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Dynamics of Confined Colloid-Polymer Mixtures

Melissa Spannuth and Jacinta C. Conrad

Department of Chemical and Biomolecular Engineering, University of Houston, Houston, TX 77006

Abstract. We investigate the effect of confinement on particle dynamics in mixtures of colloidal particles and non-adsorbing
depletant polymers that serve as models for attractive suspensions. Holding the volume fraction of particles and the polymer
concentration constant, the dynamics of the particles become increasingly slow as the suspensions are confined in thin wedge-
shaped cells. Confocal micrographs of the confined samples suggest that clustering and solidification contribute to changes in
the dynamics of mixtures in which particles interact via a strong attraction. The dynamics of non-aggregating particles that do
not undergo a phase transition also become slower in confinement, suggesting that additional mechanisms must contribute to

slow dynamics in confined colloid-polymer mixtures.

Keywords: colloids, depletion, confinement, gelation
PACS: 82.70.Dd, 47.57.J!, 64.75.Xc

1. INTRODUCTION

Confining colloidal suspensions in which the particles in-
teract via a hard-sphere repulsion induces the formation
of colloidal solids. For example, colloidal suspensions
can crystallize when they are confined between parallel
walls that are separated by less than ~ 20 particle diame-
ters [1, 2], driven by the formation of layers of oscillating
density at the walls [3]. If crystallization is suppressed, a
fluid-like suspension can also solidify via a glass transi-
tion [4], driven by an increase in glassy structural order
near the walls [5] or in wall-induced layering [6]. Both
types of phase transition typically require that the parti-
cles be confined to a length of less than 10-20 times the
particle diameter.

Solidification transitions induced by confinement in-
fluence the dynamics of the colloidal particles. Dynam-
ics in both colloidal fluids [7, 8] and glasses [4, 9, 10]
become increasingly slow in confinement, as measured
by the mean-square displacement (MSD) (Ax*(t)) =

(x(t+7) —x(t))2> of the colloidal particles as a func-

tion of the lag time t. For colloidal fluids, this slowing
is most pronounced adjacent to the wall [7], which in-
duces structural changes within the fluid [3] that lead to
increased caging [8]. Counterintuitively, colloids in lay-
ers of higher density exhibit faster diffusive dynamics
normal to the wall than those in layers of lower density
[4, 11]. As the volume fraction of colloids ¢ is increased,
the dynamics of particles in bulk liquid-like suspensions
become arrested even at modest confinements, suggest-
ing that confinement affects the length scale of dynamic
heterogeneities [12, 13] that allow particles to rearrange
and relax stress.

Effects of confinement on solidification and dynamics
have been extensively investigated in suspensions of col-

loidal particles interacting via a hard-sphere repulsion.
By contrast, how confinement affects the phase behav-
ior and dynamics of suspensions of attractive colloidal
particles is still poorly understood. These effects may be
particularly important for microfabrication technologies
such as spin-coating or rapid-prototyping, which shape
particulate feedstocks into thin films [14] or rods [15];
for cell migration, which is driven by biological poly-
mers such as actin [16] that are confined in thin lamel-
lipodia [17]; or for the formation of surface-associated
bacterial biofilms, which may be initiated by polymer-
mediated attractions between micron-sized bacteria and
surfaces [18, 19]. Understanding the effects of confine-
ment on the structure and dynamics of particles in these
complex systems would be facilitated by studies of sim-
plified model systems, in which the strength and range of
the attraction between particles can be precisely tuned.
Mixtures of nearly-hard-sphere micron-sized colloidal
particles and non-adsorbing depletant polymers are par-
ticularly convenient model systems for attractive sus-
pensions [20]. In such mixtures, the free volume of the
polymer species is maximized when the excluded vol-
ume shells around the colloids overlap. The strength and
range of the resultant entropic attraction are parameter-
ized respectively by the concentration of polymer ¢, and
the ratio between the radius of gyration of the polymer
and the colloid radius § = ry/a. Precisely tuning c,, &,
and colloid volume fraction ¢ allows a variety of attrac-
tive colloidal phases to be formed, including fluids [21],
crystals [22], glasses [23], and gels [24]. The first three
phases have analogues in hard-sphere systems; gelation,
however, requires a strong interparticle attraction. When
the strength of the attraction is sufficiently large, colloid-
polymer mixtures undergo spinodal decomposition into
colloid-rich and colloid-poor phases [25]. The colloid-
rich regions can solidify when the volume fraction of the
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particles approaches that of a colloidal glass, leading to
the formation of space-spanning colloidal gels composed
of clusters [26]. Colloidal gelation is therefore a conse-
quence of equilibrium phase separation [27]. For phase-
separating colloidal suspensions that do not solidify, con-
finement alters the phase behavior [28, 29, 30, 31, 32],
for example by inducing capillary condensation [33].

