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ABSTRACT: Nonadsorbing polymers are widely used as thickening agents
for colloids. A quantitative description of the structure and dynamics of such
colloid−polymer mixtures is crucial to reveal the mechanisms accounting for
the desired mechanical properties. We use confocal microscopy to study
colloids with three types of commonly used polymers with diﬀerent
architectures: linear, subgranular cross-linked, and branched microgels. All
three thickeners give rise to heterogeneous colloidal dynamics, characterized
by non-Gaussian displacement distributions. However, while the ensembleaveraged particle dynamics in these materials are very similar, the underlying
individual particle dynamics are not. Linear polymers give rise to depletion
attraction and the formation of colloidal gels, in which the majority of
particles are immobilized, while a few weakly bound particles have much
higher mobility. By contrast, the branched and cross-linked polymers
thicken the continuous phase of the colloid, squeezing the particles into
dense pockets, where the mobility is reduced and requires more cooperative rearrangements.
KEYWORDS: colloid composite, additives, polymer architecture, connectivity, step-size distribution

■

INTRODUCTION
Colloids exhibit rich rheological behavior ranging from lowviscosity ﬂuids to elastic solids, depending on the volume
fraction of particles, ϕ, and the interaction between the
particles.1,2 A soluble polymer is often added to the solvent to
elicit an interaction between particles which modiﬁes the
mechanical properties, for example, by forming an elastic
colloidal network at low volume fractions of particles.3
Alternatively, incorporation of thickening polymers, such as
guar and xanthan gum, can change the mechanical properties
of the mixture by thickening the continuous phase, presumably
without altering the interparticle interaction.4,5 Such colloid−
polymer mixtures are widely encountered in, for instance, food
products, cosmetics, coatings, and drug delivery systems, where
their mechanical stability determines the shelf life of the
products and their performance during use.6,7
The resulting complex viscoelasticity of colloid−polymer
mixtures is intimately coupled with their microstructure and
internal dynamics.8 Therefore, quantitative descriptions of the
microstructure and dynamics of such materials are crucial to
reveal the mechanisms accounting for the desired mechanical
properties. Most experimental,9−11 simulation,12−15 and
theoretical studies have focused on systems with attractive
interactions between particles because of depletion attraction
induced by a nonadsorbing polymer or depletion-like Morse
potential. Attraction mediates the formation of samplespanning clusters, which dynamically arrest to create a gel
© 2020 American Chemical Society

which is heterogeneous in local connectivity, mesoscopic
structure, and dynamics.16−20 Such colloidal gels derive their
rigidity from physically bonded particles which form strands
and connecting nodes that develop into a percolating elastic
network.21,22 Restructuring these networks due to external or
internal stresses is governed by events happening at the
individual particle level, as the bonds between the particles are
typically weak; a relation between local connectivity and
thermally activated dynamics at the individual particle level has
been reported recently for a depletion-induced colloidal
gel.23,24
By contrast, local particle dynamics within mixtures, where
polymers act as thickeners of the continuous phase, have
received far less attention. Previous work on polymer melts
containing hard nanoparticles, which have been studied
extensively because of their technological importance in
batteries, sensors, and implants,25 has shown that the
rheological properties of such composite materials depend
very sensitively on the polymer−particle and particle−particle
interactions.26,27 Also, well studied are mixtures of rigid
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Figure 1. Computer-generated renderings from experimentally determined particle positions for (a) PVP, cp = 8.5 mg/mL; (b) Carbopol, cp = 8.8
mg/mL; and (c) PAA, cp = 6.6 mg/mL at a constant particle volume fraction, ϕ = 0.25. Particles are color coded based on their coordination
number, Z. Increasing shades of the corresponding colors indicate increasing Z. Scale bar in all renderings is 15 μm.

