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Abstract 
 
 

Although understanding of the phase behavior, assembly and dynamics of 

spherical colloids interacting through isotropic potentials is advanced, comparatively 

little is known about such properties of anisotropic suspensions.  In this dissertation, we 

experimentally investigate the role of one kind of anisotropy, shape anisometry, on the 

assembly and dynamics of colloids.  By application of the direct visualization 

methodology of confocal laser scanning microscopy, we discover new features of the 

behavior of colloidal rods with regards to their dynamics in dilute solution and their 

assembly under applied fields.  These results are applicable to the application of 

anisometric particles in materials with orientational order, such as colloidal liquid 

crystals.  

We developed a direct visualization method to characterize rotational and 

translational movement of colloidal rods in three dimensions. The method was applied to 

study the rotational and translational dynamics of dilute rod suspensions.  The Brownian 

motion of rods in the solution was characterized by measuring the probability 

distributions of displacements for translation and rotation in addition to mean 

diffusivities. Experimental values were found to be in good agreement with theoretical 

predictions and errors in the method were fully characterized. 

x 
 



 

The assembly of colloidal rods was achieved by application of an applied 

gravitational field of variable strength in a refractive index matched solvent. The quality 

of the orientational ordering was quantified by direct measurement of the order 

parameter.  Although very different effects of the applied field strength were found for 

rods of high and low aspect ratio, all the measurements were found to be consistent with 

a primary mechanism for orientational ordering based on the local volume fraction of the 

sediment relative to the equilibrium isotropic to nematic transition.  A role of the rod 

glass transition in the effect of the applied field on the sediment volume fraction was also 

inferred from the measurements. The effect of attractive pair potential interactions due to 

depletion forces on the assembly of rods during sedimentation (under gravitational field) 

was investigated. We found that depletion interactions combined with gravitation 

enhanced the orientational ordering of the sediments at particular, optimum 

concentrations of non-adsorbing polymer.  
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Chapter 1 
 

1 Introduction 
 
 

1.1. Colloidal suspensions and forces   
 

Colloidal science is the study of suspensions of particles that are of the order of 

nanometers to microns in size. Traditional industries in the field of ink, paint and 

ceramics depend largely on colloidal suspension for their product development [1, 2]. 

Application of colloidal systems in areas like personal care, food and drug delivery along 

with their intriguing phase behavior has long been of interest to the scientific community 

[2, 3]. Also, there use in producing advanced materials like photonic band-gap, 

microelectronics, chemical sensors and energy transfer materials has given impetus to the 

field [4-6].  

The small size of the colloidal particles provides a significant surface area to 

volume ratio and therefore their interaction with each other becomes crucial in defining 

the final physical response of these suspensions. Typical forces present in these 

suspensions are hydrodynamic, diffusive, gravitational and electrostatic [7]. These forces 

are functions of temperature, concentration, charge, size and shape of the particles. The 

nature of interactions defines the physical state of the suspension, which can vary from 
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fully dispersed to an ordered assembly [7]. The concentration of particles also plays a 

significant role in defining the structure. At low concentrations and low interactions a 

dispersed phase is a possibility [7], however, a balance of attractive and repulsive forces 

at sufficiently high concentrations can lead to ordered phases, along with the entropy of 

the system [8, 9]. Intermediate and high concentrations with large interparticle 

interactions may lead to aggregated and jammed structures [10, 11]. 

  A key feature of colloids is their interaction through the excluded volume 

potential [7, 12]. The excluded volume potential for hard bodies is a short-range repulsive 

interaction, which prohibits interpenetration of particles. The value of this potential is 

infinity when the particles are in contact and zero otherwise [13]. Such hard body 

interactions lead to disorder-order transitions at sufficiently high concentrations. 

Electrostatic and induced dipole moments give rise to repulsive (e.g. electrostatic) or 

attractive (e.g. van der Waals) forces that act on longer length scales than the excluded 

volume potential [7, 12]. Attractive forces favor aggregation of the particles. Large 

clusters of the particles are seen in the suspensions where net forces are of attractive 

nature. The addition of non-adsorbing polymer to colloidal suspension can induce such 

attractive interactions. Addition of non-adsorbing polymer promotes the overlapping of 

excluded volume of the colloidal particles and thereby creates an imbalance in osmotic 

pressure. This imbalance in the osmotic pressure gives rise to an attractive force which is 

known as the depletion effect.  If of sufficient strength, the depletion potential can often 

lead to phase separation [14, 15].  

1.2. Anisometricity 
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Depending upon their shape and functionality colloids can be categorized either 

into isotropic or anisotropic colloids. Spherical colloids with homogeneous functionality 

are called isotropic colloids. Spherical colloids are readily available in nature and are also 

easy to synthesize in the laboratory. Isotropic nature of spherical colloids makes their 

behavior less complicated and relatively easy to study. Researchers have developed 

methods to synthesize both amorphous and ordered structures of spherical colloids with 

great control. Also, the techniques to characterize the structure and dynamics of these 

suspensions are developed quite extensively in literature [16, 17]. Introducing 

heterogeneity to either shape or functionality of the particle can induce anisotropy [12]. 

Anisotropy introduced due to shape heterogeneity is known as anisometricity. Colloidal 

rods, dumbbells and disks are few examples of the anisometric colloids [18]. Anisometric 

colloids have more number of dynamic degrees of freedom than spherical colloids 

making their behavior more complex and interesting [19]. The added degrees of freedom 

change the interaction of these colloids with the surroundings as well as interparticle 

forces.  

The single particle behavior, assembled morphology, rheology and dynamics of 

anisometric colloids differ significantly from spherical colloids [7, 12]. Following are 

few examples of dependence of these properties on the shape for rod shaped colloids. In a 

recent study by Champion and Mitragotri (PNAS), it’s been found that rod shaped 

particles are difficult to phagocytosis compared to spherical particles [20]. Phagocytosis 

is the process in which white blood cells or macrophases engulf any external particles. 

The interaction between macrophage and particles is purely physical and these 
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experiments confirm that the interaction of a colloidal rod is different to the surroundings 

compared to spherical colloids.  

Structural studies of colloidal rod suspensions have shown that rods can assemble 

into structures that are not seen for suspension of spherical colloids. Rods can make 

space-filling structures (i.e. gel structures) at low volume fractions, while spheres need 

sufficiently high volume fraction to sustain a networked structure [21]. Ellipsoid shape 

colloids can pack at relatively higher volume fractions than spherical colloids [19]. Also, 

rods can assemble into structures like liquid crystal structures that have interesting optical 

properties [22-24]. 

Not only the structure but the rheology and dynamics of the colloidal suspensions 

are also greatly dependent upon the shape and degree of anisometricity of the colloidal 

particles. For colloidal rods the anisometricity can be measured by the aspect ratio of the 

rod. In a study where the effect of shear on intrinsic viscosity was studied, it was found 

that the intrinsic viscosity varies rapidly with the aspect ratio of the colloidal rods. At a 

particular shear rate the intrinsic viscosity decreases with increasing aspect ratios [25]. 

Similarly, in another study where dynamics was investigated for colloidal rod gels, it was 

observed that rod-gels with higher aspect ratios showed restrained dynamics compared to 

smaller aspect ratios [21].   

1.3. Single particle motion 
 

Properties like rheological response and collective dynamics of colloidal 

suspensions depend significantly on single particle motion. Brownian motion study is 

crucial for understanding the parameters for single particle motion. Brownian motion is 
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the random motion of the particles suspended in a liquid or gas [7]. The molecules of the 

suspension media collide with the larger particles suspended into it, giving them their 

random movement. The force applied by these solvent molecules is responsible for the 

diffusion of the suspended particles. The solvent properties e.g. viscosity, temperature 

and shape of particle define the diffusion value of the particles. Also, there is a limit on 

the particle size for them to have Brownian motion, typically particles bigger than 8-10 

µm in size would not get affected by the bombardment of solvent molecules.  

Indirect measurement techniques like dynamic light scattering (DLS), transient 

electric birefringence (TEB) decay and fluorescence recovery after photobleaching 

(FRAP) have given us insight into rod dynamics [1, 26, 27]. However, these indirect 

measurement techniques provide us with mean quantities and ensemble averages; and 

cannot be used to identify the full distribution of particle displacements in translation and 

rotation. Also, these methods could associate some errors due to scattering, photo 

bleaching or unknown internal dynamics.  

Direct visualization of colloidal rod suspensions can help us eliminate the above-

mentioned limitations of indirect measurement techniques. Recently, real space 

measurement of anisotropic particles in two dimensions has been reported [2, 28,29]. For 

example, Han and co-workers [28] have studied the Brownian motion of isolated 

ellipsoidal particles by confining it in two dimensions, Hong and co-workers [2]  have 

investigated the rotation around the long axis of rod-shaped colloids and Lettinga et al 

[29] have reported the self diffusion of rod-like viruses using fluorescent and non 

fluorescent microscopy. Still, there is a need to understand the dynamics of these colloids 

in 3 dimensions [30]. Study of the dynamics and structure of anisometric colloids will 
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lead to a better understanding of phase transition, liquid crystal structures, rod-gel 

dynamics, cell transportation and the polymer physics [2, 6, 27, 31, 32]. 

1.4. Assembly of colloidal rods 
 

Since not only the dynamics but also the structure of these colloidal rod suspensions 

dictate their final properties. An understanding of the assembly and its synthesis is useful 

for the development of the field. In this section, we discuss the equilibrium theory that 

explains order-disorder transition of colloidal rod suspensions and methods involved to 

synthesize ordered assemblies. 

1.4.1. Overview of Onsager’s Theory 
 

In early 20th century, experimentalists [33] observed separation of colloidal rod 

suspensions into isotropic and anisotropic phases. This phase separation was only 

observed when the concentration of the particles crossed a critical concentration. This 

phenomenon is referred as isotropic-nematic phase transition, since in the anisotropic 

phase particles possess a preferred orientation. In 1949, Lars Onsager explained the 

reason behind this phenomenon and proposed that minimization of Helmholtz free energy 

of the system leads to the phase separation at higher volume fractions [9]. Since, for hard 

particles Helmholtz free energy is consisted of only entropic part, minimization of free 

energy is directly related to the entropy of the system. He separated the entropy 

associated to the particles into two parts, first, the entropy associated to the orientation of 

the particles and second, the entropy associated to mixing (associated with the 

orientation-dependent excluded volume of rod particle). Thus minimization of free 

energy is nothing but the competition between the orientation and mixing entropies. The 
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oreintational entropy favors disorder while mixing entropy promotes ordering. At volume 

fractions above critical volume fraction the contribution from the mixing entropy exceeds 

the contribution from orientation part. In other words, isotropic-nematic phase transition 

can be explained by a decrease in excluded volume to compensate the loss of 

orientational entropy [34]. However, Onsager conducted most of his entropic calculation 

of the transitional volume fractions for asymptotically long rigid rods. Self-assembly of 

long colloidal rods into ordered structures is well explained by Onsager’s theory [35]. 

The theory also explains the assembly for rods having short aspect ratios with few 

modifications [35].  

1.4.2. Field assisted assembly 
 

Self-assembly has been used effectively to produce ordered aggregates of 

molecules and colloidal particles. If the appropriate conditions are implemented, 

components of size ranging from the molecular to the macroscopic, can be self-

assembled [4]. Bottom-up assembly of colloidal particles (size: nanometers to 

micrometers) promises new ways to synthesize photonic crystals, 3D microelectronic 

systems, displays, or sensors [4]. Along with these practical applications; these larger 

sizes also make fundamental investigations tractable. However, self-assembly can have 

limitations like monodispersity of the particles , assembly times, orientation and stability 

of the colloids [4, 36]. 

Field-assisted assembly of anisometric particles has received attention because 

fields can improve results of assembly in three ways: (i) fields can accelerate ordering by 

improving the kinetics of assembly; (ii) fields can potentially shift order disorder 

transition boundaries; (iii) if the field can generate a spatial gradient in colloidal volume 
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fraction, a range of locally co-existing phases can be generated in a single experiment. 

Few of the examples of the field assisted ordering methods for rods include spin coating, 

convective assembly, gravitational field and shear induced assembly. Sun and Sirringhaus 

(JACS, 2006) proposed a new method to produce highly aligned structures of ZnO 

nanorods in quick time by optimizing the combination of surface energy of the 

components and fluid flow direction during assembly [37]. They used spin coating 

effectively to produce long aligned structures of low surface energy ZnO nanorods. 

Similarly, use of convective assembly to fabricate 2D ordered films of tobacco mosaic 

virus with a high degree of long-range order is recently proposed by Wargacki et.al [38]. 

The quality of the ordering was controlled by controlling the parameters of the external 

field i.e. assembly speed. It has also been seen in the previous work that the shear field 

can change the nature and location of the phase transition for the suspension of the hard 

rods [39, 40]. In another recent study, Ripoll and coworkers have studied the facilitation 

provided by shear to align isotropic phase in suspension of attractive colloidal rods [41]. 

However, most of these methods yield in to two-dimensional assemblies and not too 

many methods are known to synthesize three-dimensional assemblies of colloidal rods 

with controlled order.  

 The literature suggests that there has been reasonable progress done in the area of 

anisometric colloids as far as their dynamics and structural studies are concerned. 

However, there still remains a significant gap when the full characterization of their 

dynamics is concerned. Development of new methods to synthesize three-dimensional 

assemblies with higher control is also required. This study presents new experimental 
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methods to a) characterize the dynamics for colloidal rod suspensions and b) produce and 

investigate the assemblies of colloidal rods.  

1.5. Research Objectives: 
 

The main objectives of this research were to characterize the dynamics and 

structure of colloidal rod suspensions using direct visualization. However, the study 

doesn’t limit itself to just characterization and also explores new methods to generate 

colloidal rod assemblies. A model system consisting of poly(methyl methacrylate) 

(PMMA) spheroids was used to achieve these objectives. Following studies were 

conducted in this work: 

1. Colloidal rods were suspended in a viscous solvent mixture that was both 

density and refractive index matched with the particles. Concentration of the particles in 

the suspension was kept in the dilute regime in order to avoid interparticle interactions. A 

time series of three dimensional image volumes of the suspensions were collected to 

capture the movement of individual colloids using confocal microscopy. Image 

processing and trajectory linking algorithms were used to identify and track the location 

and orientation of each colloidal rod in every image volume. The purpose of this 

experiment was to develop a method that could characterize the motion of colloidal rods 

in a 3D space by measuring quantities related to both translational and rotational 

movement.  

2. Colloidal rods at dilute concentrations were suspended into a density 

mismatched solvent mixture. The solvent system was chosen such that it was refractive 

index matched with the particles. These suspensions were then subjected under various 
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gravitation fields to generate sediment assemblies. Final sediment structures were imaged 

using confocal microscopy and ordering was quantified with the help of image processing 

algorithms. These experiments were conducted to understand the effect of gravitation on 

assembly of rods of various aspect ratios.  

3. In a refractive index matched solvent system that is density mismatched, 

attractive interactions were induced among the colloidal rods by adding a non-adsorbing 

polymer.   These attractive colloidal rod suspensions with varying polymer 

concentrations were centrifuged to fabricate three-dimensional assemblies. Direct 

visualization and image processing algorithms were used to quantify the ordering of the 

sediment structures. The purpose of this set of experiments was to understand the effect 

of depletion during the assembly of colloidal rods under sedimentation. 

1.6. Outline of the Dissertation 
 
 In this dissertation, we describe the direct visualization studies that are conducted 

in order to understand the three-dimensional dynamics and structure of colloidal rod 

suspensions. In chapter 2, movement of individual colloidal rods is characterized by 

measuring their translational and rotational diffusivities for dilute suspensions. We also 

probe the distributions of displacements in both translation and rotation along with the 

mean quantities. In chapter 3, the sediment structures of colloidal rods that are made by 

applying various strengths of gravitational field to dilute rod suspensions are investigated. 