Together, results from hard-sphere and from phase-
separating attractive suspensions suggest that confine-
ment may induce slow dynamics and solidification in
colloid-polymer mixtures that can form gels. We have
previously shown that confinement induces solidifica-
tion in mixtures with a moderate-to-strong attraction by
a different physical mechanism than that driving solidi-
fication in repulsive or hard-sphere suspensions. Specifi-
cally, we found that wall-induced layering is not respon-
sible for gelation of colloid-polymer mixtures with a col-
loid volume fraction of ¢ = 0.15; instead, confinement
appears to increase the strength of the effective attraction
between the colloidal particles [34].

In this paper, we study the effects of confinement
on the dynamics of particles in colloid-polymer deple-
tion mixtures. Using confocal microscopy and particle
tracking, we measure the mean-squared displacements
(MSDs) of particles in mixtures in which the particle
volume fraction and polymer concentration are held con-
stant, and show that confinement in a thin wedge cham-
ber induces slowing of the particle dynamics. Compar-
ison with micrographs of samples at different confine-
ment thicknesses indicate that slowing of particle dynam-
ics is driven in part by clustering of particles en route
to gelation. In weakly attractive mixtures, however, we
also observe confinement-induced slowing of dynamics,
suggesting that additional mechanisms beyond cluster-
ing and solidification contribute to changes in dynamics
of confined colloid-polymer mixtures.

2. EXPERIMENTAL METHODS

As a model system, we synthesized nearly-hard-sphere
[35] poly(methylmethacrylate) colloidal particles of di-
ameter 2a = 0.865um that were sterically stabilized by
poly(12-hydroxysteric acid) polymers [36]. The particles
were first dispersed in an index- and density-matching
solvent mixture of cyclohexyl bromide (CXB) and deca-
hydronaphthalene (DHN) at a ratio of 1:3 v/v. To min-
imize the effect of gravity on the phase behavior and
structure of our samples, we added drops of CXB or
DHN and confirmed that clusters and particles remain
in suspensions after centrifugation at 800 g for 1.25 h.
In these solvents the particles were charged [37], and so
we added 1.5 mM of an organic salt, tetrabutyl(ammo-
nium chloride), to all solvent mixtures to mitigate the
slight electrostatic repulsion between particles. We con-
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firmed that samples prepared with higher concentrations
of salt (9 mM) exhibited the same behavior. To induce an
effective depletion attraction between the colloids with
controlled range and strength, we added non-adsorbing
polystyrene of molecular weight M,, = 295.8 kDa with a
radius of gyration R, = 15 nm [38] and an overlap con-
centration C), = 3M,,/ rTER;’,NA ~ 35 mg/mL. The range
of the attraction & = 0.035 was approximately constant
in these experiments. We fixed the volume fraction of
colloids, ¢ ~ 0.15, and varied the concentration of poly-
mer from 0 to 23.6 mg/mL to increase the strength of
the attraction between the particles. Table 1 lists the vol-
ume fraction and polymer concentration for each sample
studied.

