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ABSTRACT OF THE THESIS 

Micron sized colloidal particles are Brownian, and can be conveniently visualized using optical 

microscopy. This thesis focuses on the preparation of colloidal assemblies comprising micron-

sized colloidal particles linked through flexible linkers. Specifically, colloids linked in a linear 

fashion to form string-like objects are investigated. 

In the first part of the thesis, we investigate ice templating of aqueous colloidal dispersions as 

a route to the preparation of colloidal assemblies. Highly dilute dispersions of polymer coated 

colloids are ice templated by freezing either isotropically or in a directional manner, and the 

polymeric shell is cross-linked to form assemblies. The dispersions are at concentrations that 

are far below that required to form percolated monoliths. There are three different types of 

assembled structures that form during ice templating: linear chains, two particle-wide tapes and 

extended sheets. We observe that, with increase in particle concentration from about ~106 to 

~108 particles/ml, there is a transition from isolated single particles to increasingly larger 

clusters. In this concentration range, most of the colloidal clusters are linear or sheet like 

particle aggregates. Remarkably, the fractional probability for formation of a cluster of n 

particles, Pn (n > 2, up to n ~ 30 particles) scales as n−2, independent of particle concentration 

for isotropic ice templating (over a 100-fold variation in concentration). Results from our 

experiments compare well with kinetic simulations performed by our collaborator. These 

simulations do not consider hydrodynamics or, instabilities at the growing ice front due to 

particle concentration gradients. Thus, clustering of colloidal particles by ice templating dilute 

dispersions appears to be governed only by particle exclusion by the growing ice crystals that 

leads to their accumulation at ice crystal boundaries. 

In contrast to the isotropic freezing experiments, for directional freezing, Pn strongly depends 

on the concentration of particles. The distribution function (Pn) obeys a power law Pn~n−η, 

where η varies from 2.27 (for particle concentration ~109 particles/mL) to 3.19 

(for 107 particles/mL). To understand the differences between isotropic and directional ice 

templating, we compare our experimental results with simulations performed by our 

collaborators. Their lattice simulations ignore hydrodynamic interactions and instabilities at 

the growing ice front. These simplified simulations capture the experimental results and reveal 
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that the differences in scaling of (Pn) arise from differences in how the ice crystals close up on 

themselves as the freezing front propagates. 

We investigate the dynamics of colloidal chains using the linear colloidal constructs obtained 

from isotropic ice templating.  

We study both passive and “active” colloidal chains. Active colloids are those that are not 

constrained by equilibrium: ballistic propulsion, superdiffusive behavior, or enhanced 

diffusivities have been reported for active Janus particles. At high concentrations, interactions 

between active colloids give rise to complex emergent behavior. Their collective dynamics 

result in the formation of several hundred particle-strong flocks or swarms. We demonstrate 

significant diffusivity enhancement for colloidal objects that neither have a Janus architecture 

nor are at high concentrations. We employ uniformly catalyst-coated, viz. chemo-

mechanically, isotropic colloids linked into a chain to enforce proximity. Activity arises from 

hydrodynamic interactions between enchained colloidal beads due to reaction-induced phoretic 

flows catalyzed by platinum nanoparticles on the colloid surface. This results in diffusivity 

enhancements of up to 60% for individual chains in dilute solution. Chains with increasing 

flexibility exhibit higher diffusivities. Simulations (performed by our collaborators), that 

account for hydrodynamic interactions between enchained colloids due to active phoretic flows 

accurately capture the experimental diffusivity. These simulations reveal that the enhancement 

in diffusivity can be attributed to the interplay between chain conformational fluctuations and 

activity. Our results show that activity can be used to systematically modulate the mobility of 

soft slender bodies. 

Finally, we prepare thermos-responsive colloidal chains and investigate thermally induced 

reversible collapse transitions in such chains. Micron size polystyrene colloidal beads are 

coated with thermos-responsive copolymer microgels of PNIPAM and allylamine and are 

assembled into chains by application of an AC field. The combination of long range 

electrostatic repulsion between colloids and external AC field-induced dipolar interactions 

result in linear assemblies of the particles. The colloidal monomers that line up are crosslinked 

through the amine groups in the microgels, so that the particles remain enchained even after 

removal of the external electric field. We control the flexibility of the colloidal chain by varying 

crosslinking time. We vary the suspension temperature from 25oC to 55oC, viz. from below to 

above the LCST of the PNIPAM microgels. We change the temperature slowly and stepwise 
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to ensure that chains are in equilibrium when we characterize them. All the chains show a 

decrease in size on heating. For rigid chains, the decrease in modest and is not accompanied by 

a change in shape. Flexible chains form relatively compact structures, resulting in a large 

increase in the local monomer number density. For chains with intermediate flexibility, the 

balance between chain rigidity and inter-particle attraction results in the formation of helix-like 

structures. The fraction of monomers that form helix-like structure increases with temperature 

and plateaus above the collapse transition temperature of the microgel particles. 

In the final chapter of the thesis, we present a brief description of interesting problems that 

could be addressed using the colloidal polymer chains developed in our work. 
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Chapter-1 

Introduction 

                                                                        
 

 

 

 

 

 

1.1 INTRODUCTION 

Spherical colloidal particles have been used as model systems for gaining insights into  

different phenomena in condensed matter, such as crystallization, the isotropic-nematic 

transition and the glass transition.1–3 Recently, there is growing interest in colloidal particles 

with more complex shapes and interactions; this interest is fuelled by the use of such colloids 

in advanced functional materials, by their use in fundamental studies of self-assembly and as a 

way of mimicking the geometric shape of molecules.4–6 There are several examples of such 

colloidal assemblies: regular clusters,7 chiral chains,8 rod-like particles,9 patchy particles and 

“polymerized” inorganic rod-like nanoparticles have all been recently reported. Assembly of 