These structures are characterized as isotropic or nematic liquid crystal phase based upon 

the order parameter and the contact number calculations along with the visual images. 

Effect of depletion on the assemblies that are synthesized under gravitational field is 
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studied in chapter 4. In chapter 5, we conclude the dissertation by discussing the 

conclusions and future work.  
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Chapter 2 
 

2 Translational and Rotational Dynamics of Colloidal Rods by 
Direct Visualization with Confocal Microscopy 

 
 

Chapter Summary 
 

We report an experimental method to characterize the dynamics of colloidal rods 

by measuring their rotation and translation in three dimensions with confocal microscopy. 

The method relies on solvent viscosification to retard dynamics to time scales that are 

compatible with 3D confocal optical microscopy.  Because the method yields a full three 

dimensional characterization of rod displacement and orientation, it is applicable to 

situations in which complex, anisotropic dynamics emerge.  Examples include behavior 

in liquid crystal phases with both orientational and positional order, suspensions 

subjected to applied fields such as shear flow or sedimentation, and the emerging area of 

anisotropic particle dynamics.  We demonstrate the performance of the method by 

quantifying the Brownian motion of fluorescent poly (methyl methacrylate) rods (aspect 

ratio, L/D = 3.1 and 7.0) grafted with poly (dimethylsiloxane) stabilizer. The rods are 

dispersed at dilute concentration in a solvent mixture of viscosity 2.0 Pa.s. Rod 

translational and rotational diffusivities are extracted from the measured translational 

mean square displacement of the centroid positions and of the rod unit vector u, 
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respectively.  Rod orientational dynamics are characterized relative to both their 

azimuthal and polar angles. Probability distributions for the translation and rotation in the 

frame of rod are computed from the measurements. Experimental values obtained agree 

well with theory available for the dynamics of isolated rods. 

2.1. Introduction 
 

The synthesis, characterization and assembly of anisotropic particles are of 

interest due to potential applications in areas such as microelectronics, photonic band-gap 

and energy transfer materials [1-3]. Paints, ceramics, ink and pharmaceutics industries 

also use anisometric particles for product formulation [4, 5]. In addition, the structure, 

dynamics and rheology of anisometric colloidal suspensions all differ significantly from 

systems composed of spherical particles.  For example, suspensions of colloidal rods 

show unusual aggregate, gel, packing and equilibrium phase behavior [6-10].  Recently, 

improved methods to synthesize monodisperse colloidal rod suspensions have opened up 

new possibilities for fundamental studies of anisotropic particle structure, phase behavior 

and dynamics [2, 10-12].  Because of its role in mediating both the development of 

structure and the rheological response, the Brownian motion of anisometric rod 

suspensions is of special interest.  Tools such as dynamic light scattering, fluorescence 

recovery after photobleaching and transient electric birefringence decay have contributed 

to our understanding of rod dynamics [4, 13, 14]. 

 Liquid crystal phases with both translational and orientational order, colloidal 

glasses and gels, and suspensions subjected to applied flow and electric fields may yield 

complex, anisotropic dynamics.  In these cases, fully three-dimensional characterization 

of mean colloidal translational and orientational dynamics would be a powerful tool to 
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study the fundamental fluid physics of these processes.  Access to the full distribution of 

particle displacements and rotation would also be beneficial.  Very recent publications of 

new particle tracking methods for quantifying translation and rotation of anisometric 

particles [5, 15-17] have brought the field closer to achieving these two aims.  

 Time-resolved direct visualization of colloidal rod dynamics in three dimensions 

with confocal microscopy could possibly accomplish these two aims in a single 

experiment.  This method has been a powerful tool to study analogous phenomena in 

spherical colloidal suspensions [18-20]. Rod tracking in two-dimensions has also been 

studied [16, 17].  Methods such as these, if developed for three dimensions, would be 

powerful because they could be applied for simultaneous tracking of multiple particles, 

thereby improving signal to noise ratio [15, 18]. 

Here we assess the scope to apply time-resolved confocal microscopy to 

characterize the translational and orientational dynamics of colloidal rods with three-

dimensional resolution.  We use a laser scanning confocal microscope to acquire image 

volumes with the high spatial resolution needed to resolve orientational dynamics.  We 

address the slow-scan speed of laser scanning instruments through the strategy of solvent 

viscosification that is reminiscent of the scheme developed by Boger for dilute polymer 

solutions [21]. To establish the potential future utility of this method to the emerging area 

of complex, anisotropic dynamics [22], we emphasize identification of resolution limits, 

quantification of measurement errors and comparison to theory in this chapter. 
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2.2. Materials  
 

Our model system is a dilute suspension of colloidal rods dispersed in a viscous 

solvent that is density and refractive index matched with the rods.  The density matching 

minimizes sedimentation.  Refractive index matching improves confocal microscopy 

image quality in addition to promoting rod stability by minimizing attractive van der 

Waals interactions between rods. Fluorescent poly(methyl methacrylate)-g-

poly(dimethylsiloxane) rods were synthesized as in Mohraz and Solomon [10][9] and 

Keville et al [23]. Briefly, colloidal spheres were subjected to uniaxial extension above 

their softening temperature to transform particle shape into a spheroid.  The fluorescent 

PMMA-g-PDMS colloidal spheres (diameter = 1.0 ± 0.04 μm, Dye: Nile Red) were 

synthesized using dispersion polymerization. These colloidal spheres were then 

suspended in a polymerizable liquid (silanol-terminated PDMS) and an elastic matrix was 

formed by polymerization and cross-linking with methylhydro-dimethyl siloxane. This 

elastic matrix was heated above the glass transition, Tg (Theating =195°C) of the colloidal 

particles and subjected to uniaxial extension. The material was then cooled to a 

temperature below the Tg, thereby fixing the spheroidal shape of the particles. Finally, the 

spheroids were harvested from the elastic film by chemical degradation (degradation 

mixture: 0.15 g sodium methoxide in 75 g isopropyl alcohol) of the matrix. These 

colloids were washed by centrifugation and transferred to the test solvent. Spheroids of 

aspect ratio 3.1 ± 0.2 (major and minor axes of 2.15 (±0.11) and 0.71 (±0.03) μm, 

respectively) and 7.0 ± 0.6 (major and minor axes of 3.65 (±0.13) and 0.52 (±0.03) μm, 

respectively) were synthesized by applying different extensions to the films. Scanning 

electron microscopy (SEM) was used to characterize the dimensions and shape of the 
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model materials.  Based on these images, we approximate the particle shape as prolate 

spheroid for purposes of comparison to the available theory. 

The test solvent is a ternary mixture of cyclohexyl bromide (CXB), decalin and 

polydimethylsiloxane (PDMS).  Cyclohexyl bromide (CXB) and decalin were mixed in a 

ratio of 68 / 32 to match the refractive index and density of the solvent and particles.  

Sterically stabilized PMMA spheres dispersed in organic solvents like those here are 

charged[24, 25].  The rods synthesized here are thus likely charged as well. 

Polydimethylsiloxane of approximate viscosity 10.0 Pa.s (MW = 62,700 g/mol, Rg, theta ~ 

5 nm) was mixed with a mixture of CXB/decalin in a ratio of 2 to 1 to obtain a final 

solvent viscosity of 2.0 ± 0.03 Pa.s as measured by cone and plate rheometer (AR1000, 

TA Instruments). At this high viscosity Brownian motion is damped such that 

characteristic rod displacements between each time step are ~ 25% of the rod minor axis 

dimension  (for example, the orientationally averaged translational diffusivity (D0) for a 

rod of aspect ratio (L/D) = 3.1 (L = 2.15 μm and D =0.71 μm) is 2.0×10-4 μm2/s at this 

viscosity. For a typical delay time between image volumes ~ 60 s, rod displacement ~ 

((2D0t)1/2 ~ 155 nm.).  The stability of the rods in this solvent mixture suggests that 

depletion interactions are not appreciable.  This observation is consistent with the fact 

that the polymer concentration is much greater than the overlap threshold; c/c* > 10. 

2.2.1. Direct visualization of rod dynamics 
 

Experiments were conducted at a temperature of 23°C at a typical volume fraction 

of ~ 0.25%. At this volume fraction the rod number density, ρ is about an order of 

magnitude less than the threshold ~ 1/L3 at which semi-dilute and anisotropic excluded 

volume effects become appreciable [26]. Thus, comparison of results to theoretical 
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expressions available for free rod diffusion is warranted. Measurements were conducted 

in a custom-made sample cell. The cell was constructed by mounting cylindrical glass 

vials of I.D. 4 mm and height 1.5 cm on a glass cover-slip (to facilitate imaging from the 

bottom).  Once the samples were prepared, the vials were sealed with another cover-slip 

to avoid any evaporation.  The samples were allowed to equilibrate for ~3 hours before 

imaging.  

To capture particle motion in all four dimensions (x, y, z, t), stacks of 120-130 2-

D images (in a plane parallel to the coverslip) were acquired at fixed time intervals Δt = 

50-60s using confocal laser scanning microscopy (CLSM). The instrument is a Leica 

TCS SP2 confocal microscope operating with a 100× oil immersion objective (numerical 

aperture 1.4) and image acquisition time of 0.336 s/frame. 20 to 30 image volumes of 

approximate dimension 42 × 11 × 11 μm3 were collected with the cubic voxel dimension 

of 0.0814 μm.  At the test number density, the dynamics of ~ 10 rods were tracked.  

Image volumes were collected approximately 15 to 20 microns above the cover-slip to 

minimize the magnitude of wall hydrodynamic interactions.  

The image volume series was then processed using particle finding and trajectory 

linking algorithms to obtain translational and rotational diffusivities. These algorithms 

are an extension of the algorithm described by Crocker and Grier [27], Mohraz and 

Solomon [10], and Dibble and co-workers [18] to identify anisotropic centroid location 

and track centroid dynamics. Here, we extend the approach to track both translational and 

rotational dynamics of rods. After Gaussian filtering, we apply an anisotropic local 

brightness criterion to identify the backbone (major axis) of the colloidal rod. Centroid 

location and orientation of spheroids are computed by computing moments of the 
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backbone configuration [10]. After a (small) time-independent, uniform translation of the 

image volume coordinates is implemented to compensate for instrument drift (Δv ~ 100 

nm/min), displacements of the centroid locations of individual particles are tracked and 

compared from one frame to yield trajectory linking. Trajectories are linked if they 

satisfy the following condition: A rod in the jth time frame is linked to a rod from the (j-

1)th time frame if the change in centroid location is less than its smallest dimension (D/2) 

[27]. 

Note that our image processing algorithm locates rod orientation uniquely only on 

a hemisphere (0 < θ < π and 0 < φ < π) of the unit sphere whereas, for theory, the usual 

definition of a unit vector parallel to the major axis u(t) is defined on the full unit sphere.  

The difference is due to the fact that the two tips of the rod are not optically 

distinguishable by CLSM.  This discrepancy would preclude a simple comparison of our 

experiments to theory if the probability of a large excursion of u(t) over the surface of the 

unit sphere were significant [15]. However, because of slow dynamics in our viscous 

system, these large excursions are rare.  By requiring for each rod [u(j+1)-u(j)]2 < 2 

between any two sequential frames we uniquely track just one of the two rod ends for the 

duration of an experiment.  Because Eq. 10 is Gaussian and Dr(tj+1 - tj) << 1 for our 

experiments the potential for tip mis-identification due to the condition [u(j+1)-u(j)]2 < 2 

is very small.     

Figure 2.1 reports real space imaging and particle identification and tracking 

results for a representative experiment. The images are two-dimensional projections (in a 

plane parallel to the coverslip) of image volumes collected at three different times (t = 0, 

510, 1020 s).  Corresponding linked-sphere Rasmol reconstructions of the results of 
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image processing and particle tracking are shown. The consistent color-coding between 

the frames identifies individual rod trajectories.  Figure 2.1 allows a qualitative 

assessment of the fidelity of rod image processing and trajectory linking.  To quantify 

this error, we applied the particle tracking and linking algorithm to a specimen of 

immobilized rods as suggested by Savin and Doyle [28]. The immobilization was 

accomplished by cross-linking a rod suspension in PDMS. The specimen was then 

imaged under the same conditions as the other experiments. As per [28], these static error 

estimates were applied to the translational and rotational diffusion measurements in the 

next sections. Briefly, we find that static errors for centroid diffusion, parallel to the rod 

unit vector are, <ε||
2> = 0.003 μm2, perpendicular to the rod unit vector are, <ε⊥

2> = 0.002 

μm2 and error in the unit vector rotation are, <εu
2> = 0.06 (rad)2.  

 

2.3. Quantification of rod dynamics 
 

Image processing and trajectory linking algorithms yield the centroid location and 

polar, θ and azimuthal orientation angle, φ for each individual colloidal rod in the 

laboratory (CLSM) frame at each time step (The polar angle, θ, is defined relative to an 

axis perpendicular to the CLSM coverslip on the interval 0 < θ < π; The azimuthal angle, 

φ, is defined relative to the axis of the CLSM line scanner on the interval 0 < φ < π). 

However, for dilute solutions, dynamical quantities of interest are best reported in the 

frame of the particle, relative to its unit vector (e.g. Figure 2.2). After that transformation, 

we compute the following: (i) mean squared centroid displacement parallel (<(Δx||(t))2>) 

and perpendicular (<(Δx⊥(t))2>) to the rod unit vector; (ii) mean squared displacements of 
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rod unit vector (<(Δu(t))2>); (iii) probability distribution function of the parallel 

translation (P(Δx||), perpendicular translation (P(Δx⊥)) and unit vector (P(|Δu|)).  The first 

two data sets yield estimates of translational and rotational diffusivities that can be 

compared to theory. The third quantity can be used to assess any non-Gaussian effects on 

translation and orientation.  In each case we assess aggregate errors of measurement, 

image processing and particle tracking by plotting mean data and standard error of the 

mean assessed from specimen replication and multiple particle tracking. Standard errors 

of the mean are based on measurement for ~ 23 rods for the aspect ratio 3.1 and ~ 7 rods 

for the aspect ratio 7.0. 

2.3.1. Laboratory frame characterization 
 

Quantification of rod Brownian motion is plotted in Figure 2.3.  Figure 2.3 a plots 

both the change in orientation and displacement of a rod during a representative 

experiment (20 time frames with Δt = 51 s).  The figure shows that a rod undergoes 

significant displacement and rotation during an experiment: summed displacement is ~ 3 

μm and rotation is ~ 175° in θ and 190° in φ measured along the contour of the trajectory. 

Figure 2.3 b shows the rod mean-squared displacement projected along each of the three-

laboratory frame coordinate dimensions.  The coincidence of the three measurements 

indicates that potential bias due to specimen drift, point spread function and 

sedimentation is not greater than random measurement error.  Also, the power law slope 

of the three-dimensional mean-squared displacement (the sum of each of the 

measurement in the three coordinate directions) agrees well with the expectation for free 

particles (<(Δr(t))2> ~ t0.95±0.01). The multiple particle tracking method also resolves 



 

23 
 

rotational dynamics. Figures 2.4 a and b show the probability distributions of the 

azimuthal angle, φ, and polar angle, θ, respectively.  Phenomenologically, we find that 

these distributions are approximated by a Gaussian function [4].   

2.3.2. Measurement of parallel and perpendicular translational diffusion 
 

Trajectory linking and image processing yields rod centroid position (x,y,z) as 

well as the polar and azimuthal angle (θ, φ) of the rod orientation. We transformed 

between Cartesian and spherical coordinates to compute translation and rotation of the 

rod unit vector.  Briefly, if the laboratory frame displacement vector of the ith rod 

between frames j-1 and j is ∂rij = ∂rx,ijex + ∂ry,ijey + ∂rz,ijez , then the transformation matrix 

to the rod frame displacement vector ∂x ij = ∂xr,ijer + ∂xθ ,ijeθ + ∂xφ ,ijeφ  is as per Eq. 1 [29].  

