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Abstract 

Attractive particulate fluids flowing through complex confined geometries are 

frequently used in technological applications. While the flow properties of hard-sphere 

suspensions in micro-scale geometries have been studied extensively, the effects of 

interparticle attractions and particle size dispersity on the confined flow properties of 

particulate suspensions are not well understood. We used confocal microscopy, particle 

tracking, and bulk rheology to study the confined structure, dynamics, and flow 

properties of colloid-polymer mixtures, which serve as simple models of attractive 

particulate suspensions. We employed poly(methyl-methacrylate) spheres that were 

suspended in a refractive-index and density- matched solvent, and induced a controlled 

short-range depletion attraction between particles by adding non-absorbing linear 

polystyrene. 

First, we investigated the effects of particle size dispersity on confinement-

induced solidification of colloid-polymer mixtures. We formulated mixtures of polymer 

and bidispersed colloids with particle size ratio aS/aL ≈ 0.49 at a constant total volume 

fraction T and measured the dynamics of the large particles as a function of the volume 

fraction of large particles. The dynamics of large particles became slower as the volume 

fraction of large particles r=L/T was decreased or the confinement thickness was 

decreased, indicating increasingly solid-like behavior.  

Second, we investigated the effects of variation in particle size dispersity r on the 

rheology and microstructure of mixtures of polymer and bidispersed colloids. Significant 

changes in rheology and microstructure were observed only at high volume fractions of 

large particles. By contrast, dense suspensions T = 0.40 were strong gels at all 
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concentration of large particles and exhibited only modest rheological and 

microstructural changes.  

Finally, we investigated the effects of variation in interparticle attractions on the 

microchannel flow of colloid-polymer mixtures. In suspensions with weak interparticle 

attractions, the number density of particles increased downstream in the channel due to 

shear-induced migration and consolidation by compression. In suspensions with stronger 

interparticle attractions, an interconnected network of particles suppressed these 

mechanisms and prevented the increase in density downstream. 

Together, our results indicate that the confined structure, dynamics, and flow 

properties of attractive colloidal suspensions can be controllably tuned from fluid-like to 

solid-like by varying the interparticle attractions and the particle size dispersity.  
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Chapter 1 

Introduction 

1.1 Colloids 

‘κόλλα’ in Greek stands for coll, which means glue. The term “colloid” was 

coined by Thomas Graham (1805-1869) while studying the diffusion of gas molecules [1, 

2]. In the early 20
th

 century, studies by Albert Einstein, Robert Brown, Jean Baptiste 

Perrin and Theodor Svedberg explained the origin of Brownian motion (named after 

Robert Brown) for colloidal supensions [3, 4]. A colloidal suspension consists of particles 

in the size range of tens of nanometers (10
-8

 m) to several microns (10
-6

 m) [3, 5] that are 

suspended in a continuous fluid medium. In this size range, particles are large enough to 

exhibit bulk properties yet small enough so that thermal fluctuations within the fluid 

medium affect their motion [3, 6]. The wide range of methods to tune the dynamic and 

rheological properties of colloidal suspensions make them an excellent choice for 

development of advanced materials for various technological applications [5, 6].  As a 

result, the past century saw a great effort to develop the science of colloids, driven by 

widespread technological applications of colloidal suspensions ranging from paints and 

coatings to biotechnology [5]. 

1.2 Attractive colloidal suspensions in technological applications  

Suspensions with attractive interparticle interactions appear frequently in 

technological applications, such as inkjet printing and direct write assembly, drug-

delivery, and crude oil recovery. In inkjet printing, a fixed volume of colloidal ink droplet 

is deposited on a surface at a fixed velocity for patterning and fabrication of metal or 

ceramic parts [7, 8]. In direct write assembly, colloidal inks are extruded to form layered 
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3-D structures of colloidal inks [9-11]. Both these applications involve flow of colloidal 

inks through fine deposition nozzles, whose size can range from microns to a few 

hundred microns. In drug delivery systems, colloidal drug carriers carry the drug to the 

target tissues intravenously through blood vessels or through the porous extracellular 

matrix [12, 13]. Finally, colloidal clay suspensions are commonly used as drilling muds 

in petroleum engineering [14, 15]. The clay particles form a filter cake on the walls of the 

bore hole to minimize the loss of fluid in the porous rock structure, which requires 

carefully tuned phase behavior and flow properties of the mud in confined geometries 

[15]. These applications require suspensions whose rheological properties have been 

carefully tuned for optimal flow in microscale geometries rather than in the bulk 

geometries in which these properties are typically characterized. 

1.3 Dynamics and flow of attractive colloidal suspensions 

Attractive interactions introduced between particles in colloidal suspensions 

dramatically modify the structure and rheology of suspensions. In monodispersed 

attractive suspensions, three parameters determine the rheological behavior: the volume 

fraction of particles () and the magnitude (U) and range (ξ) of the interparticle 

attractions [16-18]. Increasing the strength of interparticle attractions leads to the 

formation of clusters of particle in non-dilute suspensions [19]. Suspensions with strong 

attractions (U ~ 10 kBT or higher) form solid-like colloidal gels that contain a connected 

space-spanning network of particles [18, 20-24]. In a colloidal gel, the size and structure 

of clusters is determined by the strength and range of the attractions [25]. The yielding of 

this network of particles at the microscale determines the macroscopic flow and 

mechanical properties of attractive suspensions [2, 26-29]. Prior experimental studies 
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showed that the phase behavior and the rheological properties of attractive suspensions 

are determined by a range of parameters [3, 25, 27, 28, 30-40]. The rheological properties 

of attractive suspensions have been extensively studied, which showed a complex 

behavior with respect to applied stresses [2, 3, 17, 26-29]. Thus, understanding the 

experimentally-measured rheology of attractive colloidal systems require models that 

allow flow behavior to be studied across a wide range of suspension properties and shear 

rates [28, 41].   

Understanding changes in suspension flow properties as a function of shear rate is 

necessary for applications involving extrusion-based processes. Rheological properties of 

colloidal suspensions, such as viscosity (η), vary over a range of shear rates (�̇�) owing to 

the interplay between hydrodynamic and interparticle forces [2, 3]. As �̇� applied to a 

hard-sphere suspension is increased, η first decreases (“shear thinning”), and then 

increases at very high ̇ (“shear thickening”). Shear thinning in colloidal dispersions is 

attributed to the monotonic fall in the entropic contribution to the viscosity at moderate 

shear rates, whereas shear thickening is observed at very high shear rates is thought to be 

due to the formation of hydroclusters [3, 26, 28]. Adding attractions between the 

particles, however, eliminates shear thickening past gelation [27]. Attractions lead to 

formation of particle network resulting in development of yield stress. When the yield 

stress exceeds a threshold value that is set by the upper stress limit of shear thickening 

regime, it masks the generic shear thickening behavior of dense suspensions [28]. 

Changes in bulk rheology as a function of applied shear rate reflect changes in 

microstructure. Colloidal gels yield and flow in a two-step process: shear first breaks 

bonds between clusters and then breaks bonds within clusters, resulting in disruption of 



4 

 

gel network [29]. The Herschel-Bulkley model provides a simplified approach to 

understand the rheology and flow profile of colloidal gels [28, 41]. In the HB model the 

shear stress 𝜎 of a suspension depends nonlinearly on the applied shear rate as  

                                             𝜎 = 𝜎𝑦 + 𝑘�̇�𝑛,                                       (Equation 1.1) 

where 𝜎𝑦 is the yield stress, 𝑘  is the power law viscosity, �̇� is shear rate, and n is the 

shear thinning exponent [3, 42].   When the applied shear stress is less than the yield 

stress, the suspension behaves like an elastic solid; above the yield stress the suspension 

yields and flows like a fluid. A wide variety of models have been developed for bulk flow 

properties of suspensions. For example, the power-law model provides a good estimation 

of shear stress-shear rate relation at moderate shear rates for colloidal gels [2, 3]. At high 

shear rates, shear rate and shear stress have a linear relationship given by Bingham 

model, which gives an estimate of dynamic yield stress and plastic viscosity [2, 3]. These 

models have largely been developed for bulk suspension flows and the effects of 

confining microscale geometries on flow properties of colloidal suspensions are not yet 

well understood.  

Different experimental techniques have been used to investigate the confined flow 

of colloidal suspensions. Measurement of the flow profile of colloidal suspensions and 

gels in confined geometries using μ-Particle Image Velocimetry (μPIV) generates 

detailed velocity profiles, but these techniques do not provide information on the 

microstructures of the colloids during flow [35]. By contrast, confocal microscopy is a 

powerful method that can be used to interrogate both colloidal structure and dynamics on 

the microscale [43]. In confocal microscopy, laser light is used to excite a fluorescent 

sample, and the light emitted from sample passes through a pinhole that excludes any 
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out-of-focus light. As a result, particles can be directly imaged at different heights in a 

dense fluorescent sample. This technique has been extensively used to characterize the 

structure of quiescent colloidal crystals [43], gels [22, 23, 31, 43], and glasses [44], but is 

also well-suited to characterize the properties of flowing colloidal solutions [22, 23, 43, 

45-48]. Experiments looking at the flow of colloidal aggregates and gels have showed 

that the breaking and reaggregation of clusters is governed by the competition between 

shearing forces, viscous forces, and interparticle attractions; moreover, the presence of 

nearby walls in confined flow can generate hydrodynamic interactions. Improved 

understanding of how confinement alters the microstructure and flow properties of 

attractive suspensions during flow will enable the design of suspensions for applications 

that require confined flow of attractive suspensions [34, 49-51].   

Technological applications frequently use polydispersed particles in suspensions 

[15, 52-55]. Polydispersity alters the phase behavior of attractive suspensions [38, 56-58], 

with particles fractionating by size into distinct phases [38, 57]. Introducing 

polydispersity of colloidal particles as a design parameter could potentially lead to the 

design of materials with distinctive or unique microstructural or flow properties, but the 

role of polydispersity must first be understood [55, 59-61]. Earlier studies explored the 

bulk dynamics, bulk rheology, and bulk flow properties of hard sphere bidispersed 

suspensions [36, 62-65]. The effect of size dispersity on the confined dynamics of 

attractive suspensions, however, has not been studied. Understanding how the 

microstructure, bulk rheology, quiescent phase behavior and flow properties of both 

monodispersed and polydispersed suspensions vary with confinement is expected to lead 

to improved formulations for applications requiring confined flow.    
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1.4 Objective and organization of dissertation 

The objective of my thesis is to correlate the microstructural properties to the bulk 

rheology, dynamics and confined flow properties of attractive suspensions. The findings 

from my thesis will establish a platform for the development of fundamental 

understanding for the rational design of suspensions with desired rheology and transport 

properties.  

In the first study, we investigated the effects of confinement on the solidification 

of mixtures of polymers and bidispersed colloids suspended in an organic solvent, with a 

particle size ratio of =aS/aL ≈ 0.49. We measured the dynamics of large particles as a 

function of the confinement thickness and concentration of large particles in each 

suspension. The bidispersed suspensions became more solid-like as the confinement 

thickness was decreased and the concentration of large particles was decreased. The 

slowing of the microscopic dynamics of the particles with increasing confinement was 

consistent with an increase in the strength of interparticle attraction[66]. We attributed 

the change in phase behavior of attractive bidispersed suspensions in confinement to the 

variation in the electrostatic interactions between particles. We concluded that 

confinement alters the solidification of attractive suspensions, and variation in size 

dispersity of particles can be a simple way to tune this solidification. 

In the second study, we investigated the effect of colloid size dispersity on the 

microstructure and bulk rheology of mixtures of polymers and bidisperse colloids 

suspended in an organic solvent. For suspensions with moderate volume fraction 

(T=0.15) and particle size ratio (=0.31 and =0.45), we observed a transition from 

solid-like to fluid-like rheology as the concentration of large particles was increased.  The 
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changes in rheology as a function of size dispersity were consistent with the variation in 

dynamics and bond number distribution of large particles in suspensions. We attributed 

these changes to the difference in bonding between particles, as the strong small-small 

bonds were increasingly replaced with weaker large-large and large-small bonds. By 

contrast, at high volume fraction (T~0.40) the bidispersed suspension displayed slight 

weakening of solid-like network with increase in large particle concentration, but no 

significant changes were observed in the dynamics and structures of the large particles. In 

these suspensions we attributed the insensitivity of suspension properties to size 

dispersity to the highly connected networks formed in all suspensions: adding some weak 

bonds was insufficient to disrupt the network. Thus, we concluded that maximum 

changes in the bulk rheology and structures of large particles occur near a phase 

boundary of fluid-solid transition.  

In the third study, we measured the velocity profiles and particle distributions of 

attractive colloidal suspensions during confined microchannel flow. Colloidal 

suspensions with induced interparticle attractions were flowed through square 

microchannels. We measured the bulk rheological properties and compared to the 

confined flow properties, which we measured using confocal microscopy and µPIV. For 

weakly attractive systems shear induced migration increased concentration at the center 

of channel and differential flow increased the concentration downstream.  However, for 

strongly attractive suspensions these effects were suppressed[67]. These findings showed 

that tuning the strength of interparticle attractions is a simple way to optimize the 

confined flow properties of monodispersed attractive suspensions.  
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In the final study, we investigated the role of bidispersity on the microchannel 

flow properties of attractive bidispersed suspensions. Attractive bidispersed suspensions 

were flowed through a square micro channel at two flow rates. We quantified the velocity 

profile and large particle number density profile across the width of channel as a function 

of volume percent of large percent of large particles. We observed that as r was 

increased, the velocity profile becomes increasingly Newtonian and migration becomes 

more pronounce at high flow rates for monodispersed suspensions of large particles. 

When volume fraction of large particles was decreased while keeping the total volume 

fraction constant, the velocity profile becomes increasingly non-Newtonian. The 

distribution of large particles in the channel became more uniform as the concentration of 

large particles was decreased at both flow rates.   
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Chapter 2 

Dynamics of confined depletion mixtures of polymers and bidispersed colloids 

2.1 Introduction 

 Particle-laden complex fluids are routinely employed in confined geometries in 

industrial or technological applications. For example, suspensions used in complex 

porous media in natural resource engineering, such as drilling fluids used to lubricate the 

well bore [68] or viscosifiers used to enhance recovery of hydrocarbons from regions of 

low permeability [69], frequently contain mixtures of polymers and particles of different 

sizes[70]. Particulate inks, which are extruded through fine nozzles in inkjet printing [7, 

8, 71, 72] and three-dimensional printing [73, 74], often contain particles and polymer 

plasticizers to achieve both the desired flow properties during printing and the optimal 

mechanical properties in printed structures. Polymer nanocomposites, which contain 

nanoparticles dispersed in a polymer matrix, must frequently be processed as thin films 

for applications that exploit their exceptional mechanical, optical, or conductive 

properties [75-79]. Improving the design of suspensions for these and other applications 

thus requires understanding the influence of confinement on the structure, dynamics, and 

phase behavior of particle-laden complex particulate fluids. 

The effects of confinement on one prototypical complex fluid, a suspension of 

colloidal spheres with repulsive interparticle interactions, are understood in the limit of 

high particle volume fraction. Suspensions of monodispersed colloidal particles solidify 

as crystals when confined in thin two-dimensional layers [80], driven by the formation of 

ordered crystalline layers at the walls [81]. Increasing the dispersity in size of the 

particles, for example by introducing a second particle size, frustrates crystallization. 
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Instead, bidispersed confined suspensions with repulsive interparticle interactions can 

solidify as a colloidal glass [58]. For these concentrated suspensions, the walls again 

induce changes in the structure [61] and dynamics [61, 82] of the particles that drive the 

transition from liquid to solid. 

In contrast to monodispersed and hard-sphere colloidal particles, the effect of 

confinement on suspensions in which particles exhibit attractive interactions are poorly 

understood. Such systems, however, may serve as better models of particle-laden 

complex fluids ubiquitously used in confined geometries. Towards this end, suspensions 

exhibiting complex interactions between monodispersed particles, including polymer-

bridged spheres [82] and mixtures of oppositely-charged [83-85], charge-asymmetric 

[64], or hard and sticky spheres [86, 87], have been extensively studied in bulk 

geometries. One particularly convenient model system for attractive complex fluids is a 

mixture of particles and non-adsorbing polymers [25, 88-92], in which the range and 

strength of the effective depletion attraction between particles are governed by the 

polymer-to-particle size ratio and the polymer concentration, respectively. Particles 

suspended in organic solvents may also exhibit electrostatic repulsions, and mixtures of 

charged particles and depleting polymers have been extensively studied as models for 

gelation in the presence of competing interparticle interactions [93-100]. Despite 

extensive research on the bulk properties of these and other model systems, how these 

systems solidify in confinement is poorly understood. We recently showed that depletion 

mixtures of monodispersed particles and polymers also solidify when confined, as 

indicated by transitions in both structural metrics such as the cluster size distribution and 

dynamic measurements such as the ensemble-averaged mean-squared displacement. 
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Moreover, these transitions were not initiated by the formation of layers of particles at the 

walls, as expected for repulsive particles, but were instead consistent with an increase in 

the effective strength of attraction between the particles [32, 33]. 

Further insight into the properties of engineering suspensions confined in complex 

geometries requires models that incorporate additional complexity. One route to model 

the polydispersity of engineering suspensions is to use mixtures of particles of different 

sizes. Unsurprisingly, binary mixtures of particles of asymmetric size exhibit strikingly 

different properties than monodispersed mixtures; two examples are the dynamics [101] 

and mechanical properties [55] of glassy bidispersed mixtures. Suspensions of attractive 

bi- and tridispersed particles also manifest bulk properties distinct from those of 

monodispersed attractive particles: for example, heteroflocculated binary latex 

dispersions exhibit different stability ratios [102] and aggregates of silica particles of 

three different sizes exhibit distinct fractal dimensions and strengths [103]. 

In colloid-polymer mixtures, studies incorporating particle polydispersity have 

largely focused on the equilibrium phase behavior. Theoretical work shows that slight 

polydispersity can destabilize the single-phase region compared to the gas-liquid phase 

separation, leading to an increase in the number of phases and in the complexity of the 

colloid-polymer phase diagram [38]. Experiments show that polydispersed particles 

indeed fractionate by size into distinct phases [57], but separation into multiple coexisting 

solid phases at high particle concentrations is kinetically suppressed [60]. By contrast, the 

effect of particle size dispersity on the non-equilibrium phase behavior remains largely 

unexplored, with one report of high particle polydispersity disrupting the re-entrant glass 

transition seen at high particle concentrations [45]. These studies, however, concentrated 
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on the properties of bulk suspensions, whereas applications often involve thin or confined 

geometries. Despite the relevance for applications, how the interplay of particle size 

dispersity, attractions, and confinement influences solidification of particulate 

suspensions remains poorly understood.  