“monomeric” colloidal particles into polymer-like chains would represent a significant step 

forward in designing a colloidal analogue of polymeric molecules.10–12  

Several researchers have reported that the assembly of spherical colloidal particles mimics that 

of atomic condensed matter phases.13–15 Self-assembly of colloids with short-range16 or with 

long-range interactions has been well studied.17 Recently the ability to control the interaction 

between colloids has been exploited extensively in experimental soft matter physics.18,19 A 

phase transition from liquid to crystal phase as a function of density has been observed.20 The 

dynamics of crystallization,21,22 melting,23,24 crystal-crystal martensitic transitions,25 and 

crystal-gas transitions15,26 have been investigated in recent developments. 
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There are several interactions that determine the assembly of colloids, such as the excluded 

volume interaction,27 long range electrostatic interactions28 and short range van der Waals 

interaction.29 Further, drag forces in solvents, and capillary forces30,31 can affect the assembly.32 

A convenient way to control the assembly of colloidal particles is by applying electric or 

magnetic fields. In a DC field, directional motion of charged colloidal particles has been used 

to assemble the particles.33,34 Colloidal assembly can also be efficiently manipulated by 

imposing an AC field.34–36 Dipolar interactions between dielectric particles can be tuned by 

varying the strength and frequency of the field. By changing the field strength and frequency, 

colloids at a particular volume fraction can be assembled into different structures such as bcc, 

fcc, string-like phases and so on.10,37–40 The assembly of colloidal particles in the presence of 

electric or magnetic fields,11,41 is typically reversible, viz. the particles re-disperse into the 

solvent on removing the field. Linking the assembled colloidal “monomers” by, for example, 

sintering at above their glass transition temperature or by chemical crosslinking, renders the 

assembled structure permanent so that the monomers stay connected even after removing the 

field.10,11  

It has been suggested that linear assemblies of colloids could be considered as models for 

polymers.11 Polymers are characterized by topological connectivity with monomers enchained 

to form a covalently connected polymer.42 Several static and dynamic properties, such as the 

size of a polymer chain, or polymer viscosity43 exhibit remarkably universal scaling with the 

molecular weight, independent of the chemistry of the polymer. Thus, forming a connected 

assembly represents an important starting point for the development of a colloidal model for 

polymers. Polymer dynamics is a function of the chain length and the local stiffness of the 

polymer chain. Fundamentally, these models will address the role of topological connectivity 

on the static and dynamics properties of the linearly connected objects. 

1.2 COLLOIDS AS BIG ATOMS 

It has been seen in experiments as well as computer simulations that colloidal hard spheres13,44 

remain dispersed in a “liquid” phase at volume fraction, ϕ < 0.49. For 0.49 < ϕ < 0.54, the hard 

sphere colloid system exhibits liquid-solid co-existence and above ϕ = 0.58, it transitions to a 

metastable amorphous glassy phase.45,46 A similar progression in phase behaviour has been 

observed for atomic systems when they are cooled from a high temperature fluid state. Note 

that for atomic systems, inverse of temperature 1/T, plays same role as the volume fraction (ϕ) 

of colloidal suspensions (Figure 1-1). These big colloidal “atoms” are sufficiently large and 
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their Brownian motion is sufficiently slow to allow visualization using optical microscopy. The 

trajectories of colloidal particles can be tracked using image processing47 - therefore colloids 

represent a convenient model system to investigate a variety of physical phenomena in atomic 

and molecular materials.1 Colloids are known as “designer atoms” since these can be tailored 

in terms of their interactions, size and shape.48 Using confocal microscopy, fluorescently 

labelled colloidal particles in density and refractive indexed matched solvents can be visualized 

in 3D.49 In contrast, electron microscopy is required to visualize atoms in bulk atomic systems 

– however, there are several experimental limitations to electron microscopy. For example, it 

is not straightforward to use electron microscopy to visualize dynamics in atomic solids. 

 

Figure 1-1: (Equilibrium phases) Phase diagram of hard sphere colloids. Freezing points starts 

at ϕ=49.4% and melting point at ϕ=54.5% and in-between, there is liquid/solid phase 

coexistence. (Metastable) glassy phase is observed between ϕ=58% and ϕ=64%. Random 

closed packing is observed above ϕ=64%. All these phases are observed in analogy to atomic 

systems when the parameter varied is temperature instead of the volume fraction. (Reprinted 

with permission from ref (20), Copyright ©2016 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim). 

For monodisperse spheres, hexagonal close packing (hcp)50 represents the densest 

configuration. Therefore, hcp assembly represents the thermodynamically stable state (lowest 

energy) for monodisperse hard spheres. There are several ways to assemble colloids into hcp 

ordered structures. Nagayama investigated51 assembly from colloidal suspensions by drop 

casting on a plane glass substrate. They claimed that attractive capillary interactions and 

convective transport of colloids are the main factors that dominate the self-assembly process 

and that the degree of order in the packed arrays is determined by the evaporation rate of the 

https://www.ncbi.nlm.nih.gov/pmc/about/copyright/
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solvent. Centimetre size mono-layer colloidal crystals are formed by controlling the 

evaporation rate of solvent and the withdrawal velocity of the substrate.52 An alternative 

method to prepare hcp colloidal crystals is spin coating. At the time of spin coating, the 

liquid/solvent flows due to the centrifugal force across a wettable substrate at high shear rate 

and the colloidal particles rapidly form a densely packed hcp structure on the substrate/glass 

plate. The resulting crystal quality depends mainly on the spinning speed, rheology of the 

suspension, the wettability of the substrate, concentration of the colloids and surface charge of 

the substrate and the charge of the colloidal particles.53  

For colloidal particles with bi-disperse size distribution, and with opposite charges on particles 

of different sizes, it has been observed that varying the colloidal particle size ratio yields 

structures similar to ionic crystals.54,55 Bartlett et al.55 reported that the binary crystal structure 

may be switched between fcc, cesium chloride (CsCl) and sodium chloride (NaCl) by simply 

varying the magnitude of the charge on nearly equal-sized spherical particles. Leunissen et al. 

reported that the LS-type and L𝑆6- type ionic crystals (where L and S refers to large and small) 

were observed by varying the ratio of size between the positive and negatively charged 

spheres.54 Figure 1-2a and Figure 1-2b are confocal micrographs of CsCl and LS type crystal. 