Here er, eθ and eφ are the spherical coordinate unit vectors shown in Figure 2.2 defined 

relative to the polar and azimuthal angles (θij, φij).  (These angles are taken as the average 

of the orientation in frames j and j-1.) 

∂xr,ij

∂xθ ,ij

∂xφ ,ij

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 
   =  

sinθ ij cosφij    sinθ ij sinφij           cosθij

cosθ ij cosφij    cosθij sinφ ij        - sinθij

−sinφij                   cosφij             0
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⎢ 
⎢ 
⎢ 
⎢ 
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⎥ 
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∂rx,ij

∂ry,ij

∂rz,ij
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⎣ 

⎢ 
⎢ 
⎢ 
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⎦ 

⎥ 
⎥ 
⎥ 
                            (1) 

From the definitions of Figure 2.2, ∂x||,ij = ∂xr,ij  and , 

where the parallel and perpendicular directions are defined relative to the rod unit vector. 

By averaging over all times and particles we obtain expressions for the rod parallel and 

perpendicular mean squared displacement. In the long time limit these mean squared 

displacements are related to the components of the rod translational diffusivity [26][26]: 

∂x⊥ ,ij = ∂x
θ ,ij

2 + ∂x
φ ,ij

2( )1/ 2
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< [(xr,i(t) − xr,i(0)]2 > = 2Dt
||t            (2) 

< [xθ ,i (t) − xθ ,i (0)]2 > + < [xφ ,i (t) − xφ ,i (0)]2 >  =  4Dt
⊥ t    (3) 

Theoretical values of these translational diffusivities are available from Brenner H 

(1974) [30]. 

∧

= |||| / tsBt KTkD η  and                                   (4) 
∧
⊥⊥ = tsBt KTkD η/

Here, and are material constants (available in ref. [30]), which depend 

upon the shape and size of the particle.  Comparison of the measurements to Eq. 4 is 

justified in the case where the effects of wall hydrodynamic interactions and particle 

charge are minimal.  For the conditions of our experiments, the distance of any point in 

the image volume to a sample boundary is always as least 18 times greater than the half-

length of the 3.1 aspect ratio rod, and at least 12 times greater than for the aspect ratio 7.0 

rods.  From these values we estimate from Happel and Brenner [31] that deviations in 

friction coefficients in the parallel and perpendicular directions will vary, in the worst 

case, from 5% to 26% depending on aspect ratio and orientation.  Deviations due to 

charge are difficult to quantitatively estimate for non-spherical particles.  As a point of 

reference, a recent study for charged disks of aspect ratio 5-10 suggests no effect of 

charge for Debye layers that are asymptotically thick or thin relative to the largest 

dimension of the particle [32].  However, deviations in the dilute friction coefficient that 

depend on aspect ratio and degree of charge are found for Debye layers of intermediate 

thickness due to the interplay between hydrodynamic dissipation and electrolyte 

diffusion.  However, these effects tend to be less than the overall effect of particle shape 

on friction coefficient [32].  

∧
||
tK

∧
⊥
tK
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  In Figures 2.5 a and b we plot the experimental and corresponding (Eq. 4) 

theoretical values of parallel and perpendicular translational mean square displacements 

for the rods of the two aspect ratios studied (3.1 and 7.0). The parallel and perpendicular 

diffusion coefficients can be obtained using the Eq. 2 and 3, once the respective mean 

square displacements are calculated. These diffusion coefficients are reported in the 

Table 2.1. The linearity of the measured mean squared displacement is excellent and the 

relative error between the theory and experiments is small (mean relative error for the 

four quantities ~ 15%).  

 

2.3.3. Measurement of rotational diffusion  
 

Stochastic motion of the unit vector u(t), oriented in the direction parallel to the 

rod major axis, defines the rotational Brownian motion of the rod [26][26]:  

u(t) = cosφ sinθ ex + sinφ sinθ ey + cosθ ez      (5) 

Because the dynamics of u(t) has been well studied theoretically [26, 33], we 

choose to quantify orientational dynamics with this quantity rather than the measured 

polar and azimuthal angles. In particular, we quantify rotational diffusion by computing 

the unit vector’s mean-square displacement  <(u(t)-u(0))2>.  For a free rod, we expect 

[26]:  

< [u(t) − u(0)]2 >= 2(1− exp(−2Drt))      (6) 

For a free rod (prolate spheroid), the rotational diffusivity depends on aspect ratio 

[26]:  

Dr=
3kBT(ln(2r) − 0.5)

πηsL
3       (7) 
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Here, kB is the Boltzmann’s constant, T is the temperature, r =L/D, (L and D are 

the major and minor axis of the rod respectively) and ηs is the solvent viscosity. 

In Figure 2.6, we plot <[u(t)-u(0)]2> for the two aspect ratio rods studied.  The 

corresponding theoretical prediction based on the rod’s aspect ratio is shown.  Best 

estimates of the rotational diffusivity are reported in Table 2.1.   The relative error is 7% 

for r = 3.1 and 13% for r = 7.0.   

 

2.3.4. Probability distribution functions of displacement and rotation for Brownian 
motion of a free rod 
 

While a number of other methods (e.g. light scattering) can be used to 

characterize the mean translation and rotation of anisotropic particles we have reported to 

this point, the particle-tracking confocal microscopy approach also yields the full 

distribution of displacements and rotations.  To our knowledge, these distributions have 

not been reported, even for isolated rods in three dimensional bulk solutions.  

Characterization of their behavior and errors is thus a useful reference data set upon 

which to base future studies of three-dimensional motion of anisotropic particles in 

complex phases and geometries.  

The quantity of interest is the probability of a displacement Δxi along a particular 

coordinate axis in a time interval t.  This probability distribution function is a strong 

function of the diffusion coefficient in that direction [34].  Choosing to work in the frame 

of the rod unit vector, we can identify a probability distribution function of the centroid in 

directions parallel and perpendicular to the rod unit vector.  At long times, these functions 

are Gaussian [33]:  
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            f (Δx||,  t) = 4πD||t( )− 1
2 exp −

Δx||
2

4D||t

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟      (8) 

f (Δx⊥, t) = 4πD⊥t( )− 1
2 exp −

Δx⊥
2

4D⊥t

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟      (9) 

Because the argument of the exponential is non-dimensional, it is a useful scale to 

compare measurements across times and aspect ratios.  Thus, in Figures 2.7 a and b, we 

plot probability distribution functions measured at a range of times for the two aspect 

ratios scaled per Eq. 8 and 9.  The measured probability distribution functions in the 

figure are normalized by the prefactor that multiplies the exponential to facilitate the 

comparison (In this way, the intercept is unity). We see that the shape and scaling of the 

data are well modeled by the Gaussian functional form for values of the argument of the 

exponential up to about 3.5.  Agreement between theory and experiment progressively 

deteriorates beyond this point.  Noise increases as well.  The data quality for translation 

parallel to the unit vector is slightly better than for perpendicular translation, likely 

because rod mobility is greater in the parallel direction. 

We propose a similar analysis for the probability distribution function of 

rotations.  For short times (Drt << 1), the unit vector displacements are equivalent to a 

random walk on a (flat) 2D surface [26].  Thus, in this limit, we anticipate:  

f (|Δu |,  t) = 4πDrt( )−1 exp −
Δu 2

4Drt
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟          (10) 

Where |Δu| is the magnitude of the unit vector displacement on the unit sphere 

over a time interval t.  In Figure 2.8 we plot measurements for different times and aspect 

ratios. The figure shows that for Drt <<1, the distribution follows the functional form of 
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Eq. 10 for Δu2

4Drt
 < ~ 3. However, we note that relative to the figure 2.7 (translational 

distributions) random error is greater for the orientation distribution of figure 2.8. The 

underlying origin of the large error bars in figure 2.8 is the significant static error in 

determination of the unit vector. That is error in the unit vector ~1/Pa, where Pa is the 

half-length of a rod in pixels. For our measurement Pa is ~ 16 for our smallest aspect ratio 

rod. Increasing this value would lead to improved resolution in u(t). Indeed, the particular 

Pa value implicitly sets a lower limit of aspect ratio for which orientational dynamics 

could be tracked by our method. This discussion shows that errors in orientational 

dynamics (e.g. Figs 6 and 8) depend in a complex way on particle shape, image 

resolution, static error and image acquisition time.  Comparison of this study and refs [5, 

15, 16] shows that angular errors are in the range ~ 1-15°.     

 

2.4. Discussion 
 

Recent chapters have reported new experimental methods and results 

characterizing the Brownian motion of isolated anisotropic particles.  Here we assess the 

relationship between the present study and these reports. 

Han et al. [16] observed the coupling between rotational and translational 

diffusion in colloidal rods restricted to two dimensions.  The confinement in two 

dimensions both simplified the imaging and exploited the fact that friction anisotropy is 

greater in 2D than in 3D.  The work demonstrates that, in the laboratory frame, 

translational diffusion crosses over from anisotropic to isotropic displacement due to the 

randomizing of orientation that occurs due to rotational diffusion.  We note that even 
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though the duration of our experiments is less than a characteristic time for orientational 

decorrelation, our measured laboratory frame mean-squared displacements in 3D (figure 

2.3 b) are fully isotropic because data are averaged over many different particles, each 

with an initial orientation that is uniformly distributed.  The crossover from anisotropic to 

isotropic diffusion can have implications for both the phase behavior and rheology of 

anisotropic colloids and our particle tracking method could be applied to study this 

relationship in 3D.  

Hong et al. [5] applied particle tracking methods to optically anisotropic, 

connected spheres to characterize the probability distribution function of rotations both in 

plane and around the long axis of the particles.  Our confocal microscopy method extends 

the quantification of in plane rotations of the long axis of the rod into three dimensions.  

This extension allows the full orientational dynamics of the rod unit vector to be 

characterized, as per figure 2.6 and 2.8. 

Anthony et al. [15] reported a method to monitor the time dependence of two 

translational and two orientational degrees of freedom in optically anisotropic spheres.  

The method was applied to measure mean rotational and translational diffusion.  Our 

approach is complementary: by means of solvent viscosification, we retard dynamics so 

that all five degrees of freedom are tracked.  For rods, this full field tracking allows 

quantification of both the parallel and perpendicular components of the rod translational 

diffusivity and probability distribution functions. 

Our work and the three other particle tracking studies discussed above 

demonstrate that experimental tools now exist to quantify every degree of freedom of the 

complex Brownian motion of anisotropic nanocolloids.  By demonstrating the application 
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of the 3D particle tracking method to quantify the Brownian motion of isolated rods, and 

by assessing errors in both diffusivities and probability distributions, this chapter can 

further the application of these methods to the cases of complex anisotropic shape, 

applied fields and non-dilute concentrations. 

 

2.5. Conclusion 
 

In this work, we report a particle tracking confocal microscopy method to 

characterize the translational and orientational dynamics of rods in three dimensions by 

retarding dynamics into a resolvable range through solvent viscosification. We apply our 

method to suspensions of colloidal rods (r= 3.1 and 7.0) undergoing Brownian motion 

and find that measured rotational and translational diffusion coefficients agree well with 

theory valid for infinite dilution. (For both the aspect ratios the discrepancy between 

measurements and theory is ~ 15%).  Because both the image processing method that 

resolves the rod backbones [9] and the particle linking algorithms [18] have been 

successfully applied at high concentrations, the method could immediately be applied to 

study semi-dilute and concentrated systems -- including systems with orientational order 

due to phase transitions or applied fields.  In addition, the ability of the method to 

simultaneously resolve three spatial and two orientational dimensions suggests potential 

applications to study the dynamics of complex particles that combine anisotropy in shape 

and potential interactions [22].  
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Table  2-1: Comparison between theoretical and experimental values of translational and 

rotational diffusion coefficients (aspect ratio 3.1 and 7.0). 

 

D Experimental Value Theoretical Value 

||
tD  (r =3.1) 2.57 ± 0.31 x 10-4 μm2/s 2.27 x 10-4  μm2/s 

⊥
tD  (r=3.1) 1.94 ± 0.05 x 10-4 μm2/s 1.83 x 10-4 μm2/s 

Dr  (r=3.1) 2.41 ± 0.35 x 10-4 (rad)2/s 2.58 x 10-4 (rad)2/s 

||
tD  (r=7) 2.01 ± 0.03 x 10-4 μm2/s 2.03 x 10-4  μm2/s 

⊥
tD  (r =7) 1.26 ± 0.04 x 10-4 μm2/s 1.47 x 10-4 μm2/s 

Dr (r =7) 7.79 ± 0.26 x 10-5 (rad)2/s 8.95 x 10-5 (rad)2/s 
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Figure  2-1: 2D projections of three 3D (XYZ) volumes (t = 0, 510, 1020 s) of CLSM 
images of colloidal rods suspended in solvent mixture (a, c, e) and their linked-sphere 
Rasmol reconstructions (b, d, f) (aspect ratio 3.1). 
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Figure  2-2: Schematic representation of parallel and perpendicular axes of a rod with 
respect to Cartesian coordinates. 
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Figure  2-3: Laboratory frame data: (a) Rotational and translational Brownian motion of 
the rod-unit vector in 3D space (b) mean square displacements (averaged over all 
particles) in the laboratory frame for the rod of aspect ratio 3.1.  
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aussian fits for rods of aspect ratio 3.1. The curves are best fits of a 
aussian function. 

 

 

Figure  2-4: Probability distribution functions of (a) azimuthal and (b) polar angle (for Δt 
=153 s) and their G
G
 



 

36 
 

  
 

Figure  2-5: Comparison between experimental and theoretical values for (a) rod parallel 
and (b) rod perpendicular translational mean square displacements for colloidal rods of 
aspect ratios 3.1 and 7.0. 
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Figure  2-6: Comparison between experimental and theoretical values for the mean 
square displacement of the rod unit vector for the colloidal rods of aspect ratios 3.1 and 
7.0.  
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Figure  2-7: Probability distribution function for translational displacement along axes 
parallel (a) and perpendicular (b) to the rod unit vector. 
 

 

 



 

39 
 

 

Figure  2-8: Probability distribution function for rotational displacement of the rod unit 
vector for Drt <<1. 
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Chapter 3  

 

3 An Experimental Investigation of Effect of Gravitational Field 
on Assembly of Colloidal Rods with Confocal Microscopy 

 

 

Chapter Summary 
 

We used the centrifugation force (an effective gravitational field) as an external 

field to produce 3D ordered assemblies of monodisperse colloidal rods that vary from 2 

to 5 microns in the length and are of aspect ratio from 3.6 to 8.0.  By means of confocal 

laser scanning microscopy and quantitative image processing, we quantified the extent of 

ordering, identified variables that controlled the assembly, and evaluated possible 

mechanisms to explain the orientational ordering.  The quality of orientational order was 

quantified by direct calculation of the nematic order parameter (S).   The dimensionless 

magnitude of the applied field was assessed by means of the Peclet number, a parameter 

that compares the time scale for rotational diffusion to the time scale for sedimentation. 