Figure 2. Ensemble-averaged MSD ⟨Δr2⟩ of particles mixed with (a) PVP, cp = 0, 6.5, and 8.5 mg/mL; (b) Carbopol, cp = 0, 6.6, 8.8, 16.5, and 19.8
mg/mL; and (c) PAA, cp = 0, 4.4, 6.6, 8.8, and 12.1 mg/mL. The ensemble-averaged mean-squared displacements (MSDs) decrease with increasing
polymer concentration. The data indicated with closed symbols in (a−c) correspond to samples with very similar ⟨Δr2⟩ and are selected for a
detailed comparison.

colloidal particles with soft particles, such as microgels28 or star
polymers.29,30 The diﬀerence in softness between the two types
of particles results in distinctly unique interactions between the
components, eliciting a diverse set of states both glassy and
phase-separated, intrinsically relying on the penetrability of the
constituent particles.31−33
While these studies clearly show that the dynamics in
colloid−polymer mixtures depend strongly on the interactions
between the diﬀerent components and on their relative size
and softness, a quantitative comparison between particle
dynamics of colloids mixed with depletants and thickeners is
not clearly established, hindering the tunability of mechanical
properties in such colloid−polymer systems. The strong
heterogeneity in particle dynamics in these systems makes a
detailed direct comparison even more important because
apparent similarities at the macroscopic level may have very
diﬀerent microscopic origins. Clearly, such a comparative study
requires detailed observations at the individual particle level.
Additionally, nearly all studies on individual particle
dynamics have been conducted on colloids containing rigid
particles, while colloids comprising droplets remain largely
unexplored. Not only do the droplets experience diﬀerent
intrinsic physics compared to rigid particles, for instance,
surface mobility, deformation, and coalescence, they are also
ubiquitously present in food products.34−37
In this paper, we study refractive index and density-matched
colloid−polymer mixtures which consist of emulsions mixed
with linear polymers, subgranular cross-linked polymers, and
branched microgels. We use quantitative three-dimensional
(3D) confocal microscopy to experimentally probe the
microstructure and local dynamics of droplets at the
individual-particle level. Our results show that for polymer

concentrations where the ensemble dynamics of these
materials are the same, the distribution of individual particle
dynamics is dissimilar. The linear polymer gives rise to
depletion gels, in which most of the particles are immobilized,
while few, weakly bound, particles can make large excursions.
By contrast, the branched and cross-linked polymers thicken
the continuous phase and squeeze the particles into dense
pockets, where particle mobility is characterized by caging and
intercage hopping.

■

RESULTS AND DISCUSSION
Global Structure and Dynamics. We study monodispersed colloidal copolymer droplets with radius, a = 1.0 μm,
made of poly(butyl acrylate)−poly(methyl acrylate) (PBA−
PMA), in a solution that closely matches the density of the
particles; this allows the study of the structure and dynamics of
the system in the absence of gravitational stresses. The
addition of a low molar fraction of PMA to the predominate
PBA particles allows matching the particle refractive index to
the solution, minimizing scattering, and enabling 3D confocal
microscopy. PBA has a low glass-transition temperature, Tg =
220 K and therefore exists as a viscous liquid at room
temperature, so that the dispersion is an emulsion. These
colloids are separately mixed with three types of polymers, a
linear polyvinylpyrrolidone (PVP) K60, a subgranular crosslinked polymer (Carbopol), and a lightly cross-linked poly(acrylic acid) (PAA) polymer microgel, resulting in three
distinct colloid−polymer samples, all with a constant volume
fraction of droplets, ϕ = 0.25.
To begin evaluating the microstructure, we determine the
coordination number, Z, for each particle by identifying all of
42042
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Figure 3. Particle MSDs ⟨Δr2⟩ (Z) of particles mixed with (a) PVP, cp = 8.5 mg/mL; (b) Carbopol, cp = 8.8 mg/mL; and (c) PAA, cp = 6.6 mg/mL
at τ = 200 s as a function of coordination number Z.