In this paper, we investigate the effects of confinement on the solidification of 

mixtures of bidispersed colloids with a size ratio of aS / aL » 0.49  and depletant polymers 

suspended in a low-dielectric-constant solvent. We measure the dynamics of the large 

particles in confined geometries as a function of the volume percent of small particles 

using confocal microscopy and particle tracking. In bulk geometries, increasing the 

volume percent of small particles induces the formation of heterogeneous clusters of 

particles, in which small particles trap or cage the large particles. These bidispersed 

suspensions become increasingly more solid-like when confined between nearly parallel 

walls. Heterogeneous clustering and gelation of the large and small particles suppresses 

crystallization in the large particles. The dynamics of the large particles are most arrested 

when both the volume fraction of the small particles is high and the sample is strongly 

confined. The changes in dynamics in confinement are consistent with an increase in the 

strength of the effective attraction between particles. This change in the interparticle 

interactions results from the adsorption of charge carriers from the solvent and from the 

particles on the walls of the chamber, which leads to a decrease in the interparticle 

electrostatic repulsion; this mechanism is thus a secondary indirect effect induced by the 

confinement. The bidispersed suspensions exhibit slower dynamics than the 

monodispersed suspensions, suggesting that replacing large particles with small particles 

further increases the effective attraction. We conclude that confinement can indirectly 
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enhance the solidification of particulate suspensions in low-dielectric constant solvents, 

and that varying the size dispersity may be a simple way to further tune the solidification 

of attractive suspensions. 

2.2 Materials and Methods 

Our model binary system consisted of poly(methyl methacrylate) particles of 

diameters 2aL=1.48 μm (polydispersity ≈ 4.6%) or 2aS = 0.73 μm (polydispersity ≈ 6%), 

as measured using dynamic light scattering (BI-APD), with a size ratio of aS / aL ≈ 0.49. 

Both sets of particles were sterically stabilized with poly(12-hydroxystearic acid)[104]. 

The large particles (2aL=1.48 μm) were labeled with the fluorescent dye Rhodamine B 

(Sigma-Aldrich) and the small particles (2aS = 0.73 μm) were labeled with Fluorescein 

5(6)-isothiocyanate (Sigma-Aldrich) [22]. Particles were suspended in a solvent mixture 

of cyclohexylbromide (CXB, Sigma-Aldrich, grade 98%) and decahydronaphthalene 

(DHN, Sigma-Aldrich, grade 98%) at a weight ratio of 3.1:1 to match their density (ρ ≈ 

1.22 gm/ml) and index of refraction (n ≈ 1.49). We added 1.5 mM of 

tetrabutylammonium chloride salt to all solvent mixtures to partially screen the 

electrostatic surface charge of the particles[105]. To controllably tune the size dispersity 

we fixed the total volume fraction of particles in the sample ( ≈ 0.15) and varied the 

ratio of volume fraction of small particles to the total volume fraction r = L/T, where  is 

T =L + S the total volume fraction occupied by small and large particles. 

 We induced an entropic depletion attraction between particles by adding linear 

polystyrene (Mw = 333.3 kDa, Mw / Mn=1.03, Varian) with a radius of gyration Rg = 15 

nm[106] and an overlap concentration cp* =3Mw/4πRg
3
NA  mg/mL. In a monodispersed 

colloid-polymer mixture, the strength and range of the depletion attraction between the 
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particles are controlled by the concentration of polystyrene and the size ratio of the 

polymer and particle, respectively. In our bidispersed suspensions, the ratios of polymer-

to-particle size were ξS = Rg /aS ≈ 0.095 and ξL = Rg /aL ≈ 0.047. We formulated 

suspensions at two concentrations of polymer in the free (reservoir) volume [88, 89, 107, 

108], cp ≈ 5 mg/mL and cp ≈ 25 mg/mL. 

The resulting interparticle potential included contributions from the depletion 

attraction as well as the electrostatic repulsion between particles. We used a modified 

Asakura-Oosawa model [89, 107-109] to estimate the depletion attraction between small-

small and large-large particles. We assumed that the electrostatic repulsion was described 

by a screened Coulomb form [110] and used an empirical rule of thumb [111], ZλB /2a ≈ 

6, to extrapolate the charge Z on our particles from literature measurements of the charge 

on PMMA particles in CXB-DHN solvent mixtures [111]. (Details are given in the 

Supplementary Information). The resulting interparticle potential for a polymer 

concentration of cp ≈ 5 mg/ml indicated repulsive interactions at all separations, with a 

maximum repulsive barrier of 17 kBT (small-small) or 10 kBT (large-large). For a polymer 

concentration of cp ≈ 25 mg/ml, the interparticle potential exhibited an attractive 

minimum at contact, with a depth of -5 kBT (small-small) and -44 kBT (large-large) (as 

shown in Figure S1 in the Supplementary Information). 

For each concentration of polymer, we prepared five different samples with 

values of r ranging from 0 (i.e. L = 0) to 1 (i.e. L = 0.15); we estimated using a modified 

A-O potential[112] that the magnitude of the depletion attraction between the large 

particles due to the small particles ranged from 0.2 kBT (r = 0.75) to 0.5 kBT (r = 0.25) 

(Figure S2 in Supplementary Information). After each sample was prepared, we tested the 
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buoyancy matching by centrifuging the samples at 800 g and 25
o
C for 75 min; if 

required, we added DHN or CXB dropwise and confirmed that both particles and clusters 

remained neutrally buoyant after additional centrifuging. Samples were allowed to 

equilibrate for 24 hours after buoyancy matching prior to loading into sample chambers. 

We report the polymer concentration cp, the total volume fraction T, and the volume 

percent of small particles r in Table 2.1. 

Table 2.1 Polymer concentration cp, total volume fraction T , and volume percent of 

small particles r and polymer concentration cp for samples.  

Sample 1 2 3 4 5 6 7 8 9 10 

cp [mg/mL] 5.2 5.0 4.9 5.1 4.9 25.1 25.1 25.0 25.0 24.9 

T 0.147 0.146 0.152 0.151 0.149 0.152 0.150 0.154 0.148 0.151 

R 0 0.25 0.49 0.74 1 0 0.25 0.51 0.75 1 

 Samples were imaged using a confocal point-scanner (VT-Eye, VisiTech 

International) that was attached to an inverted microscope (Leica DMI3000B). This 

microscope was equipped with two laser sources with emission wavelengths λ = 491 nm 

and λ=561 nm. The λ = 491 nm line excited both fluorescent dyes, so that we imaged 

both large and small particles simultaneously without discrimination, whereas the λ=561 

nm line excited only the rhodamine dye in the large particles, so that we imaged only the 

large particles. For bulk measurements, samples were loaded in rectangular glass 

chambers of thickness 1 mm and allowed to sit undisturbed for 30 min. After this 

constant waiting time, we acquired multiple two-dimensional movies (x-y) using each 

laser source at a height z = 60 µm above the bottom surface of the chamber. To probe the 

effects of spatial confinement on the dynamics, samples were loaded into wedge-shaped 

glass chambers of varying thickness (opening angle < 0.5
o
). After a constant waiting time 

of 30 minutes, we acquired two-dimensional (x-y) movies at the midplane of different 



16 

 

thicknesses h ranging from 7.5 to 60 µm at different positions along the length of the 

chamber, i.e. at distances z = h/2. Representative images from all movies are given in 

Supplementary Data (Figures S3 and S4 in Supplementary Information). In a typical 

experiment, movies consisting of 500 8-bit images were acquired using Voxcell Scan 

(VisiTech International) at 1 frame per second with an image size of 512 × 512 pixels. 

We used standard particle-tracking algorithms [113] to locate and track the positions of 

the large particles in two dimensions over time (with resolution of 40 nm) in movies 

acquired using the λ = 561 nm laser source. 

2.3 Results 

In the presence of a polymer depletant, changing the ratio of small to large 

particles induces changes in the structure of the particles that are consistent with more 

solid-like phases. In Figure 2.1, the varying volume percent of large particles r (a,e) 1.00, 

(b,f) 0.50, (c,g) 0.25, and (d,h) 0.00. When the concentration of polymer depletant is low 

(cp ≈ 5 mg/mL), the particles in a suspension containing only large particles (r = 1, Figure 

2.1a) are mostly dispersed, consistent with the slight interparticle repulsion. Decreasing 

the fraction of large particles while holding the total volume fraction fixed drives the 

formation of heterogeneous clusters containing both small and large particles (Figure 

2.1b—d). Similarly, when the concentration of polymer depletant is higher (cp ≈ 25 

mg/mL) decreasing the fraction of large particles drives a transition from large clusters 

(Figure 2.1e) to a connected network of particles (Figure 2.1f—h).  

We confirm the observation of solidification in the microscopy images by 

measuring the dynamics of the large particles. For both concentrations of polymer, we 

find that decreasing the ratio of large particles leads to increasingly slow dynamics as 
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quantified via the ensemble-averaged mean-squared displacement (MSD) of the large 

particles, as shown in Figure 2.2. For a low concentration of depletant (cp ≈ 5 mg/mL), 

removing a small (r = 0.75) or moderate (r = 0.50) fraction of large particles does not 

appreciably change the slightly subdiffusive dynamics of the large particles (Figure 2.2a). 

 

Figure 2.1 Confocal micrographs of small and large particles for suspensions with a 

constant total volume fraction T = 0.15, concentration of depletant polymer 

cp (a—d) 5 mg/mL or (e—h) 25 mg/mL. The scale bar is 10 µm. 

 

A significant decrease in both the magnitude and slope of the MSD is seen only 

when the concentration of large particles is small (r = 0.25); the dynamics of the large 

particles, though, remain subdiffusive and are not fully arrested, suggesting that tuning 

the suspension parameters alone is insufficient to induce gelation. For a high 

concentration of depletant (cp ≈ 25 mg/mL), however, even the replacing of a modest 

fraction of large particles (r = 0.75) leads to a change in the magnitude and slope of the 

large-particle MSD (Figure 2.2b). At the lowest volume percent of large particles studied 

(r = 0.25), the slope of the MSD is nearly zero, indicating full dynamic arrest of the large 
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particles; additionally, the MSD is nearly an order of magnitude smaller at long lag times 

than that of the monodispersed large particle suspension. The MSD decreases 

monotonically between r = 1.0 and r = 0.25 at fixed lag time, indicating that the large 

particles become more arrested as the volume fraction of large particles is decreased. The 

strength of the depletion attraction from the small particles is relatively weak; the 

increase in arrest thus results from trapping of the large particles in clusters of small 

particles. 

 

Figure 2.2  Normalized mean-squared displacement (x
2
)/(2aL)

2
 as a function of lag time 

τ for large particles in bulk binary suspensions with concentration of polymer 

cp of (a) 5 mg/ml and (b) 25 mg/ml. The dashed lines indicate a slope of 1. 

 

We probe the effect of confinement on bidispersed systems by imaging samples at 

different positions along a thin wedge, as shown in Figure 2.3 for two suspensions with 

volume percent r = 0.50. In figure 2.3, the volume percent of large particles r = 0.50, 

concentration of depletant polymer cp (a—d) 5 mg/mL or (e—h) 25 mg/mL, (a,e) in bulk 
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or (b—f,d—h) confined to a normalized height h/2aL of (b,f) 41, (c,g) 20, or (d,h) < 5.5. 

Suspensions with a low concentration of depletant polymer (cp ≈ 5 mg/mL), and hence a 

weak interparticle attraction, contain nearly dispersed particles in bulk samples but a 

connected network of particles in the strongest confinements (Figure 2.3a—d). Similarly, 

the large clusters of particles present in bulk suspensions with a higher concentration of 

depletant (cp ≈ 25 mg/mL) form a connected network when strongly confined (Figure 

2.3e—h). These changes suggest that confining suspensions of bidipersed colloids and 

depletant polymers in a low dielectric constant solvent induces solid-like phase behavior 

for both weakly repulsive and weakly attractive interparticle interactions. 

 

Figure 2.3  Confocal micrographs of small and large particle populations for suspensions 

with a constant total volume fraction tot = 0.15. The scale bar is 10 µm. 

 

To extend these qualitative observations, we again examine the behavior of the 

MSD of the large particles. The MSD of suspensions with a low concentration of 

depletant (cp ≈ 5 mg/mL) that contain only large particles (r = 1.0) become arrested when 
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the suspension is confined to a normalized thickness h/2aL < 5.5, consistent with 

solidification, as shown in Figure 2.4a.  

 

Figure 2.4 Mean-squared displacement (x
2
)/(2aL)

2 
as a function of lag time τ of large 

particles. Confinement thicknesses h/2aL: bulk (star) > 69 (), 41 (), 20 

(◊), 10 (), and <5.5 (). The dashed lines indicate a slope of 1. 

 

Decreasing the volume fraction of large particles to r = 0.50 only moderately 

affects the dynamics of the large particles, with the onset of arrested dynamics appearing 

at h/2aL = 10 (Figure 2.4b). In Figure 2.4, binary suspensions with concentration of 

depletant polymer of cp = 5 mg/ml and varying volume percent of large particles r of (a) 



21 

 

1.00, (b) 0.50, and (c) 0.25. Confining a suspension with a small fraction of large 

particles (r = 0.25), which exhibits the slowest dynamics in bulk suspension due to the 

presence of large heterogeneous clusters (as can be seen by comparing images from the 

two laser excitations in Figures S3 and S4 in Supplementary Information), leads to 

arrested dynamics at slightly weaker confinements of h/2aL = 10 (Figure 2.4c). For all 

nonzero values of r, arrested dynamics of large particles consistent with solidification 

appear only when the large particles feel the effects of the walls (i.e. at ~10 particle 

diameters). Furthermore, the magnitude of the MSD for strong confinement h/2aL < 5.5 is 

approximately equal for all nonzero values of r, suggesting that the presence of the small 

particles only weakly affects the dynamics of the large particles there. Nevertheless, the 

dynamics noticeably slow at more modest confinements of h/2aL = 20, showing that 

confinement affects the dynamics and state of suspensions before the onset of 

solidification. We obtain similar results for samples that are confined for thirty days in 

wedge-shaped chambers prior to imaging (shown in Figure S5 in the Supplementary 

Information for a ratio of r = 0.50). 

In the presence of a larger concentration of depletant polymer (cp ≈ 25 mg/mL), 

confinement also induces increasingly slow dynamics, as shown in Figure 2.5 (binary 

suspensions with concentration of depletant polymer of cp = 25 mg/ml and varying 

volume percent of small particles r of (a) 1.00, (b) 0.50, and (c) 0.25). Confining the 

samples to thicknesses of h/2aL = 20 or below leads to fully arrested dynamics for all 

values of r investigated. Because the bulk dynamics of the large particles in these 

samples are already sub-diffusive, the change in the magnitude of the MSD of the large 

particles is less dramatic than seen for samples with cp ≈ 5 mg/mL.  
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Figure 2.5  Normalized mean-squared displacement  (x
2
)/(2aL)

2
 as a function of lag 

time τ of large particles. Confinement thicknesses h/2aL: bulk (star) > 69 

(), 41 (), 20 (◊), 10 (), and <5.5 (). 

Comparing the MSDs of confined samples with cp ≈ 25 mg/mL and different 

values of r reveals two notable features. First, the changes in dynamics with confinement 

are least pronounced for the sample with r = 0.50: the bulk MSD of this sample is 

somewhat smaller than that at r = 1.0, whereas the MSDs of the most-confined samples 

(h/2aL < 5.5) are similar at r = 1.0 and r = 0.50. In high-depletant samples with the 

smallest volume fraction of large particles (r = 0.25, Figure 2.5c), however, the MSD of 

the large particles in strong confinements (h/2aL ≤ 10.1) is smaller than that of similarly 
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confined samples with r = 1.0 or r = 0.50. These results indicate that changing the size 

dispersity can lead to more solid-like behavior in confined samples with strong 

interparticle attractions. Furthermore, the reduction of the MSD at large thicknesses 

occurs at a different volume percent (r = 0.50) than that at which the magnitude of the 

MSD is decreased (r = 0.25), suggesting that tuning the confinement and small particle 

fraction separately affect solidification. 

Finally, our results do not significantly change if the samples are confined for 

long times in wedge-shaped chambers (as shown in Figure S6 for a ratio of r = 0.50). We 

summarize our results by examining the MSD of the large particles at a fixed lag time of 

10 seconds, corresponding approximately to the time needed for a large particle to diffuse 

its own diameter. The MSD of the large particles decreases by nearly two orders of 

magnitude as the sample is confined from bulk to h/2aL < 5.5, as shown by the closed 

symbols in Figure 2.6 (binary suspensions with concentration of depletant polymer cp ≈ 5 

mg/ml (closed symbols) and cp ≈ 25 mg/ml (open symbols)). Adding small particles 

allows solids to be formed at slightly weaker confinements of h/2aL = 10, where 

suspensions containing only large particles (r = 1.0) remain fluids of clusters. 

Pronounced changes in the magnitude of the MSD at a fixed confinement, however, 

appear only when the volume percent of large particles is low (r = 0.25). When the 

concentration of depletant polymer is increased, confinement again slows the dynamics 

of the large particles at all values of r, as shown by the open symbols in Figure 2.6, 

although the change in the magnitude of the MSD is typically less than an order of 

magnitude. At the lowest volume percent of large particles (r = 0.25), however, the value 

of the MSD in the greatest confinement h/2aL < 5.5 is smaller than that of the sample 
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with only large particles (r = 1.0), suggesting that the presence of the small particles 

enhances confinement-induced solidification for these samples.  

 

Figure 2.6  Normalized mean-squared displacement (x
2
)/(2aL)

2
 at a lag time τ = 10 s of 

large particles as a function of confinement h/2aL for volume percent of large 

particles r of 0.25 (), 0.50 (), and 1.00 (). 

 

To gain additional insight into the effect of bidispersity on solidification 

mechanisms, we examine the behavior of the self part of the van Hove correlation 

function of the large particles at a fixed lag time of  = 10 sec. We previously found for 

monodispersed colloid-polymer mixtures that the GS(∆x,τ) of confined samples narrows 

and becomes increasingly non-Gaussian, similar to the dynamics of samples undergoing 

gelation [32]. Figure 2.7 shows binary suspensions with (a—c) cp ≈ 5 mg/ml and (d—f) 

and cp ≈ 25 mg/ml. The volume percent of small particles r is (a,d) 1.00, (b,e) 0.50, (c,f) 

0.25. Dashed lines indicate fits to a Gaussian distribution. For a sample with a low 

concentration of depletant polymer (cp = 5 mg/mL), GS(∆x,τ) changes from nearly 

Gaussian to non-Gaussian as the sample is increasingly confined, as shown in Figure 

2.7(a—c).  
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Figure 2.7  Self part of the van Hove correlation function Gs (x,) at a lag time τ = 10 s 

for large particles Confinement thicknesses h/2aL: > 69 (), 41 (), 20 (◊), 

10 (), and < 5.5 (). 

 

To highlight the change in shape of these curves we fit the function to a single 

Gaussian distribution, indicated as dashed lines in Figure 2.7, and confirm that a 

Gaussian distribution cannot adequately fit the tails of GS(∆x,τ) of a highly confined 

sample. The non-Gaussian distributions cannot be fit to the sum of two Gaussian 

functions, as found for more concentrated gels right at the solidification transition [114]. 

We therefore interpret the highly non-Gaussian distributions as indicators of 

solidification via gelation [19]. The structure of the gels in Figures 2.1 and 2.3, and in 
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particular the thick strands of the networks, suggest that confinement induces only a 

shallow quench into an arrested state [37]. 