The phase behaviour of charged colloidal suspensions has been studied extensively56,57 and has 

been modelled by a pure Yukawa or a hard-sphere-plus-Yukawa potential.58,59 Yethiraj et al. 

reported the disorder-order phase diagram as a function of softness (kR, where 1/k is the inverse 

Debye screening length) and volume fraction (ϕ).19 

 

Figure 1-2: (a) Ionic colloidal crystal with oppositely charged colloidal particle with different 

particle size ratio (CsCl-type crystal), (Reprinted with permission from ref (55), Copyright 

(2005) by American physical Society). (b) Confocal micrographs of LS-type ionic crystal 

where L and S refers to large and small. (1) & (2) are the schematics of unit cells in an 
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hexagonal and cubic representations (Reprinted with permission from ref (54), Copyright 

(2005) Springer Nature). 

van Blaaderen et al. investigated the epitaxial growth of colloidal crystals in 3D formed by 

slow sedimentation of colloidal particles on a templated surface.60 It is known that 

thermodynamically, the free energy of fcc and hcp structures are nearly the same.61 However 

a pure fcc crystal is formed when colloids are sedimented on a substrate patterned with the 100 

plane of a fcc crystal. Using this epitaxial growth technique, a single crystal as large as the size 

of the patterned area was formed by sedimentation. Ganapathy et al. showed that island 

formation of colloids on patterned substrates obeys the same two dimensional nucleation and 

growth law observed in atomic systems.62 

Though crystal nucleation has been studied extensively, quantitatively predicting the rate of 

crystal nucleation remains challenging. The total free energy cost to form a spherical phase of 

radius R is given by classical nucleation theory as18 

 
∆𝐺 = −

4

3
𝜋𝑅3𝑛𝑠|∆𝜇| + 4𝜋𝑅2𝛾 

(1) 

where 𝛾 is the interfacial free-energy, |∆| is the chemical potential difference between the 

phases and ns is the number of monomers in the nucleus. According to classical nucleation 

theory, the nucleation rate per unit volume is given by18 

 
J = J0 exp (

−16πγ3

3 (ns|∆μ|)2kBT
) 

(2) 

For hard sphere suspensions, the surface tension, γ =
kBT

a2
, where a is the radius of the colloidal 

sphere. Computer simulations63,64 have been performed to investigate the shape and height of 

the nucleation barrier, J0 allowing for quantitative comparison between experiment and theory.  

Both classical nucleation theory and simulations are premised on the assumption of 

homogeneous nucleation of crystals. However, conditions that eliminate heterogeneous 

nucleation are rarely obtained in experiments. Theoretically, despite the limitations of classical 

nucleation theory, this remains the starting point to explain phase transitions – though there are 

attempts to develop alternate frameworks.65 Often, colloidal systems are prepared, then shear 

melted and the nucleation process is studied as they recrystallize from the melt. Therefore, we 

cannot completely rule out the existence of tiny crystals that might alter the nucleation kinetics 

significantly. Due to these difficulties, large discrepancies are observed experimentally, even 
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for very simple hard sphere systems. The rate of nucleation depends on the polydispersity of 

colloids and weak electrostatic interactions between particles.66 It has been shown that below 

the melting volume fraction (ϕ=0.545) of hard sphere-like colloidal suspensions, crystallization 

is well matched with classical nucleation theory. However, at higher volume fractions, crystal 

growth is suppressed by high nucleation rates.21 For the case of charged colloids that are 

experimentally more accessible but that represent theoretical challenges, the kinetics of 

crystallization has been extensively studied.67,68  

 

Figure 1-3: (A) & (B) are snapshots during crystallization at a volume fraction ϕ = 0.45. The 

red spheres represent crystal-like particle and the blue spheres represent the metastable liquid 

state. (Reprinted with permission from ref (22), Copyright © 2001, The American Association 

for the Advancement of Science) (C) Nucleation rate as a function of number density. The 

nucleation rate from time resolved static light scattering data for charged colloids is consistent 

with classical nucleation theory. (Reprinted with permission from ref (69), Copyright (2005) 

Rights managed by AIP Publishing). 

Colloidal systems have also been used as models to investigate atomic or molecular phenomena 

other than crystallization. For example, the equivalent of thermal capillary waves have been 

observed at the interface between colloidal liquid and gas phases. The interface between vapour 

and liquid appears to be smooth at rest but thermal motion produces statistical fluctuations 

locally at the interface leading to interfacial roughness. This phenomenon is known as 

thermally excited capillary waves. These capillary waves play an important role in developing 

modern theories of interfaces and have been studied using x-ray scattering and light scattering 

techniques. Aarts et al.70 demonstrated that colloid-polymer dispersions exhibit equilibrium 

between low and high density disordered phases (analogous to the gas/liquid coexistence). This 

system was observed to show a fluctuating interface at the colloidal liquid/colloidal gas 

boundary. These analogues for capillary waves can be directly visualized using real time using 
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microscopy. Thus, colloidal systems have been shown to exhibit phenomena that are closely 

analogous to those in atomic/molecular systems (Figure 1-4). 

 

Figure 1-4 : Capillary waves at vapour-liquid interface of a colloidal system. This is imaged 

using laser scanning confocal microscopy (LSM) at three different state points during the 

approach towards the critical point (Reprinted with permission from ref(70), copyright (2004) 

AAAS).  