polymers; speciﬁcally, the samples labeled with closed symbols
in Figure 2. We determine the value of ⟨Δr2⟩ (Z, τ) at lag time
τ = 200 s for all three samples and show this as a function of Z,
measured in the ﬁrst frame for each time period τ, as seen in
Figure 3. Here, we see a clear diﬀerence between the three
samples. For the PVP sample, which forms a colloidal gel, there
is a decrease of ⟨Δr2⟩ (Z) with increasing Z; a similar trend has
been reported for colloidal gels formed by rigid particles.24 The
observed decrease in ⟨Δr2⟩ (Z) with increasing Z can be
attributed to the fact that particles are less likely to escape from
the gel strands because of thermally activated debonding
events when there are more bonds per particle.24 Surprisingly,
the particle mobility in our samples is higher (by about a factor
of 4) for the same Z (Z ≥ 4) at a smaller τ, compared to the
particle mobility found in colloidal gels formed by rigid
particles,24 even though the attraction strength is 5 times larger
in our system (see Figure S1) and our particles have a radius of
1 μm and theirs is of 700 nm. This diﬀerence might result from
the diﬀerence in surface mobility between the droplets studied
here and the rigid particles studied in literature. The liquid−
liquid interface between droplets may, even with an attractive
interaction, still be highly mobile due to sliding, which does
not require bond-breaking events. By contrast, motions of a
rigid particle bound to a gel strand requires the breaking of
bonds. As a result, when having the same number of bonds,
even at higher attraction strength, soft particles may still be
more mobile than rigid particles. Note that in both cases, the
polymer concentrations are below c*, thus any eﬀects of
elasticity arising from the polymer concentration are negligible.
Contrary to the PVP sample which exhibits a continuous
decrease in ⟨Δr2⟩ (Z), the Carbopol and PAA samples show a
slight but continuous increase in ⟨Δr2⟩ (Z), with Z = 0 having
the smallest ⟨Δr2⟩ (Z), Figure 3b,c. Carbopol and PAA are
cross-linked and, as a consequence, dispersions of Carbopol
and PAA have a measurable elasticity at these concentrations
even in the absence of particles, while the linear polymer
solution is simply viscous. Indeed, we measure with rheology
storage moduli G′ = 1 Pa and G′ = 2 Pa for Carbopol and
PAA, respectively, as seen in Figure S3 in the Supporting
Information. When particles are embedded in an elastic
medium, the background elasticity greatly hinders particle
displacements. In the Carbopol sample, in which there is
negligible interparticle attraction, the particles which reside
next to other particles may therefore be more mobile than the
ones embedded in the elastic medium, as overcoming the
background elasticity to displace costs more energy than
pushing away or sliding next to nonbonded particles.
Correspondingly, the lowest mobility is found when a particle
is embedded in the Carbopol dispersion, isolated from other

its nearest neighbors from 3D image stacks acquired by
confocal ﬂuorescence microscopy, from which the particle
positions are determined using previously developed algorithms.38,39 Particles are identiﬁed as the nearest neighbors if
their center-to-center distance is within a cutoﬀ value, 2.2a,
with a being the particle radius. For all three polymer
architectures, we observe that adding a polymer to the colloid
leads to a dramatic change in the structure, from isolated
particles in the absence of the polymer to a very heterogeneous
structure consisting of larger clusters at high polymer
concentrations, as shown in Figure 1, where the deepening
color shade indicates increasing Z.11 This change in structure is
also reﬂected in the particle dynamics, as indicated by the
ensemble-averaged MSD ⟨Δr2⟩ shown in Figure 2 as a function
of lag time τ for three diﬀerent samples. In the absence of
polymer, there is a diﬀusive response ⟨Δr2⟩ ∝ τ, while,
unsurprisingly, for all three samples, ⟨Δr2⟩ decreases strongly
with increasing polymer concentration.
While the structure and ensemble-averaged dynamics are
very similar for the three diﬀerent samples, the underlying
mechanisms that lead to this behavior are quite diﬀerent. The
linear polymer (PVP) induces a depletion attraction between
the particles because of the small polymer to particle size ratio,
ξ = Rg/a < 0.1, where Rg = 21 nm is the polymer radius of
gyration measured by static light scattering.40 This attraction
leads to particle aggregation and the formation of a colloidal
gel (Figure 1a), in which particle motion is strongly suppressed
and becomes subdiﬀusive (Figure 2a). For samples containing
Carbopol, which consists of particles having a typical radius
larger than 10 μm and are athermal, there is negligible
depletion attraction; yet, there is a similar heterogeneous
microstructure (Figure 1b). This is likely due to volume
exclusion by Carbopol particles, which squeeze the droplets
into pockets conﬁned between the Carbopol particles. Within
each pocket, there is an increase in the local volume fraction of
the droplets, which is responsible for the lower particle
mobility (Figure 2b). Lastly, PAA consists of branched
microgel-like particles and may therefore contribute to both
the depletion attraction between the droplets and volume
exclusion, reducing ⟨Δr2⟩, as seen in Figures 1c and 2c.
Connectivity and Local Dynamics. In the above
paragraphs, we have seen that the ensemble-averaged MSDs
of the three samples are very similar, even if the underlying
mechanisms may be very diﬀerent. However, ensemble
averaging may mask the eﬀect of local structures on the
dynamics of individual particles in the mixture.24 To further
investigate this, we examine the relationship between local
connectivity, that is, Z and individual particle dynamics for
samples with very similar ⟨Δr2⟩ for these three diﬀerent
42043
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Figure 4. Time evolution of the self-part of the van Hove correlation function for particles mixed with (a) PVP, cp = 8.5 mg/mL; (b) Carbopol, cp =
8.8 mg/mL; and (c) PAA, cp = 6.6 mg/mL. Decreasing shades of the corresponding colors indicate an increase in the lag time, τ.