Increasing the concentration of the depletant polymer leads to a narrower 

distribution of particle displacements, as shown in Figure 2.7(d—f). The tails of GS(∆x,τ)
 

deviate strongly from a Gaussian function even for a bulk sample, consistent with a 

distribution of characteristic relaxation times in a fluid of highly bidispersed clusters as 

seen in the micrographs in Figure 2.1. The shape of GS(∆x,τ) does not significantly evolve 

upon confinement, but the widths of the distribution become increasingly narrow. The r = 

0.25 sample exhibits the narrowest distribution of displacements in strong confinements, 

again consistent with our suggestion that the addition of small particles increases the 

effective caging of the large particles. We conclude from the MSD and van Hove 

distributions that confinement induces increasingly solid-like behavior in all samples 

studied. This increase is consistent with an increase in the strength of the effective 

interparticle attraction, which is further enhanced by bidispersity. 

2.4 Discussion 

In this paper, we show that the dynamics of bidispersed suspensions with both a 

weak interparticle repulsion and a weak interparticle attraction become increasingly 

solid-like as the suspensions are increasingly confined. We previously observed similar 

confinement-induced solidification in monodispersed suspensions [32, 33]. In our earlier 

reports, we attributed this solidification to an enhanced depletion attraction due to loss of 

free volume for the polymer at the two walls of the chamber. Simulations of two large 

spheres confined between two walls, however, revealed only a very small increase in the 

effective strength of the depletion attraction [115], and very recent simulations that 
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measured the depletion attraction between two particles near a single wall found no 

enhanced attraction [116]. Another mechanism must therefore dominate the observed 

solidification in our confined colloid-polymer mixtures. 

One possible alternate mechanism is a change in the electrostatic interactions 

between particles in confined samples. PMMA particles suspended in a CXB-DHN 

solvent mixture are slightly charged, with ~150—400 charges on the surface of each 

particle [111]. Although earlier studies showed that electrostatic interactions between 

PMMA particles can vary significantly over time [105], our solidification transition does 

not depend upon the sample age or time of confinement. Instead, we considered the 

behavior of the counterions in the solvent. The CXB-DHN solvent mixture has a low 

dielectric constant (εr =5.53, Supplementary Information); nonetheless, counterions must 

exist in this solvent mixture to partially screen the charges on the particles. We assessed 

the effect of nearby surfaces on the concentration of counterions in CXB-DHN mixtures 

by measuring the conductivity of CXB-DHN in a bulk sample and in a sample that 

contained 40% v/v of powdered glass for samples at different bulk salt concentrations. 

The conductivity of the solvent mixture in the samples that contained powdered glass was 

always less than that of the bulk solvent mixture (Figure S7 in Supplementary 

Information), consistent with a decrease in the number of counterions in solution. As the 

samples are closed, the counterions in this experiment must adsorb onto the powdered 

glass surfaces or the vial surface. We posit that charge adsorption can drive confinement-

induced solidification in our system: as charges from the particles and counterions in the 

solution adsorb onto the walls of the chamber, the interparticle repulsion is reduced. A 

prior study [110] reported that the zeta potential decreased and the screening length 
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increased with increasing confinement for PMMA particles suspended in dodecane [110], 

in accord with this idea. Simple calculations indicate that PMMA particles with lower 

surface charge and longer screening lengths exhibited repulsive barriers of less than 2 kBT 

in the CHB-DHN solvent mixture [111]. In our experiments, a similarly dramatic 

reduction in the maximum repulsion would cause the interparticle potential to develop an 

attractive minimum at contact (for cp ≈ 5 mg/mL, the magnitude of the depletion 

attraction is 6—11 kBT (Figure S1), sufficient in the absence of repulsion to gel the 

suspension [92]) or to deepen the minimum (for cp ≈ 25 mg/mL). Changes in the 

electrostatic interactions could therefore account for the transition from a dispersed or 

clustered fluid in bulk to a well-connected network of particles in highly confined 

samples (Figure 2.3). This mechanism is a secondary indirect effect of confinement, as 

the walls mediate the electrostatic interactions between particles. We note that this 

mechanism is complementary to a different mechanism proposed for electrostatically-

driven gelation in small particle suspensions, in which an entropic driving force from the 

counterions favors gelation in certain conditions [98]. Although both mechanisms may be 

simultaneously operating here, our experimental system does not allow these mechanisms 

to be separately distinguished. 

We find, additionally, that bidispersity enhances solidification as the samples are 

increasingly confined. The magnitude of the MSD of the large particles increases for all 

samples as the bidispersity is increased at fixed confinement thickness (as shown in 

Figures 2.4 and 2.5), consistent with clustering and gelation driven by enhanced 

attraction. This enhancement is somewhat counterintuitive, as the repulsive interparticle 

potential between the small and large particles is still significantly larger than the 
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polymer-induced depletion attraction, but is expected based on comparisons with earlier 

work on monodispersed PMMA-PS depletion systems with competing long-range 

repulsions and short-range attractions [97]. In those systems, large electrostatic repulsions 

between particles do not prevent clustering and gelation even when the interparticle 

attraction is weak [93-100]. Similarly, we find that despite the large electrostatic 

repulsions between particles of different sizes, the addition of small particles leads to 

increased arrest of the large particles. 

The mechanism for the increase in solid-like behavior with decreased large 

particle volume ratio is not known, and we suggest two possibilities. First, a fixed volume 

of small particles has more total surface area than an equal volume of large particles. The 

increase in surface area may facilitate transfer of charge from the particles to the walls, so 

that the electrostatic repulsion between the large and small particles is reduced in the 

bidispersed suspensions. This reduction in the electrostatic repulsions leads to formation 

of aggregates of particles, which form large clusters in presence of depletant, and thus 

increased solid-like behavior of the suspension. Second, simulations of charged binary 

spheres showed that electrostatic repulsions between large and small particles led to a 

strong attractive depletion interaction between large spheres; in this system, charge 

increased the free volume available to the small particles and thus enhanced the attraction 

[117]. This electrostatically-driven depletion interaction may also be indirectly 

strengthened by confinement. Either or both mechanisms would increase the effective 

attraction between particles and thus drive increasingly solid-like behavior in confined 

bidispersed systems, in agreement with our experimental observations. 
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2.5 Conclusions 

 We investigate the effects of confinement on the solidification of mixtures of 

polymers and bidispersed colloidal particles in a low-dielectric constant solvent by 

measuring the dynamics of the large particles. We find that replacing some of the large 

particles with small particles leads to slowed dynamics, which reflect heterogeneous 

clustering and ultimately gelation when the volume percent of large particles is small. 

Confining these suspensions to approximately twenty large particle diameters leads to a 

significant slowing of the dynamics, indicating increased clustering even in relatively 

thick samples at low concentrations of polymer depletant. Samples that in bulk are fluids 

of clusters do not solidify, however, until confined to thicknesses of ten large particle 

diameters, the typical onset of geometric confinement in hard-sphere colloidal 

suspensions, even when the volume percent of small particles is large. For large 

concentrations of polymer, the combined effects of small particles and confinement lead 

to increased arrest of the large particles. In all samples, the increasingly solid-like 

behavior of confined samples is consistent with an increase in the effective interparticle 

attraction. The measured decrease in the conductivity of the solvent mixture in confined 

samples suggests that adsorption of charge carriers on nearby walls induces a reduction in 

the interparticle electrostatic repulsion, so that changes in the interactions are an indirect 

secondary effect of confinement. Increasing the bidispersity by replacing small particles 

with large particles may facilitate transfer of charges to the walls or may induce an 

additional attractive depletion interaction; both mechanisms would generate the increase 

in effective attraction in confined bidispersed samples that we observe in our 

experiments.  
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We note that we have studied only one size ratio of small to large colloids aS / aL 

≈ 0.49. Suspensions with a different size ratio exhibit different state transitions [118], 

which we speculate will affect their solidification in confined geometries. Similarly, we 

have studied only one size of polymer, Rg nm, for which S = Rg / as ≈ 0.095 and L = Rg / 

aL ≈ 0.095. Size ratios of L > 0.08 can exhibit re-entrant melting transitions when the 

volume fraction of particles is very high [119, 120]: tuning the size of the polymer to 

obtain re-entrant melting may lead to unusual phase behavior in confined geometries. In 

addition, we have not systematically investigated the confinement-induced solidification 

transition by studying the dynamics at heights h/2aL that are very close to that at which 

the transition occurs. Comparing this transition to that driven by increases in r or fT  is 

expected to generate insight into the mechanisms driving solidification in confinement, 

and in particular the complex role of electrostatics [117, 121] in the presence of depletion 

interactions [122]. Finally, we propose here that charge carriers in the suspension adsorb 

onto the surfaces of the chamber, which in our experiments were unmodified glass slides, 

to reduce the electrostatic repulsion between particles. Chambers with different surface 

chemistry may exhibit differences in charge adsorption, thereby modifying or disrupting 

this mechanism.  

Our results suggest new ways to tailor the design of technological suspensions; 

examples include drilling fluids, viscosifiers, and gellants, in which suspensions must 

flow like fluids in bulk geometries but solidify in complex porous media, and polymer 

nanocomposites, which are often processed as thin films. In these examples, the presence 

of organic solvents and/or constituents suggests that long-range electrostatic interactions 

may sensitively affect the solidification of suspended particulates. We expect that 



32 

 

confined bidispersed attractive suspensions will exhibit flow properties that differ from 

those of bulk monodispersed suspensions, requiring careful rheological studies across a 

range of confinements and interparticle potentials.  
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Chapter 3  

Microstructure and rheology of mixtures of polymers and slightly bidisperse 

colloids 

3.1 Introduction 

Suspensions with attractive interparticle interactions are widely used in 

technological processes, including inkjet printing [7, 8], direct write assembly [9, 10], 

coatings [123], catalyst synthesis [124], ceramic devices [11],  drug delivery [12, 13], and 

crude oil recovery [14, 52, 125]. During processing, colloidal suspensions for these 

applications are subjected to a wide range of stresses that lead to complex deformations. 

Designing improved materials for these applications require a thorough understanding of 

the mechanical response of attractive colloidal suspensions under varying deformation 

conditions. The viscoelastic properties of attractive colloidal suspensions depend on the 

microstructural properties of the suspension [126]. The phase behavior and rheology of 

attractive suspensions are determined by a range of parameters, including the colloid 

volume fraction [17, 127-129], the strength and range of interparticle attractions [17, 67, 

127, 130], and the particle size [127, 131], all of which have been extensively studied in 

experiments and simulations. By contrast, size disperisty has received little attention in 

fundamental studies of attractive suspensions, despite being an inherent feature of 

engineering suspensions. 

Mixtures of particles of two different sizes are a common platform to controllably 

investigate the effects of size dispersity on phase behavior and flow properties. Important 

control parameters include the volume fraction of each species and the size ratio between 

the particles. Most studies to date have focused on particles with hard-sphere or repulsive 

interactions [62-64, 112]. Small non-attractive particles induce a depletion attraction 
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between large particles, and the competitive interplay between the large-large and small-

large interactions leads to a multitude of phases that may exhibit non-monotonic 

dependence on system parameters [56, 109, 117]. Particles of the same size can 

macroscopically phase separate at a sufficiently large volume fraction of small particles, 

which is set by the size ratio between the species (=aS/aL) [112]. Similarly, the viscosity 

of dense hard sphere bidisperse suspensions depends both on the extent of size dispersity 

and on the applied shear rate [65]. The sensitivity of the flow properties to volume 

fraction is asymmetric: replacing a small amount of small particles by large particles at 

total constant volume fraction does not significantly change the viscosity, whereas 

replacing a small amount of large particles by small particles dramatically decreases the 

viscosity [53]. By contrast, few studies have looked at mixtures of bidisperse particles 

with attractive interparticle interactions beyond those induced by depletion of the smaller 

species. In our earlier study, we showed that mixtures of non-adsorbing polymers and 

bidisperse colloids, in which the polymers induce an entropic depletion interaction, can 

exhibit differences in dynamics [66]. There remains, however, limited understand on the 

coupling between suspension microstructure, local dymamics, and rheology as the size 

dispersity in a mixture is tuned. 

 In this study we investigated the effect of particle size dispersity on the flow 

properties and microstructure of mixtures of polymers and bidisperse colloids using bulk 

rheology and confocal microscopy. For suspensions with moderate total volume fraction 

(T=0.15) and fixed particle size ratio (=0.31), we observed a transition from solid-like 

rheology to a fluid-like rheology as the volume percent of the large particles (r=L/T) 

was increased from 0 to 1. The macroscopic structure of the network remained nearly 
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unchanged as the fraction of large particles was increased. Instead, the changes in 

rheology arose from the difference in the number and strength of interparticle bonds, as 

strong small-small bonds were replaced with weaker large-large bonds. When the size 

ratio was increased (=0.45) while the total volume fraction was held constant, similar 

changes in rheology and microstructure were seen with increasing large particle fraction. 

By contrast, increasing the total volume fraction of suspension to T = 0.40 dramatically 

changed both rheology and microstructure: at a higher total solids loading, the network 

weakened slightly upon increasing volume percent of large particles but not did not 

fluidize. These experiments suggest that the effects of particle size dispersity on the 

rheology and microstructure of attractive suspensions were more significant near a fluid-

solid phase boundary. 

3.2 Materials and methods 

3.2.1 Sample preparation  

Poly(methyl methacrylate) (PMMA) particles were synthesized and sterically 

stabilized with poly(12-hydroxystearic acid) [104]. The diameter and polydispersity of 

each particle batch were characterized using dynamic light scattering (BI-APD). Next, 

particles were suspended in a solvent mixture of cyclohexylbromide (CXB, Sigma-

Aldrich) and decahydronaphthalene (DHN, Sigma-Aldrich) at a weight ratio of 3:1, 

which approximately matched both the density (ρ ≈ 1.21 gm/ml) and index of refraction 

(n ≈ 1.49) of the particles. A monovalent salt, tetrabutyl ammonium chloride (TBAC, 

Sigma-Alrich, purum), was added to all mixtures to partially screen the electrostatic 

charge on the particles and hence reduce long-range repulsions. To induce interparticle 

attractions non-adsorbing linear polystyrene (Mw = 299,800 kDa, Mw /Mn=1.05, Agilent 
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Technologies) was added to all samples at a fixed concentration of polymer in the free 

volume cp=25 mg/mL. The radius of gyration of polystyrene was Rg=15 nm and the 

overlap concentration was cp* =3Mw/4πRg
3
NA ≈ 35 mg/mL. The range of the depletion 

attraction between particles is controlled by the ratio of the radius of gyration of the 

polymer to the particle radius =Rg/a, where Rg is the radius of gyration of polystyrene 

and a is the radius of particle, and was less than ~0.06 for all particles studied, 

corresponding to a short-ranged interaction [60]. To minimize sedimentation due to 

gravity, we confirmed that particles remained suspended after centrifugation at 800 g and 

25C for 75 minutes; as needed, we added CXB or DHN dropwise to improve the 

buoyancy matching. Samples were allowed to equilibrate for 24 hrs before rheological 

measurements or before loading into sample chambers for imaging experiments. 

Table 3.1 Particle size, polydispersity, volume fraction and particle size ratios of the 

three model suspension used in this study  

 

 
Suspension 1 Suspension 2 Suspension 3 

2aL, polydispersity (%) 1.76 m, ~ 5.6% 1.57 m, ~ 3.5% 1.76 m, ~ 5.6% 

2aS, polydispersity (%) 0.54 m, ~6.7% 0.71 m, ~5.1% 0.54 m, ~6.7% 

=2aS/2aL 0.31 0.45 0.31 

Total volume fraction T 0.15 0.15 0.40 

We investigated three different combinations of the ratio of the radii of the small 

and large particles,  = as/aL, and the total volume fraction T = L + S, where L and S 

were the volume fraction of large and small particles, respectively (Table 3.1). Large 

particles (of diameter 2aL =1.76 μm or 2aL =1.57 μm) were fluorescently labeled with 

Rhodamine B (Sigma-Aldrich) and small particles (of diameter 2aS =0.54 μm or 2aS 
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=0.71 μm) were fluorescently labeled with Fluorescein 5(6)-isothiocyanate (FITC, 

Sigma-Aldrich). For each combiantion of  and T, we varied the volume fraction of 

large particles r=L/T, from 0 to 1 and investigated a series of samples with r= 0.0, 0.50, 

0.75, 0.87, 0.93, 0.96 and 1.0.  

3.2.2 Rheological measurements 

 Steady and dynamic rheology measurements were performed using a TA hybrid 

rheometer (TA Discovery HR2) equipped with a Couette cell geometry. The gap size was 

1.19 mm and the bob length was 41.89 mm. All measurements were performed at a 

constant temperature of 25C that was maintained by a circulating coolant jacket. 

Because shear history is known to affect the microstructural and rheological properties of 

samples [132], prior to each rheological measurement samples were pre-sheared at 100 s
-

1
 for 1 min and then allowed to equilibrate for 1200 s, chosen as a timescale beyond 

which the elastic modulus did not significantly increase. To construct flow curves, we 

measured the viscosity as a function of steady shear rate over the range 10
-2

 < �̇� < 10
-3

 s
-1

. 

At each shear rate, an equilibration time of 120 s and an averaging time of 10 s were used 

to ensure steady values of stresses and shear rates.  

We additionally performed two types of dynamic rheological experiments. First, 

to probe the yielding behavior of samples we measured the elastic (G) and viscous (G) 

moduli as a function of applied stress at a fixed frequency of = 10
-2

 Hz, 10
-1

 Hz and 10
0
 

Hz. These measurements allowed us to identify the linear viscoelastic regime for each 

sample. We subsequently measured elastic (G) and viscous (G) moduli as a function of 

frequency over the range 10
-3 

– 10
1
 Hz at a fixed stress amplitude of 2  10

-4
 Pa for 

suspensions with T ≈ 0.15 or 1  10
-3

 Pa for suspensions with T ≈ 0.40; these choices 
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ensured that we remained in the linear viscoelastic regime across the range of frequencies 

probed for each sample. 

3.2.3 Confocal microscopy 

 Samples were imaged using a confocal point-scanner (VT-Eye, VisiTech 

International) that was attached to an inverted microscope (Leica DMI3000B). The 

confocal microscopy was equipped with two laser sources with wavelengths =491 nm 

and =561 nm. The =491 nm wavelength excited both fluorescent dyes; a longpass 

barrier filter > 500 nm was used to simultaneously image both small and large particles 

and a barrier bandpass filter 525-550 nm was used to preferentially image the small 

particles, which were dyed with FITC. The =561 nm line excited only the rhodamine 

dye and was used to selectively image large particles. Samples loaded into rectangular 

chambers of thickness 1 mm were allowed to rest undisturbed for 30 min before imaging 

experiments. To investigate the dynamics of suspensions, we sequentially acquired 

multiple two-dimensional (2-D) movies (x-y) at a constant height of 60 m above the 

bottom surface of the chamber. The 2-D movies consisted of 500 8-bit images acquired at 

a rate of 1 frame/s. To characterize the microstructure of the suspensions, we acquired 

three-dimensional (3-D) image stacks of total thickness 50 m, acquired in a region from 

a height h=10 m to a height h=60 m. Individual 2-D images in 3-D stacks were spaced 

by a distance of z= 0.1 m and acquired at an image acquisition rate of 31.7 frame/s to 

capture the microstructures at a given time. 