1.3 COLLOIDAL MOLECULES  

Low co-ordination number assemblies and complex structures are common in Nature for 

atomic and molecular systems but are challenging to create in a controllable manner using 

colloidal particles. Researchers have designed protocols to synthesize a variety of unusual 

colloidal structures such as dimpled particles,71 cubic assemblies and clusters of spheres.7 The 

geometry of colloidal particles plays an important role in their self-assembly.72 Only simple 

high symmetry and high density crystals with fcc and bcc packing can be formed using 

monodisperse spherical colloids. Complex open structures such as diamond-like packing with 

four fold coordination are very difficult to realize using spherical colloids. Low coordination 

states are unstable without bonding (linking) or strong directional interactions between their 

constituent colloids. Assembly of atoms to form molecules is controlled by its valency. For 

example, the valence orbitals of carbon adopt sp3 hybridization to form CH4 molecules. To 

create colloidal analogues of CH4, it is necessary to create colloidal analogues of atoms with 

directional interactions, for example, through chemically distinct surface patches that mimic 

the hybridized atomic orbitals. If carbon-analogous colloidal particles have four tetrahedrally 

coordinated patches, then the hydrogen particles must each have one complementary patch. 

Assembling such particles through attractive patch-patch interactions has been shown to result 

in tetrahedral assemblies with the geometry of CH4 molecules.73 Similarly by controlling the 
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number and placement of attractive patches, colloidal assemblies that resemble CH3, CH2, CH 

molecular structures have also been formed (Figure 1-5,A).73 Sacanna et al. reported the self-

assembly of colloids with lock and key colloids using depletion interactions (Figure 1-5,B).74 

 

Figure 1-5: DNA patchy particle fabrication. (1st row, A) Well defined symmetric four patche 

colloidal particles are shown. (1) Cluster of four amidinated PS particles is swollen with styrene 

such that extremities of cluster protrude from the styrene droplet then styrene is polymerized 

and the protrusions from the original cluster form patches. (2) Biotin is specifically 

functionalized on the patches. (3) Biotinylated DNA oligomers are introduced and bind to the 

patches via biotin-streptavidin-biotin linkages. (2nd row, A) Electron micrographs of 

amidinated colloidal clusters. (3rd  row, A) Electron micrograph of colloids with patches. (4th 

row, A) Confocal microscopy images of patchy particles. The fluorescent patches 

corresponding to the dye labelled streptavidin are observed (Reprinted with permission from 

ref (73), Copyright © 2012, Springer Nature ). (B) Self-assembly of colloids with lock and key 

interactions based on depletion interactions. (Reprinted with permission from ref (74), 

Copyright © 2010, Springer Nature).  

1.4 POLYMER-LIKE LINEAR ASSEMBLY OF COLLOIDAL PARTICLES 

We now discuss the assembly of colloids into linear polymer-like assemblies. 

1.4.1 BY AC ELECTRIC FIELD 

Colloidal particles have, in general, a different dielectric constant from the solvent that they 

are dispersed in. In a suspension, colloidal particles form different structures in the presence of 

an AC field,75,76 where the field strength is 0.1-1 kV(mm)-1, for frequencies that range from 

few tens of KHz to MHz. Under these conditions, colloidal particles show dipolar interactions, 

with their axis along the electric field direction and assemble into different structures.10,38–40 If 

the frequency of the field is a few hundreds of kHz then the particle sees an average field and 
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small molecule ion migration is minimized. The induced dipole formed by the colloids in the 

applied field E, is not affected by the presence of neighbouring particles when the inter-particle 

distance is much larger than the particle radius. The dipolar interaction U(R) between two 

particles separated by a distance R is given by18 the equation 

 
U(R,θ)= −

4πε0εfβ2a6Ε0
2

R3
 (

3COS2θ−1

2
) 

(3) 

Where ε0 is particle dielectric constant and εf is the fluid dielectric constant, a is the particle 

radius, E0 is the applied electric field and θ is the angle between the dipolar orientation of the 

two particles. 

It has been shown that for a specific range of particle volume fraction and imposed electric 

field, particles assemble into linear structures. However, on removing the electric field, the 

colloidal particles re-disperse into the solvent. To make the linear assembly permanent even 

after removal of the field, one must induce physical or chemical bonding between two colloids, 

for example as described by the work of van Blaaderen and co-workers, detailed below.10 van 

Blaaderen and co-workers describe the assembly of PMMA colloidal beads in cyclohexyl 

bromide (CHB), when taken in a thin channel between ITO coated glass plates that act as 

electrodes (Figure 1-6A). At low field strength, the colloidal particles form linear structures 

along the electric field direction. Once the linear structure is formed, the cell is heated with hot 

air (70o-80oC) to elevate the temperature above the glass transition temperature of PMMA for 

about 3-4 minutes. After removing the AC field it was observed that ≈95% of beads in linear 

assemblies formed permanent chains with a broad distribution of chain lengths. It was shown 

that the PHSA-PMMA comb-graft stabilizer present on the particle surface is redistributed in 

such a way that the colloidal particles become permanently linked together at this elevated 

temperature. 

 
Figure 1-6: (A) Schematic of the cell for imposition of electric field that aligns dielectric 

spherical colloidal particles. (B) Confocal micro-graphs of permanent colloidal chains of 
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PMMA particles. Chain length is controlled by varying the distance between the electrodes. A 

magnified view of the chains is shown in the inset (Reprinted with permission from ref (10), 

Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). 

1.4.2 BY MAGNETIC FIELD 

Magnetic colloidal particles interact via their dipole moment to form chains in an applied 

magnetic field. The magnetic dipole moment of colloids in magnetic field is given by m = 
4

3
 

πa3ξH, where ξ is the magnetic susceptibility of the particles, H is the applied magnetic field 

and, a is the radius of the particle.77 The interaction energy between two particles in a magnetic 

field is given by77 

 
Ui,j(R, β) =  

mimj

4πμ0R3
(1 − 3cos2β) 

(4) 

where i, j are the particle indices, R is the magnitude of the position vector between the two 

particles and β is the angle between the position vector and the applied magnetic field and μ0 is 

the permeability of the solvent medium. Thus, it is energetically favourable for the magnetic 

dipole particles to align in head to tail fashion to form a linear chain, along the direction of 

magnetic field. It has been observed that magnetic particles assemble linearly within few 

seconds of imposing a magnetic field. Magnetic particles coated with streptavidin can be linked 

through biotinylated DNA linkers that bridge neighbouring particles to bind them. This linking 

allows the colloidal chain to stay permanently connected, even after removing the magnetic 

field. The flexibility of the colloidal chains can be tuned by varying the density of linker chains 

between two particles. If the cross-linking density is high, rigid chains are observed to form 

and while flexible chains form at lower linker density. The particle to particle distance can be 

controlled by the magnetic field strength. If the particle to particle distance r > ℓN
1