Experimental data shows that the effect of field strength on order parameter is a function 

that displays a complex dependence on aspect ratio.  However, the scaling of the results 

for all aspect ratio with the equilibrium isotropic-nematic volume fraction suggests that 

the achievement of orientational order in the sediment is principally determined by the 



 

local volume fraction of the sediment.  Non-equilibrium effects, however, perturb 

quantitative details of the dependence of S on the local sediment volume fraction from 

the known behavior for equilibrium rod suspensions. The effect of gravitational field on 

sediment volume fraction also varies significantly betweeen long and small aspect ratio 

rods at low strength of gravitational field, however, at large gravitational fields volume 

fraction for both large and small aspect ratio rods show similar behavior.  This behavior 

leads to the conjecture that φglass ~ 1.25φnematic over the aspect ratio range studied 

3.1. Introduction 
 

Anisotropic colloidal particles are useful building blocks for assembly of ordered 

arrays because they may self-organize into structures with symmetry more complex than 

the close-packed order typical of isotropic spheres [1-4].  Accordingly, anisotropic 

particles with patchy [5, 6], Janus [7-9] and faceted [10-12] morphology have been 

synthesized and interest in their assembly has grown.  However, even for the simplest 

types of building blocks, unexpected effects of anisotropy on assembly arise.  For 

example, shape anisotropy, known as anisometry, leads to a greater maximum packing 

fraction for ellipsoidal rods and disks than spheres [13]. In disordered aggregation, 

colloidal rods form denser fractal clusters than spheres [14].  Even fine details of particle 

shape are important: simulations predict that hard spherocylinders exhibit a smectic 

liquid crystal phase that is absent for the prolate spheroid shape [15, 16]. Although two-

dimensional assembly of anisotropic particles on surfaces and interfaces is of interest [17-

20], many applications such as optical materials require assemblies with high quality 

ordering in a three dimensional (3D) volume. [1]  
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Among such bulk, 3D colloidal phases that have been targeted for assembly from 

anisotropic building blocks, liquid crystal phases with orientational order are of particular 

interest.  Orientational order in colloidal suspensions at equilibrium can be described by 

statistical thermodynamics.  A disorder-order transition occurs as the consequence of a 

competition between translational and orientational contributions to the free energy. For 

example, Onsager’s theory [21] of the isotropic-nematic phase transition for hard 

cylinders predicts coexistence of orientational order for combinations of aspect ratio and 

volume fraction that satisfy the inequality [22] 29.3
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and D are the length and diameter of the rod and φ is the volume fraction. Recent theory 

and simulation have refined the transition boundary to account for the effects of aspect 

ratio, volume fraction and attractive interactions [15, 16, 20, 22-26]. The implications of 

colloidal anisometry for equilibrium self-assembly have been amply confirmed by 

experiment.  For example, ordered liquid crystal phases of both biological (bacteriophage 

fd [27], tobacco mosaic virus [28]) and synthetic colloidal rods (poly (methyl 

methacrylate) [29], bohemite [30], metallic [31]) of different aspect ratios have been 

produced. The effect of attractive interactions due to depletion forces has also been 

investigated [24, 27, 32-34].  

Although self-assembly methods have been effective, the application of an 

external field to generate orientational order is also of interest for reasons of both 

fundamental science and technological application.  Statistical thermodynamics shows 

that an external field is balanced locally by a spatial gradient in osmotic pressure, a 

quantity that itself is a sensitive function of colloid volume fraction  [35]. Thus, an 

external field, such as a gravitational or centrifugal force, will induce a spatially varying 
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density field in a colloidal suspension. If the variation in colloid density spans the 

boundaries of an equilibrium phase transition, then interesting and useful colloidal 

assemblies can be achieved.  External fields can also accelerate the kinetics of the 

assembly process, perhaps by, for example, perturbing the relative orientation of rods 

from isotropy [36].  This effect is also of interest for applications, since self-assembly 

processes can sometimes require many days to achieve completion in micron-sized 

colloidal suspensions [37].   

Most studies of the field-assisted assembly of colloidal rods have been designed 

to yield 2D arrays [18, 20, 38] rather than the 3D bulk assemblies of greatest interest for 

applications.  However, some examples of 3D field-assisted assembly have been 

reported, including the shear-induced assembly [39] and sedimentation [29] under earth 

gravity (g = 9.8 m2/s) of fd virus and poly (methyl methacrylate) rods. In the former 

study,  mixture of isotropic and nematic phase of attractive fd virus suspensions were 

subjected under shear. However, in the latter assembly of poly (methyl methacrylate) 

rods was realized under sedimentation starting from a dilute suspension. Interestingly, 

however, previous work using field-assisted assembly to densify colloids has been largely 

unsuccessful in generating liquid crystalline order from the typical initial condition of an 

isotropic suspension at dilute rod concentration. For example, Dogic and coworkers [40] 

(jcp 2000) observed that initially isotropic suspensions of bacteriophage fd (L/D ~ 130) 

compressed into sediments with isotropic orientation upon sedimentation..  Likewise, 

Sacanna et al. [41] found that the orientationally disordered structure of silica rods of 

aspect ratio 4.4 persisted up to volume fractions as great as 48% when concentrated by 

sedimentation or centrifugation.  The sole report of field-assisted assembly of anisometric 
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colloids is the work of ref 29; however, even in this case orientational order was achieved 

only for very particular conditions.     

Although generation of bulk order by field-assisted assembly has not yet been 

systematically demonstrated in experiments, recent computer simulations suggest that 

order-disorder transitions ought to be accessible by this method. For example, 

simulations of rigid rods of both short (r =5.0) and asymptotically long aspect ratio 

suggest that liquid crystal transitions are assisted by external gravitational field.  In these 

cases, ordering is greatest at the region of highest colloidal density at the boundary of the 

cell against which the field acts  [23, 42-44]. An increase in the field strength leads to an 

increase in both the sediment volume fraction and the realized degree of orientational 

order. Moreover, an applied field of sufficient strength can affect order-disorder 

transitions by broadening the region of phase coexistence.  [42] 

Thus, the simulation literature has suggested that external fields can concentrate 

colloidal rods into bulk phases with orientational order; however, generation of such 

order in experiments has proven elusive. In thie paper we address the question of whether 

or not field-assisted assembly can produce bulk nematic phases of anisotropic colloids, 

and if so, what are the variables that control the ordering and what is the quality of 

orientational ordering that can be produced.  The quality of ordering in this case is 

quantified by the nematic order parameter S [23], where S is the largest eigenvalue of the 

orientation tensor Q, defined as 
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Here, nr is the number of rods in the specimen, ui is the director of the ith rod, and 

I is the identify matrix.  S is zero for a perfectly isotropic system while one for a perfectly 

aligned suspension.  This quantity is simply quantified in simulation by analysis of the 

orientation of all the rods in the simulation box.   However, an analogous experimental 

characterization of the order parameter has never been performed in colloidal suspensions 

 even for equilibrium self-assembly likely because previous experiments were not 

performed with materials and methods in which the director of all rods in a 3D volume 

could be individually quantified. 

In addition to establishing conditions required for ordering and the quality of 

orientational ordering achieved, additional scientific questions of interest include 

identifying the effect of aspect ratio on ordering transitions and the potential effect of 

dynamic arrest on the scope for achieving ordering. For example, statistical 

thermodynamics would predict that increasing the aspect ratio of anisometric particles 

would induce liquid crystallinity at lower colloidal volume fractions; however, recent 

simulations [45] and theories [46] of dynamic arrest suggest that vitrification of the 

isotropic phase could interfere with thermodynamic ordering transition as the aspect ratio 

of the rods becomes greater.  

In this study we address these questions by studying the effect of a variable 

external centrifugal force on orientational order in colloidal rod suspensions.  We find 

these Brownian rods initially prepared as dilute suspensions with isotropic structure form 

nematic order given application of an external field of sufficient strength.  The rods 

studied, of aspect ratio ranging from 3.6 to 8.0, are of micron size, thereby allowing their 

individual positions and orientations in the sediment to be quantified by 3D confocal 
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microscopy.  We find high quality ordering (S > 0.6) for regions as deep as 400 rod 

diameters into the sediment. We find that the ordering is controlled by the strength of the 

applied field relative to thermal energy, as quantified by the dimensionless group the 

Peclet number.  At low aspect ratios, orientational order monotonically increases with 

this dimensionless field strength.  However, at higher aspect ratios (r ~ 8), a glass 

transition intervenes and reduces the quality of orientational ordering.  Relative to 

equilibrium self-assembly, this method of field-assisted assembly is an easy, reproducible 

and fast way to produce 3D colloidal assemblies with high quality orientational order. 

3.2. Materials  
 

The colloids studied are fluorescent rods comprised of poly(methyl methacrylate) 

(PMMA) that has been sterically stabilized by a surface layer of poly(dimethyl siloxane) 

(PDMS), here referred to as PMMA-g-PDMS rods.  The particles were dispersed in a 

62/38 (v/v) mixture of cyclohexyl bromide (CXB) and decalin (Sigma-Aldrich, USA), a 

mixture that is refractive index matched with the rods.  At this ratio of CXB and decalin 

the rods are approximately 9% more dense than the solvent (Δρ ~ 0.1 mg/ml).  

The synthesis of fluorescent poly(methyl methacrylate)-g-poly(dimethylsiloxane) 

(PMMA-g-PDMS) rods was carried out as described by Mohraz and Solomon [29], 

Mukhija and Solomon [47] and Keville et al [48]. Briefly, colloidal spheres were 

subjected to uniaxial extension above their softening temperature to transform the shape 

of the particles from a sphere to a spheroid.  Dispersion polymerization was used to 

synthesize fluorescent PMMA-g-PDMS colloidal spheres [48] (approximate diameter = 

1.0 ± 0.04 μm, Dye: Nile Red). 
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These colloidal spheres were then suspended in a polymerizable liquid (silanol-

terminated PDMS, 50,000 cS, lot # 20850086, United Chemical Technologies, USA).  

An elastic matrix was formed by subsequent polymerization and cross-linking with 

methylhydro-dimethyl siloxane (25-35 cS, Lot # 20850039, United Chemical 

Technologies, USA). The elastic matrix was then subjected to uniaxial extension after 

heating it above the glass transition, Tg (Theating =195°C) of the colloidal particles for 20 

minutes. The spheroidal shape of the particles was fixed by cooling the material to a 

temperature below Tg.  Finally, chemical degradation (degradation mixture: 0.01 g 

sodium methoxide in 5.0 g isopropyl alcohol for a film of mass approximately 1.0 g) of 

the matrix released the spheroids from the elastic film. The colloids were allowed to 

sediment and then were transferred to the test solvent once the supernatant was removed. 

Spheroids of aspect ratio 3.6 ± 0.2 (L and D of 2.8 (± 0.11) and 0.78 (± 0.03) μm, 

respectively), 5.0 ± 0.3 (L and D of 3.30 (± 0.13) and 0.66 (± 0.03) μm, respectively) and 

8.0 ± 0.6 (L and D of 4.50 (± 0.16) and 0.56 (± 0.04) μm, respectively) were synthesized 

by applying different extensions to the films. Here L and D are major and minor axis 

dimensions of the rods, respectively. Scanning electron microscopy (SEM) was used to 

characterize the dimensions and shape of the model colloids. We analyzed approximately 

40 particles from the images to determine the dimension of each rod system studied using 

the freely available software ImageJ64 (available for download at 

rsb.info.nih.gov/ij/download.html). 

Stable rod dispersions in the 62/38 binary mixture of cyclohexyl bromide (CXB) 

and decalin were prepared by mixing the solvents and the rods with a vortex mixer. 

Except in the case of a study of the effect of initial volume fraction on assembly, 
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typically an approximately 2 % (w/v) dispersion of colloidal rods was subjected to 

different centrifugation speeds in custom-made centrifugation cells. The shape of the 

centrifugation cell is shown in Figure 1a. The centrifugation cell was constructed by 

mounting a cylindrical glass vial of inner diameter (I.D.) 4 mm and height 1.5 cm on a 

round glass cover-slip (thickness 0.16-0.19 mm, diameter 1.2 cm). The thickness of the 

cover slip was chosen to allow imaging through the bottom of the cell with an oil 

immersion objective.  Another round ring of I.D. 1.0 cm (outer diameter 1.2 cm) and 

height 1.0 cm was mounted on the cover slip. The space between the two rings was filled 

with PDMS (Sylgard 184 elastomer kit, Ellswoth Adhesive, WI) and polymerized to 

support the cell so that it could sustain the applied centrifugal force (cf. Figure 1a). The 

orientation of the cell relative to the applied gravitational field was typically as shown in 

Figure 1a; however, the orientation of the container relative to the field was found to not 

affect the results presented here.  For example, the colloidal nematic phases introduced in 

Fig. 1 were equally well produced by centrifugation if the cell was rotated by 90° relative 

to the configuration shown in Fig. 1a.  The dominant orientation of the rods in this case 

was also perpendicular to the applied field.  Thus, the observed nematic ordering is 

purely a consequence of the applied field strength, rather than the orientation of the field 

relative to the container geometry. 

In a typical experiment about 300 μl of rod suspension was added to the cell.  

Based on the results of the study to determine the time required to reach steady-state 

(discussed subsequently), samples were typically subjected to 12 hours of centrifugation 

in a desktop device (AllegraTM 21R, Beckman Coulter, Inc., USA) at the desired speed 

before being imaged on the confocal microscope.  The time between the cessation of 
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centrifugation and imaging was typically about 15 min.  However, this time did not 

significantly affect results because of the slow, immobilized dynamics of the dense rod 

sediments. The rotation (spin) speed of the centrifuge was varied from 100 rpm to 10000 

rpm. The rotation arm (R) of the centrifuge was 6 cm long. Therefore, the effective 

gravitational force (g’ = ω2R) varied from 0.67g to 6700g. Here, ω is the rotation 

frequency (2π/N, here N is revolutions per seconds) and g = 9.8 m/s2 is the gravitational 

constant. 

A confocal laser scanning microscope (Leica TCS SP2, Leica Microsystems 

Wetzlar, Germany) was used to acquire 3D image volumes of the sediment structure. 

Imaging was performed with a 100× oil immersion objective (numerical aperture 1.4).  

Except for experiments in which the volume fraction profile of the sediment was 

quantified (c.f. Fig 1C), a 3D image stack of approximate dimension 20 x 20 x 20 μm3 

was typically collected.  The bottom edge of the image volume was typically located ~ 5-

10 μm above the bottom of the centrifuge tube, since this region was the densest part of 

the sediment.  The offset of the image volume from the lower boundary was introduced to 

allow all rods in the volume to be located by image processing.  Each image of the stack 

was acquired at a pixel size of 0.0407 μm x 0.0407 μm.  Each stack was comprised of 

approximately 500 images with a slice spacing of 0.0407 μm.  The time of acquisition of 

each image volume was ~ 8 minutes. Note that in the frame of the microscope the 

centrifugation force was applied in a direction parallel to the objective plane.  Thus, the 

major axis of rods with in plane nematic order in the figures are oriented perpendicular to 

the applied field.  
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We used image-processing algorithms followed by data analysis to extract 

quantitative information from the image volumes collected.  These codes find, in three 

dimensions, the position and orientation of the central backbones of all the rods in the 

specimen by applying an anisotropic intensity maxima criterion. The detailed description 

of the image processing method is published elsewhere [29]. The method uses the fact 

that in fluorescence confocal microscopy the region of maximum intensity of a rod lies 

on its central axis (backbone). Briefly, an anisotropic local brightness criterion to identify 

the backbone (major axis) of the colloidal rod is applied to the image stack after Gaussian 

filtering. Moments of the backbone configuration are then computed to identify centroid 

location and orientation of spheroids. As discussed in our ref 47, the errors in locating the 

centroid of any spheroids are approximately 55 nm in the objective plane and and 45 nm 

along an axis perpendicular to objective plane. The error in the orientation of the rod 

director, u, is a function of rod aspect ratio.  The error is greatest at lowest aspect ratio.  

For r = 3.1, the error is approximately 0.25 radians. [47] 

Our simulations showed that the Mohraz and Solomon [29] algorithm for 

estimation of the rod orientation from second moment properties of the rod backbone 

introduced systematic error (estimated magnitude ~ 10%) in the orientation of directors 

pointed nearly parallel to any of the three Cartesian axes. The error was linked to the 

finite width of the rod backbone along directions perpendicular to its major axis. This 

effect was resolved by computing the orientation angle with the following method:  First, 

the image processing backbone was split into two half-lengths and the average position of 

each was found by averaging points of the half-backbones.  Second, the orientation of the 

rod was determined from the best-fit line between these two points and the rod centroid. 
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After implementation of this method, the systematic error in orientation was reduced to 

less than 2%, as tested by processing of simulated rod images.  