We used standard particle-tracking algorithms to locate the positions of large 

particles in three dimensions and track the positions of large particles in two dimensions 

(x-y) over time [113]; we were unable to locate the centroids of the small particles in our 
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experiments because the rhodamine dye used for large particles also emitted slightly after 

excitation by light of wavelength =491 nm light. The resolution of our particle tracking 

algorithm is ~ 40 nm, as measured by the y-intercept of the mean-square displacement as 

a function of time in dilute suspensions. To characterize the large-scale structure of 

network, an averaged three-dimensional fractal dimension of particle clusters in 

suspensions were calculated by box counting method using binary images generated from 

images containing both particle species (i.e. acquired using =491 nm and a long pass 

barrier filter >500 nm) using the rank-leveling method [133].  

3.3 Results and discussion 

3.3.1 Suspension 1 (T ≈ 0.15 and  ≈ 0.31) 

 

Figure 3.1 Viscosity as a function of shear rate. Volume fraction ratio r: 0.0 (○), 0.50 

(), 0.87(◊), 0.93( ), 1.00 (∆). Inset: Shear stress as a function of shear 

rate.  

 

The viscosity of mixtures of particles formulated at a constant total volume 

fraction T ≈ 0.15, constant small-to-large particle size ratio  ≈ 0.31, and varying 

fraction of large particles r decreased with increasing shear rate, as shown in Figure 3.1. 

The suspension containing only small particles (r = 0.0) exhibited the largest viscosity at 

low shear rates; as the shear rate was increased, the viscosity of this suspension decreased 
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until reaching a final plateau at a shear rate of 𝛾 ̇ ≈ 1000 s
-1

. Slight degree of wall-slip was 

observed for r=0.00 at 𝛾 ̇ ~ 10
-2

 s
-1

, as evident from inset of Fig. 3.1. As the fraction of 

large particles was increased, the low shear viscosity decreased and the shear thinning 

becomes less pronounced. A suspension containing only large particles (r = 1.0) 

exhibited the least shear thinning, and the final plateau in viscosity was reached at a 

somewhat lower shear rate, 𝛾 ̇ ≈ 100 s
-1

 (Figure 3.1). To gain insight into the solid-like 

properties of the suspension we also examined the dependence of the shear stress on the 

shear rate. In the sample with r = 0, the shear stress approached a plateau value at low 

shear rates, as shown in the inset to Fig. 3.1, consistent with a finite yield stress; the 

slightly sharper decrease at the lowest shear rates was consistent with slip [134]. As the 

fraction of large particles was increased the dependence of stress on shear rate became 

increasingly linear, consistent with increasingly fluid-like behavior. Surprisingly, we 

found that the viscosity and shear-thinning response depended non-linearly on r. As r was 

initially increased, the low shear viscosity decreased only gradually until r = 0.87, and 

then decreased rapidly over the narrow range 0.87  r  1.00. This finding indicated that 

a large fraction of large particles can be added without large changes in the viscosity or 

its shear-rate-dependence.  

To further characterize the yield stress in these suspensions, we performed 

dynamic stress sweeps over a stress range of 10
-4

–10
1
 Pa at several fixed frequencies. 

Figure 3.2 shows suspensions with total volume fraction T = 0.15, polymer concentration 

cp =25 mg/mL and particle size ratio α = aS/aL = 0.31 and suspensions with total volume 

fraction T = 0.15 and polymer concentration cp = 25 mg/mL. Yield stress was calculated 

at the end of the linear viscoelastic region.  For r = 0, G > G at frequency =0.01 Hz, 
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indicating that the suspension behaved like an elastic solid, and yielded as the stress 

amplitude (y) was increased, as shown in Fig. 3.2a. At a fixed low frequency of =0.01 

Hz , the magnitude of G (corresponding to the elastic strength of the network) and that of 

G (a measure of viscous dissipation) decreased monotonically as r was increased from 0 

to 1. The decrease in elasticity and coincident increase in viscous dissipation was 

measured by the loss tangent tan  = G/G, which increased from tan  = 0.2413 (r = 

0.0) to tan  = 1.18 (r = 1.0) at low stress amplitude (  4  10
-4

 Pa). The decrease in 

magnitude of G and the concomitant increase in loss tangent tan  showed that the 

suspensions became less elastic and exhibited more viscous dissipation as the fraction of 

large particles was increased. 

 

Figure 3.2 Storage (G', closed symbols) and loss (G", open symbols) moduli as a 

function of stress (oscillation frequency= 1×10
-2

 Hz) for r: 0.0 (○), 0.50 

(), 0.87(◊), 1.00 (∆) (b) Yield stress and (c) yield strain as a function of r. 

 

       From the stress sweeps, we extracted several metrics to describe the yielding of the 

samples as a function of r. First, we calculated the yield stress at the end of the linear 

viscoelastic regime, y,o, as the value of stress amplitude at which the value of G fell 
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below 95% of its value at the lowest stress amplitude. We used linear interpolation to 

estimate the value of y,o to account for lower resolution between subsequent data points. 

We defined the corresponding strain as the yield strain (y,o), which was similarly 

estimated using linear interpolation. This metric indicates the onset of nonlinear yielding, 

and the magnitude of the yield stress is a measure of the suspension stability [135]. The 

yield stress (y,o) generally decreased as r was increased, as shown in Figure 3.2(b). The 

yield strain increased slightly with increasing r (Fig. 3.2(c)). The decrease in yield stress 

is characteristic of increasingly fluid-like behavior. The slight increase in the yield strain 

at onset is perhaps due to the increasing importance of bonds between large particles for 

yielding. 

 

Figure 3.3 Storage (G') and loss (G") modulus as a function of oscillation frequency 

(stress=2×10
-4

 Pa) for r: 0.0 (○), 0.50 (), 0.87(◊), 0.93( ), 1.00 (∆).(b) 

Storage (G') moduli as a function of r  

 

To characterize the change in linear viscoelasticity of the suspensions with 

increasing large particle fraction, we measured the elastic and viscous moduli as a 

function of frequency. Figure 3.3 shows attractive colloidal suspensions with total 

volume fraction T = 0.15, polymer concentration cp =25 mg/mL and particle size ratio α 
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= aS/aL = 0.31. The elastic modulus of a suspension containing only small particles (r = 0) 

was nearly independent of frequency, as shown in Fig. 3.3(a), which is characteristic of a 

solid-like response. As r was increased, the magnitude of G decreased and became 

increasingly dependent on frequency. At r = 1.0 G < G. The gradual then sharp change 

observed for the viscosity in steady-shear flow curves was reproduced in the elastic 

moduli: G first gradually decreased as r was increased up to r = 0.75 (Fig 3.3(b), at a 

fixed frequency (1×10
-2

 Hz) and stress (2×10
-4 

Pa)), and then decreased sharply with 

further increase in r. 

In summary, the rheological measurements were consistent with a gradual 

disruption of a solid yet weak gel network as the fraction of large particles r was 

increased. The decrease in magnitude of G, the increase in tan , and the decrease in y,o 

was consistent with this physical picture. Both steady and oscillatory rheological 

measurements showed a significant decrease in the elastic response of the suspensions on 

addition of large particles. The changes in the viscoelastic properties, however, do not 

occur uniformly with increasing r; instead, the suspensions first gradually became less 

solid-like over a large range of r (0  r  0.87) but then sharply became more fluid-like 

over the remaining narrow range of r (0.87  r  1). This observation suggested that 

elasticity in these systems was primarily due to the network of the small particles; only 

when this network was largely disrupted as small particles were replaced by large 

particles did significant changes in elasticity emerge. 

To connect the rheology to microstructure, we investigated suspension structure 

and dynamics as a function of r using confocal microscopy. We first characterized the 

dynamics of the large particles in the suspensions via the mean-square displacement to 
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confirm the increasingly fluid-like behavior of the suspensions seen in the rheological 

experiments. A suspension containing mostly small particles (r = 0.10) exhibited strongly 

subdiffusive dynamics, as shown in Figure 3.4 (binary suspensions with concentration of 

polymer cp =25 mg/ml and particle size ratio α = 0.31). As r was increased, both the 

magnitude and slope of the mean-square displacement increased, consistent with 

increasingly diffusive and fluid-like dynamics. Even at r =1.0, however, the slope of the 

MSD remained somewhat less than 1, consistent with a dense fluid of particles. The 

evolution of large particle dynamics from arrested at r = 0.1 to nearly diffusive at r = 1.0, 

was consistent with the solid-to-fluid transition observed in the bulk rheology. 

 
Figure 3.4  Normalized mean-squared displacement (x

2
)/(2aL)

2
 as a function of lag time 

τ for large particles. The solid line indicates a slope of 1; dashed lines 

indicate power-law fits. 

 

The structure of the suspension evolved from a connected network at r = 0 to a 

disconnected fluid-like phase, as shown in Figure 3.5. The suspension containing only 

small particles formed an interconnected and heterogeneous network consisting of 

clusters of particles, consistent with a solid-like colloidal gel[16]. At intermediate r (e.g. r 

= 0.50, Figure 3.5(b), or r = 0.75, Figure 3.5(c)) the small and large particles together 

formed a percolating network. At r = 0.87 the percolating network was lost, and the 
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suspension instead contained a homogeneous mixture of highly mobile clusters of 

particles and free particles. At r = 0 the large particles were dispersed and formed a dense 

fluid-like phase.  

 
Figure 3.5 (a) Confocal micrographs of small and large for (a) r = 0.00, (b) 0.50, (c) 

0.75, (d) 0.87, (e) 0.93, and (f) 1.00. The scale bar is 10 µm (b) Fractal 

dimension as a function of volume percent of large particles r. 

 

The images in Figure 3.5(a)—(d) (suspensions with a constant total volume 

fraction T = 0.15, constant concentration of depletant polymer cp =25 mg/mL. The ratio 

of diameter of small particles to diameter of large particle α = 0.31) all show 

heterogeneous networks. To characterize the space-filling properties of these structures, 

we calculated the three-dimensional fractal dimension df as a function of r using a box-

counting algorithm [136]. The calculated value of the fractal dimension df is sensitive to 

the shape, size [137], optical sectioning [136] and threshold value [138] used for creating 

binary images for suspensions with network of aggregates, and so the measurement of df 

was associated with significant error. Within a consistent analysis framework, the fractal 
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dimension did not changed appreciably as r was increased, as shown in Fig 3.5(g); even 

clusters in suspensions that did not contain a network (e.g. r = 0.96, Figure 3.5(e)) 

exhibited a fractal dimension that was very close to that of the networks. Because the 

large-scale structure of particles did not significantly change as r was increased, we posit 

that the change in mechanical response arose from changes in the very local (bond-scale) 

microstructural properties.  

 
Figure 3.6 (a) Bond number distributions for attractive suspensions. Inset: Average bond 

number as a function of volume percent of large particles r. 

 

As one measure of the local microstructure, we characterized the probability 

distribution of the number of large particle-large particle bonds. We defined the first 

minimum in the pair distribution function g(r) as the cutoff distance for a particle-particle 

bond and calculated the distribution of the number of large-particle bonds for each large 

particle. The resulting bond number (n) probability distribution was best described by a 

Gaussian function and exhibited a local maximum for all concentrations, as shown in 

Figure 3.6 (total volume fraction T = 0.15, polymer concentration cp =25 mg/mL, 

particle size ratio α = 0.31, and varying volume percent of large particles r = 0.00, 0.50, 

0.87, 0.93, and 1.00). The position of the maximum, corresponding approximately to the 

average number of large-large bonds navg, first shifted to higher n as r was increased, up 
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to r = 0.87, and then decreased as r was further increased to r = 1.0. The value of r at the 

local maximum in navg was approximately that at which the sample became mechanically 

a fluid. 

 Based on the combined rheology and microstructural measurements, we 

suggested a physical picture for the effect of size dispersity on the phase behavior and 

mechanics of colloid-polymer mixtures. As r was increased the suspension evolved from 

a mechanically elastic and heterogeneous interconnected gel (at r = 0) to a dispersed fluid 

containing particles and small clusters (at r = 1). Most of the change in rheological 

properties occurred over a narrow range of large r, suggesting that the mechanical 

properties of the network were dominated by the network of small particles. Surprisingly, 

the space-filling properties of the network and clusters did not appreciably evolve as r 

was increased. Instead, the weakening in the mechanical properties and the corresponding 

fluidization of the structure occurred as (stronger) depletion bonds between small 

particles or between large and small particles are replaced by the (weaker) depletion 

bonds between large particles. This weakened and ultimately disrupted the percolating 

network of small particles, leading to fluidization. 

3.3.2 Suspension 2 (T ≈ 0.15 and  ≈ 0.45)  

To explore the generality of our physical picture describing the effects of size 

bidispersity on the structure and rheology of colloid-polymer mixtures, we first 

formulated a series of suspensions at the same total volume fraction (T  0.15) but a 

greater particle size ratio  = 0.45. Figure 3.7 shows yield stress and yield strain for 

suspensions with total volume fraction T = 0.15 and polymer concentration cp = 25 

mg/mL. The yield stress was calculated at the end of the linear viscoelastic region. The 
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changes in mechanical properties with r in this series were very similar to those observed 

in the suspensions with =0.31. The yield stress, y,o decreased as r was increased (Fig. 

3.7(a)), indicating that the structures became mechanically weaker as the fraction of large 

particles was increased and hence yielded at progressively lower stress values. Similarly, 

the value of the elastic modulus G, measured here at a fixed frequency of  = 0.01 Hz 

and stress amplitude =210
-4

 Pa, first gradually decreased with increasing large particle 

fraction until r=0.87 and then decreased sharply for further increase in r (Fig. 3.7 (c)). 

These observations suggested that small changes in particle size dispersity did not 

significantly alter the evolution of the mechanical properties. 

 
Figure 3.7  (a) Yield stress and (b) yield strain for attractive suspensions as a function of 

r. (c) Storage (G') moduli as a function of volume percent of large particles r 

at a fixed frequency (1×10
-2

 Hz) and stress (2×10
-4 

Pa). 

 

Likewise, the trends in microscale dynamics and structure were very similar to 

those observed for =0.31. The dynamics of each suspension was subdiffusive, and both 

the magnitude and slope of MSD of large particles increased as r was increased (Fig. 3.8, 

binary suspensions with concentration of polymer cp =25 mg/ml and particle size ratio α 

= 0.45).  Again, the mesoscale space-filling properties of structures, as characterized by 

the three-dimensional fractal dimension df, did not vary appreciably as r was increased as 
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shown in Fig. 3.9(a) (suspensions with total volume fraction T = 0.15, polymer 

concentration cp =25 mg/mL, particle size ratio α = 0.45, and varying volume percent of 

large particles r = 0.00, 0.50, 0.87, 0.93, and 1.00).   

 
Figure 3.8  Normalized mean-squared displacement (x

2
)/(2aL)

2
 as a function of lag time 

τ for large. The solid line indicates a slope of 1; dashed lines indicate power-

law fits. 

 
Figure 3.9  (a) Bond number distributions for attractive suspensions. Inset: Average bond 

number as a function of volume percent of large particles r. 

 

Finally, the average number of large-large particle bonds again depended non-

monotonically on r, with the maximum number of large-large bonds observed at r = 0.87 
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(Fig. 3.9(b)). These observations supported the physical picture that increasing the 

fraction of large particles weakened the network of small particles by increasing the 

number of relatively weak bonds between large particles, ultimately leading to network 

disruption. 

3.3.3 Suspension 3 (T ≈ 0.40 and  ≈ 0.31) 

We then formulated a series of suspensions in which the particle size ratio was  

≈ 0.31, as in Section IIIA but at a larger total volume fraction (T  0.40). These 

suspensions behaved like elastic gels, with G > G at low frequencies for all values of r. 

In contrast to the fluidization seen for the lower-volume-fraction samples in Section 3.3.1 

and 3.3.2, the rheological properties with increasing fraction of large particles changed 

only slightly with r  as shown in Fig. 3.10 (suspensions with total volume fraction T = 

0.40 and polymer concentration cp = 25 mg/mL). The yield stress was calculated at the 

end of the linear viscoelastic region. Although the yield stress of suspensions decreased 

as r was increased, the magnitude of this change in yield stress was less pronounced than 

that for T  0.15 (Fig. 3.10(a)).   

 
Figure 3.10  (a) Yield stress and (b) yield strain for attractive suspensions as a function 

of r. (c) Storage (G') moduli as a function of volume percent of large 

particles r at a fixed frequency (1×10
-2

 Hz) and stress (1×10
-3 

Pa). 
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Similarly, the magnitude of the decrease in G with increasing r was less than that 

seen at T  0.15 (Fig. 3.10(c)). We posit that the higher total concentration of particles 

partially mitigated the effect of removing strong small-small bonds: the spanning 

networks were weakened by the increased concentration of large particles, but the large 

concentration of particles ensured that a spanning network of particles nonetheless 

remained. Suspensions with T  0.40 exhibited arrested microscopic dynamics, 

consistent with their macroscopic elasticity. The slope of the MSD was close to zero for 

all values of r studied, as shown in Figure 3.11 (binary suspensions with volume fraction 

T≈0.40,  concentration of polymer cp =25 mg/ml and particle size ratio α = 0.31), and 

within the resolution of our measurements did not change with r. The magnitude of the 

MSD increased very slightly with increasing r, consistent with a slight weakening of the 

network. 

 
Figure 3.11  Normalized mean-squared displacement (x

2
)/(2aL)

2
 as a function of lag 

time τ for large particles. The solid line indicates a slope of 1; dashed lines 

indicate power-law fits. 

 

Similarly, the macroscale cluster and network structure did not significantly 

change as r was increased. Confocal micrographs revealed that a densely connected 

network of particles was present in all mixtures, as shown in Fig. 3.12(a-f) (suspensions 
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with a constant total volume fraction T = 0.40, constant concentration of depletant 

polymer cp =25 mg/mL, and varying volume percent of large particles r = 0.00, 0.50, 

0.75, 0.87, 0.93, and 1.00). The fractal dimension again did not change significantly with 

r, as shown in Fig. 3.12(g). The average number of large-large bonds, however, increased 

only slightly with r (Fig. 3.13), in sharp contrast to the increase in bond number and the 

non-monotonic behavior of navg reported for suspensions with T ≈ 0.15. At the larger 

total solids loading, dense connected network was formed at all r, and we therefore 

suggest that the effect of replacing strong bonds with weak bonds was mitigated by the 

significantly larger overall number of bonds. Because the total concentration of particles 

was greater, any one bond was less likely to be a yielding point for the network and so 

replacing small-small bonds by small-large or large-large bonds did not fluidize the 

network. 

 
 

Figure 3.12 (a) Confocal micrographs of small and large particles. The ratio of size of 

small particles to diameter of large particle α = 0.31. The scale bar is 10 µm. 



53 

 

 
Figure 3.13 (a) Bond number distributions for suspensions. Inset: Average bond number 

as a function of volume percent of large particles r. 