2, the chain 

is flexible and for r <  ℓN
1

2, the chains are rigid (where ℓ is the polymer segment length and N 

is the number of segments in DNA).77  

1.5 OBJECTIVE OF THE THESIS 

While several articles explore the synthesis of colloidal linear chains,10–12 to the best of our 

knowledge, only a few papers10,11 discuss the structure and dynamics of so-formed linearly 

connected objects. This thesis focuses on the preparation of linear chains and on studies of their 

https://www.ncbi.nlm.nih.gov/pmc/about/copyright/
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structure, dynamics and phase transitions. In this thesis, we present novel techniques based on 

ice templating, to assemble colloidal particles.78 We investigate both isotropic and directional 

ice templating methods to assemble colloids. The distribution of colloidal assemblies formed 

through the ice-templating protocol is characterized in great detail. We also prepare chains by 

crosslinking colloids organized in an AC electric field. A novel aspect of this work is to render 

the colloidal chains active, viz. out of equilibrium, by adsorbing catalytic platinum 

nanoparticles on their surface and by conducting reactions catalysed by the nanoparticles. 

Another novel aspect is to render the colloidal chains thermoresponsive by adhering poly N-

isopropyl acrylamide microgel particles79,80 on the colloidal surface.  

1.6 OUTLINE OF THE THESIS 

Chapter-1: In the 1st chapter, the relevant background literature is surveyed to motivate our 

investigation of the assembly of colloidal particles and our studies of their structure and 

dynamics. 

Chapter-2: We have investigated isotropic ice templating of aqueous dispersions of polymer 

coated colloids and cross-linker at particle concentrations far below that required to form 

percolated monoliths. In this process, colloidal particles assemble into three different 

structures, linear chains, two particle-wide tapes and sheets. We have found that the fractional 

probability Pn (n>2) [n is the number of particles in a cluster] of particles that are in a cluster 

is independent of particle concentration for isotropic ice templating (over a 100-fold variation 

in concentration from 106 𝑡𝑜 108 particles/ mL). In this concentration range, the cluster size 

distribution exhibits a power law, Pn ~ n−2, for clusters containing less than ~ 30 particles. 

Chapter-3: In this work, we describe particle assembly through directional ice templating. 

Here too, particles assemble into linear chains, two particle-wide tape and sheets. We found 

that the fractional probability Pn(n>2) of particles in a cluster in a strong function of 

concentrations and the cluster size distribution exhibit power law Pn ~ n−η, where η varies from 

2.27 (for higher particle concentrations ~109 particles /mL) to 3.19 (for low particle 

concentrations of the order of 107 particles /mL).  

Chapter-4: We present centre of mass diffusion data for passive and active colloidal chains. 

We found that the experimentally measured diffusion coefficient (D) is consistent with Zimm’s 

treatment (DN~N−0.58, N is the number monomers in a linear chain) for the dynamics of 
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semi-flexible chains. We control the flexibility of assembled structures by controlling the 

linking density between beads. We have demonstrated that the diffusion of passive Brownian 

chains does not depend on chain flexibility whereas the diffusion of “active” colloidal chains 

is a function of their flexibility. This is the first experimental demonstration of the link between 

diffusivity and flexibility. 

Chapter-5: We study the temperature-driven phase transition of PNIPAM micro-gel grafted 

thermo-responsive colloidal chain. Above the LCST of PNIPAM, these chains behave like they 

are in a bad solvent and exhibit strong monomer-monomer attractive interactions. There is a 

decrease in the size of the chains, as measured by the end-to-end distance. Rigid chains show 

a modest decrease in size but exhibit no qualitative change in their shape. Relatively flexible 

chains form compact structures as they collapse, resulting a large increase in the local monomer 

number density within the chain. Chains with intermediate flexibility show the formation of 

helix-like structures on heating. 

Chapter-6: In this chapter, we provide a summary of the key findings of this thesis and we 

present a brief description of potential problems that could be addressed using the colloidal 

polymer chains developed in our work.  
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 Chapter-2                    

 

Colloidal Assembly by Isotropic Ice Templating 

 

The simulations presented in this Chapter are performed by Dr. Chandan Kumar Choudhury 

(CSIR-NCL). Simulation results are presented for completeness. 

 

 

 

 

2.1 INTRODUCTION 

When an aqueous solution or dispersion is frozen, the ice crystals that form, exclude solutes 

and dispersed particles. These solutes or dispersed particles are spatially localized in the 

interstitial regions between ice crystals that form as water freezes. Subsequent removal of the 

ice, typically by freeze drying, results in formation of a porous material as a negative replica 

of the ice crystals. The process, called ice templating or, ice segregation-induced self-assembly 

(ISISA) has emerged as a powerful technique for the production of macro-porous materials.1–

3 There are several advantages to ice templating: it uses water as a solvent and, is therefore, 

environmentally friendly and, economical. Further, the processing equipment required to 

practise ice templating are widely accessible since they are relatively inexpensive. 