Thus, the image-processing algorithm yields the orientation angles (both polar 

and azimuthal) and centroid location of rods in the specimen. Rod orientation angles are 

then used to construct its unit vector u, which is subsequently used to measure the 

nematic order parameter (S).  

3.3. Results and Discussion 
 

Since this study seeks to determine the role of an effective gravitational field on 

the orientational ordering of micron-sized rods, optimum conditions for the experiments 

were evaluated. Figure 3.1 reports results of a typical centrifugation experiment. Figure 

3.1a shows of the orientation of the centrifugation cell relative to the direction of imaging 

and the direction of the applied gravitational field. The cell was placed in the centrifuge 

such that the bottom of the tube was perpendicular to the direction of centrifugation; 

therefore the sediment is formed at the bottom of the cell. Since the objective was placed 

below the bottom of the cell, the direction in which image stacks were collected was also 

perpendicular to the direction of applied gravitational field. 

From classical simulations of rod sedimentation, the volume fraction of rods in 

the sediment will be a maximum at the bottom of the container and thus, at any condition, 

the greatest potential for observing ordering is at this region. Figure 3.1b, c illustrate 

typical results at 2000 rpm for a suspension of rods of r = 3.6 and an initial volume 

fraction of 2 %. Figure 3.1b shows a CLSM image of the rod sediment in the plane 

parallel to the imaging objective. The image, Figure 3.1b, suggests that a very high rod 

concentration is observed at the bottom of the container.  This high concentration persists 
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far into the sediment – about 400-600 rod diameters, before rapidly falling to zero at the 

sediment boundary.  This axial dependence of rod concentration is consistent with typical 

behavior of colloidal sediments at steady-state  [35].   

We measured the local volume fraction of the sediment at different heights as 

extracted from image processing and plot these results in Figure 3.1c. The plot shows that 

the volume fraction remains almost a constant for the dense part of the sediment and 

becomes close to zero where structure becomes sparse. For this strength of gravitational 

field, the magnitude of the volume fraction in the densest region, φ ~ 0.52, is consistent 

with the existence of orientational order at equilibrium conditions. However, note that the 

quality ordering is not as great as suggested by simulation: Tjipto-Margo and Evans 

(1990) [49] predicted a nematic phase with order parameter above 0.7 at this φ; however, 

we measure S = 0.37 ± 0.03 for this sediment.  The maximum concentration of the rods 

includes at least a region extending from height 10D to 220D, where D is the (minor axis) 

diameter of the rod.  We found that the region of high density was not a strong function 

of study parameters such as centrifugation speed and aspect ratio.  Thus, to study these 

effects, we typically imaged a 3D volume extended from about 10D to 220D for all 

experiments. 

Figure 3.1d shows the two-dimensional projection of one of the three dimensional 

image stacks acquired for analysis of sediment structure. Figure 3.1e presents the 

reconstruction of this image stack, once image processing and rendering algorithms are 

applied to it. We present the accuracy of our image-processing algorithm by comparing 

this regenerated image with the projection of original image stack (Figure 3.1d). The 

regeneration of image stack depicts the original stack very well. 
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 The initially homogeneous concentration of rods requires time to respond to the 

effective gravitational force that is imposed by centrifugation. Two separate studies were 

conducted at two different centrifugation speeds for aspect ratio 3.6 rods at an initial rod 

volume fraction of 2 % to assess the time required to achieve a steady-state concentration 

profile. For these experiments (executed at about the device’s lowest and highest 

centrifugation speeds of 100 rpm and 10,000 rpm), Figure 3.2 shows how the order 

parameter (S) of sediments evolves with centrifugation duration of 6, 12, 24 and 40 

hours. Figure 3.2 also shows that the order parameter S of the two sediments achieves 

steady-state conditions within about 12 hours. We thus compare all samples by subjecting 

them to centrifugation times of 12 hours.  Other properties of the image volumes, such as 

the sediment volume fraction, are also unchanged after 12 hours. 

Finally, simulations of rod assembly show an effect of initial volume fraction on 

the equilibrium volume fraction profile of rods in sedimentation. Simulations suggest that 

at low initial volume fractions, the final sediment structure will be isotropic while if the 

initial volume fraction is higher, the nematic phase will be observed at the bottom of the 

sediment [23]. Therefore, simulations suggest that there is a minimum volume fraction 

below which formation of nematic phase is not possible. Although our scope to 

characterize this effect of initial volume fraction is limited (because the small quantity of 

model material does not allow the freedom to operate at high initial volume fractions), 

Figure 3.3 presents data to assess this effect. A set of experiments was conducted at 

initial volume fractions of 0.5%, 1% and 2% for rods of r ~3.6 at 10,000 rpm for 12 

hours. No ordering was observed for the volume fraction of 0.5% but ordering was seen 

for volume fractions of 1% and 2%.  Therefore, it appears that initial volume fractions of 
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1% or greater are sufficient to lead to final near-wall sediment conditions that allow for a 

nematic phase.  Thus, all experiments were conducted at 2% initial volume fraction. 

To report subsequent data, we seek a dimensionless measure of the field strength.  

A number of complementary approaches are available.  The first, reported by refs 23 and 

42 scales a gravitational potential energy evaluated over the rod diameter on thermal 

energy, β = mg’L/kT. Here m is the buoyant mass, g’ is the effective gravitational 

acceleration and L is the length of rods. The, second compares the time scale for 

rotational diffusion to the time scale for sedimentation. This quantity is the Peclet number 

(Pe), and equation 2 shows its dependent on aspect ratio and length of the rod. 

Pe = ( mg'
6πηL2Dr0

) =
mg'L

18kBT(ln(2r − 0.5))
    (2) 

Here Dr0 is the rotational diffusivity of the rod and r is the aspect ratio of the rod. 

The two measures, β and Pe, are related through the equation β  = 18 Pe (ln(2*r-0.5)). 

Here, r is the aspect ratio of the rod. The difference between the two parameters increases 

with increasing aspect ratio. At the low aspect ratio studied here (r < 10), the two differ 

by at most a factor of 50.  We prefer the latter measure to report data because it explicitly 

quantifies a potential effect for rotational diffusion on the propensity for ordering, and 

thus allows for the possibility of non-equilibrium ordering effects in a straightforward 

way.  

We applied different effective gravitational fields (g’) by varying the spin speed 

of the centrifuge. For this study, 0.67g < g’ < 6700g.  This range corresponds to a Peclet 

number varying from 0.04 to 400 for the rods of aspect ratio 3.6. 

Confocal microscopy images that present the qualitative effect of centrifugation 

on ordering are shown in Figure 3.4.  These images were acquired in the region where the 
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colloidal volume fraction in the sediment was the greatest as discussed earlier. (The plane 

of these images is perpendicular to the direction of the effective gravitational field 

induced by centrifugation).  Suspensions of the rods of aspect ratio 3.6 (initial volume 

fraction = 2 % were centrifuged at 100, 500, 1000, 2000, 4000, 6000 and 10,000 rpms for 

12 hours to achieve these sediments. The corresponding values of Pe are 0.04, 1.0, 4.0, 

16, 64, 144 and 400 respectively. The images, in which the value of Peclet number varies 

from 0.04 in Figure 3.4a to 400 in Figure 3.4, show qualitative effects of the applied field 

on the in-plane ordering. Qualitatively, an increase is observed in both volume fraction 

and ordering with increasing gravitational force.  We note that although only 2D images 

are shown, rods were fully aligned in 3D across the full image volume (of dimension ~ 

10 rod lengths). 

In Figure 3.5, we plot the dependence of the nematic order parameter (S), 

computed as per eqn (1), on the Peclet number (dimensionless field magnitude) for these 

sediments. The value of S increases from 0.12 to 0.56 when the gravitational field is 

increased from 0.67g to 6700g (over the span of two decades of Peclet number), 

consistent with the images of Figure 3.4. The increase in S is accompanied by an increase 

in sediment volume fraction, as report in Table 3.1. For example, for S = 0.12, φ = 0.18, 

while the volume fraction of the most ordered sediment (S = 0.56) is φ = 0.58. We also 

notice that initially (Pe ≤ 16) volume fraction and the nematic order parameter both 

increase rapidly with increase in Peclet number while on a further increase in the Peclet 

number  (Pe > 16) volume fraction does not change as rapidly as the nematic order 

parameter.  
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There are two possible hypotheses to explain this observed trend of nematic order 

parameters. The first hypothesis would be to apply theory and simulation results 

developed to understand the order-disorder transition for equilibrium systems of colloidal 

rod suspensions [21, 49]. In this case, the location of the isotropic-nematic transition in 

sedimentation is purely based on the competition between configurational and 

orientational entropy in the system, which, for hard rods, is determined uniquely by the 

local volume fraction of the sediment. In this case, the value of the nematic order 

parameter S is zero for the isotropic phase (φ < φnem). The nematic phase (φ ≥ φnem) has a 

non-zero value of the nematic order parameter and S increases with the volume fraction.  

According to ref 40, application of local equilibrium ideas to the field-assisted assembly 

process of sedimentation requires that, 12kBT
mg'L

>>1. For the system reported in Figure 3.5, 

this criterion is met only for the first data point (Pe = 0.04).  For the whole data set, this 

quantity varies between 7.0 × 10-3 and 7.0. 

The second hypothesis to explain the onset of ordering in Figure 3.5 is based on a 

non-equilibrium effect of the applied field.  An example of a non-equilibrium effect 

would be a preferred orientation of the rods induced by the applied field that is 

subsequently locked in by the high rod concentration.  Such an effect, dependent on the 

balance between field-induced alignment and orientational disorder induced by rotational 

diffusion, would be controlled by the magnitude of the Pe number. Indeed, theory and 

simulation of rod ordering under gravitational field suggests that the applied field can 

affect both the location of the isotropic-nematic transition and the breadth of its 

coexistence region [23, 42].  Theory also suggests that increasing the gravitational 

58 
 



 

strength increases the nematic order parameter of the suspension in the nematic phase  

[43] relative to the equilibrium case. 

 Although both hypotheses are plausible, it is difficult to distinguish between them 

by means of Figure 3.5 alone.  Therefore, to gain more insight into the mechanism we 

studied the effect of aspect ratio on the ordering. Because the equilibrium volume fraction 

for the nematic transition is a sensitive function of aspect ratio, the equilibrium 

hypothesis would predict substantial changes in the S vs Pe behavior reported in Figure 

3.5. 

Rods of aspect ratio 5.0 and 8.0 were subjected to various gravitational fields that 

varied from 6g to 6700g. For example, Figure 3.6 (a-f) reports confocal microscopy 

images of centrifugation experiments for colloidal rods of aspect ratio 8.0. As before, the 

plane of these images is perpendicular to the direction of the effective gravitational field 

induced by centrifugation. The image stacks were collected approximately 5-10 μm 

above the coverslip. These results, for r = 8.0, suggest a very different dependence of 

orientational ordering on Peclet number than the low aspect ratio (r = 3.6) data of Figure 

3.5.  Indeed, Figure 3.7 compares S vs Pe for the two aspect ratios, as well as additional 

data for r = 5.0.  While S monotonically increases with Pe for r = 3.6 and 5.0, it 

monotonically decreases with Pe for r = 8.0.  Table 3.1 and 3.2 reports the sediment 

volume fractions that accompany these order parameters and Peclet numbers. 

Interestingly, the above experimental results suggest that a high gravitational field 

has adverse effects on ordering for rods of aspect ratio 8.0. That is, at low Peclet numbers 

the rod densification, and thus the I-N transition, is facilitated by centrifugation.  Indeed, 

simulations suggest that the I-N transition volume fraction for rods (ellipsoids) of aspect 
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ratio 8.0 is 0.29 [49] are for our experiments the volume fractions at which S > 0.5 is 

observed is approximately 0.40. However, despite the ordering at low dimensionless field 

strengths, at high spin speeds and Pe number, ordering progressively deteriorates. 

To understand the qualitatively different results for the rods of different aspect 

ratios, we present Figure 3.8, a plot of S vs φ/φnem for rods of aspect ratio 3.6, 5.0 and 8.0. 

Here the sediment volume fraction is normalized by the volume fraction of the nematic 

phase, as per Tjipto-Margo and Evans (1990) [49] for ellipsoids. Although the Pe 

dependence of orientational ordering in these suspensions differs significant (cf. Figure 

3.7), interestingly, the data collapse to a single curve when the local volume fraction is 

scaled on the equilibrium thermodynamic transition.  This collapse provides strong 

support for a role for the equilibrium isotropic-nematic transition is mediating 

orientational order in this field-assisted assembly operation. 

In Figure 3.8, we also plot the equilibrium theoretical predictions of S for 

ellipsoids of aspect ratio 5.0 and 10.0 [49]. The theory predicts a transition to a finite S at 

φ/φnem ~ 1 and the experiments are consistent with this point. There are, however, four 

interesting differences between the theory and experiment.  First, the magnitudes of the 

measured order parameters are less than the equilibrium theory.  For example, at φ/φnem ~ 

1.2, the theory is shifted upward from the experiment by about 50%. Second, while 

theory predicts an abrupt transition from isotropic to nematic phase, a much smoother 

transition is observed for experimental measurements.  Third, the concavity of the 

dependence of S on φ/φnem differs – the theory is concave downward, the experiments are 

concave upward.  Fourth, the experiments show a finite S for φ/φnem < 1, a region for 

which the equilibrium theory predicts S = 0.  
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Figure 3.8, also allows us to check the validity of our equilibrium vs non-

equilibrium hypothesis behind the ordering. If the assembly were completely governed by 

equilibrium free energy minimization, the order parameter will strictly depend on the 

volume fraction of the sediment i.e. S = 0 for φ/φnem < 1 and a concave downward 

dependence of S on φ/φnem would result for the entire volume fraction range. However, 

the experiments deviate significantly from these trends.  Thus, although the primary 

driver for the development of field-assisted orientational order appears to be 

thermodynamic, since all the data are well correlated by the parameter φ/φnem, non-

equilibrium effects appear to play a significant secondary role, because the form of the S 

vs φ/φnem measurements deviate from the equilibrium theory.  

Figure 3.8 therefore suggests that the role of the applied field strength on 

orientational ordering is principally mediated by the sediment volume fraction that results 

from the application of the centrifugal force.  That is, although non-equilibrium effects 

play a role in the magnitude of S for a particular sediment, whether or not a certain spin 

speed will achieve a nematic sediment is principally determined by what the local volume 

fraction that results from application of the applied field.  Thus, the most significant 

effect of the field is to densify the rod suspension.  In Figure 3.9, we examine that effect 

by plotting φ/φnem vs Pe for all the aspect ratios studied. 

The plot suggests that initially (Pe <~ 101) the dependence of volume fraction on 

Peclet number for long aspect ratio rods (r =8.0) is very different from low aspect ratio 

rods of 3.6 and 5.0. However, for Pe >~ 102, the results for the different aspect ratio rods 

increasingly coverage to a volume fraction that is ~ 1.25*φnem.  The physical origin of 

this complex behavior is unknown at this time.  However, we note the following two 
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points.  First, the monotonically increasing results for the low aspect ratio rods are 

qualitatively consistent with expectations for how increase in applied field strength would 

affect the sedimentation; volume fraction, however, we can think of no reason based on 

equilibrium considerations why the sediment volume fraction ought to plateau at φ ~ 

1.25*φnem with increasing field strength.  Second, the monotonically decreasing 

dependence of φ with Pe is very hard to reconcile with equilibrium ideas.  How could an 

increased applied field strength lead to a less dense sediment in a system at local 

equilibrium? 