3.4 Conclusions 

We investigated changes in rheology and microstructure in mixtures of polymers 

and bidisperse colloids as the fraction of large particles was increased. The extent of 

changes in these properties depended on the total solids loading but not significantly on 

the size ratio between large and small particles. For suspensions formulated at a total 

volume fraction of ϕT = 0.15, the elastic gel present at r = 0 became fluidized by addition 

of large particles (i.e., as r was increased). Surprisingly, we found that the mesoscale 

structure of networks or clusters present did not change; instead, at ϕT = 0.15 the number 

of bonds between large particles first increased and then decreased. Dramatic changes in 

mechanics or structure only occurred at relatively high values of r (i.e. at a large fraction 

of large particles). These results suggested a physical picture in which the mechanical 

elastic response was dominated by the network of small particles; only when this network 

was extensively disrupted by addition of a large number of large particles did the 

mechanical behavior become fluid-like. By contrast, suspensions formulated at a total 

volume fraction of ϕT = 0.40 were elastic gels at all r and exhibited only modest 

rheological and microstructural changes as r was increased. Together, these results 

suggested that the effects of size dispersity on the properties of colloid-polymer mixtures 



54 

 

are most pronounced near the boundary of a fluid-solid phase transition. Far from 

gelation changes in local bond strength as small particles are replaced by large particles 

are insufficient to modulate the overall mechanical response, due to the high connectivity 

of these suspensions. Because colloidal suspensions used in technological applications 

often contain particles of a broad size range, understanding the effects of size 

polydispersity is important to predict differences in flow properties from those of 

idealized attractive monodispersed suspensions. Our results demonstrate that the response 

is asymmetric in particle size: adding a small number of large particles to a suspension of 

attractive small particles does not dramatically alter or mechanical and microstructural 

behavior response over a range of shear conditions, whereas adding a small number of 

small particles may be sufficient to create a colloidal solid if there is a nearby phase 

boundary. Predictive models, however, require more detailed studies of the 

microstructure and mechanics as a function of distance from local phase transition 

boundaries. 
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Chapter 4  

Effects of attraction strength on microchannel flow of colloid–polymer depletion 

mixtures 

4.1 Introduction 

Adding an interparticle attraction to colloidal particles modifies the bulk 

rheological properties of the resulting suspension. When particles interact only via a 

hard-sphere or repulsive interaction, the viscosity of the suspension increases with 

increasing shear rate (‘‘shear thickening’’) [26, 139, 140]. As the strength of the 

interparticle attraction is increased, the formation of bonds between particles reduces the 

extent of shear thickening [27]. When the strength of the interparticle attraction [130, 

141, 142] or the volume fraction [39] become sufficiently large, the suspension 

undergoes a fluid-to-solid transition that is driven by the formation of an interconnected 

network of particles [143]. In non-dilute suspensions (typically when the volume fraction 

of particles  > 0.1) the network is composed of dense nonfractal clusters of particles 

[144] whose structure and size depend upon the strength and range of the attraction [25]. 

Breaking the relatively weak bonds between clusters leads to yielding of the network [29] 

and hence to flow [40, 145], and thus the clusters control the macroscopic mechanical 

properties of the suspension [30, 146].  

In contrast to the bulk rheology of suspensions, which has been extensively 

reviewed [147-150], the rheological properties of suspensions confined in one or more 

dimensions have received comparatively little attention. Nonetheless, understanding how 

confinement modifies flow properties is paramount for applications that exploit flows of 

attractive micro- and nanoparticle suspensions in confined geometries. For example, 

inkjet printing [151, 152] and direct ink-writing [73] of metallic nanocolloidal 
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suspensions enable rapid deposition of conductive microscale wires; semisolid flow 

batteries [153] use conductive colloidal suspensions as flowable electrodes; and the 

thermal conductivity of nanofluids used as coolants increases with agglomeration [154, 

155]. As these suspensions are flowed through increasingly fine geometries, the presence 

of nearby walls and surfaces induces frictional interactions and wall slip [134, 156] that 

lead to non-uniform flows and clogging [157]. Reducing the feature sizes for these 

applications while maintaining the particle connectivity required for conductivity requires 

tuning the interparticle interactions to minimize clogging and jamming. In turn, this goal 

requires investigations that correlate microstructure to flow properties of attractive 

suspensions in confined geometries. However, materials traditionally used as confining 

geometries, such as packings of spherical beads [158, 159], exhibit locally disordered 

structures that complicate both measurement and interpretation of the flow properties on 

the microscale. In addition, such materials are often opaque, which precludes direct 

imaging and visualization of the microstructure of the suspension. 

Microfluidics [160] offers a convenient platform that circumvents the limitations 

on studies of confined flow imposed by traditional materials. Enabled by advances in 

microfabrication, well-controlled geometries can be assembled from glass capillaries 

[161] or fabricated from elastomers using soft lithography [162]. In these transparent 

geometries, the structure of particles can be directly visualized using optical [163] or 

confocal microscopy [43]. Indeed, microfluidic techniques have been extensively applied 

to study the flow properties of concentrated suspensions in which the particles interact 

via hard-sphere or repulsive interactions. For example, microchannel flows have enabled 

investigations of shear-induced migration in both monodisperse [164] and bidisperse [63] 
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suspensions, and of intermittent flows in glassy suspensions in which the formation of 

bridges between particles [165, 166] leads to self-constriction [46]. The latter flows are 

reminiscent of those observed in constricted geometries [167], in which walls can induce 

changes in the local ordering of particles. Finally, the local velocity profiles have been 

quantitatively correlated to the rheological properties of the suspension [168].  

In attractive suspensions, interactions between particles and between particles and 

walls must modify the confined flow properties. For example, colloidal suspensions with 

a strong and short-ranged hydrophobic attraction flowing in microchannels exhibited 

plug-like velocity profiles, in which the velocity at the center of the channel was nearly 

constant [35]. Similarly, the velocity profiles of polyelectrolyte-bridged colloidal gels in 

microchannels exhibited a transition from plug-like to fluid-like [34, 169] as the flow rate 

was increased. The shear rate at the plug-to-fluid transition coincided with that for 

yielding of the bonds between particles, as determined by bulk rheological measurements 

[34]. However, the attractive suspensions in these studies have limited applicability as 

models because of the poor control over the effective attractions afforded by these 

mechanisms of gelation. General insight into the relationship between microstructure and 

confined flow properties in attractive colloidal suspensions thus requires investigations in 

which the strength of the interparticle attraction can be carefully controlled. 

Here, we use microfluidics to investigate the effects of attraction on the structure 

of colloidal particles during confined flow. Using confocal microscopy, we image the 

flow of colloid–polymer depletion mixtures, which serve as models for a variety of 

attractive suspensions, during microchannel flow. By changing the concentration of the 

depletant polymer, we controllably tune the strength of the interparticle attraction. The 
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bulk viscosity of suspensions with either a weak or a strong interparticle attraction 

decreases with increasing shear rate, typical of weak viscoelastic fluids. However, we 

find that the strength of attraction modifies the extent of consolidation during 

microchannel flow. We measure both velocity and density profiles at multiple positions 

along the microchannel and show that the elasticity imparted by strong attractions 

suppresses both densification and shear induced migration. Our results provide new 

insight into how interparticle attractions modify the structure of suspensions during 

confined flow in two technologically relevant limits of the strength of attraction. 

4.2 Experimental methods 

4.2.1 Sample preparation 

To create suspensions with controlled interparticle attractions, we synthesized 

nearly hard-sphere [170] poly(methylmethacrylate) (PMMA) colloidal particles that are 

stabilized by short poly(12-hydroxysteric acid) (PHSA) polymers [104]. During synthesis 

the particles were fluorescently labeled with Nile red, which is excited by light of 

wavelength  = 561 nm. After synthesis, we repeatedly washed the particles in 

decahydronaphthalene (DHN) to remove any excess dye that is not incorporated into the 

particles. The diameter of our particles was 2a ≈ 1.546 m and the polydispersity was 

0.0488, as measured using dynamic light scattering (Brookhaven Instruments, BI-APD). 

The particles were suspended in a solvent mixture of cyclohexyl bromide (CXB) and 

DHN (75.7% and 24.3% by weight, respectively) that very nearly matches both their 

density ( ≈ 1.22 g mL
-1

) and their index of refraction (n ≈ 1.49). We further minimized 

the effects of gravity by adding CXB or DHN dropwise (10 L) to all samples (6 mL) 

and confirmed that the particles remained in suspension after centrifugation at 800g and 
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25 C for 1.25 h; this protocol ensured that the buoyancy mismatch between the particles 

and the solvent was  < 1.4  10
-3

 mg mL
-1

 at the temperature at which experiments 

were performed, 24.7  0.7 C. To mitigate the slight electrostatic repulsion between the 

particles in these solvents, we added 1.5 mM of an organic salt, tetrabutyl(ammonium 

chloride) (TBAC)[105], which partially screened the charges on the particles. To induce 

an attraction of controlled range and strength between the particles, we added 

nonadsorbing linear polystyrene (PS) of molecular weight Mw = 295 800 kDa (Bangs 

Labs). The radius of gyration of the polymer in the solvent mixture was Rg ≈ 15 nm[106]  

and the overlap concentration was cp* = 3Mw/4πRg
3
NA ≈ 35 mg mL

-1
. The polymer 

concentration sets the strength of attraction U(r) = -pVo (for 2a < r < 2a + 2Rg), where 

Vo is the overlapping volume of the depletion zone between two particles and the 

osmotic pressure p  np
(R) 

is linearly proportional to the number density of polymers in 

the free volume [89]. Here we held constant the volume fraction of the colloidal particles 

( ≈ 0.15) and varied the strength of attraction by changing the concentration of polymer 

cp. We investigated two suspensions: one in which the particles interact via a weak 

attraction ( = 0.155 and cp = 5mg mL
-1

, U ~ 1 kT and one with a strong interparticle 

attraction ( = 0.150 and cp = 25 mg mL
-1

, U ~ 10 kT. These two limits model the 

strengths of the interparticle attraction in flowable electrolytes[153] and in ink 

feedstocks[73], respectively, allowing us to investigate the relationship between 

microstructure and confined flow properties in a range of technologically relevant 

conditions.  
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4.2.2 Bulk rheology 

To determine the relationship between viscosity and shear rate, we measured the 

nonlinear flow curves for our suspensions using a controlled-stress rheometer (Anton-

Paar, MCR302) equipped with a double-wall Couette geometry (DG26.7) to maximize 

the accessible range of torques. The bob length of this geometry is 40 mm and the gap 

width is 0.42 mm. Prior to measurements, samples were sheared at a steady shear rate of 

300 s
-1

 for 60 s to remove any shear history and allowed to age for 5 min. We measured 

the apparent viscosity of the suspension  and the shear stress  as a function of the shear 

rate over the range of 10
-3

 to 10
3
 s

-1
, which includes the shear rates experienced by the 

suspensions during microchannel flow. 

4.2.3 Microchannel flow experiment 

We acquired images of the colloidal suspensions during flow using confocal 

microscopy. Our setup consists of a VT-Eye line-scanning confocal scanhead (Visitech, 

Sunderland, U.K.) that is mounted on an inverted Leica DMR-4000 microscope equipped 

with a 100 oil-immersion objective (NA = 1.40). We fabricated a simple microfluidic 

device in which to investigate the confined flow properties of our suspensions, as shown 

in the schematic in Fig. 4.1. A glass microcapillary of square inner cross-section (side 

length L = 100 m) and length 5 cm(Vitrocom, MountainLakes, NJ) was attached to 

Teflon tubing of length 160 mm (26 AWG, 0.016 in ID  0.003 in wall, Zeus PTFE 

Sublite wall tubing, SmallParts.com) on both ends. One end of the tubing was connected 

to a syringe pump (Micromate, Cadence Science, Staunton, VA) that operates at constant 

displacement. The schematic as shown is inverted compared to the experimental setup, 

which uses an inverted microscope. The coordinate system is indicated: x is oriented 
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along the direction of flow, y is oriented along the width of the microchannel, and z is 

oriented along the vertical direction. For these experiments, we varied the volumetric 

flow rate between 8 and 30 L h
-1

, which yielded velocities of the order of magnitude of 

100 m s
-1

 in the microchannel; we were unable to achieve steady flow at lower 

volumetric flow rates, as the suspensions repeatedly clogged and jammed the 

microchannel. The high velocities of the particles precluded full three-dimensional 

imaging of individual colloids during flow. Instead, we acquired sequential two-

dimensional movies of 500 images at a frame rate of 32 frames per second at ten different 

heights in the sample (z = 5 to 50 m above the bottom surface of the microchannel, 

corresponding to z/L = 0.05–0.5 channel diameters) in the sample. This protocol allowed 

us to simultaneously measure the velocity profiles, using image correlation algorithms, 

and locate the particle positions, using particle tracking algorithms. We acquired movies 

at different positions x = 5 mm to x = 20 mm downstream along the microchannel, 

corresponding to x/L = 50–200 channel diameters downstream. 

 
Figure 4.1  Schematic of device for microchannel flow experiments, which consists of a 

glass microcapillary that is attached to a syringe pump using Teflon tubing.  

 

4.2.4 Image analysis 

To obtain information about the spatial arrangement of particles during flow, we 

used standard algorithms [113] implemented in Matlab (MathWorks, Natick, MA) to 
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locate the centroids of the particles in two dimensions. The resolution of the centroid 

finding algorithm for our particles was 40 nm, as determined from the y-intercept of a 

plot of the mean-square displacement as a function of time measured for a quiescent 

sample. To determine the number density of particles, we first located the particles in 

each image of each movie and then calculated the average number of particles in 

horizontal slices of constant height (constant y as indicated in the schematic in Fig. 4.1). 

We report the mean and standard deviation of the resulting histogram as the number of 

particles. We converted the number of particles into a volume fraction following the 

protocol of Semwogerere et al. [164] We measured the number density at ten fixed 

heights separated by a constant spacing z = 5 m, which is greater than the diameter of 

the particles. We therefore estimated the bulk volume fraction as            


𝑏𝑢𝑙𝑘

=
(𝑁

2𝑎

𝑧
⁄ )

4

3
𝜋𝑎3

𝐿𝑥𝐿𝑦𝐿𝑧
 ,                                (Equation 4.1) 

where Lx and Ly are the length and width of each image slice and Lz = nslicesz is the total 

height of the image stack. This method of estimating bulk was previously reported to 

agree with the bulk volume fraction within an error of 5% when compared to that 

obtained by full 3-D tracking [164].  

The colloidal particles in our experiments typically moved distances that were 

greater than the interparticle separation between consecutive frames, and thus standard 

algorithms for tracking the positions of the particles could not be used to obtain the 

advection velocities. Instead, the advection velocity across the microchannel was 

calculated using image correlation algorithms[48] that we implemented in Matlab. 

Briefly, we subdivided our image into horizontal slices of constant height (y) along the 
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direction of flow (x). For two sequential images I1(x,y) and I2(x,y) we first shifted the 

latter image by a factor x and then calculated the cross-covariance between I1(x,y) and 

I2(x + x,y). For each horizontal slice we determined the shift factor x that maximized 

the cross-covariance between the pair of images, and confirmed that the flow was steady 

by measuring the slope of the shift factors over time. We then calculated the histogram of 

x obtained for all pairs of consecutive images in a microscopy movie. This histogram 

typically exhibited a strongly peaked maximum at a particular value of the shift factor 

x. We therefore report the mean and standard deviation of this distribution as the 

advection velocity and associated error at each lateral position y. 

4.3 Results and discussion 

We characterize the bulk mechanical properties of suspensions at a constant 

volume fraction  = 0.15 by measuring the apparent viscosity  and shear stress  as a 

function of the shear rate �̇�. Suspensions with a low concentration of polymer (cp = 5 mg 

mL
-1

) exhibit shear-thinning rheology, as shown by the circles in Fig. 4.2. 

 

Figure 4.2 Viscosity versus shear rate for attractive colloidal suspensions with cp = 5 

(circles) and 25 (triangles) mg mL
-1

. Inset: shear stress versus shear rate; the 

dashed lines indicate fits to the Herschel–Bulkley model [42]. 
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The viscosity decreases with increasing shear rate until it reaches a final plateau at 

a shear rate �̇� ≈ 1; as �̇� is further increased, the viscosity remains nearly constant over 

three orders of magnitude in shear rate. When the concentration of the polymer is 

increased to cp = 25 mg mL
-1

 the viscosity of the suspension increases at all shear rates, 

as shown by the triangles in Fig. 4.2, and the shear rate at which the final Newtonian 

plateau is reached increases to �̇� ≈ 10. At low shear rates, the stress appears to reach a 

plateau and then decreases further at the lowest shear rates, indicating that the suspension 

undergoes slip[134]. We fit the rheological data for both samples using the Herschel–

Bulkley model[42], in which the shear stress as a function of the shear rate is given by  

= y + k�̇�𝑛; here y is the yield stress, k is the consistency index, and n is the shear 

thinning exponent. For the strongly attractive suspension (cp = 25 mg mL
-1

) we obtain y 

= 3.7  10
-2

 Pa, k = 0.039 Pa-s, and n = 0.91; for the weakly attractive suspension (cp = 5 

mg mL
-1

), we obtain y = 6.1  10
-4

 Pa, k = 7.0  10
-3

 Pa-s, and n ≈ 0.97. We note that for 

the maximum estimated gravitational mismatch between the solvent mixture and the 

particles ( < 1.4  10
-3

 mg mL
-1

), the gravitational stress over the diameter of the 

microcapillary used in the flow experiments (z ≈ 100 m), estimated from Darcy’s law 

at short times [171], is  ≈ gz ≈ 2  10
-4

 Pa. The magnitude of the gravitational 

stress is comparable to the yield stress for the weakly attractive suspension, suggesting 

that structures in this suspension cannot withstand even the weak gravitational stresses. 

The bulk rheology measurements thus indicate that the particles in the strongly attractive 

suspension form an interconnected network that yields at high stresses, whereas the 

particles in the weakly attractive suspension are dispersed.  
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Figure 4.3  Confocal micrographs of colloidal suspensions with polymer concentration cp 

of (a–d) 5 mg mL
-1

 and (e–h) 25 mg mL
-1

. The scale bar is 10 m. 

We confirm these structural predictions from the bulk rheological measurements 

by directly imaging the colloidal suspensions in quiescent conditions and during flow in 

microchannels using confocal microscopy. Representative micrographs show that 

increasing the strength of attraction dramatically modifies the microstructure of the 

suspension, as shown in Fig. 4.3. In figure 4.3, the edge of the channel is at the left-hand 

side of each image in (b–d) and (f–h), and flow is in the downward vertical direction and 

images (a) and (e) show the quiescent sample; images (b–d) and (f–h) were acquired 

during flow at a height (z) of (b and f) 5 m, (c and g) 25 m, and (d and h) 50 m above 

the bottom surface of the microchannel. For the weakly attractive suspension (Fig. 4.3(b–

d)) flowing at a volumetric flow rate of 8 L h
-1

, the particles are distributed nearly 

isotropically throughout the channel. By contrast, the strongly attractive suspension (Fig. 