Ice templating is not a new technique: reports of usage of synthetic cryo-gels in the biomedical 

literature go back several decades.4,5 Ice templating has been used to prepare porous monoliths 

from rubber latex,6 from  thermoset resorcinol-formaldehyde,7 as well as from a wide variety 

of biocompatible polymers, including, collagen, polylactic acid, polyglycolic acid, gelatin, 
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etc.8–12 Freeze-drying induced partial crystallization of polymers, such as poly(vinyl alcohol) 

has also been used to generate porous structures.13 Ice templating of ceramic slurries has been 

employed to freeze cast a variety of near net shape porous products. Recently, there has been 

tremendous interest in combining ice templating with directional freezing to produce oriented 

structures. This was pioneered by researchers from DuPont14 who demonstrated that directional 

freezing of an aqueous solution of silicic acid and, its subsequent polymerization resulted in 

the formation of oriented silica wires. In the last decade, researchers have extended directional 

ice templating to produce aligned titania fibers15 and macro-porous aligned honeycomb 

monoliths of silica or combinations of alumina and silica.16,17 Aligned 1-D and 2-D structures 

comprising polymer or polymer-inorganic composites have also been produced by directional 

templating followed by freeze drying.18 Nacre-like tough layered composites have been 

produced in a two-step process by forming alumina sheets through directional ice templating, 

followed by in-filling with either epoxy or metal19,20 or even a glassy phase.21 Oriented 

anisotropic polymer nanocomposite hybrids have also been reported by other researchers,22–24 

attesting to the versatility of directional ice templating. 

Control over the properties of ice-templated materials requires a thorough understanding of the 

development of structure as solutes or dispersed particles are organized by growing ice crystals. 

Apart from porous materials synthesis, this understanding has implications for waste water 

treatment25 and geophysical phenomena such as freezing of wet soil.26 The interaction between 

dispersed particles and a solid-liquid interface was examined by Uhlmann and co-workers.27 

By balancing the hydrodynamic lubrication forces experienced by a suspended particle as it is 

approached by a growing solid interface, with the attractive interaction between the particle 

and the interface, they determined a critical velocity for the interface, above which the particles 

are overgrown by the solid medium and trapped within it. At velocities lower than the critical 

velocity of ice front, particles are unable to penetrate the growing solid front and are aggregated 

at the liquid-solid interface. Experimental studies28 suggested that this critical velocity for 

particle trapping as water was frozen, was higher in ice grain boundary grooves. The presence 

of a gradient of temperature or solute concentration at the ice-water interface can also influence 

ice growth.  The ice front can become unstable as a consequence of such gradients and break 

up into cellular structures, characterized by a wavelength, 𝑙𝑐, that is predicted by the linear 

Mullins-Sekerka theory.29–31 The presence of particles at the ice growth front also results in 

constitutional undercooling and, depresses the freezing point of the water – similar to the case 
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of atomic or molecular systems. Further, as particles accumulate at the ice front, the transport 

properties change in a highly nonlinear manner – unlike the case of atomic or molecular 

systems. By carefully accounting for these, significant progress has recently been made in 

understanding ice structure formation during freezing of aqueous colloidal dispersions and 

theoretical estimates of the conditions for the onset of growth instabilities are now available.32-

33 Following this approach, the group of Deville34–37 has determined an experimental “phase 

diagram” for instabilities in ice growth in colloidal dispersions. Specifically, they have 

identified regions where particles are rejected by the ice and are concentrated at the ice-water 

interface, as well as metastable and unstable regions, where transverse ice lenses are likely to 

form. We note that, based on their observations, particles up to a micron in size are always 

rejected by the growing ice front for ice growth velocities of ~O(0.1 – 1 µm/s).   

Thus, while experimental implementation of ice templating is simple, a detailed understanding 

of the effects of solute and colloids on solidification is important for controlling the structure 

of the porous aggregate formed. Our understanding of structure development during freezing 

of aqueous systems containing both dispersed colloid and dissolved polymers is incomplete. 

For example, Zhang and co-workers18 note that the presence of a small fraction of polymer, 

poly (vinyl alcohol) critically influences the shape of the ice-templated structures formed by 

directional ice-templating of silica colloidal dispersions. Plate like objects are formed in the 

absence of the polymer while aligned porous structures resulted while ice-templating 

polymer/colloid hybrids. Similarly, Shi and co-workers24 have noted that the presence of a 

polymeric “mortar” (in their case, poly-N-isopropylacrylamide) was essential for the formation 

of anisotropic rod morphologies by direction ice templating of silica particle dispersions. The 

reasons that underly these observations are not fully understood at this time. 

It has been demonstrated38 by our group that the formation of porous hybrid structures by ice 

templating an aqueous dispersion containing rigid colloidal particles, polymer and cross-linker, 

followed by crosslinking of the hybrid structure in the frozen state. This process does not 

require freeze drying since the hybrid structure is covalently crosslinked.  Thus, the ice can 

simply be thawed to recover a porous monolith. Remarkably, it is been observed that these 

monoliths are elastic and can be reversibly compressed to about 10% of their original size – 

even when the inorganic content exceeds 90% by weight. This behaviour was observed for 

porous materials prepared using various colloids (silica particles, polystyrene latex and 

hydroxyapatite particles), for different polymers (polyethyleneimine and gelatin) and for 
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different crosslinking chemistries. It was concluded38 that the mechanical response observed 

was a consequence of a unique microstructure in the particle-polymer hybrid that was created 

by crosslinking during ice templating. 

In most of the previous investigations, the focus was on the synthesis of macroscopic 

assemblies or monoliths. Therefore, these studies used colloidal dispersions containing a 

relatively large volume fraction of colloids. Here, we investigate the formation of colloidal 

aggregates by ice templating extremely dilute colloidal dispersions and, by crosslinking the 

assemblies of polymer coated colloids in the frozen state. The dispersion concentrations used 

here are far below that required for a transition to percolated porous monoliths. We demonstrate 

that the colloidal assemblies exhibit a progression of shapes from linear assemblies to tape-like 

structures to 2D aggregates. Simulations that rely on a simple kinetic model of particles being 

expelled by growing ice crystals are able to capture the qualitative features of the particle 

clusters formed.  

2.2 MATERIALS AND METHODS 

2.2.1 MATERIALS 

Poly(ethylene imine), PEI (50% w/v solution; molecular weight specified by supplier,  Mw= 

750 kg/mol) and polyethylene-glycol di-epoxide (PEG-di-epoxide, supplier specified Mn = 500 

g/mol) were obtained from Sigma-Aldrich and, were used as received. Fluorescent polystyrene 

(PS) latex particles, 1.08 µm in size with a polydispersity of 4% were used as received from 

Microparticle GmbH, Germany. These particles were negatively charged with sulphonic acid 

groups on their surface and, were supplied as 2.5% w/v aqueous dispersions. DI water was used 

from a Millipore system (pH = 7, resistivity = 18.2 Mcm). 