These observations lead to the hypothesis that a non-equilibrium mechanism 

explains the Figure 3.9 results.  Our conjecture is that the phenomena that intervenes is 

the rod glass transition, and that the plateau at high Pe in Figure 3.9 suggest that φglass ~ 

1.25*φnem for the aspect ratio (r ~ 3-8) range studied here.  A loss of ergodicity could 

explain both observations discussed above.  Indeed, the earlier theory of Edwards and 

Evans suggests that φg ~ C*φnematic, where C is a constant of order unity [50]. The more 

detail calculations of ref 46, suggest that C ~ 0.9 and 0.8 for spherocylinders of aspect 

ratio  5.0 and 0.8, respectively [46].  Experimentally, Buining and Lekkerkerker (1993) 

have observed C ~ 1.4 for boehmite rods of aspect ratio 20.0 [30]. 

The intervention of the rod glass transition at higher Peclet numbers could also be 

the reason for the observed discrepancy in the theoretical (equilibrium predictions) and 

the experimental values of S for φ > φnem.   Since intervention of the glassy state would 

retard the macroscopic phase separation between the isotropic and nematic state, the glass 

transition might explain why S was found to be lower than the theoretically predicated 

values in Figure 3-8.  
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3.4. Conclusions 
 

In this study, we investigated the role of gravitational field to produce ordered 

assemblies of colloidal rods. We applied a gravitational field over a range of strengths to 

dilute suspensions of colloidal rods of various aspect ratios (r = 3.6 to 8.0) and found that 

the volume fraction of the sediment was the principal determinant of the observed 

orientational ordering. An isotropic to nematic phase transition of the field-assisted 

assembly agreed well with the predictions of equilibrium thermodynamics. Gravitational 

field plays a significant role in desifying the suspension and determining the value of 

order parameter. Suspensions of rods of different aspect ratios, however, responded in 

different ways to the applied field.  For example, we observed a continuous increase in 

the ordering with an increase in Peclet number for rods of aspect ratio 5.0 and less. In 

contrast, ordering decreased with increasing Peclet number for rods of aspect ratio 8.0 

because the glass transition intervenes at higher field strengths. 

This study is the first experimental work to produce ordered assembly of colloidal 

rods using gravitational field. However, the experimental results deviate from theoretical 

predictions; which predict an increase in the order parameter of assembly with an 

increase in gravitation field, irrespective of the aspect ratio of the rod.  Previous 

theoretical and simulation work done to understand the assembly of colloidal rods under 

gravitational field does not consider the possibility of a glass phase. This experimental 

work, however, requests development of new theory to incorporate the possibility of 

glass transition.   
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Table  3-1: Dependence of volume fractions and nematic order parameter of aspect ratio 

3.6 rod sediments on Peclet number. 

 
 

rpm g’ Pe φ S 

100 0.67g 0.04 0.18 0.12 

500 17g 1.0 0.35 0.21 

1000 67g 4.0 0.44 0.26 

2000 270g 16 0.52 0.37 

4000 1100g 64 0.57 0.43 

6000 2400g 144 0.55 0.52 

10000 6700g 400 0.58 0.56 
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Table  3-2: Dependence of volume fractions and nematic order parameter of aspect ratio 

8.0 rod sediments on Peclet number. 

 
 

rpm g’ Pe  φ S 

300 6g 0.40 0.43 0.52 

500 17g 1.0 0.41 0.54 

1000 67g 4.0 0.42 0.49 

2000 270g 16 0.41 0.48 

4000 1100g 62 0.34 0.42 

10000 6700g 400 0.36 0.38 
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Figure  3-1: a) Design of centrifugation cell and the direction of gravitational field. b) 
CLSM image of a sediment (2000 rpm, r = 3.6, 2 % (w/v) init. vol. frac.) in the plane 
parallel to the direction of gravitational field. c) Dependence of final volume fraction on 
height from coverslip. d) 2D projection of a 3D image volume collected for data analysis 
and e) Reconstruction of the image volume. 
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Figure  3-2: Time dependence of nematic order parameter for rods of aspect ratio 3.6 at 
100 and 10000 rpm centrifugation speeds. 
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Figure  3-3: Dependence of nematic order parameter on initial volume fraction of 
suspension for rods of aspect ratio 3.6 experiment conducted at 10000 rpm centrifugation 
speed. 
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Figure  3-4: Confocal Laser scanning microscopy images of sediments made under 
different gravitational fields for the rods of aspect ratio 3.6 in the increasing order of spin 
speed. The images are acquired in the plane that is perpendicular to the direction of 
applied gravitational field. 
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Figure  3-5: Dependence of nematic order parameter (S) on the Peclet number (Pe) for 
the rods of all the aspect ratios 3.6. 
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Figure  3-6: Confocal Laser scanning microscopy images of sediments made under 
different gravitational fields for the rods of aspect ratio 8.0 in the increasing order of spin 
speed. The images are acquired in the plane that is perpendicular to the direction of 
applied gravitation field. 
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Figure  3-7: Dependence of nematic order parameter (S) on the Peclet number (Pe) for 
the rods of all the aspect ratios 3.6, 5.0 and 8.0. 
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Figure  3-8: Dependence of nematic order parameter (S) on the volume fraction (φ) for 
the rods of aspect ratio 3.6, 5.0 and 8.0. 
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Figure  3-9: Dependence of dimensionless volume fraction on the Peclet number for the 
rods of aspect ratio 3.6, 5.0 and 8.0. The values of φnem adopted from Tjipto-Margo and 
Evans, 1990 for hard ellipsoids. 
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Chapter 4  
 

4 Effect of non-adsorbing polymer on assembly of colloidal rods 
under sedimentation 

 
 

Chapter Summary 
 
 

In this study the effect of depletion forces on ordering of colloidal rods under the 

action of centrifugation was investigated. Experiments were conducted at constant 

gravitational field strength while, the depletion strength, was controlled by varying the 

concentration of the polymer added. The rod suspensions studied are fluorescent 

poly(methyl methacrylate) colloids that are 2 to 5 micron in length and 4.0 to 8.0 in 

aspect ratio. Confocal laser scanning microscopy was used to image the three-

dimensional ordering/structure. Three dimensional image volumes were analyzed using 

image-processing algorithms to extract the quantitative data. The ordering of the final 

sediment structures was then quantified by measuring nematic order parameter (S). We 

find that suspensions of small aspect ratio rods (r ≤ 5.0) respond differently to the 

depletion and gravitational field when compared to the rods with longer aspect ratios (r ~ 

8.0). For small aspect ratio rods, experiments showed that an increase in the polymer 

concentration leads to an increasing trend in the ordering. Further addition of polymer 

greater than c/c* = 0.92 does not show any affect on the ordering. While for the rods of 
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aspect ratio 8.0, we observed that an initial increase in polymer concentration leads to an 

increase in ordering but further addition of polymer has adverse effect upon the ordering. 

The addition of non-adsorbing polymer helps the ordering by increasing the I-N transition 

volume fraction and by controlling the mechanism of phase separation. We analyze our 

experimental results in the light of the theoretical work available for the individual effect 

of depletion and the gravitational field. We observed that the combined effect of the two 

parameters could be explained by the combination of the individual effect of each 

phenomenon. 

4.1. Introduction 
 

Assembly of anisometric colloidal particles into ordered structures are of 

fundamental and commercial interest. A better understanding of the fabrication of defect-

free assemblies not only can accelerate the development of advanced materials like, 

photonic band-gaps, microelectronics, chemical sensors and energy transfer materials, but 

also will be very beneficial for the traditional industries like paints, ceramics and 

pharmaceutics [1-5]. The extent of ordering for these final structures also defines their 

rheological, optical and electronic properties. Modulation of the optical responses upon 

change in the ordering of colloids is a good example reported in past [6, 7].  Although 

efforts are made to prepare defect-free structures, but the area is still in juvenile stage and 

needs to be explored thoroughly. Self-assembly of colloidal particles is one of the ways 

of making ordered structures.  Ordered structures e.g. liquid crystalline phases of both 

biological and synthetic colloids have been produced by equilibrium self-assembly[8-12]. 

However, self-assembly suffers from the limitations like particle size, polydispersity, 

synthesis time and quality of ordering. A unique way to counter these challenges is to 
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apply external forces like electric field, magnetic field, gravity and shear force [13-15]. In 

the previous chapter, we discussed literature related to the application of the external field 

for the assembly of anisometric colloids. Other than the external forces applied, addition 

of polymers or small molecules to the colloidal suspensions leads to the ordering. In this 

chapter use of external forces and role of non-adsorbing polymer to induce ordering will 

be investigated in detail. 

Addition of a non-adsorbing polymer at various concentrations to a colloidal 

suspension can cause aggregation, networked structures and phase separation of the 

colloidal particles [16-18]. Exclusion of polymer molecules from the region between 

closely spaced particles leads to imbalance in the osmotic pressure. This imbalance 

pushes these particles together and an effective interparticle interaction is felt by the 

particles even if the interparticle interaction is repulsive [19]. This phenomenon is known 

as depletion attraction in colloidal science. There has been significant theoretical work 

done to explore the effect of depletion on rod ordering. The theory of Stroobants and 

Lekkerkerker suggests that addition of non-adsorbing polymer to a suspension of 

colloidal rods has a significant effect on the type of phases present in the assembly [20]. 

Polymer concentration, ratio of polymer diameter to the rod diameter and aspect ratio of 

the rods are three important parameters that govern the type of phases present into the 

assembly [20]. More recent simulation studies have also suggested the broadening of 

coexistence region with addition of polymer [21, 22]. 

There has been some experimental work to understand the effect of depletion on 

equilibrium systems of colloidal rods; however, the field is still not fully understood due 

to contradictory findings by different research groups. For example, the phase diagram 
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generated by van Bruggen and Lekkerkerker for the mixture of Boehmite rods and poly 

(dimethyl siloxane) suggests that at different concentrations of polymer and rods, 

different mechanisms of phase separation such as: nucleation and growth, spinodal 

decomposition, aggregation, and gelation are possible [23]. Nucleation and growth, 

spinodal decomposition, and aggregation lead to macroscopic phase separation into 

nematic and isotropic phases; however, gelation will not necessarily lead to macroscopic 

phase separation [23]. Addition of polymer to the rod suspension affects the ordering by 

increasing the overlapping excluded volume. Overlapping of the excluded volume 

provides more free volume to the rods; which increases the translational entropy of the 

rods [19]. Low and intermediate polymer concentrations favor nucleation and growth, 

spinodal decomposition, and aggregation pathways while at very high polymer 

concentrations gelation is favored. Adams et al, monitored the extent and the type of 

ordering of filamentous bacteriophage fd virus by controlling the amount of spheres 

(poly(ethylene glycol or polystyrene spheres) added to the suspension [19]. They found 

along with the rod concentration, number of added spheres also dictates the type of 

ordering for entropically driven systems. Depending on the relative concentration of 

spheres present in the assembly, either isotropic, nematic, smectic, columnar or lamellar 

phases were observed.  

In contrast, Dogic and coworkers discovered that depletion induced by adding a 

non-adsorbing polymer has no effect on the order parameter and the order parameter is 

solely determined by the rod concentration [8, 24]. They analyzed the effect of ionic 

strength on the phase behavior of the mixture of rods (bacteriophage fd virus) and 

polymer (dextran). They discovered that for their experimental system, addition of the 
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polymer widens the isotropic-nematic coexistence region at high ionic strength while 

addition of the polymer has no effect on the phase transition at low ionic strength. They 

also found that theory severely overestimates the strength of attractions induced by 

polymer at any ionic strength [8, 24].   

Except for few experimental studies, theoretical and experimental literature 

suggests that depletion can affect the assembly of colloidal rods in more than one way. 

Our idea is that the combination of the depletion interaction and an applied external field 

might control the ordering even better since both the extent of the depletion and the 

external field could be controlled. Depletion affects the entropy of the suspension while 

external field can affect entropy, density or pre-alignment of the particles in the 

suspension. A very little work has been done to understand the combined effect of the 

two. For example, in a recent study, Ripoll and coworkers studied the facilitation 

provided by shear to align the isotropic phase in a suspension of attractive colloidal rods 

[14]. fd virus suspensions was used as the model system and attractions (depletion) were 

induced by adding the polymer dextran. In their experimental and simulation study, they 

found that shear aligns the isotropic phase in the direction of flow; however, the nematic 

phase goes through a collective rotational motion without breaking. Their study 

suggested that external fields like shear (or, in our case potentially, sedimentation) can 

affect the isotropic-nematic transition of attractive colloidal rod suspensions and the 

combined effect of the two was more powerful than just of depletion. 

Here, we study the combined effect of depletion and gravitational field on 

assembly of colloidal rods by adding a non-adsorbing polymer to a dilute suspension of 

colloidal rods and by subjecting it under gravitational field. The studies are conducted for 
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a range of aspect ratios ranging from r = 4.0 to r =8.0. The experimental approach applied 

parallels that of Chapter 3.  Three dimensional structures of the final sediments are 

visualized by confocal laser scanning microscopy due to its unique ability to image deep 

into the sample. Ordering is characterized by measuring the nematic order parameter (S).  

We also characterize the volume fraction of the sediments produced by centrifugation. 

The strength of the applied gravitational field is quantified according to the Peclet 

number, a ratio of the strength of the applied field relative to the effect of rotational 

diffusion.  Colloidal attractions are induced by addition of non-adsorbing polymer.  The 

range of the attraction relative to the rod size is given by the ratio 2*Rg/D = 0.1.  The 

strength of the attraction is varied by varying polymer concentration. The results are 

analyzed in the light of the theory that is available to understand the individual effects of 

non adsorbing polymer and gravitation on colloidal rod assemblies.  

4.2. Materials and methods 
 

Fluorescent poly (methyl methacrylate) colloidal rods that are sterically stabilized 

with poly (dimethyl siloxane) were used as model material for the studies. Mixture of 

cyclohexyl bromide (CXB) and decalin was used as solvents. Non-adsorbing polymer 

polystyrene (MW = 900,000) was used as the depletion agent.  The range of depletion 

potential is controlled by the ratio of the radius of gyration of the polymer and the 

diameter of the rod (Rg/D), the value of this parameter for our system is 0.05.  

The synthesis scheme of the colloidal rods is explained in detail in the materials 

section of the Chapter 3. Briefly, colloidal spheres (approximate diameter = 1.0 ± 0.04 

μm, Dye: Nile Red) were heated above their glass transition temperature and subjected to 

a uniaxial extension to transform into spheroids. Different magnitudes of uniaxial 
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extensions were applied in order to achieve different aspect ratios of rods. Solvents 

cyclohexyl bromide and decalin were mixed in a ratio of 62 to 38 to achieve the density 

mismatching (rods are approximately 9% more dense than the solvent) while still 

maintaining the refractive index matching. Based on the initial volume fraction study 

conducted in Chapter 3 for the zero polymer case, colloidal rods were suspended into the 

solvent mixture at approximately 2 % volume fraction for the depletion studies.  