4.3(f–h)) contains distinct clusters that are formed when the flow-induced stresses disrupt 

the gel network (Fig. 4.3(e)). We predict that these distinct microstructures will affect 

both the flow profiles and the distribution of particles during microchannel flow. 
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As a simple demonstration of this prediction, we show that the strength of the 

interparticle attraction affects the bulk densification of our suspensions during 

microchannel flow. We calculate the volume fraction at different positions along the 

channel by first counting the number of particles in each movie and then correcting for 

under sampling using Eqn. 4.1 [164], and report the bulk volume fraction  normalized 

by that at the channel entrance, ent. The colloidal suspension with a weak interparticle 

attraction (cp = 5 mg mL
-1

) densifies as it flows through the microchannel, as shown in 

Fig. 4.4. As the suspension travels from x/L = 50 to 200 channel diameters downstream, 

the normalized volume fraction /ent increases with x/L during flow at a volumetric rate 

of either 8 L h
-1

 (as indicated by the open circles) or 10 L h
-1

 (open triangles). This 

behavior is in contrast to that observed for dense suspensions near the colloidal glass 

transition ( ~ 0.5), which dilate during constricted flow and hence become more dilute 

due to self-filtration [165, 166, 171]. 

 
Figure 4.4 Normalized bulk volume fraction /ent as a function of the normalized 

distance x/L. cp = 5 mg mL
-1

 (open symbols) or 25 mg mL
-1

 (closed symbols) 

and volumetric rate of 8 (triangles) or 10 (circles) L h
-1

.  

 

Increasing the strength of attraction suppresses the consolidation: for a suspension 

with cp = 25 mg mL
-1

 (closed circles), the volume fraction increases slightly after 

entering the channel (x/L = 50–80) and then remains nearly constant as the distance 
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downstream is further increased. These differences in densification during microchannel 

flow must result from the coupling between the local flow profiles and the microstructure 

of the suspensions, which in turn reflects differences in the strength of the interparticle 

attraction. To capture these differences, we measure the velocity and local density 

profiles for each suspension. 

4.3.1 Weak attraction: shear-induced migration and consolidation 

We use image correlation algorithms to obtain the velocity of a suspension of 

weakly attractive particles (cp = 5 mg mL
-1

) as a function of the lateral distance (y/L) 

across the microchannel during flow. We normalize the measured advection velocity 

profiles by the maximum velocity at the midplane of the channel and compare to the 

velocity profiles expected for a Newtonian fluid flowing in a square microchannel [172], 

         
𝑈(𝑦,𝑧)

𝑈𝑚𝑎𝑥
= ∑ −1(𝑘−1) 2⁄ [1 −

cosh(𝑘𝜋𝑧 𝐿⁄ )

cosh(𝑘𝜋𝑧 2𝐿⁄ )
]

cosh(𝑘𝜋𝑦 𝐿⁄ )

𝑘3𝑘=1,3,5…             (4.2) 

in which z is the distance from the midplane of the microchannel, L is the width of the 

channel, h is the microchannel height, and y is the lateral position across the 

microchannel measured from the center. We find that the velocity profiles of the weakly 

attractive particles are consistent with Newtonian flow in a microchannel, as shown in 

Fig. 4.5, velocity profiles were measured at normalized distances above the bottom 

surface z/L = 0.05, 0.10, 0.20, and 0.50. The dotted lines indicate fits to the Newtonian 

flow profile (Eqn. (4.2)); the dashed lines in the figures indicate fits of the normalized 

velocity profile to Eqn. (4.2). Within the errors of the measurement, we observe minimal 

evolution in the velocity profiles at different downstream positions, as shown for 

positions x/L = 50 and 200 and a volumetric flow rate of 8 L h
-1

. In particular, the 

maximum value of the velocity in the channel, vmax ≈ 200 m s
-1

, does not change within 
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experimental error between positions x/L = 50 and x/L = 200. We obtain similar results 

for a slightly larger volumetric flow rate of 10 L h
-1

. 

 
Figure 4.5 Normalized velocity profiles as a function of y/L for the suspension with a 

weak interparticle attraction (volume fraction  = 0.155 and cp = 5 mg mL
-1

) 

flowing at a volumetric rate 8 L h
-1

 at x/L (a) 50 or (b) 200.  

 

We further confirm that the flow behavior of this suspension is consistent with 

Newtonian flow at these flow rates by estimating the shear-zone width of the velocity 

profiles, defined as the distance from the wall at which the advection velocity is equal to 

0.95vmax, where vmax(h) is the maximum advection velocity at a height h above the 

bottom surface of the microchannel [35]. From the velocity profiles, we estimate that the 

shear-zone width of ~ 0.80L is nearly constant across the flow rates probed close to the 

entrance of the microchannel (x/L = 50), as shown in Fig. 4.6 (suspension with volume 

fraction  = 0.15 and cp = 5 mg mL
-1

). This value is close to the theoretical values 

calculated for Newtonian flow in a square microchannel [172], which range from ~0.75L 

near the midplane of the microchannel to ~0.8L near the walls; we speculate that the 

slight increase in shear zone width observed in the experiment may result from the small 
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interparticle attraction induced by the polymers, which reduces the interparticle repulsion 

and allows the particles to more readily move past each other. However, at a downstream 

distance of x/L = 200, the shear-zone width abruptly decreases to ~0.65 near the 

midplane of the channel (for a flow rate of 8 L h
-1

) or ~0.72 (for a flow rate of 10 L h
-

1
). In earlier experimental and modeling studies of the microchannel flow of hard-sphere 

suspensions, particles migrated in the shear gradient towards the center of the 

microchannel; the resultant increase in local density there reduced the local shear rate and 

led to a slight blunting of the flow profiles [164]. We therefore suggest that the decrease 

in shear zone width observed downstream in our experiments similarly indicates an 

increase in the local concentration of particles due to shear-induced migration. 

 
Figure 4.6 Shear zone width normalized by L as a function of normalized vertical 

position z/L acquired at flow rates of 8 L h
-1

 (triangles) and 10 L h
-1

 

(circles). Filled and open symbols indicate x/L = 50 and 200, respectively.  

 

The Peclet number Pe = (a
2
/D)/(1/�̇�) is the ratio of the timescale for a particle to 

diffuse its diameter a
2
/D to the convection timescale 1/�̇� and thus measures the relative 

importance of thermal and shear-driven motion. Particles in the weakly attractive 

suspension freely diffuse in a quiescent sample, as measured by the single-particle mean-

square displacement [32]. We therefore estimate the free diffusion coefficient for the 

particles as D = kBT/6πa using the viscosity  of a polymer solution at concentration cp 
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= 5 mg mL
-1

,  ≈ 0.006 Pa-s. For a volumetric flow rate of 8 L h
-1

, the shear rate across 

the microchannel is  �̇� ≈ Vmax/(L/2) ≈ 4 s
-1

 (using a maximum velocity Vmax ≈ 200 m s
-1

 

from Fig. 4.5). This value of the shear rate is firmly within the high-shear plateau region 

of the flow curve shown in Fig. 4.2. Finally, we estimate Pe = 6πa
3�̇� /kBT ≈ 50. The 

previous work of Semwogerere et al. [164] on the shear-induced migration of hard-

sphere colloids predicts that the entrance length at Pe ≈ 50 is quite short, of order ~ 100L; 

we assume that the interparticle attraction is sufficiently small so that the earlier results 

on nearly hard-spheres can be applied to our system. 

We directly determine the extent of shear-induced migration by measuring the 

distribution of particles across the channel (as a function of the normalized lateral 

distance y/L) at different heights (z/L) during flow. The number of particles increases 

towards the center of the channel, shown for density profiles acquired at two different 

downstream distances (x/L = 50 and 200) for a flow rate of 10 L h
-1

 in Fig. 4.7 

(suspension with volume fraction  = 0.15 and cp = 5 mg mL
-1

 flowing at 10 L h
-1

), and 

is consistent with shear-induced migration. Close to the entrance of the channel (x/L = 

50), the increase in particle number from the lateral edge to the center of the channel is 

most pronounced near the midplane of the microchannel, where particles are especially 

depleted near the walls of the channel: at z/L = 0.50, the slope of the density profile is 

0.34 particles per m, whereas at the bottom of the channel (z/L = 0.05) the slope is 0.04 

particles per m. Comparison of the density profiles at x/L indicates that that the number 

of particles increases downstream at every position across the microchannel (y/L), and 

the slopes of the density profiles are comparable at both positions: for example, the 
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slopes at x/L = 200 and z/L = 0.05 and 0.50 are 0.06 and 0.22 particles per m, 

respectively. Similar results are obtained at flow rates of 8 and 15 L h
-1

.  

 
Figure 4.7 Number of particles as a function of normalized lateral position y/L at 

downstream position x/L = (a) 50 and (b) 200, for three normalized heights 

z/L = 0.05, 0.30, 0.50. The lines shown are guides to the eye. 

 

Very local measurements of density, obtained by averaging the fluorescence 

intensity of the images at constant lateral distance across the microchannel (y/L) over 

time and along the direction of flow, reveal well-defined and periodic local maxima near 

walls consistent with the formation of layers of particles. By counting the number of 

distinct maxima in the average intensity for the ten different heights at which we acquire 

movies, we find that 3–6 layers form near the lateral wall at a flow rate of 8 L h
-1

 and 2–

9 layers form at a flow rate of 15 L h
-1

; within measurement errors the number of layers 

is constant at different downstream positions along the channel. The local density 

measurements confirm that suspensions with a weak interparticle attraction undergo 

shear-induced migration, as suggested by the velocity profiles, and densification, as 

suggested by the bulk density measurements. 
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4.3.2 Strong attraction: clustering resists shear-induced changes in microstructure 

The velocity profiles of a suspension of particles that interact via a strong 

attraction (cp = 25 mg mL
-1

) exhibit distinct features from those of the weakly attractive 

(cp = 5 mg mL
-1

) suspension. First, the velocity profiles obtained at a flow rate of 8 L h
-1

 

exhibit significant deviations from the Newtonian flow profiles calculated from Eqn. 5.2, 

as shown in Fig. 4.8. From top to bottom in each panel, velocity profiles were measured 

at heights z/L = 0.05, 0.10, 0.35, 0.50. The flowrate was 8 L h
-1

.The dotted lines 

indicate fits to the Newtonian flow profile (Eqn. 4.2). Second, the velocity profiles for the 

strongly attractive suspension evolve as they flow through the microchannel: for 

example, the maximum velocity close to the entrance of the microcapillary (at x/L = 50, 

vmax ≈ 240 m s
-1

) is significantly larger than that measured further downstream (at x/L = 

200, vmax ≈ 200 m s
-1

). These changes may reflect an increase in entrance effects due to 

the high Peclet number of these flows. In quiescent conditions particles in the strongly 

attractive suspension are dynamically arrested and typically move less than one diameter 

in ten minutes (based on quiescent mean-square-displacement measurements). We thus 

estimate the maximum diffusion coefficient D = (2a)
2
/(600 s) ≈ 4  10

-3
 m

2
 s

-1
 and 

thereby obtain a lower bound on the Peclet number Pe ≈ 720. Comparison to the entrance 

length data of Semwogerere et al. [164] indicate that the entrance lengths for this sample 

are of order ~ 1000L and are independent of Peclet number for Pe > 10
3
; these lengths are 

longer than the length of the microcapillary used in these experiments. Finally, the 

magnitudes of the velocities near the wall exhibit increased variance when the 

interparticle attraction is stronger, and are nonzero at the lateral edge (y/L = 0), indicating 

slip consistent with that observed in the bulk rheology measurements (Fig. 4.2).  
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The differences in the shape of these profiles with increased attraction are 

reflected in the evolution of the shear zone width across the microchannel, as shown in 

Fig. 4.9 (suspension with volume fraction  = 0.15 and cp = 25 mg mL
-1

). The shear-zone 

width decreases monotonically towards the midplane of the microchannel and does not 

evolve as the suspension flows downstream through the channel. The value of the shear 

zone width near the center of the channel for the strongly attractive suspension at all flow 

rates and downstream positions (≈ 0.68 L) is comparable to that found for the jammed 

suspension in the weakly attractive system. Increasing the strength of attraction increases 

the strength of the bonds between particles, which resist the shear forces applied by the 

flow. In the strongly attractive suspension the continuous decrease in the shear zone 

width with height thus reflects reduced yielding as the shear stress applied by flow is 

decreased; by contrast in the weakly attractive suspension the discontinuous decrease 

reflects the onset of jammed behavior once a threshold volume fraction is reached. 

 
 

Figure 4.8  Normalized velocity profiles as a function of normalized lateral position 

across the microchannel y/L for suspension with volume fraction  = 0.15 

and cp = 25 mg mL
-1

, at downstream position x/L = (a) 50 and (b) 200.  
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Figure 4.9   Normalized shear zone width as a function of normalized vertical position 

z/L, acquired at flow rates of 8 L h
-1

 (triangles) and 10 L h
-1

 (circles). 

Filled and open symbols indicate x/L = 50 and 200, respectively. 

 

To uncover the microstructural origins of the differences in the flow profiles due 

to increasing strength of attraction, we first examine the number density profiles across 

the microchannel. The steepest gradient in particle density occurs near the bottom of the 

microchannel, at a normalized height of z/L = 0.05 as shown in Fig. 4.10 (suspension 

with volume fraction  = 0.15 and cp = 25 mg mL
-1

); this variation is in contrast to that 

observed in the weakly attractive suspension, in which the steepest gradient was observed 

near the midplane (z/L = 0.50), and is not understood. Away from the bottom surface of 

the microchannel, the increase in number density across the microchannel is less than that 

in the weakly attractive suspension, as quantified by the slope of the density profile: for 

example, at heights of z/L = 0.30 and 0.50, the slopes of the number density profile at a 

position x/L = 50 are 0.1 and 0.6 particles per m, respectively (compared to 0.24 and 

0.34 particles per m for the weakly attractive suspension). We obtain similar results for 

flow rates of 8 and 15 L h
-1

. These profiles indicate that the stronger attraction between 

the particles suppresses the shear-induced migration seen in more weakly attractive 

suspensions that leads to increased concentration near the center of the microchannel.  
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Figure 4.10  Number of particles as a function of normalized lateral position y/L at 10 

L h
-1

, acquired at x/L = (a) 50 and (b) 200, for three normalized heights 

z/L = 0.05, 0.30, 0.50. The lines shown are guides to the eye. 

 

Moreover, the number density does not increase after a short entrance distance 

due to the increase in compressive yield stress Py, which scales with the shear yield stress 

as Py = 55y for colloidal gels[173]. Using this scaling, we estimate that the compressive 

yield stress for the strongly attractive suspension is Py = 2 Pa. The viscous stress at a 

given flow rate can be estimated using the constitutive model for a Herschel–Bulkley 

fluid as v = k(Vmax/L)
n
, where Vmax is the maximum advection velocity in the channel 

and k and n are the parameters determined from the viscometry stress data in Fig. 4.2. 

Using the maximum velocity Vmax = 200 m s
-1

 at the flow rate of 8 L h
-1

, we estimate 

v ≈ 0.14 Pa and therefore the stress imparted by the flow is insufficient to cause 

compressive yielding. By contrast, for the weakly attractive suspension the magnitude of 

the viscous stress (v ≈ 0.02 Pa) is comparable to the estimated compressive yield stress 

(Py ≈ 0.03 Pa), suggesting that the small interparticle attraction in the weakly attractive 

suspension cannot resist consolidation via compression.  
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Figure 4.11 Width of the region of clusters normalized by L as a function of z/L for a 

strongly attractive suspension at 8 L h
-1

 (circles), 10 L h
-1

 (triangles), or 

15 L h
-1

 (diamonds), acquired at (a) x/L = 50 or (b) x/L = 200.  

 

The mechanisms of yielding during flow also evolve as the strength of attraction 

is increased: yielding occurs at the low shear rates studied here by the breaking of bonds 

between clusters of particles. The number of bonds between two clusters is smaller than 

the average number of nearest-neighbor bonds for a particle inside a cluster [146]; 

therefore, yielding occurs at these relatively weak points in the gel network, as previously 

seen for colloidal gels flowing under an applied electric field [49]. A typical cluster 

contains many particles and hence its diameter is much larger than that of a single 

particle. The shear gradient near the wall therefore induces a tumbling rotation of clusters 

that opposes the direction of flow and leads to greater variance in velocity near the walls. 

We estimate the size of the region of tumbling clusters in each two dimensional movie, 

corresponding to a particular height in the microchannel, from the fluorescence intensity 

across the microchannel (along the y direction) averaged over all frames in the image 

data: near the edge of the wall, the average intensity is significantly lower as clusters are 
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excluded by their size from the wall, whereas near the center the distribution of clusters is 

nearly uniform and the fluorescence intensity is approximately constant. The intensity 

does not contain the distinct maxima that indicate layering of particles, as seen for the 

weakly attractive suspension, but instead exhibits a second local minimum whose 

position indicates the edge of the region of tumbling clusters and hence the maximum 

size of such clusters. We numerically differentiate the intensity profile to determine the 

position of the second local minimum and summarize the results in Fig. 4.11 (The 

experimental error on the measurements is comparable to the size of the symbols). The 

width of the region of tumbling clusters decreases with increasing flow rate, consistent 

with the increase in disruption of intercluster and interparticle bonds at higher shear rates 

as measured using bulk rheology. Notably, the width of this region also decreases 

downstream in the microchannel (Fig. 4.11(b)), indicating that the viscous stresses 

continue to break and reshape clusters as the suspension flows the microchannel. 

Although the increase in strength of attraction suppresses shear-induced migration and 

densification, confined microchannel flow nonetheless continues to affect the distribution 

of cluster sizes along the channel due to the complex interactions and yielding of clusters 

near the walls. 

4.4 Conclusions 

We investigated the flow of weakly and strongly model colloid polymer mixtures 

in confined geometries using microfluidics. Increasing the strength of attraction via the 

concentration of the polymer depletant does not modify the magnitude of the flow 

velocities, but instead changes the shape of the flow profiles. Notably, the velocity 

profiles near the edges of the microchannel are modified by an increase in the 
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interparticle attraction that reflects changes in the local arrangement of particles. In a 

weakly attractive suspension, the particles are unable to resist consolidation by 

compression during the flow, and the shear gradient drives shear-induced migration of 

particles that leads to densification near the center of the channel. The combination of 

these effects drives an increase in the density downstream in the microchannel. By 

contrast, the increased strength of bonds between particles leads to the formation of 

clusters that readily yield at weak points with few nearest-neighbor bonds. The clusters 

resist shear-induced migration over short lengths and resist consolidation by the increase 

in compressive yield stress; nonetheless, complex interactions between clusters and the 

walls lead to changes in the structure of the clusters as the suspension flows through the 

channel. Our experiments provide new metrics by which to quantify the influence of 

walls on the microstructure of attractive suspensions flowing in microchannels. The 

relationships between rheology and microstructure identified here may provide new 

insight into the physics of other confined flow phenomena in two and three dimensions, 

and thereby guide the design of colloidal suspensions for technological applications that 

require colloidal suspensions to be extruded or flowed through fine geometries. 
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Chapter 5 

Effect of particle bidispersity on microchannel flow of attractive suspensions 

5.1 Introduction 

The flow of complex particle-laden fluids through confined geometries is 

ubiquitous in industrial and technological applications [7, 10, 15, 21, 52]. Bulk 

rheological properties such as yield stress [174] and and shear thinning [26, 175] and/or 

shear thickening [26] affect the ability of  suspensions to flow through narrow orifices 

and channels. Moreover, a variety of non-bulk phenomena, including wall slip [47, 176], 

shear-induced migration [62, 63, 164, 177], alter the flow properties of confined 

suspensions. The particle volume fraction[62], flow rate [178], particle size [63] and 

dispersity [36, 63], confinement [46, 51, 179] and type of geometry [62, 180] have been 

shown to affect the confined flow of particles with hard-sphere or repulsive interactions.       