2.2.2 SAMPLE PREPARATION 

1µL of PS latex dispersion (~ 4.8× 107 particles) was added to 100 µL DI water. This was 

sonicated for one minute, followed by a minute of vortexing to prepare a uniform colloidal 

dispersion. 1.5µL of a stock solution of PEI (prepared by adding 100 mg of as received PEI in 

1ml of DI water) was diluted by adding to 100µL DI water and vortexing for 2 minutes. While 

the PEI solution is vortexed, the latex dispersion is added slowly.  After addition of the latex, 

the sample is centrifuged at 3000 rpm for 8 minutes. The supernatant (corresponding to about 

75% of the solution) is carefully removed using a micropipette. We note that there is almost no 
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loss of particles in the washing step since only about 75% of the supernatant is removed and, 

since care is taken to pipette it out gently. 200µL DI water is added to the sedimented latex 

particles and they were re-dispersed by ultra-sonication for two minutes and vortexing for one 

minute. Subsequently, the dispersion is further diluted by addition of 280µL DI water. This 

washing step, viz. centrifugation and re-dispersion was performed one more time. 3µL PEG-

diepoxide is diluted in 100µL of water and vortexed for a minute. To this, the latex dispersion 

is added while continuously vortexing. After addition of the latex dispersion, the sample is 

transferred to a freezer maintained at -18oC and, is stored for 12 hours, during which time the 

water freezes, and, crosslinking proceeds. Subsequently, the sample is thawed at room 

temperature for 30-40 minutes and is loaded in a microscope cavity slide and sealed.  Particles 

and particle clusters in the sealed sample are allowed to settle over an hour before the sample 

is imaged. Similarly, we prepare samples at different particle concentrations: 2.96 × 108 

particles/ml 5.41 × 107 particles/ml, 7.39 × 107 particles/ml, 3.39 ×106 particles/ml and 8.46 

×105 particles/ml.  

 

Figure 2-1: Schematic of the isotropic ice templating process. On freezing a dilute dispersion, 

latex particles (in red), polymer (PEI, in blue) and cross-linker (in green), segregate to the 

boundaries of ice crystals and are crosslinked to form clustered aggregates. 

2.2.3 EXPERIMENTAL METHODS AND IMAGE ANYALYSIS 

Laser Scanning Fluorescence Microscopy was performed using a Carl Zeiss Axio 

Observer Z1 with a 40X objective (NA = 0.75 and working distance = 0.71 mm). Laser 

light (wavelength = 543 nm) was used to excite the fluorescent PS particles and images 

were collected using a 610 nm emission filter. We collected over 200 images at each 

concentration and analysed these to characterize particle clustering. At the lowest 
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particle concentration (8.46 × 105 particles/ml), images containing nearly 7500 particles 

were analysed while at the highest concentration (2.96 × 108 particles/ml), there were 

nearly 140,000 particles in the images analysed. 

Image analysis was performed using ImageJ software. After subtraction of a constant 

background, the images were thresholded and converted into binary. We then employed the 

inbuilt particle analysis option in Image J to obtain the area and perimeter of each cluster in the 

image. 

2.2.4 DETERMINE THE PORE SIZE (NEGATIVE REPLICA OF ICE 

CRYSTAL) 

To measure the pore size we make scaffold with high volume fraction of polymers (PEI and 

cross linkers). We thaw it to melt the ice crystal and now the pore is the negative replica of the 

ice crystal. SEM images indicate the pores are not strictly spherical. We analyse the SEM images 

using ImageJ and use edge-detection to identify the pores and obtain their size as the largest length 

scale of the pore. This are the apparent pore size. 

2.3 COMPUTATIONAL DETAILS  

In the simulation scheme to investigate aggregate formation during ice templating, Brownian 

dynamics is used to model the motion of individual colloids. It is anticipated, based on our 

experiments, that colloid aggregation is essentially a kinetic phenomenon, driven by particle 

expulsion at the water-ice interface. Thus, a minimal simulation scheme is implemented, where 

hydrodynamic interactions are neglected between colloids. Colloidal particles are modelled as 

hard spheres, with a diffusion coefficient (D = 0.2235 μm2s-1) that is estimated from the Stokes 

Einstein relation for 1 µm colloids diffusing in water at a temperature, T = 273.15K.  Thus,  

D = (kB T)/(6 π η a)    (1) 

Where, kB is the Boltzmann constant, η is the viscosity of water at 273.15 K, and a (= 0.5 µm) 

is the radius of the colloidal particles. 

An updated equation (2) for the position of particles(x) is implemented in the simulation 

x = x + √2Ddt  r      (2) 
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Where  r is a random number drawn from a normal distribution with mean = 0 and standard 

deviation = 1 and, dt represents the simulation time step.  The time step was set to 0.5 ms. The 

size of the colloidal particles was taken as unity. The colloidal particles are allowed to translate 

in three dimensions according to Equation 2. Simulations are carried out for dilute dispersions 

of the colloidal particles, in the absence of ice crystals and confirmed that the mean square 

displacement is linear in time and, has a diffusion constant (obtained from the slope) of 0.22 

µm2s-1.   

The isotropic ice templating simulations by placing colloidal particles and ice nuclei, with their 

centers randomly located in the simulation box. At the start of the simulation, the ice nuclei 

were treated as point particles with a size of 10-3 times that of the colloidal particles. We do not 

have direct evidence that the growth of ice crystals is uniform for isotropically frozen samples. This 

is one of the assumptions that we use to simplify our simulations. In this scheme, all the ice crystals 

nucleate at t = 0 and grow isotropically with a growth rate of 100 nm s-1 (viz. 0.1 units/s).  The 

value of the growth rate is based on experimental estimates for ice growth in our experiments 

(see Results section).  The number density of ice nuclei is chosen to correspond with the 

average number density of ice crystals in our experiments.  