Stock polymer solutions (c_stock = 0.02 g/ml) was prepared separately by 

suspending polystyrene (MW=900,000) into the solvent mixture of CXB and decalin 

(62v/38v). To avoid chain scission, the polymer suspension was prepared at slow rolling 

speeds (10 rpm). The radius of gyration (Rg) and polymer overlap concentration c* for 

this polymer are reported to be 41±4 nm and 0.0053 g/ml in the mixture of CXB/decalin, 

respectively, by Dibble and co-workers [12]. Suspensions of the colloidal rods were 

mixed with the polymer solution in particular ratios to obtain desired polymer 

concentrations. Mixture of the colloidal rod dispersion and polymer suspension was 

rolled gently for approximately 5 minutes before centrifugation. Custom made 

centrifugation cells were used for the experiments. The centrifugation cells were filled to 

the top with the suspension, approximately 300 μl of suspension volume was required to 

nearly fill the cell. Samples were subjected to 12 hours of centrifugation to in a desktop 

device (AllegraTM 21R) at the desired spin speed before imaging. Duration of the 

centrifugation was chosen based upon the zero polymer study. The design of the 

centrifugation cell and the particulars of the centrifuge are explained in detail in materials 

and methods section of the Chapter 3.  
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3D image volumes of sediment structures were acquired using a confocal laser 

scanning microscope (Leica TCS SP2).  A 100× oil immersion objective (numerical 

aperture 1.4) was used for imaging. Image stacks were collected approximately 5-10 μm 

above the bottom of the centrifuge cell, since we found that the maximum local rod 

volume fraction lies in this region. Approximately 500 images of size 512 pixel X 512 

pixel were collected to construct a 3D image stacks of approximate dimension 20 Χ 20 Χ 

20 μm3. The image stack was acquired at a pixel size of 0.0407 μm X 0.0407 μm with a 

slice spacing of 0.0407 μm. The time of acquisition of each image was approximately 

0.81 seconds. Note that, in the frame of the microscope, the centrifugation force was 

applied in the direction which is parallel to the imaging objective (cf. Figure 3.1, Chapter 

3) and the image stack was acquired by collecting images perpendicular to the direction 

of centrifugation force. 

The quantitative information from these image stacks was extracted using image 

processing algorithms and data analysis tools previously discussed in Chapter 3.  (The 

detailed description of the image processing algorithm is published in ref [10] while a 

brief sketch of the method along with the modifications introduced were discussed in 

Chapter 3.)  Image processing algorithm provided us with the centroid location and the 

orientation angles of the each individual rod present in the image stack. The orientation 

angles are then used to construct its rod unit vector u (vector parallel to the rod axis). The 

degree of alignment is quantified by measuring nematic order parameter (S).   

4.3. Results and Discussion 
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Because the purpose of this Chapter is to investigate the effect of attractive 

depletion interactions on the orientational order of rods subjected to an applied 

gravitational field, most experimental conditions were kept same as for zero polymer, 

hard rod case (as described in Chapter 3). Rods of aspect ratio ranging from 4.0 to 8.0 

were used for the study. At a fixed Peclet number, non-adsorbing polymer concentration, 

which is proportional to the strength of attraction, was varied in order to study the 

influence of attractive interactions on sedimentation.  

Measurements of orientational order were made in the near-wall region at the 

bottom of the centrifugation cell, where the rod volume fraction was the greatest.  To 

establish the location of this region, in Figure 4.1a we plot the dependence of local rod 

volume fraction on the dimensionless height above the cell bottom for rods of aspect ratio 

8.0 at the polymer concentration of c/c* = 0.34.  This experiment is conducted for an 

applied dimensionless field strength of Pe = 10.0.  We measured the local volume 

fractions of the sediment at different heights by counting all rods at a given height, z, 

above the coverslip as detected by our image processing methods. In agreement with the 

non-polymer (hard rod) case, the highest density was observed near the bottom of the 

sediment. The plot shows that the volume fraction remains almost a constant in the 

densest part of the sediment and then rapidly decays to zero at the sediment boundary. 

Figure 4.1b reports a 2D confocal image that shows the transition region from a dense to 

a sparse sediment.  The image is taken in the plane parallel to the direction of 

gravitational field.  The lower limit of the region is located about 200 μm (Z/D ~ 350) 

above the coverslip.  Since we are mainly interested in the region of the highest ordering, 
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imaging was conducted in the region close to the cover-slip, well below the transition in 

volume fraction shown in Fig 4.1b. 

To quantify the effect of non-absorbing polymer on ordering, sedimentation 

experiments were conducted for suspensions of rods of aspect ratio 4.0 and 5.0 at a Peclet 

number of approximately 10.0.  The polymer concentration was varied from 0 to 1.5c/c* 

while keeping the initial colloidal volume fraction fixed. (The initial rod volume fraction 

was kept at 2 %, consistent with the experiments of Chapter 3).  Suspensions of the rods 

of aspect ratio 4.0 and 5.0 were centrifuged at 2000 rpm (Pe ~ 10.0) for 12 hours to 

achieve the rod sediments at varying polymer concentrations. (Experiments of Chapter 3 

had indicated that 12 hours was sufficient to achieve steady-state sediments.) Figure 4.2 

(a-e) shows confocal microscopy images of the sediments for the colloidal rods of aspect 

ratio 5.0 as non-adsorbing polymer concentration was increased.  The imaging plane in 

these images is perpendicular to the direction of the effective gravitation field.  The 

images, in which the polymer concentration varies from c/c* = 0 in Figure 4.2a to c/c* = 

1.48 in Figure 4.2e, show qualitative effects of how polymer affects the field-assisted 

orientational ordering of rods of aspect ratio 5.0.  Figure 4.2 suggests that orientational 

ordering and volume fraction of the sediments increase with increasing polymer 

concentration for these rods.  Confocal images for the polymer study of the colloidal rods 

of aspect ratio 4.0 also show the same qualitative behavior as shown by rods of aspect 

ratio 5.0. We note that although only 2D images are shown, rods were fully aligned in 3D 

across the full image volume (of dimension ~ 10 rod lengths).  The colloidal volume 

fractions of the sediments reported in Figure 4.2 are included in Table 4.1. 
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To additionally establish how increased attractive interactions might affect 

ordering of rods of higher aspect ratio, Figure 4.3 reports similar confocal micrographs 

for rods of aspect ratio 8.0.  Similar to the rods of smaller aspect ratio, the polymer 

concentration was varied from 0 to 1.5c/c*. Suspensions of the rods of aspect ratio 8.0 

(initial rod volume fraction = 2 %) were centrifuged at 2000 rpm (Pe ~ 10.0) for 12 hours 

to achieve the rod sediments at varying polymer concentrations. Figure 4.3 (a-e) show 

confocal microscopy images of the sediments for the colloidal rods of aspect ratio 8.0, in 

order of increasing polymer concentration. These suspensions had initial polymer 

concentrations (equivalent c/c* value) of 0, 0.34, 0.52, 0.92 and 1.23 respectively. Images 

in Figure 4.3, suggest an initial increase in both ordering and volume fraction with an 

increase in polymer concentration (Figure 4.3 (a-c)).  This increase is followed by a 

decrease in both ordering and volume fraction (Figure 4.3 (c-e)) for the rods of aspect 

ratio 8.0. The colloidal volume fractions of the sediments reported in Figure 4.3 are 

included in Table 4.1.  

In Figure 4.4, we plot the effect of polymer concentration on the nematic order 

parameter (S) for the rods of aspect ratios 4.0, 5.0 and 8.0 for the rod sediments that are 

made at a Peclet number of 10.0. Nematic order parameter (S) was computed directly 

from the orientations of the directors of all rods detected in the confocal microscopy 

image volumes through image processing.  We found that a significant change in 

ordering results from combining the effects of the depletion interactions with the applied 

gravitational field. For example, for the rods of aspect ratio 4.0 and 5.0, the nematic order 

parameter (S) increased initially with increase in the polymer concentration. S appears to 
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attain a plateau value at c/c* ~ 1, beyond which there is almost negligible effect of 

additional polymer on the degree of orientational ordering.   

The sediments comprised of aspect ratio 8.0 rods responded differently to the 

combination of depletion interactions and applied gravitational field than the small aspect 

ratio rods (r ≤ 5.0), as also reported in Figure 4.4.  In this case, an initial increase in the 

polymer concentration led to an increase in nematic order parameter (S) .  At c/c* ~ 0.5 a 

maximum in the nematic order parameter was achieved.  These sediments were the most 

highly ordered found under any conditions (S ~ 0.68) – this condition corresponds to the 

confocal micrographs shown in Figure 4.3c.  Further increase in the polymer 

concentration resulted in a monotonic decrease in the measured nematic order parameter 

(S).  

The final volume fractions of the sediment structures for these above mentioned 

polymer studies of aspect ratios 5.0 and 8.0 rods are reported in Table 4.1. For the 

sediments of aspect ratio 5.0 rods, we observe a slight increase in the volume fraction 

with increasing polymer concentration (from φ = 0.52 (c/c* = 0.0) to 0.60 (c/c*= 0.92)). 

Similar to the behavior of nematic order parameter (Figure 4.2), the sediment volume 

fraction also reaches a plateau value at c/c* ~ 1.  For the sediments of aspect ratio 8.0 

rods, a steep increase in the volume fraction occurs for up to c/c* ~ 0.5.  Beyond this 

attractive interaction strength, the sediment volume fraction decreases with increasing 

polymer concentration.  

In the previous Chapter, we investigated the effect of gravitational field on 

assembly and concluded that the applied gravitational field significantly affects the 

assembly of hard colloidal rods through a number of mechanisms.  The primary 
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mechanism for orientational ordering is that the applied field acts to densify the 

suspensions to the volume fraction required for I-N transition.  The conditions at which 

orientational ordering in the sediments are achieved correlate well with the theoretical 

predictions for the I-N transition and the measured local volume fraction of the sediment. 

Secondary mechanism for orientational ordering are non-equilibrium effects of the field 

on the quantitative magnitude of the order parameter, some pre-ordering in the isotropic 

phase.  Finally, a role of the rod glass transition was inferred from the affect of field 

strength on sediment volume fraction. 

Here we build upon our Chapter 3 findings to investigate the role of 

intermolecular attractions on the nematic order parameter of sedimenting rods. We 

propose that the results for the assembly of attractive rods under sedimentation may be 

explained by hypotheses similar to those developed in Chapter 3 to explain the assembly 

of hard rods.  That is, the primary role of the applied field is to densify the suspensions to 

high volume fraction.  If the local volume fraction exceeds the I-N transition volume 

fraction, then an elevated value of the nematic order parameter S results. However, in the 

cases of attractive interactions, the equilibrium I-N transition volume fraction is 

substantially shifted due to the effect of depletion. That is, the addition of the non-

adsorbing polymer affects the competition between translational and orientational 

entropy that determines the I-N phase transition boundaries.  In particular, classic work 

by Stroobants and Lekkerkerker (1994) for equilibrium systems has shown that addition 

of non-adsorbing polymer broadens the region of coexistence of the isotropic and nematic 

phases, thereby increasing the value of the nematic volume fraction, φnem. (In this chapter 

for future reference we call the increased value of nematic volume fraction φnem_polmyer to 
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distinguish this from φnem). In addition, concentration of the polymer in the suspension 

decides the mechanism of the phase transition i.e. nucleation and growth, spinodal 

decomposition, aggregation and gelation. In the cases, where gelation is the phase 

separation mechanism, no macroscopic phase separation into isotropic or nematic pahse 

is observed, instead a gelled phase is formed. In the next few paragraphs, we explain our 

results in context with these equilibrium theories of the isotropic nematic phase 

transition. 

 We tested the hypothesis that the interesting behavior of Figures 4.2 and 4.3 are 

explained by shifts in the nematic phase boundary due to the presence of attractive forces 

between the colloids in the following way. First, in Figure 4.5, we plotted the nematic 

order parameter versus the dimensionless volume fraction (φ/φnem) for all the sediment 

structures. In this plot we included all the hard rod experimental data from Chapter 3 as 

well. The φnem is the volume fraction at which the nematic phase first occurs (Tjipto-

Margo and Evans, 1990) for the hard rod (ellipsoid) equilibrium systems (zero polymer 

case) [25]. The plot allows us to examine the primary effect of the applied field/volume 

fraction – that applied field affects the local volume fraction of rods and if the volume 

fraction is sufficiently large, than orientational ordering will occur. We see that all the 

values of S follow a curve with the exception for polymer data for aspect ratio 8.0 rods. 

These polymer data points appear significantly shifted by a constant on the volume 

fraction axis.  

As discussed earlier, work from Stroobants and Lekkerkerker (1994) has 

suggested that adding polymer to a suspension of rods increases the isotropic-nematic 

coexistence region. Therefore the volume fraction at which the nematic phase, 
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(φnem_polymer)  is first observed is higher than the equilibrium φnem for hard rods. The value 

of φnem_polymer increases with increasing polymer concentration and the effect is more 

significant for large aspect ratio rods. Therefore, in plot 4.5, we should de-dimensionalize 

the volume fraction with φnem_polymer instead of φnem for the case of polymer studies. 

However, it is difficult to extract the exact value of φnem_polymer for our experiments from 

the available simulation and theoretical work, due to the specific values of the parameters 

in our experiments differ from those considered in the prior literature. Nevertheless, 

simulations suggest that the value of φnem_polymer is likely between 1.25 φnem to 1.75 φnem 

for our set of experiments for rods of aspect ratio 8.0. Given this range, if the volume 

fraction of the polymer data is de-dimensionalized with φnem_polymer instead of φnem, there 

is a good probability that the data would follow the same curve as the remainder of the 

data.  

The above analysis suggests that our hypotheses that: (i) volume fraction governs 

the phase transition and determines the value order parameter, (ii) gravitation field helps 

densifying the sediment and (iii) addition of non-adsorbing polymer increases the 

nematic transition volume, are consistent with our experiments.  

To understand the non-monotonic dependence of volume fraction on the polymer 

concentration, in Figure 4.6, we plot φ/φnem vs c/c* for the aspect ratios 5.0 and 8.0 rods. 

We observe that for low aspect ratio rods (r = 5.0), the volume fraction plateaus at φ= 

1.4*φnem, with increasing polymer concentration. In contrast, for rods of aspect ratio 8.0, 

an increase in the sediment volume fraction is followed by a decrease in it, with 

increasing polymer concentration once c/c* > 0.5. The possible origin for these behaviors 

(for both small and long aspect ratios) could very well depend on the microscopic phase 
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separation mechanism that is responsible for macroscopic phase separation. At low and 

intermediate polymer concentrations mechanisms like nucleation and growth, spinodal 

decomposition and aggregation take place.  These mechanisms lead to macroscopic phase 

separation into isotropic and nematic phases. However, at high polymer concentrations 

the relevant mechanism would likely be gelation or vitrification. Note that here, low, 

intermediate and high values are relative and are dependent on the quantities like aspect 

ratio or rods and Rg/D. For our system, the polymer concentrations at which we observe a 

switch from a phase separation to a gelation or vitrification mechanism, are c/c* = 1.0 

and c/c* = 0.5 for rods of r = 5.0 and r = 8.0, respectively. When the polymer 

concentration in the system is increased above these critical concentrations, a phase with 

arrested dynamics intervenes thereby freezing the dynamics of the rods, solidifying the 

entire system, and reducing the overall measured ordered parameter [23].  

This transition into a dynamically arrested state can explain the observed plateau 

of the volume fraction for small aspect ratio rods (r ≤ 5.0). Interference of a glassy state 

would not allow the suspension to separate into isotropic and nematic phase.  Therefore, 

no further increase in the sediment volume fraction would be seen with increasing 

polymer concentration (for c/c* > 1.0). van Bruggen and Lekkerkerker (2000) suggested 

that an increased concentration of non-adsorbing polymer would lead to a lower glass 

transition volume fraction.  That is, the glassy phase would become less dense with 

increasing polymer concentration.  However, we found that this decrease in transitional 

volume fraction with increasing c/c* is more pronounced for long aspect ratio rods than 

small aspect ratio rods and we observed a decrease in the volume fraction of the final 
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sediments for large aspect ratio rods (r =8.0) with increasing c/c* (once c/c* >0.5).  This 

decrease in volume fraction leads to the observed decrease in the order parameter.    