As one example, stress streses cause particles to migrate to the center of a 

microchannel, leading to a gradient of particle concentration across the width of the 

channel [164, 177]. In suspensions of monodisperse particles with hard-sphere 

interactions, the particle volume fraction, type of geometrical confinement, and flow rate 

determine the extent of particle migration [62, 178]. For polydispersed and bidispersed 

suspensions, the selective particle migration of a specific size of particle results in 

segregation of particle species during flow [62, 63, 181]. For bidispersed suspensions, 

one species of particles preferentially migrate to the center of microchannel. The extent 

of migration was set by the total volume fraction of the suspension, size of particles, ratio 

of size of large and small particles,  and the relative concentration of each species 

ofparticles in the suspension [62, 181]. In particular, the particle species that migrates to 
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the center is determined by the entrance length of each particle species [63]. The species 

of particle with shorter entrance length migrates to the center faster and the entrance 

length Le of each species can be estimated by 𝐿𝑒 𝐻⁄ ~ (1 12 𝑑())⁄  (𝐻 𝑎⁄ )2, where H is 

the half channel width, a is the radius of a particle, and d() is a parameter that accounts 

for the volume fraction dependence of shear-induced migration[182]. The rheology and 

the flow properties of attractive suspensions depend on the geometric confinement[183]. 

Self assembled string-like microstructures were observed for attractive suspensions under 

confined shear flow [184]. 

Although earlier studies provided practical guidance towards understanding the 

role of particle size dispersity on the confined flow properties of hard sphere suspensions 

[62, 63], the role of attractive interparticle interactions on the confined flow of 

suspensions remains a challenge for formulating readily flowable mixtures. In one 

particularly simple model for attractive suspensions, adding non-adsorbing polymers can 

induce attractions  between particles and generate fluids or clusters and/or colloidal gels 

[3, 16, 27, 67, 143, 184, 185].  The effect of interparticle attractions on the bulk dynamics 

and rheology of colloidal suspensions has been explored earlier [27, 30, 88, 89, 91, 107, 

143]. Applying a sufficiently strong shear stress to a suspension containing clusters or 

gels disrupts the network of particle aggregates and breaks up large clusters, resulting in 

smaller clusters and a transition from plug-like to fluid-like flow [34]. Although the 

dynamics and flow properties of attractive suspensions are well explored in bulk 

geometries, the effect of confinement on these properties of attractive suspensions is not 

understood [32, 33, 115]. Furthermore, the effect of particle size dispersity on the 
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confined flow properties of attractive bidispersed suspensions has not been investigated, 

despite immense practical relevance for applications.   

In this study, we investigate the role of bidispersity on the microchannel flow 

properties of attractive bidispersed suspensions. Using microfluidics, confocal 

microscopy, PIV, and particle tracking, we measure the velocity profile and large 

particle number density profile across the width of channel as a function of volume 

percent of large percent of large particles r in attractive suspension with fixed total 

volume fraction. We find that that as r is increased, the velocity profile becomes 

increasingly Newtonian and migration becomes more pronounced at high flow rates.   

5.2 Material and Methods  

5.2.1 Sample Preparation  

We synthesized poly(methyl methacrylate) (PMMA) particles of diameter 

2aL≈1.48 μm (polydispersity ≈ 4.6 %) and 2aS ≈ 0.73 μm (polydispersity ≈ 6 %), 

sterically stabilized with poly(12-hydroxystearic acid) [104]. The diameter and 

polydispersity of the PMMA particles were determined using dynamic light scattering 

(Brookhaven Instruments, BI-200SM). We formulated binary mixtures with a particle 

size ratio of =aS/aL≈0.49. The large particles (2aL=1.48 μm) were labeled with the 

fluorescent dye Rhodamine B (Sigma-Aldrich) and the small particles (2aS = 0.73 μm) 

were labeled with Fluorescein 5(6)-isothiocyanate (Sigma-Aldrich) [22]. The PMMA 

particles were suspended in a solvent mixture of cyclohexyl bromide (CXB, Sigma 

Aldrich, grade 98%) and decahydronaphthalene (DHN, Sigma Aldrich, mixture of cis-

trans, grade 98%) at a weight ratio of 3:1 to match the solvent density (≈1.22 g/mL) and 

refractive index (n≈1.49) to those of particles. We added 1.5 mM of tetrabutyl 
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ammonium chloride (TBAC, Sigma-Alrich, purum) to screen the slight electrostatic 

charge on the particles. To controllably tune the size dispersity, we fixed the total volume 

fraction of particles in the sample (T ≈ 0.15) and varied the ratio of volume fraction of 

large particles to the total volume fraction r =L/T, where T was the total volume 

fraction occupied by the large and small particles T=L+S.  

We induced depletion attractions in the suspension by adding a fixed 

concentration cp ≈ 25 mg/mL of linear non-adsorbing polystyrene (Mw = 325,600 kDa, 

Mw / Mn=1.02, Varian). The strength of depletion attractions is determined by the 

concentration of polystyrene and the range of attractions is given by the size ratio 

between the polymer and the particles = Rg/a, where Rg is the radius of gyration of the 

polymers and a is the radius of the colloidal particles. We formulated three samples with 

r≈0.50, 0.75. and 1.00, which  were allowed to equilibrate for 24 hours before imaging 

experiments.  

5.2.2 Flow Experiments and Imaging  

The flow cell for the experiments consisted of a glass capillary with square cross-

section (width and height of 100 μm, and length of 5 cm, Vitrocom, 0.100 mm ID  

0.050 mm wall thickness) that was affixed to Teflon tubing (Small Parts, Zeus PTFE 

Sublite wall tubing, 26 AWG 0.16 in ID × 0.0030 in wall, length 150 mm at upstream 

and length 120 mm at downstream). The capillary was sealed at both ends using epoxy 

(Devcon). Glass cover slips (Fisherbrand microscope cover glass 22×22 mm, Gold Seal 

cover glass 48×65 mm) were used to support the glass capillary and provide mechanical 

rigidity. Flow of the suspension through the cell was driven by a syringe (Cadence 

Science, Micromate 6 interchangeable hypodermic syringe, 2 ml; Precision Tip, Nordson 
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EFD, 32 GA) attached to a syringe pump (New Era Pump Systems Inc., Model No. NE-

1002X).  

 Suspensions flowing through the capillary were directly imaged using a confocal 

point-scanner (VT-Eye, VisiTech International) that was attached to an inverted 

microscope (Leica DMI3000B). The fluorescent dye on the large particles was excited 

using a laser source (λ=561 nm), whereas the dyes on both large and small particles were 

excited using a laser source λ=491 nm, and the resultant emitted light was detected using 

a photomultiplier tube. Two-dimensional (x-y plane) times series of images were 

captured at ten different heights (z-direction) that were spaced by a distance z=5 m (5-

50 m). The x axis is in the direction of flow along the length of the channel, the y axis is 

along the width of the channel and the z axis is along the height of the channel   

perpendicular to the plane of imaging. Images were acquired using Voxcell Scan 

software (VisiTech International) at 72 frames per second (fps) with an image size of 512 

× 512 pixels. In a typical experiment, we acquired 2000 (8-bit) images at ten equally 

spaced vertical planes at downstream distances x=20 mm or x=40 mm from the entrance 

of the channel at two flow rates, Q=15 L/hr and 45 L/hr.   

5.2.3 Image Data Analysis  

From the time series of micrographs acquired during flow, we calculated the 

velocity profiles and density profiles as a function of the distance across the 

microchannel. To measure the velocity as a function of distance from the wall of the 

microchannel, we used image correlation. The cross-correlation of image intensity data 

between consecutive images was maximized to calculate the average particle 

displacement between two consecutive images [48], and hence to determine the average 
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advection velocity. To obtain the distribution of particle density in the microchannels, 

standard particle tracking algorithms were used to locate all particles in each flow movie 

[113]. The number density as a function of normalized distance from microchannel wall 

was calculated from the particle positions [67, 164]. 

5.3 Results and discusssion 

5.3.1 Confocal micrographs of flowing suspensions 

We imaged suspensions with a volume fraction of large particles of r = 1.00, 0.75, 

and 0.50 as they flowed through a microchannel. In a monodispersed suspension of large 

particles (r=1.00), the number of particles increased steadily towards the lateral center of 

the microchannel at all heights investigated (z = 5 m (Fig. 5.1a), 35  m (Fig. 5.1b), and 

50 m (Fig. 5.1c)). 

 
 

Figure 5.1  Confocal micrographs of colloidal suspensions with volume fraction T=0.15 

and polymer concentration cp = 25 mg/mL, at Q=45 L/hr, acquired at x/L = 

400. The scale bar is 10 m. 

 

Figure 5.1 shows images of suspension with r=1.00 (a-c), r=0.75 (d-f) and r=0.50 

(g-i).  These images were acquired at a height (z) of (a, d, g) 5 m, (b, e, h) 35 m, and 
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(c, f, i) 50 m above the bottom surface of the microchannel. The edge of the channel is 

at the top side of each image in and flow is from left to right. Clusters of particles 

observed in all planes showed a complex rotational-translational motion with wall-slip 

that increased as we moved from bottom plane to the center plane. As the concentration 

of large particles was decreased to r = 0.75, the distribution of large particles varied both 

across the width and depth of the channel (Fig. 5.1 (d-f)). Close to the channel wall at the 

bottom plane (z= 5 m) the concentration of large particles was small; close to the center 

plane (z= 50 m), however, the concentration of large particles increased and became 

increasingly uniform. Finally, the concentration of large particles was further decreased 

to r = 0.50, the large particles were distributed nearly unifomrly at all widths and depths. 

These experiments show that changing the size dispersity of the suspension can modulate 

particle density. 

5.3.2 Flow and density profiles for a monodispersed suspension (r=1.00) 

To quantify these observations, we measured the velocity and particle number 

density profiles at two downstream positions, x/L=200 and x/L=400, as a function of the 

normalized lateral distance across the channel (y/L) at two flow rates, Q=15 L/hr and 

Q=45 L/hr. In figure 5.2 shows velocity profiles of suspensions with volume fraction 

T=0.15 and polymer concentration cp = 25 mg/mL. In both panels, velocity profiles were 

measured at normalized distances above the bottom surface z/L= 0.05, 0.15, 0.25, 0.35, 

and 0.50. The dotted lines indicate fits to the predicted Newtonian flow profile (Eqn. 5.1). 

For a suspension containing only large particles (r = 1.00) flowing at Q=15 L/hr, the 

flow profiles near the lateral center (y/L = 0.5) could be described by the velocity profile 

for a Newtonian fluid in a square channel, as shown in Figure 5.2(a), but deviated from 
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the Newotnian prediction near the side channel walls. The non-zero velocity at the wall 

indicated that wall slip increased at greater depths in the channel (i.e. moving from the 

bottom plane towards the center plane of the microchannel). At a further downstream 

positon x/L=400, the deviations from a Newtonian fluid profile increased along with the 

magnitude of the wall slip (Fig. 5.2(b)); furthermore, wall slip steadily increased with z. 

The velocity profiles expected for a Newtonian fluid flowing in a square microchannel 

[172], 

            
𝑈(𝑦,𝑧)

𝑈𝑚𝑎𝑥
= ∑ −1(𝑘−1) 2⁄ [1 −

cosh(𝑘𝜋𝑧 𝐿⁄ )

cosh(𝑘𝜋𝑧 2𝐿⁄ )
]

cosh(𝑘𝜋𝑦 𝐿⁄ )

𝑘3𝑘=1,3,5… ,  (Eq. 5.1) 

where z is the distance from the midplane of the microchannel, L is the width of the 

channel, h is the microchannel height, and y is the lateral position across the 

microchannel measured from the center. 

 

Figure 5.2  Normalized velocity profiles as a function of normalized lateral position y/L 

for a suspension with r=1.00, flowing at Q=15 L/hr. The downstream 

position x/L was (a) 200 or (b) 400.  
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The shape of the velocity profile at different plane was quantified as the shear 

zone width, measured as the distance from the wall at which the velocity was 0.95vmax(z), 

where vmax(z) was the maximum velocity at the center of channel for a given plane at a 

height z. The shear zone width for all z-planes at both downstream positions was ~0.80L, 

which is similar to the theoretical value of shear-zone width of a Newtonian fluid flowing 

in a square microchannel [172]. The shear rate was measured as vmax/(L/2) ~ 2.7 s
-1

 at 

Q=15 L/hr. Using the viscosity of suspending polymer solution (~0.3 Pa-s), the Péclet 

number for the large particles was estimated as PeL = 6aL
3�̇�/KbT ≈ 1500 [164]. 

Brownian forces thus have minimal affect on the particle motion, which is driven 

completely by shear forces. The entrance length for systems with high Pe is ~1000L 

[164], which is longer than the length of microchannel used in this study; we therefore 

note that the density and flow profiles at this flow rate are still evolving.   

 

Figure 5.3  Normalized velocity profiles as a function of normalized lateral position y/L 

for a monodisperse suspension (r = 1.00) at Q=45 L/hr. Velocity profiles 

were measured at two downstream positions x/L: (a) 200 and (b) 400.  
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When the flow rate was increased to Q=45 L/hr, the flow profiles were more 

closely fit by the Newtonian profile (Fig. 5.3(a-b)). Figure 5.3 shows shows velocity 

profile of suspensions with volume fraction T=0.15 and polymer concentration cp = 25 

mg/mL. From top to bottom in each panel, velocity profiles were measured at normalized 

distances above the bottom surface z/L= 0.05, 0.15, 0.25, 0.35 and 0.50. The dotted lines 

indicate fits to the Newtonian flow profile (Eqn. 5.1). Wall slip observed closer to the 

channel entrance (x/L = 200) became less pronounced at a greater distance downstream 

(x/L = 400). The shear zone width measured at the center plane at x/L=400 was ~0.70L, 

which was slightly lower than that observed at x/L=200. The decrease in shear zone 

width (Fig. 5.3b, at x/L = 400) at the center plane can be explained by the flattening of 

the velocity profile at the center of microchannel; this in turn was due to increased shear-

induced migration. The Peclet number PeL = 6aL
3�̇�/KbT ≈ 4000 [164] at Q=45 L/hr  

is  even higher and the corresponding entrance length at such Pe is much larger than 

1000L , which is again much larger than the length of the microchannel used. 

We quantified the distribution of particles across the width of the microchannel by 

measuring the average number of particles as a function of distance from the lateral wall 

of the microchannel. At the bottom plane, the number of large particles close to the 

lateral wall first increased steeply towards the lateral center of the microchannel (along 

the y-direction), and then remained nearly constant for both downstream positions at a 

flow rate Q=15 L/hr, as shown in Fig 5.4(a,b). Figure 5.4 shows particle distribution for 

suspensions with volume fraction T=0.15 and polymer concentration cp = 25 mg/mL. 

The number of large particles remained nearly constant at other heights. The low number 



89 

 

of large particles close to the wall at the bottom plane (Fig. 5.4) can be attributed to 

volume exclusion of clusters at the corners of the microchannel.   

 

Figure 5.4  Number of particles as a function of normalized lateral position y/L for a 

suspension with r=1.00 at Q=15 L/hr, calculated at z/L = 0.05, 0.35 and 

0.50 and x/L (a) 200 or (b) 400. The lines shown are guides to the eye. 

 

When the flow rate was increased to Q=45 L/hr , the number of large particles 

significantly increased towards the center of the microchannel at both downstream 

positions, as shown in Figure 5.5 (a and b) and in the images of Figure (5.1(a-c)). The 

high PeL~4000 (for both downstream positions) at the center plane suggested that the 

particle migration towards center of the channel is induced by shear, as Brownian forces 

are negligible in comparison to shear driven forces at  high PeL. The extent of shear-

induced migration is measured by the linear gradient in the number of particles as a 

function of the distance from wall, which increased from ~0.20 particle/m (at x/L =200) 

to ~0.25 particle/m (at x/L=400). This increase results in pronounced flattening of 

velocity profile at the center and hence a reduced shear-zone width, in accord with the 
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velocity profiles reported in Fig. 5.3. These results indicated that, once sufficient shear 

was applied to break large clusters into small particles, particles were able to migrate 

rapidly and develop non-uniform density profiles. 

 

Figure 5.5  Number of particles as a function of normalized lateral position y/L for a 

suspension with r=1.00 at Q = 45 L/hr, calculated at z/L = 0.05, 0.35 and 

0.50 and x/L (a) 200 or (b) 400. The lines shown are guides to the eye. 

 

5.3.3 Flow and density profiles for bidispersed model suspension 1 (r=0.75) 

In quiescent samples, replacing large particles by small particles led to the 

formation of clusters and ultimately to a solid-like gel network (Chapters 2 and 3).  We 

thus explored the effects of network formation driven by size dispersity on the flow of 

suspensions through microchannels. For an attractive bidispersed suspension with r=0.75 

flowing at a volumetric flow rate Q=15 L/hr and Q=45 L/hr, the velocity profiles 

measured closer to the channel entrance (x/L = 200) exhibited strong deviations from the 

Newtonian predictions at the center plane of the microchannel, as shown in Figures 5.6 

(a) and 5.7 (a), which show velocity profile of suspensions with volume fraction T=0.15 
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and polymer concentration cp = 25 mg/mL. From top to bottom in each panel, velocity 

profiles were measured at normalized distances above the bottom surface z/L= 0.05, 0.15, 

0.25, 0.35 and 0.50. The dotted lines indicate fits to the Newtonian flow profile (Eqn. 

5.1). The deviation was largely due to wall slip, as indicated by the nonzero velocities at 

the lateral channel edge (y/L = 0). 

 

Figure 5.6  Normalized velocity profiles as a function of normalized lateral position y/L 

for a bidisperse suspension (r=0.75) flowing at Q=15 L/hr, measured at x/L 

(a) 200 or (b) 400.  

 

At a further downstream position x/L=400, the magnitude of wall-slip decreased 

slightly but the shape of velocity profile did not significantly change at either flow rate 

investigated Q=15 L/hr, and Q=45 L/hr (Fig. 5.6(b) and Fig. 5.7 (b)). For both flow 

rates PeL >1000 and entrance lengths should be of the order of Le~1000L, which is 

greater than the length of microchannel used in this study. Although the velocity profiles 

were close to those predicted for Newtonian flow in a square microchannel, the slight 
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change in velocity profile between the two downstream positions indicated that the flow 

profile developed slowly along the length of the microchannel.  

The large-particle density profiles for a bidisperse suspension with r=0.75 were 

different than those of a suspension with r = 1.0. At a flow rate of Q=15 L/hr, fewer 

particles were observed at the bottom z-plane than at the other planes; moreover, large 

particles were again depleted near the lateral side walls (Fig. 5.8). Particles were 

increasingly depleted near the lateral wall at greater downstream positions; the number of 

particles increased steeply up to y/L~0.1 and then remained nearly constant across the 

width of the channel.  These features are again attributed to exclusion of clusters 

containing large particles from the regions near the channel walls. 