Figure 5. (a) Width of the Gaussian distribution σ. (b) Fraction of hopping particles Aex. (c) Decay length of the exponential tail λ, for (green)
PVP, cp = 8.5 mg/mL; (orange) Carbopol, cp = 8.8 mg/mL; and (blue) PAA, cp = 6.6 mg/mL as a function of lag time, τ.

particles, Z = 0, as seen in Figure 3b. PAA can induce both
attraction between particles and background elasticity. We ﬁnd
that the behavior of the PAA sample is more similar to that of
Carbopol, showing an increase in ⟨Δr2⟩ (Z) with increasing Z.
We thus conclude that the background elasticity has a larger
eﬀect on the mobility than the depletion attraction for the PAA
sample.
Step-Size Distribution. Movies of each colloid−polymer
sample show clear heterogeneous motions, see the Supporting
Information for 2D movies. To further elucidate the microscopic dynamics at the individual-particle scale, we investigate
the probability distribution of particle displacements, as
characterized by the self-part of the van Hove correlation
function. We consider only the x-component of the displacement and calculate the binned and normalized displacement
probability distribution P(Δx, τ) by measuring the displacement Δx(τ) for each tracked particle. These distributions are
shown for three diﬀerent samples for diﬀerent lag times in
Figure 4; as seen in the symmetry of the distributions, the
preshear and loading into sample chambers did not align or
orient the sample microstructure. For all three types of
polymers, we observe signiﬁcant deviations from the Gaussian
distribution expected for the Brownian motion. All distributions exhibit exponential tails, in addition to a central Gaussian
region. Previous studies have shown that such non-Gaussian
behavior is due to strongly heterogeneous particle dynamics,
which can be qualitatively described as the superposition of
two families of particles: localized particles, performing rattling
motions around their initial positions, contributing to the
Gaussian central part, and mobilized particles, performing
sporadic larger displacements, or hops, leading to exponential
tails.41,42
We further analyze these data by extracting the width σ of
the central Gaussian region, the decay length λ of the