To rapidly access multiple confinements in a single
experiment, we loaded samples into wedge-shaped glass
chambers (Figure 1(a)). The opening angle of the cham-
bers was < 0.5°, so that the walls were very nearly par-
allel. Measurements of the bulk viscosity of the suspen-
sions as a function of the shear rate indicated that our
samples behaved as either Newtonian (C, < 15 mg/mL)
or shear-thinning (C, > 15 mg/mL) fluids at the typi-
cal shear rates applied during the loading of the cham-
bers, suggesting that the samples are fully homogenized.
Samples were allowed to rest for 30 min after loading in
chambers and then imaged using confocal fluorescence
microscopy [39] using a Visitech VT-Infinity confocal
scanhead mounted on a Leica DMI4000 B microscope.
We acquired three-dimensional image stacks at various
positions along the wedge, corresponding to different
thicknesses 4 ranging from > 100 pm to 2 < 6 um. The
accessible range of thicknesses normalized by the par-
ticle diameter was therefore i1/2a > 116 to h/2a < 7.
Finally, using standard algorithms [40] we located all
particles in three dimensions and tracked their motion in
two dimensions (in the x-y plane) at the midplane of the
chamber (i.e. at z = h/2, where z is the direction along
which the sample was confined). With these algorithms,
we were able to locate the centroids of our particles to
within 40 nm, as measured from the y-intercept of the
MSD as a function of lag time. We confirmed that both ¢
and C, remain constant along the wedge by respectively
measuring particle density via Voronoi volumes and sol-
vent viscosity via particle-tracking microrheology [41].
We also compared the structure and dynamics of samples
in macroscopic chambers constructed from glass vials to
those in the thickest region of the wedge to confirm that
we measured bulk behavior in the wedge chambers. This
experimental protocol therefore allowed us to sensitively
assess the effects of confinement on the motility of parti-
cles at constant particle volume fraction and strength of
attraction.
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TABLE 1.

Volume fraction and polymer concentration of samples.

Sample 1 2 3 4 5 6 7
(0] 0.147 0.148 0.147 0.153 0.149 0.148 0.151
Cp [mg/mL] 0.0 104 12.9 15.5 17.7 20.7 23.6
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! I I | I .- FIGURE 2. (Color online) Representative confocal micro-
< >
8 87 121 2a 35 69 116 graphs of colloid-polymer samples at varying concentration of
polymer C,, and confinement thickness h. Top row: Cp, = 20.7
/mL le 6); middl :Cp =15.5 mg/mL le 4);
FIGURE 1. (Color online) (a) Schematic of the sample mg/mL (sample 6); middle row: C, mg/mL (sample 4);

chambers used for confocal microscopy experiments, indicat-
ing the direction orthogonal to confinement (z) over which the
confinement thickness / is measured. (b) Phase diagram for
polymer concentration as a function of confinement, adapted
from Reference [34]. Symbols indicate the phase: crystal (yel-
low 0J), fluid (red o), fluid of clusters (purple ), or gel (blue ©).
Dashed lines indicate guides to the eye.

3. RESULTS

We have previously showed in Reference [34] that
colloid-polymer mixtures solidify in confined geome-
tries. Using both the structural information from parti-
cle pair correlation functions and the dynamic informa-
tion from mean-squared displacements, we have identi-
fied four different colloidal phases: crystals, fluids, fluids
of clusters, and gels. We find that the structure of fluids of
clusters or gels with a moderate to strong interparticle at-
traction, parameterized by the concentration of polymer
Cp, evolves as the suspensions are increasingly confined,
as shown in Figure 2. For suspensions that solidify as the
confinement is increased, changes in structure reflect the
evolution towards the solid phase. For example, sample
4 (Cp = 15.5 mg/mL) when unconfined is a fluid of clus-
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bottom row: C, = 10.4 mg/mL (sample 2). The color of the
border around each micrograph indicates the phase as in Figure
1. Scale bars: 10 pm.

ters and contains both dispersed particles and small clus-
ters of particles, as shown in the middle row of micro-
graphs in Figure 2. The size of clusters increases when
this sample is confined to 4/2a = 35; upon further con-
finement to h/2a = 8.7, the particles ultimately aggre-
gate to form a space-spanning percolated gel. Changes
in the structure of particles with increasing confinement
are not restricted to samples undergoing a solidification
transition. Sample 6 (C, = 20.7 mg/mL) contains a per-
colated cluster at all confinement thicknesses //2a and
hence is classified as a gel, as shown in the top row of im-
ages in Figure 2. As this sample is increasingly confined,
both the fraction of particles in the percolating cluster
and the thickness of the strands of the gel increase. By
contrast, below a certain strength of attraction we ob-
serve no changes in the structure of disordered fluids, as
shown for sample 2 (C, = 10.4 mg/mL) in the bottom
row of Figure 2. Only when the sample is confined to
very small thicknesses (1/2a < 8) does the sample form
an ordered crystal.
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FIGURE 3. (Color online) Mean-squared displacement as

a function of lag time 1. (a) Sample 6 (C, = 20.3 mg/mL)
at h/2a > 116 and h/2a = 35 and 8.7 (top to bottom, all
gels). (b) Sample 4 (Cp = 15.5 mg/mL) at h/2a > 116 and
h/2a =35 (fluids of clusters) and i/2a = 8.7 (gel). (c) Sample
2(C,=10.4mg/mL)ath/2a> 116 and h/2a = 35 and 8.7 (top
to bottom, all fluids). Dashed lines indicate slope of 1. Colors
indicate the phase as in Figure 1.