 

Figure 5.7  Normalized velocity profiles as a function of normalized lateral position y/L 

for a bidisperse suspension r=0.75 flowing at Q=45 L/hr, measured at x/L 

(a) 200 or (b) 400.  

 

We observe similar number profiles at a higher flow rate of Q=45 L/hr, as 

shown in Figure 5.9 (suspensions with volume fraction T=0.15 and polymer 
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concentration cp = 25 mg/mL). Exclusion of clusters from the immediate vicinity of the 

walls led to depletion of particles at the lateral side wall (near y/L = 0), as shown in Fig. 

5.9 (a-b). Beyond a lateral distance of y/L ≈ 0.1, the number of particles remains nearly 

constant across the width of the channel.  

 

Figure 5.8  Number of large particles as a function of normalized lateral position y/L for 

a bidispersed suspension r=0.75, flowing at Q=15 L/hr at z/L = 0.05, 0.35 

and 0.50 and x/L (a) 200 or (b) 400. The lines shown are guides to the eye. 

 

Earlier studies [62, 63] on the flow of hard sphere bidispersed suspensions 

suggest that the species of particles with shorter entrance length have a higher tendency 

to migrate towards the center of the microchannel – whether the migrating is larger or 

smaller particles depends on the concentration of each species. We observed less 

migration of particle to the center of the channel in the bidisperse suspension than in the 

monodispersed suspension. Increasing bidispersity in attractive suspensions leads to 

formation of clusters that resist shear-induced migration of particles. 
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Figure 5.9  Number of large particles as a function of normalized lateral position y/L for 

a bidispersed suspension r=0.75, flowing at Q=45 L/hr at z/L = 0.05, 0.35 

and 0.50 and x/L (a) 200 or (b) 400. The lines shown are guides to the eye. 

. 

5.3.4 Flow and density profiles for bidispersed model suspension 2 (r=0.50) 

Further decreasing the volume percent of large particles (r=0.50), which we 

showed increased the strength of the colloidal gels formed (Chapter 3), results in plug-

like flow with large wall slip at all heights at flow rates of Q=15 L/hr (Fig 5.10) and 

Q=15 L/hr (Fig 5.11). The velocity are shown for suspensions with volume fraction 

T=0.15 and polymer concentration cp = 25 mg/mL, flowing at volumetric flow rate 

Q=15 L/hr and Q=45 L/hr, respectively. From top to bottom in each panel, velocity 

profiles measured at z/L= 0.05, 0.15, 0.25, 0.35 and 0.50. The velocity profiles measured 

at both flow rates deviated significantly from the Newtonian predictions and showed 

minimal evolution between the two downstream positions. These velocity profiles are 

likely not fully-developed, as the strong interparticle attractions would suppress 

Brownian motion and hence mechanisms of migration. For both flow rates, the 
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suspension displayed plug-like flow, which can be attributed to the formation of strong-

gel like network formed by the small and large particles.  

 
Figure 5.10  Normalized velocity profiles as a function of normalized lateral position y/L 

for a bidspersed suspension r=0.50 at Q=15 L/hr  measured at x/L was (a) 

200 or (b) 400.  

 

 

 

Figure 5.11  Normalized velocity profiles as a function of normalized lateral position y/L 

for a bidspersed suspension r=0.50, at Q=45 L/hr. The downstream 

position x/L was (a) 200 or (b) 400.  
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Figure 5.12  Number of large particles as a function of normalized lateral position y/L 

for a bidispersed suspension r=0.50 measured at z/L = 0.05, 0.35 and 0.50 

and x/L (a) 200 or (b) 400. The lines shown are guides to the eye. 

 

 

 

Figure 5.13  Number of large particles as a function of normalized lateral position y/L 

for a bidispersed suspension r=0.50 measured at z/L = 0.05, 0.35 and 0.50 

and x/L (a) 200 or (b) 400. The lines shown are guides to the eye. 
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Macroscopic rheology measurements showed that the yield stress for r=0.50 was 

much greater than those of samples formulated at r = 0.75 and r =1.00, and so this sample 

instead flowed as a plug. The distribution of large particles across the width of the 

channel measured at a flow rate of Q=15 L/hr did not change appreciably with 

downstream position, (Fig. 5.12). In figure 5.12 and figure 5.13, the number desnity 

profiles are shown for suspensions with volume fraction T=0.15 and polymer 

concentration cp = 25 mg/mL, flowing at a volumetric flow rate Q=15 L/hr and Q=45 

L/hr, respectively. Large particles were depleted near the lateral wall; the number of 

large particles steeply increased up to y/L ~ 0.1 and then remained nearly constant across 

the channel width. Similar trends were seen at a higher flow rate of Q=45 L/hr (Fig. 

5.13): large particles were depleted near the lateral walls and distributed nearly uniformly 

near the lateral center of the channel. Less near-wall depletion was observed further 

downstream (x/L = 400, Fig. 5.13), suggesting that the greater shear rate may have 

slightly reduced the size of flowing clusters. 

5.4 Conclusions 

In this study we investigated the effect of variation in particle size dispersity on 

the microchannel flow properties of mixtures of polymers and bidisperse colloids with a 

fixed particle size ratio =0.31, fixed total volume fraction T≈0.15, and a fixed strength 

of attraction cp= 25 mg/mL. Our results suggested that decreasing the large particle 

concentration while keeping a constant total volume fraction of particles resulted in 

increasingly non-Newtonian velocity profile with large wall-slip at all the flow rates 

studied. The suspensions displayed increasingly plug-like flow as the volume percent of 

large particles r was decreased. More uniform large particle density profiles were 
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observed as r was decreased, consistent with cluster and gel formation that suppressed 

shear-induced migration of particles. These results show that size dispersity can be used 

to tune the flow behavior of attractive suspensions in confined flow. An interesting 

question to be explored in future work is whether these differences arise solely due to 

size dispersity or due to changes in the strength of bonds between particles, as suggested 

by the dynamic and microstructural data in Chapter 3. To test this hypothesis, 

experiments on model systems in which the bond strength is not a function of particle 

size (i.e. using colloidal gels with other types of interactions, such as van der Waals [186] 

or hydrophobic interactions [35]) may provide insight into the relative importance of size 

dispersity compared to bond strength. 
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Chapter 6 

Summary and future work 

6.1 Summary 

In this study we investigated the microstructure, bulk rheology, bulk and confined 

dynamics, and confined flow properties of attractive colloidal suspensions for rational 

design of suspensions with industrial and technical applications 

1. We investigated the effects of particle size dispersity on confinement-induced 

solidification of bidispersed colloid-polymer mixtures with fixed total volume 

fraction. The dynamics of the large particles became slower as the volume fraction of 

large particles was decreased or the confinement thickness was decreased, indicating 

increasing solid-like behavior. The dynamics was slowest at minimum confinement 

thickness and minimum volume fraction of large particles, suggesting that 

solidification of attractive suspensions in confined geometries can be tuned by 

modulating the particle size dispersity. 

2. Next, we investigated changes in rheology and microstructure in mixtures of 

polymers and bidisperse colloids as the volume percent of large particles r was 

increased. For suspensions with total volume fraction of ϕT = 0.15, the gel network 

present at r = 0 increasingly weakened  with increasing concentration of large 

particles. Significant changes in dynamics or structure were observed only at 

relatively high volume fraction of large particles. By contrast, dense suspensions ϕT = 

0.40 were strong gels at all concentration of large particles and exhibited only modest 

rheological and microstructural changes as volume percent of large particles was 

varied. These results suggested that the effect of particle size dispersity on the 
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dynamics and flow properties of colloid-polymer mixtures are most noticeable near 

the gelation boundary.  

3. We studied the effects of confinement on the flow properties of colloid-polymer 

mixtures, which serve as simple models of attractive particulate suspensions. Our 

experiments showed that the velocity and concentration profile of the monodispersed 

suspensions were greatly influenced by the strength of interparticle attractions. 

Increasing the strength of the interparticle attractions suppressed the mechanisms of 

shear-induced migration and differential-flow that lead to densification in a weakly-

repulsive suspension. 

4. Finally, we investigated the effect of particle size dispersity on the confined flow 

properties of mixtures of polymers and bidispersed colloids. As the concentration of 

large particles was decreased the flow became increasingly non Newtonian at all flow 

rates. The shear induced migration of large particles increased with increase in flow 

rate for monodispersed suspension of large particle and decreased when the 

concentration of large particles was decreased at all flow rates. These results show 

that particle size dispersity can be tuned to control and optimize the segregation due 

to shear migration of a species of particles during microchannel flow.    

We firmly believe that the methods and techniques presented in this dissertation 

will guide future studies to study the confined dynamics and flow properties of attractive 

suspensions. Our results present insightful information, which will provide direction to 

future research carried out in the field of colloid science to rationally design industrially 

and technologically important suspensions.  
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6.2 Future work 

Although this dissertation provides initial insight into the dynamics and flow 

properties of attractive colloidal suspensions in confinement, it also highlights few 

unanswered questions that demand future work for rational design of technologically 

important suspensions.    

1. In the study of rheology and microstructure of attractive bidispersed suspensions  , the 

effect of particle size dispersity on the bulk rheology of dense attractive suspensions 

was different than that of suspensions with moderate volume fraction. Attractive 

suspensions with high particle loading (>0.35), however, are of great commercial 

interest in direct write assembly [10] and crude oil recovery [15], but their confined 

flow properties have not been studied. A careful study of the confined flow of dense 

bidisperse attractive suspensions will generate insight into the role of particle size 

dispersity on the confined dynamics and flow properties of such suspensions.  

2. In the study of confined dynamics of attractive bidispersed suspensions, the variation 

in size ratio  between the small and large particle diameters did not significantly 

affect structure and dynamics. This can be attributed to relatively narrow range of size 

ratio explored 0.31  0.49. Technological suspensions, however, may have much 

large asymmetry in size. Future studies to investigate  over a wider range will 

generate new insight into the physics controlling microstructure and flow properties 

in attractive bidisperse suspensions and identify the range over which these properties 

can be feasibly tuned in applications. 

3. In the study of dynamics and flow properties of bidispersed suspensions , we were 

only able to resolve and locate the centroids of large particles in our bidispersed 
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system. The FITC dye molecules adsorb in the porous PMMA particles and the entire 

particle appear bright when viewed using confocal fluorescence microscopy. When 

these particles form aggregates we were not able to spatially resolve two touching 

spheres, and the entire aggregate appeared to one big ‘blob’ of higher intensity. It will 

be a good idea to resolve the small particles with improvement in imaging and 

experimental techniques, for example, by making core-shell small particles with 

fluorescent core and non fluorescent shell whose centers can be readily resolved [187] 

and quantify the changes in structure and dynamics for both species of particles. 

Tracking each species of particle will allow us to systematically quantify the number 

of small-small, small-large, and large-large bonds and hence test the hypothesis that 

changes in bond number lead to the loss of connectivity and network formation 

Besides the questions raised by the studies presented in this dissertation, our 

results provide platform for fundamental studies to understand the effect of variation in 

surface properties of the geometrical confinements. In technological applications that 

require confined flow of attractive suspensions, the geometrical confinements 

encountered have a range of surface properties [12, 15].  Shape and size of asperities on 

the surface of microchannel affect the degree of wall slip and mixing observed in the 

microchannel flow of colloidal suspension [47, 180]. Changing the shape and size of 

asperities may result in two dimensional and three dimensional flows in channels. 

Imaging techniques demand improvement to capture such flows as it requires 3D image 

stacks acquired at very high speed, and PIV method of measuring the velocity profile 

have to be upgraded to measure particle displacement in two or three dimensions. In 

addition, changes in the surface chemistry of geometrical confinement alter the particle-



103 

 

wall interaction significantly [6], which will affect the dynamics of suspensions. The 

primary challenges in this study is to accurately estimate the complex electrostatic 

interactions between particles and between particles and the wall [110]. Future studies in 

this direction will help in optimizing the design of suspensions for a given technological 

application.   
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Appendices 

1. Supporting Information for Chapter 2 

 

Figure S1 Dimensionless electrostatic (- -)
 1, 2, 3

, depletion (--) 
4, 5

, and overall interaction 

potential (—) between spherical particles as a function of distance R/2a for 

polymer concentration cp = 5 mg/ml (a,c) or cp  = 25 mg/ml (b,d). 

Figure S1 shows Dimensionless electrostatic (- -)
 1, 2, 3

, depletion (--) 
4, 5

, and overall 

interaction potential (—) between spherical particles as a function of normalized 

interparticle distance R/2a for polymer concentration cp = 5 mg/ml (a,c) or cp  = 25 mg/ml 

(b,d), and particle diameter 2aL = 1.48 µm (a,b) or 2aS = 0.73 µm (c,d). The numbers in 

each panel indicate the maximum repulsive barrier and the value at contact (R/2a = 1). 

The electrostatic and depletion potentials were estimated as below  

1) Electrostatic Potential 

Particle charge: The rule of thumb given in Royall et al.
3
 was used to estimate 

particle charge given the diameter of the particle 2a and the Bjerrum length 𝜆𝐵 given 

by  
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𝑍 =
12𝑎

𝜆𝐵
 . (1) 

            The Bjerrum length (𝜆𝐵) was calculated as  

𝜆𝐵 =
𝛽𝑒2

4𝜋𝜀𝑜𝜀𝑟
≈ 10 nm, (2) 

where εr ≈ 5.53 is the dielectric constant of the solvent mixture
6
 . The charge of the 

small and large particles were calculated as ZS = 183 and ZL = 370, respectively. 

Screening Length: The Debye screening length (𝜅−1=100 nm) was taken from 

literature measurements of PMMA particles in CXB-DHN solvents
3
 . 

Contact Potential: The normalized contact potential (𝜖/𝑘𝐵T) was estimated for each 

population of particles as 

𝜖

𝑘𝐵T
=

𝑍2𝜆𝐵

2𝑎(1 + 𝜅𝑎)2
 , 

(3) 

where a is the appropriate radius for each particle population
1
. 

Finally, the pair potential form
1
 used to calculate the electrostatic interaction potential 

(U(r)) as a function of the separation r between particles is given by 

𝑈(𝑟)

𝑘𝐵T
= {   

𝜖

𝑘𝐵T

exp [−2𝑎𝜅 (
𝑟

2𝑎 − 1)]

𝑟 2𝑎⁄
  ,           𝑟 > 2𝑎 

∞                                                         𝑟 < 2𝑎

 

(2)  Depletion Potential  

The depletion potential was calculated using the Udepletion form is given as 

𝑈𝑑𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛 = {

+∞  for 𝑟 ≤ 2𝑎
     −Π𝑝 𝑉𝑜𝑣𝑒𝑟𝑙𝑎𝑝   for 2𝑎 < 𝑟 ≤ 2𝑎 + 2𝑟𝑔 

               0   for 𝑟 > 2𝑎 + 2𝑟𝑔

 , and 

(5) 

 

 Π𝑝 = 𝑛𝑝𝑘𝐵𝑇, (6) 
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where  Πp is the osmostic pressure of the polymer, Voverlap is the volume of the 

overlapping depletion zone between two particles (calculated to account for free 

volume as given in Reference 3), np is the polymer number density in the free volume 

in the sample and rg is radius of gyration of a polymer molecule (≈ 15 nm). 

 

Figure S2  Dimensionless pair interaction potential from modified AO model
6 

between 

spherical large and small particles as a function of interparticle distance R (in 

m).  

 

Modified AO Form  

The modifies AO potential is given as 

𝑈𝐴𝑂 =
𝑘𝐵𝑇𝜙𝑆

∗

(2𝑎𝑆
∗ )3

(2𝑎𝑆
∗ + 2𝑎𝐿

∗ − 𝑟)2 (2𝑎𝑆
∗ + 2𝑎𝐿

∗ +
𝑟

2
), (7) 

where 𝑎𝑆
∗ = 𝑎𝑆 + 𝛿𝑎𝑆 and 𝜙𝑆

∗= 𝜙𝑆 (1 + 𝛿𝑎𝑆/𝑎𝑆) are the effective small sphere radius and 

volume fraction, respectively. 𝑎𝑆 and 𝑎𝐿 are the bare radii of the small and large particles, 

𝜙𝑆 is the volume fraction of small particles, and r is the interparticle distance.         
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Figure S3 Confocal micrographs of small and large particles in suspensions with 

polymer concentrations cp = 5 mg/ml.  

 

Figure S3 shows micrographs acquired using a laser excitation at a wavelength λ 

= 491 nm (blue channel, both populations of particles) and λ = 561 nm (green channel, 

large particles only) at different confinements h/2aL (x-axis) including bulk samples, with 

varying volume percent of small particles r (y-axis). 

 

large 

large 

large 

large + small 

large + small 
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Figure S4 Confocal micrographs of small and large particles in suspensions with 

polymer concentrations cp = 25 mg/ml.  

 

Figure S4 shows micrographs acquired using a laser excitation at a wavelength λ 

= 491 nm (blue channel, both populations of particles) and λ = 561 nm (green channel, 

large particles only) at different confinements h/2aL (x-axis) including bulk samples, with 

varying volume percent of small particles r (y-axis). 

 

 

large 

large 

large 

large + small 

large + small 
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Figure S5 Mean-squared displacement (MSD) (x
2
)/(2aL)

2
 as a function of lag time τ of 

large particles. Confinement thicknesses h/2aL: bulk (star) > 69 (), 41 (), 

20 (◊), 10 (), and <5.5 ().The dashed lines indicate a slope of 1. 

 

Figure S5 shows mean-squared displacement (MSD) (x
2
)/(2aL)

2
 as a function of 

lag time τ of large particles in binary suspensions with concentration of depletant 

polymer of cp = 5 mg/ml and fixed ratio of volume of small particles to total particles 

volumes (r = 0.50) at confinement times of (a) 0.5 hours and (b) 30 days. 
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Figure S6 Normalized mean-squared displacement (x
2
)/(2aL)

2
 as a function of lag time 

τ of large. Confinement thicknesses h/2aL: bulk (star) > 69 (), 41 (), 20 

(◊), 10 (), and <5.5 (). The dashed lines indicate a slope of 1.  

 

Normalized mean-squared displacement (x
2
)/(2aL)

2
 as a function of lag time τ of 

large particles in binary suspensions with concentration of depletant polymer of cp = 25 

mg/ml and fixed volume of small particles (r=0.50) at confinement times of (a) 0.5 hours 

and (b) 30 days. We note that the samples in (b) were aged for one month in bulk solution 

before loading into wedge chambers, so that the particles swelled slightly compared to 

the initial measurements in (a); the increase in particle size is the primary origin in the 

decrease.  
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Figure S7 Conductivity as a function of concentration of TBAC (tetrabutylammonium 

chloride) salt in a solvent mixture), for bulk solvent () and for a solvent 

containing 40 volume % crushed glass ().  

 

Conductivity as a function of concentration of TBAC (tetrabutylammonium 

chloride) salt in a solvent mixture of cyclohexylbromide (CXB) and 

decahydronaphthalene (Decalin) (weight ratio of 3.1:1), for bulk solvent and for a solvent 

containing 40 volume % crushed glass, which mimicked the “confined” solvent. The 

error bars indicate the standard deviation over five measurements. 
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