exponential tail, and the relative amplitudes of the two
populations. We do this by ﬁtting a Gaussian
PG(Δx) = (A G / 2πσ )exp( −Δx 2/2σ 2) to the central region
(|Δx| < 0.3 μm) and an exponential function Pex (Δx) = 1/
2Aexλ exp(−|Δx|/λ) to the tail region (|Δx| > 0.6 μm) (see
Figure S4 in the Supporting Information). Here, AG and Aex
denote the amplitudes of the Gaussian and exponential
regions, which correspond to the fraction of localized and
hopping particles, respectively.
In all three samples, the width of the Gaussian region σ
remains small and increases only slightly at very large τ (Figure
5a). This indicates that the particles belonging to this
population are rattling around their average position and
cannot move far. We note that the free self-diﬀusion time of
these particles, τB ≈ 3πηa3/kBT, is on the order of 1 s, so that
our data do not show the initial diﬀusive region expected for
shorter times. The population belonging to the exponential
tails, by contrast, shows a clear diﬀerence between the PVP
sample, on the one hand, and the Carbopol and PAA samples
on the other: in the PVP sample, Aex is much smaller than in
the other samples (Figure 5b), while λ is much larger (Figure
5c). This indicates that this sample contains much fewer
mobilized particles than the other two, but the typical distance
that these mobilized particles move is much larger. This is
likely related to the diﬀerence in the structure between the
samples as the PVP sample is a colloidal gel and particles must
detach from gel strands before they displace. Because of the
attraction strength, U ∼ 7 kBT, such debonding events are
relatively rare, leading to a small population of mobile particles.
However, the particles that do escape can explore diﬀerent
conﬁgurations in the gel before they reattach in a diﬀerent
location, so that the distance that they can travel is relatively
large. By contrast, in the other two samples, the particles are
42044
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conﬁned to the interstitial spaces between the polymer
particles, but there is negligible or much weaker attraction
between the particles (see Supporting Information for
calculation). The slow-down of the dynamics in this case is
mostly due to an increase in the local volume fraction and may
be compared with the dynamics in concentrated colloidal
suspensions approaching a glass transition.43−45 It is well
established that the dynamics in such systems is characterized
by short-time rattling of particles within the cages formed by
neighboring particles and occasional cage rearrangements,
which involve a cooperative motion of multiple particles.
These cage-breaking events give rise to dynamic heterogeneity
and the non-Gaussian tails observed in the van Hove
function.44 Apparently, these cage rearrangements occur
more frequently than the debonding events in the colloidal
gel sample. However, because of the high local particle volume
fraction, they are limited in spatial extent, so that the typical
distance, λ, moved by the mobile particles in these samples is
smaller than that in the colloidal gel, as seen in Figure 5c.
These observations furthermore suggest that the samples
with PAA microgels behave more like the Carbopol samples
rather than like the PVP samples, indicating that the dominant
eﬀect of PAA is volume exclusion, rather than a depletion
attraction. However, upon closer inspection, we do observe
some diﬀerences between the PAA and Carbopol samples: in
the PAA samples, the width of the Gaussian region gradually
increases at large τ, see Figures 4c and 5a, indicating that the
conﬁnement in these samples is less severe than in the
Carbopol samples. Moreover, the fraction of mobile particles
increases as a function of τ in the PAA sample, while in the
Carbopol sample, it remains more or less constant; this again
implies a weaker conﬁnement, as seen in Figure 5b.

ticles, sterically stabilized by PVP K30, are synthesized according to a
published method with modiﬁcation.50 The recipe for seed particles
by dispersion polymerization at 70 °C is as follows: a monomer
mixture containing BA and MA with a ratio of 70/30 (v/v %); PVP
K30 as a dispersant with 20 vol % of monomers; 4,4′-azobis-(4cyanopentanoic acid) as an initiator at 1 wt % to total monomer; and
a solvent medium comprising methanol and H2O with a ratio of 88/
12 (v/v %). PBA has a low glass-transition temperature (Tg) and thus
exists as a liquid at room temperature. The droplets have a radius, a =
1.0 μm, and a polydispersity of ∼5%, as determined by optical
microscopy and dynamic light scattering. The droplets are dispersed
at a volume fraction ϕ = 0.25 in the medium of dimethyl sulfoxide
(DMSO) and H2O. This solvent mixture confers the ability to tune
the solvent ratio to simultaneously match the refractive index and the
density with that of the PBA−MA droplets.51 A ratio of 95/5 (v/v %)
of DMSO and H2O is chosen for the current study with 3 mM NaCl
to screen charge interactions. Droplets did not settle to any
observable extent after centrifuging at 1200g for 19 h, conﬁrming
the neutral buoyancy of the samples. Optical clarity permits the
samples to be observed with a confocal microscope approximately 100
μm into the sample without losing contrast. Sulfo-cyanine-3carboxylic acid (Lumiprobe) is dissolved in the continuous phase to
enable ﬂuorescence imaging through excitation by a 532 nm laser.
PVP K60 has a molecular weight of 360,000 g/mol with a radius of
gyration Rg = 21 nm40 and an estimated c* = 3Mw/4πR3gNA= 15.4 mg/
mL. The two diﬀerent topologies of PAA are lightly cross-linked PAA
(Mw = 1,250,000 g/mol) and Carbopol (Ultrez U10, Lubrizol) which
is cross-linked PAA at the subgranular length scale. This allows us to
have diﬀerent size ratios between the droplets and polymers. A more
detailed characterization of the added polymers is given in Table S1 in
the Supporting Information, where the average size and the overlap
concentration of the polymers are given. We also show a rheological
characterization of the PAA and Carbopol samples, both with and
without particles, in Figures S2 and S3 in the Supporting Information.
We deﬁne the volume concentration of the polymer as the mass of the
polymer, in milligrams, divided by the volume of the solvent, in
milliliters. A range of concentrations of added polymers are
investigated. Stock solutions of the colloids and the polymers are
prepared separately and are used after a waiting period of at least 24 h
to allow equilibration with the solvent mixture. Mixing of the samples
is done by tumbling on a rotating wheel for 24 h.
Confocal Microscopy and Image-Processing Analysis.
Sample chambers are made of two rectangular cover slips (21 × 26
mm) glued to a standard glass microscope slide with a few mm 2D
channel in-between. The sample area is approximately 5 mm × 25
mm. A 3D channel is created by placing a third circular microscope
cover glass (diameter = 50 mm) on top with more glue. The empty
chamber is exposed to ultraviolet light for the glue (Norland 61
NOA) to cure. The mixture of colloids and polymers is pipetted into
the sample chamber, which is subsequently sealed using a twocomponent epoxy glue. 3D images are collected using a high-speed
confocal microscope with a microlens array (VisiTech VT-Inﬁnity3)
and a silicon oil immersion objective (Nikon). The depth of the focal
plane, z, is controlled by a piezoelement mounted on the microscope
nosepiece. Images are captured at 780 or 1000 frames per second,
with 256 × 256 pixels of size of 0.28 μm in both the x-and ydirections. Each 3D image stack typically contains approximately 200
images, each oﬀset by 0.2 μm in the z-direction. One thousand stacks
are obtained for all samples. Wall eﬀects are avoided by capturing
images at least 10 μm away from the cover glass. Fluorescence is
excited using a 532 nm DPSS laser; the ﬂuorescence is ﬁltered with a
560 nm long-pass ﬁlter and is detected with a Hamamatsu OCRA II
CCD camera.
The intensity of the acquired images is inverted so that the particlerich phase appears bright and the particle-poor phase appears dark.
First, a spatial band-pass ﬁlter is applied to the images to eliminate
long-wavelength contrast gradients and short-wavelength pixel-topixel noise. Then, the Cartesian center of each droplet is located for
each image stack with a previously developed algorithm.38,39 Based on
the coordinates of the droplets, the quantitative 3D microstructure of