We quantify changes in dynamics with increasing con-
finement via the mean-squared displacement (MSD) as
a function of lag time T. For all samples investigated,
confinement induces slowing in the particle dynamics,
as indicated by the decreases in the MSD with increas-
ing confinement in Figure 3. Moreover, slowing occurs
regardless of structural evolution. For example, sample
4 (shown in Figure 3(b)) undergoes a transition from a
fluid of disconnected clusters (at h/2a = 35) to a per-
colating gel (at h/2a = 8.7) as it is increasingly con-
fined; concomitantly, the MSD decreases by over an or-
der of magnitude. To demonstrate that phase transitions
are not solely responsible for changes in particle dynam-
ics in confinement, we calculate the MSD for sample 6,
which is a gel at all values of #/2a. The MSD of sam-
ple 6 similarly decreases by about an order of magni-
tude as the sample is confined from bulk (7/2a > 116)
to i/2a = 8.7. To demonstrate that structural changes
are not required for confinement-induced slowing of dy-
namics, we calculate the MSD for sample 2, which is a
fluid at all confinements //2a > 8. The structure of sam-
ple 2 (as measured by the fraction of particles in clus-
ters) does not evolve over this range of confinements;
nonetheless, the MSD decreases as the sample is con-
fined from h/2a > 116 to h/2a = 8.7.

To gain insight into the physical processes that
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FIGURE 4. (Color online) Mean-squared displacement at
fixed lag time T =10 s as a function of normalized confinement
thickness h/2a for samples 1 (o), 2 (), 3 (¢), 4 (), 5 (), 6 (), and
7 (+). Colors indicate the phase as in Figure 1.

drive slowing of particle dynamics in confined colloid-
polymer mixtures, we first examine the MSD at a fixed
lag time T = 10 s, corresponding to approximately
10 times the self-diffusion time of a single particle
(Figure 4). The magnitude of the MSD at T = 10 s
for sample 4, which undergoes a gelation transition
between h/2a = 17 and h/2a = 8.7, decreases by over
an order of magnitude. In contrast to results obtained for
hard-sphere colloidal supercooled fluids [4, 6], the MSD
at fixed lag time does not always decrease sharply at the
transition from a fluid-like phase to a solid-like phase.
Indeed, both crystallization and gelation transitions can
occur without a dramatic change in the magnitude of
the MSD. For example, the crystallization transition in
sample 2 and the gelation transitions in samples 3 and 5
are accompanied by only modest dynamical slowing. In
addition, changes in the dynamics occur over a surpris-
ingly large range of confinement thicknesses &/2a. This
effect is most pronounced for gel samples 6 and 7, but
even sample 5 exhibits a notable slowing of dynamics
at large h/2a far from solidification. Together, these
results suggest that solidification transitions and the
accompanying changes in structure do not completely
account for the slowing of dynamics of particles in
confined colloid-polymer mixtures.

We investigate the effect of the lag time T on the
dynamics via the self-part of the van Hove correlation
function, Gs(x,7) = (1/N)o¥,8 [x+x:(0) —x;(t)] [42],
which represents the probability of a displacement x over
atime interval T. G,(x,7) measured for fluids and for gels
exhibit distinct shapes in unconfined samples, as shown
in Figure 5(a) for bulk or near-bulk samples. For a fluid
sample that contains no polymer and in which the par-
ticles thus interact via an electrostatic repulsion (sample
1), Gy(x,T) can be well-fit by a single Gaussian func-
tion, Gs(x,7) = aj exp (—x?/c}), as shown by the long-
dashed line in Figure 5(a). The characteristic displace-
ment of particles estimated from the width of this distri-
bution, 61 ~ 1.2 um, is in good agreement with the ex-
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FIGURE 5. (Color online) (a) Self-part of the van Hove cor-

relation Gy(x,T) at T = 10 s for bulk (2/2a > 116) samples 2
(fluid, ) and 4 (fluid of clusters, ) and for sample 7 at confine-
ment thickness 4/2a = 67 (gel, +). Lines indicate fits to single
Gaussian functions. (b)~(d) Gs(x,t) for sample 4 at confine-
ment thickness (b) /1/2a > 116 (fluid of clusters), (¢) #/2a =35
(fluid of clusters), and (d) h/2a = 8.7 (gel). In (b)-(d), T = 0.1
s (0), 1 s (¢), and 10 s (). Lines indicate fits to single-Gaussian
distributions. Colors indicate the phase as in Figure 1.

