g/L) with a
polymer concentration of 2 wt % PS no such clustering was
observed. Therefore, equal volumes of these dispersions were
combined and a sample capillary was ﬁlled with this mixed
dispersion. The sample was observed 5 h after preparation,
which included sonication of the sample and leaving it
horizontally. This sample contained large clusters of the
smooth particles but nearly all rough particles were undergoing
Brownian motion (see Figure 7 and the video in the SI).
The structure of the dispersion with 2 wt % polymer
shown in Figure 7is in qualitative agreement with the

■

CONCLUSIONS
We have computationally and experimentally investigated the
extent to which a polymer induced depletion attraction can be
reduced by roughness on the particle surface for similarly sized
colloidal spheres. We found that it is possible to induce a
suﬃcient diﬀerence in the rough/rough and rough/smooth
depletion attraction strength on the one hand, and the smooth/
smooth depletion attraction strength on the other hand. As a
result, the latter particles gel, while the former remain
completely mobile. As the depletion overlap volume for
spheres is “least” optimal and thus a kind of limiting case,
this ﬁnding is of importance for inducing speciﬁcity with
respect to depletion-induced attraction for other particles
shapes as well. We indicated how by simulations the eﬀective
interactions can be estimated. In addition, we provided a simple
experimental procedure to gauge the interaction strengths by
balancing depletion attractions with a ﬂat wall against gravity. In
future research, it would be interesting to see whether any

Figure 7. Confocal microscope images of a dispersion of smooth (purple) and rough (green) spheres. The sample contains 2 wt % PS and was
imaged 5 h after preparation. The smooth spheres have aggregated into a cluster while the rough spheres can move freely. (a) Single snapshot of the
dispersion. (b) Average over 60 frames. The time between successive images was 635 ms. Black spots are air bubbles moved to the ﬁeld of view due
to sonication. The scale bars denote 10 μm.
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ordered structures could be formed by carefully tuning the salt
concentration in the dispersion.
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