■

CONCLUSIONS
Our results demonstrate the necessity of dynamics at the
individual-particle level in distinguishing materials consisting of
colloids mixed with various architectures of polymers, which
would help elucidate the origin of tunable viscoelastic behavior
in such materials. In a colloidal gel, the dynamics are
characterized by a large majority of immobilized particles
and a small fraction of weakly bound particles that can make
large excursions. By contrast, colloids that are thickened by
subgranular polymer gel particles lead to dense pockets of
particles characterized by heterogeneous dynamics reminiscent
of concentrated colloidal suspensions or glasses. These
microscopic diﬀerences could manifest macroscopically, for
example, in how the materials age and coarsen, or in the longterm stability of products against syneresis or delayed failure.
We hope to stimulate future theoretical eﬀorts in understanding the interplay between particle dynamics and the
complex rheological response in such colloidal composites.
Additionally, the dependence of particle nature, rigid particle,
or droplet on particle dynamics calls for interesting studies
toward a complete description.

■

EXPERIMENTAL SECTION

Colloid−Polymer System. All chemicals are purchased from
Sigma-Aldrich unless otherwise speciﬁed. We fabricate colloid−
polymer mixtures consisting of PBA−MA particles, mixed with PVP
K60 or PAA with two diﬀerent architectures. PVP is chosen for these
experiments to ensure a linear polymeric topology as the synthesis of
PAA often leads to undesired branching and other side reactions
during radical polymerization.46−49 Monodispered PBA−MA par42045
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the droplets can be rendered with a ray-tracing software (Blender).
The coordination number for each droplet is determined by
identifying all of its nearest neighbors. Droplets are identiﬁed as the
nearest neighbors if their center-to-center distance is within a cut-oﬀ
value, 2.2a. Once the coordinates have been found in each image
stack, trajectories of droplets can be calculated, describing the droplet
motion.38,39 The magnitude and the direction of the ensembleaveraged aﬃne drift are computed after particles have been tracked.
We then update particle locations by removing this drift, from which
reﬁned particle trajectories are calculated. We note that the drift was
still apparent at a longer τ; data at lag times for which the slope of the
MSD versus τ is higher than 1, indicatingdrift, has been disregarded.
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