pected displacement for a freely-diffusing particle over a
time scale T, /Dot ~ 1.3 wm, where Dy = kgT /6Tnoa
is the diffusion coefficient calculated at room temper-
ature using the background solvent viscosity Mg ~ 2.7
mPa-s. As the strength of the interparticle attraction is
increased (e.g. sample 4, in which C, = 15.5 mg/mL),
G,(x,7) can still be described by a single Gaussian func-
tion. The characteristic displacement estimated from G,
however, is smaller than that of the repulsive sample, re-
flecting both the increase in background solvent viscos-
ity due to the polymer and the formation of clusters of
particles (visible in Figure 2). Finally, when the strength
of the attraction between particles is further increased
(e.g. sample 7, in which C, = 23.6 mg/mL), G(x,T)
is sharply peaked around x = 0, consistent with locally
caged motion, and exhibits broad exponential tails, con-
sistent with sporadic large jumps [43, 44]. We conclude
that in near-bulk samples, the shape of G(x,T) reflects
the phase behavior of the underlying sample.

We probe the effect of confinement on dynamics in
colloid-polymer mixtures by measuring G(x,t) at dif-
ferent confinement thicknesses //2a and at different lag
times T for sample 4, which undergoes a fluid-to-gel tran-
sition with increasing confinement. In a bulk sample (i.e.
for h/2a > 116), Gy(x,7) for T = 10 s is well fit by a
single Gaussian function at lag times T ranging from 0.1
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s to 10 s, as shown in Figure 5(b). When this sample is
confined to a height #/2a = 35, the widths of the Gaus-
sian fits are slightly smaller than those obtained in bulk
(Figure 5(c)). As the concentration of polymer and hence
the viscosity of the background solution does not change
along the wedge and the phase of the sample is similar,
this finding confirms that confinement induces changes
in the dynamics of the particles. The quality of the single
Gaussian fit decreases at all values of T as compared to
that of the unconfined sample, consistent with our earlier
finding that the fraction of particles in clusters increases
in confinement [34]. Finally, when sample 4 is confined
below h/2a = 8.7, the particles form a percolated space-
spanning network and G, (x,T) exhibits the characteristic
shape for a gel. The characteristic width 6} of the single-
Gaussian fit to the sharp peak in G;(x,T) increases only
slightly as T is increased, suggesting that particles are
trapped in local cages over all measured lag times. The
van Hove correlation functions for sample 4 measured
at varying T and //2a suggest that confinement-induced
slow dynamics in colloid-polymer mixtures result in part
from clustering and gelation induced at small #/2a. We
have also examined G, (x,t) for varying T and h/2a for
sample 2, which is a disordered fluid for #/2a > 8. The
systematic decrease in the width of G,(x, ) for this sam-
ple, in which the particles do not aggregate into clusters,
suggests that additional mechanisms beyond clustering
and solidification must contribute to changes in particle
dynamics in confinement.

CONCLUSIONS

Confining mixtures of colloids and non-adsorbing par-
ticles between two nearly parallel walls induces slowed
dynamics of the particles. By examining dynamical mea-
surements of the mean-squared displacement and the
self part of the van Hove correlation function, we con-
clude that confinement-induced crystallization [45] or
gelation [46] fluid-to-solid transitions, in which particles
become increasingly localized [46], contribute in part
to the decrease in particle MSD observed for colloid-
polymer mixtures in which the particles exhibit a strong
effective attraction. Mixtures in which the structure of
particles does not change in confinement also exhibit
changes in dynamics, however, indicating that changes
in structure and phase do not completely account for the
confinement-induced changes in dynamics. Further ex-
periments to determine the relative importance of con-
finement and phase transitions on the dynamics of parti-
cles in confined colloid-polymer mixtures may yield new
understanding into the mechanisms of confined solidifi-
cation in attractive suspensions.
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