4.4. Conclusions   
 

In this work, we studied the effect of depletion forces on the ordering of colloidal 

rods while they assemble under gravitational field. We found that applying an external 

field like centrifugation in combination with depletion can help increase the ordering. We 

also observed that there is optimum polymer concentration, where maximum ordering 

can be achieved. The aspect ratio of the rods is an important parameter in deciding the 

optimum concentration of polymer at a particular Peclet number.  For rods of small 

aspect ratios, a continuous increase in the ordering followed by a plateau is observed with 

increasing polymer concentration, at a fixed Peclet number. In contrast, slightly longer 

rods behave differently to the combination of depletion and gravitation. An increase in 

the ordering is followed by a decrease, with increasing polymer concentration for the rods 

of aspect ratio 8.0 at a fixed Peclet number. The polymer-induced depletion changes the 

free energy of the suspension and the gravitational force helps densify the suspension and 

thereby affect the ordering.  Polymer concentration also controls the pathways of phase 

separation from nucleation to gelation. We observe volume fraction of the final sediment 

is the main parameter in deciding the phase transition, while polymer concentration could 

push the phase boundaries.  

 Although studies have been conducted to understand the individual effect 

of depletion and gravitation on rod assemblies, the combination of the two was not yet 

been touched upon. In this first attempt of combining the two effects together, we 
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observed significant contribution from both the factors in the final ordering. We also 

observed that the combined effect of the two fields on the assembly is the sum total of the 

effect of the individual phenomenon’s. Combination of depletion forces with gravitation 

helps achieving higher ordering than only gravitation can yield just by itself. This level of 

control on the ordering of anisometric colloid is really beneficial for the development of 

advanced materials like photonic band-gap, microelectronics, chemical sensors and 

energy transfer materials. 
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Table  4-1: Dependence of volume fractions and nematic order parameter of aspect ratio 

5.0 and 8.0 rod sediments on polymer concentration (c/c*). 

c/c* Φ (r = 5.0) S (r =5.0) Φ (r = 8.0) 

 

S (r =8.0) 

 

0.0 0.48±0.02 0.32±0.03 0.41±0.02 0.48±0.02 

0.34 - - 0.60±0.02 0.60±0.02 

0.52 0.56±0.02 0.50±0.03 0.61±0.02 0.68±0.01 

0.92 0.59±0.02 0.60±0.03 0.56±0.02 0.50±0.02 

1.23 0.62±0.02 0.57±0.03 0.44±0.02 0.34±0.03 

1.48 0.59±0.02 0.58±0.03 - - 
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Figure  4-1: (a) Dependence of local rod volume fraction on the dimensionless height 
above the cell bottom for rods of aspect ratio 8.0 ( at c/c* = 0.34, Pe =10.0). (b) Confocal 
microscopy image of the sediment is showing the transition from dense to sparse 
sediment structure. The image is acquired at a height of approximately 200 μm above the 
coverslip in the plane that is parallel to the direction of applied gravitational field. 
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Figure  4-2: Confocal Laser scanning microscopy images of sediments of rods of aspect 
ratio 5.0 made at a Pe =10.0 in the increasing order of polymer conentration. The images 
are acquired in the plane that is perpendicular to the direction of applied gravitational 
field. 
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Figure  4-3: Confocal Laser scanning microscopy images of sediments of rods of aspect 
ratio 8.0 made at a Pe =10.0 in the increasing order of polymer conentration. The images 
are acquired in the plane that is perpendicular to the direction of applied gravitational 
field. 
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Figure  4-4: Dependence of nematic order parameter (S) on the non-adsorbing polymer 
concentration (c/c*) for the rods of all the aspect ratios 4.0, 5.0 and 8.0. 
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Figure  4-5: Plot of Nematic order parameter (S) against the dimensionless volume 
fractions for all the aspect ratios, suggesting a vital role of volume fraction in bulk phase 
transition (the values of φnem are taken from the theoretical work of Tjipto-Margo and 
Evans, 1990 for hard ellipsoids). 
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Figure  4-6: Dependence of dimensionless volume fraction on the polymer concentration 
for the rods of aspect ratio 5.0 and 8.0. The values of φnem adopted from Tjipto-Margo 
and Evans, 1990 for hard ellipsoids. 
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Chapter 5 

5 Conclusions and Future work 
 

Conclusions 
 

In this work, we have investigated the dynamics and structure of colloidal rod 

suspensions by their direct visualization using confocal laser scanning microscopy. 

Confocal microscopy enables us to characterize the suspensions at single particle level 

and thereby allows the quantification/ characterization of certain properties that are not 

possible with other techniques. 

  In Chapter 2, a direct visualization method is presented to study the Brownian 

motion of dilute suspensions of colloidal rods in three-dimensional space. Viscosification 

of the solvents was used to dampen the movement of colloidal particles to the time scales 

such that capturing of a 3D image volume was possible using confocal laser scanning 

microscopy without much noise. The full characterization of the motion in 3D was 

accomplished by characterizing the mean quantities like diffusivity values and 

distributions of displacement of both translation and rotation.  For the first time, 

rotational diffusivity of colloidal rods was measured using direct visualization. Universal 

curves were generated for translational and rotational probability distributions that are 

independent of both aspect ratio and time. Experimental results were found to be in great 

agreement with theoretical predictions for both diffusivity values as well as probability 



 

distributions. The method can be used effectively to study the dynamics of liquid crystal 

phases, colloidal glasses and gels, and suspensions subjected to an applied flow[1].  

In Chapter 3, we have conducted an experimental study to investigate the role of 

gravitational field in synthesizing ordered assemblies of colloidal rods. Colloidal rod 

suspensions at dilute initial particle concentration were subjected to various amount of 

gravitational force in a centrifuge.  Once again use of confocal laser scanning microscopy 

for imaging was helpful since direct visualization of sediment structure at single particle 

level allowed us to quantify the ordering. We noticed that the phase transition is 

principally governed by the volume fraction of the sediment. Gravitational field plays a 

significant role in desifying the suspension and determining the value of order parameter. 

We also observed that suspensions of small and long aspect ratio rods respond quite 

differently to the varying strength of gravitational field.  A continuous increase in the 

ordering was observed with increased field strength for small aspect ratio rods (r ≤ 5.0), 

however, the order parameter decreased with increased gravitational field for longer rods 

(r= 8.0) due to formation of a glass phase. The theoretical and simulation work done to 

understand the effect of gravitational field only considers structural and entropic 

transition, while dynamic arrest that caused glass transition has not been considered [2, 

3]. These experimental results therefore, request development of a new theory; where 

kinetic and dynamic arrest should also be considered while studying assembly under 

gravitation. 

In Chapter 4, we investigated the possibility of increasing the order parameter of 

assembly of colloidal rods by introducing gravitational field to the suspensions of 

attractive rods. Attractive forces were introduced in the form of depletion force by adding 
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non-adsorbing polymer to the rod suspension. We observed that addition of non-

adsorbing polymer during assembly could be beneficial for assembly if optimum 

concentration of non-adsorbing polymer is used. These optimum concentrations of 

polymer are a function of rod aspect ratio. Addition of the non-adsorbing polymer to the 

colloidal rod suspensions affects the phase transition boundaries by broadening the 

coexistence region, which in effect allows the rods to assemble at higher volume fractions 

and higher order parameters than compared to hard rod suspensions [4, 5]. The above 

understanding of phase behavior is really useful for development of advanced materials 

like photonic band-gap, microelectronics, chemical sensors and energy transfer materials, 

which require higher degree of ordering.  

Future Work 
 

The gap between the developed theory and experimental work for anisometric 

colloids is significant and more experimental studies are needed to verify the developed 

theory. Direct visualization is a strong technique that can help filling this gap by 

quantifying almost all the quantities that theory and simulations predicts. The studies in 

this dissertation present few examples of how direct visualization can help measure the 

quantities that probe into the dynamics and structure of anisometric colloidal suspensions.  

The extension of this work would be to use these methods to understand more complex 

system.  

For example, the method we have developed for studying three-dimensional 

motion of colloidal rods is so far used for dilute suspensions. And a simple next step 

would be to use the technique to study the internal dynamics of colloidal rod gel 
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structures. Gels made of colloidal rods behave significantly different than those made of 

spheres and the method can help understanding the primary reasons behind the 

differences. Colloidal rod gels can be simply produced by either by adding non-adsorbing 

polymer to the rod suspension or by introducing any other form of attractive interactions. 

Also, since the study allows us to characterize the diffusivities of the rods in a system it 

can be useful to determine the glass transition volume fraction for colloidal rods. The 

transitional diffusivity of colloidal rods is predicted to be zero in the glass phase [6]. 

Thereby, design of an experimental system with gradual increase in the volume fraction 

followed by measurement of translation diffusivity can help achieve the transition 

volume fraction. 

 In chapter 3, we identified the use of gravitational field to produce ordered 

structures of colloidal rods, however the experimental studies were not conducted above 

an aspect ratio of 8.0 due to limitations in model material synthesis.  Most of the 

theoretical work has been done for long rigid rods and therefore there is a need for 

experimental work at higher aspect ratios as well.  Hence, there is need for an 

experimental system that is composed of long rigid rods with refractive index matched 

solvents. Also, we observed a trend reversal of ordering parameter against gravitational 

field strength when the aspect ratio of rods is increased from 5.0 to 8.0. However, the 

aspect ratio at which this trend changes is still not known and would need further 

investigation.  

Finally, we have investigated the combined effect of gravitational field and 

depletion on dilute colloidal rod suspensions. The studies here were conducted for 

varying polymer concentration while keeping the strength of the gravitational field a 
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constant. An experimental phase diagram could be useful in understanding this behavior 

in depth and require that the polymer concentration and gravitational strength be varied 

simultaneously.  Also, the experiments were conducted at a fixed Rg/D (ratio of the 

polymer radius to the rod diameter), however, theoretical and simulation work suggests a 

major role is played by this ratio in deciding phase transition [4]. An experimental 

investigation of the above would be beneficial in verifying the theory as well as could be 

useful in increasing ordering of the assemblies.  

 Three-dimensional imaging of colloidal suspensions along with appropriate 

quantification techniques like image processing could play a major role in understanding 

the science of anisometric particles.  In this thesis, we have taken a step to investigate the 

dynamics and structure of colloidal rod suspensions using three-dimensional confocal 

microscopy. Any further extension to this work could help understanding the 

complexities associated with these systems in greater detail.  
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Appendix A 

A. Contact number Measurement 
 

A.1. Method 
 

In addition to the volume fraction of the sediments along an axis parallel to the 

applied field, φ(z), the orientation distribution, ui and the order parameter S, we also 

measured the average contact number <c>, for the final sediments. The average number 

of contacts in a suspension [1] <c>, as reported here, is half of the number of the touching 

neighbors per particle (i.e. half of the particle coordination number[2, 3]). To measure the 

average contact number, an estimate of particle shape is required in addition to the 

centroidal locations and orientation angles. Because the experimental shape of the rods is 

intermediate between the simple mathematical descriptions of an spherocylinder and a 

prolate spheroid, we computed contact numbers by approximating the rods as these two 

reference shapes. Differences in the two methods then determine bounds on the error in 

the experimentally determined contact number.  (For all aspect ratios, the differences 

between the two methods were small – no more than 10% – and thus the uncertainty in 

the exact shape of the rods is not a limitation in this analysis.)  Below is a brief 

description of the two methods used to assess the contact number of all rods in the 

sediments. 
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Both contact number algorithms are based on calculating the minimum distance 

between two lines in a 3D space. In this case, those two lines are the rod major axis 

identified from the image processing centroids and orientation angles. Two rods were 

counted as contacting if the measured minimum distance between their major axes was 

less then the sum of their radii at the point of minimum distance.  

For the spherocylinder (SC) calculation, a SC of length L and diameter D was 

constructed by adding a hemisphere of diameter D at the each end of a cylinder of length 

(L-D) and diameter D. In this model the radius of the rod is taken to be a constant D/2 at 

all points.  For the prolate spheroid (PS) model: a spheroid of length L and diameter D 

was constructed by overlapping spheres (N = 40 typically) of different radii along the 

backbone of the rod. The radius of the spheres was systematically varied to fully 

approximate the spheroidal shape. The performance of the two methods was evaluated by 

checking the methods for a simulated system of rods.  It was found that both of the 

methods resulted almost the same distribution for most of the cases. However, as the 

concentration of the rods was increased into the simulated system it was found that PS 

model results into a more accurate number than SC case. The error in SC case was 

approximately 8-10%. 

A.2. Results 
 

We used this contact number method to measure average contact numbers of the 

sediments under gravitational force for both hard and attractive rods. Since the contact 

probability is density (i.e. volume fraction) dependent, average contact number is a 

measure of structure. The random contact model described by Philipse relates the average 
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contact number with the phase transition for hard SCs [1]. The theoretical model is based 

on excluded volume calculations done by Onsager [4] and Vroege and Lekkerkerker [5]. 

According to this model, instability in an isotropic hard-rod suspension occurs when 

average number of contacts per particle is approximately 3.29 and when this value is 

above 4.19, nematic phase is stable. When the value of the average contact number is 

between the value of 3.29 and 4.19, a two-phase region is predicted. The model provides 

us with a relationship between volume fraction (φ), aspect ratio (L/D+1) and average 

contact number (〈c〉), given by equation 1.  

φ L
D

4 D
L

+
3(L /D)

3(L /D) + 2
⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ = 〈c〉     (1) 

Using our contact number algorithms (both SC and PS models), we measured the 

average contact number for the gravitational field study for the rods of aspect ratios 3.6 

and 8.0 for zero polymer case. In figure A.1, we plot the experimental average contact 

numbers of the rods in the final sediments (for both the SC and PS shapes) against Peclet 

number along with the theoretical predictions of the phase transitions. For aspect ratio 3.6 

rods, we observe an increase in the average contact number value with increasing Peclet 

number till Peclet number of 16. However, average contact number does not change 

much with a further increase in Peclet number after that and stabilizes at a constant value 

of approximately 4.1. However, for aspect ratio 8.0 rods, the contact number decreases 

with increasing Peclet number, the trend of the curve for average contact number is 

similar to its trend for nematic order parameter (S) and volume fraction (φ). 

We found that for our experiments of aspect ratio 3.6 and 8.0 hard rod sediments, 

the sediments for which we observe high ordering (S ~ 0.4) the value of the average 
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contact number is above 3.29 and close to 4.19 suggesting that these sediments lie either 

in the two-phase region or stable nematic phase. And the sediments with lower nematic 

order parameters have average contact number below 3.29. We observe that our results of 

contact number calculations are in accordance with the theory as well as with the 

parameters calculated in Chapter 2.  

We also calculated the average contact number of the rods sediments made under 

the combined effect of depletion and gravitational field using our contact number 

algorithm. In figure A.2, we plot the experimental average contact numbers of the rods in 

the final sediments (for the spherocylinder shape) and theoretical predictions with respect 

to increasing polymer concentration for both the aspect ratios 5.0 and 8.0. For aspect ratio 

5.0 rods, average contact number of the rods increases with increasing polymer volume 

fraction as the volume fraction also increases and reaches a constant value of 

approximately for 4.2. While, for rods of aspect ratio 8.0, an initial increase in average 

contact number is seen with increasing polymer concentration as the volume fraction also 

increases and a maximum is reached (~4.5). A further increase in the polymer 

concentration leads to a decrease in the volume fraction and the average contact number 

also decreases. 

For the above conducted experiments, we find that for sediments that have 

nematic order parameter (S) value above 0.5, the average contact number, 〈c〉 has a value 

of ≥ 4.19. Suggesting, a stable nematic phase; which is also evident from the confocal 

images. For less ordered sediments (0.32 < S < 0.50) the value of 〈c〉 lies between 3.29 

and 4.19, suggesting isotropic to nematic transition region. Therefore, the values of 

nematic order parameter (S) are accordance with the contact number studies. 
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Figure  A-1: Average contact number of the rods in the sediments plotted against the 
Peclet number (Pe), measured by assuming both spherocylinder and ellipsoid shape of the 
rods, for the rods of aspect ratios 3.6 and 8.0. 
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Figure  A-2: Average contact number of the rods in the sediments of attractive rods 
plotted against the polymer concentration, measured by spherocylinder shape of the rods, 
for the rods of aspect ratios 5.0 and 8.0. 
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