As the ice crystals grow, the motion of the colloidal particles is restricted since the volume 

available to the particles decreases.  The following rules are implemented to dictate particle 

motion: 

(a) If a particle overlaps with another particle during a move, then the move is rejected. 

(b) If a particle overlaps with an ice crystal, the motion is reflected.  Thus, if a move such that: 

xp  =  xp  + δx, results in overlap of the particle position with ice, then we implement: 

xp  =  xp − δx (where xp is the position of the colloid and δx (=√2Ddt r) is its translation, 

determined by Equation 2).  If the particle overlaps with an ice particle even after the move is 

mirrored, the move is rejected.   Initially all systems were equilibrated for 2500 steps. This 

equilibrated coordinates were used to investigate the effect of ice growth on the aggregation of 

colloidal particles. The simulations were stopped when we visually observed aggregation of 

the colloidal particles, resulting in a cessation of their Brownian motion. The trajectory was 

written after every 500 ms (= 1000 steps). Aggregation time was observed to vary with particle 

concentration. All simulations were carried out in triplicate using three sets of initial 

coordinates. 
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Systems with particle concentrations of 106, 107, 108, and 109 colloidal particles per ml are 

investigated. The number of particles, ice nuclei and box dimensions corresponding to these 

concentrations are tabulated in Figure 2-1. Periodic boundary conditions are applied in all three 

directions and used minimum image convention.39  

Concentration 

of colloidal 

particles per 

ml 

No. of colloidal 

particles in 

simulation box 

No. of ice nuclei 

in simulation 

box 

Total no. of 

particles in 

simulation  

box 

Box dimensions (m) 

106 1000 5000 6000 1000.0×1000.0×1000.0 

107 1000 500 1500 464.1 × 464.1 × 464.1 

108 950 50 1000 215.0 × 215.0 × 215.0 

109 995 5 1000 100.0 × 100.0 × 100.0 

Table 2-1: Simulation details for isotropic cooling. 

2.4 RESULTS AND DISCUSSIONS 

The PS colloids used in these experiments are negatively charged and therefore, PEI chains 

adsorb on their surface.  The characterization of  the adsorption of PEI on these latices using 

zeta potential measurements has been demonstrated previously.40 In this work, a dilute aqueous 

dispersion of PEI coated PS colloids is frozen, by storing at −18oC. As the water forms ice 

crystals, particles, PEI and cross-linker are expelled at the water-ice boundary, schematics of 

the isotropic ice templating process is provided in Figure 2-1. The preparation of macro-porous 

colloid/crosslinked PEI hybrid materials by ice-templating of particle dispersions (at particle 

concentrations that are significantly higher than in this work) has been reported.38 These macro-

porous monoliths were characterized by approximately isotropic pores. Also, while the pores 

were not monodisperse, most pores were within a factor of 1.5 from the mean size (see section 

2.2.4). As the pores are templated by ice crystals, these observations suggest that our freezing 

protocol results in the formation of ice crystals that are approximately uniform in size and that 

are nucleated in a spatially random manner. We anticipate that this will also hold for ice crystals 

in the experiments reported here. In accordance with this expectation, optical microscopy on 

thin (~40-100 µm) samples of dilute latex dispersions, frozen in a cold stage, showed the 

formation of randomly nucleated ice crystals that had a mono-modal size distribution.  

Microscopic observations also indicate that the colloidal particles are accumulated at the 

growing ice-water front. This is consistent with recent calculations33 and with reported 

experimental “phase diagram”.34 As the water freezes, both the PEI coated colloids and the di-

epoxide cross-linker are concentrated at the boundaries of the ice crystals. We use an excess of 
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di-epoxide cross-linker to ensure that PEI coated particles that are in contact, are covalently 

crosslinked.  Covalent crosslinking of the PEI proceeds in the frozen state, resulting in the 

formation of a polymeric mesh around the particles.41 In the ice templating experiment we do, 

ice growth velocities are significantly lower than the critical velocity for engulfment34 of 

particles. Thus, colloids that are forced into proximity by the ice crystals form bound 

aggregates, connected by a crosslinked PEI shell. We allow crosslinking to proceed for 12 

hours and subsequently, the sample is thawed. If the system is thawed shortly after 

crystallization (viz. <6 h after ice formation), there is insufficient time for crosslinking and 

permanent colloidal assemblies do not form. Stable assemblies form only after completion of 

crosslinking. Formation of the colloidal assemblies is reversible when the freeze-thaw cycles 

are conducted before the crosslinking proceeds. It is not clear how assemblies organize on 

repeated thaw–freeze cycles once crosslinked aggregates are formed. 

 

Figure 2-2: Microscopic images of particle aggregates obtained by isotropic ice templating 

dispersions at particle concentrations of (top horizontal row) 8.46 × 105 particles/ml; (middle 

horizontal row) 1.35 × 107  particles/ml and (bottom horizontal row) 2.96 × 108  particles/ml. 

The scale bar for images in the left column is 20 µm and for all other in images, the scale bar 

is 10 µm. 

At the lowest particle concentration (8.46 × 105particles/ml), we observe a large number of 

“monomers”, viz. isolated particles and dimers as well as a few short (~ 4 to 5 particle long) 
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linear strands and planar aggregates (Figure 2-2, top row). As the concentration increases to 

1.35 × 107 particles/ml (Figure 2-2, middle row) and to the highest concentration investigated 

here, 2.96 × 108 particles/ml (Figure 2-2, last row), we observe the formation of longer linear 

strands, going up to over 40 particles long as well as elongated planar structures that are 2 

particles wide (that we term “tapes”) and larger planar structures. Interestingly, for the planar 

structures, we observe that the mono-dispersity of the colloids drives the formation of locally 

crystalline structures. Crystalline order has been observed when monodisperse colloidal 

dispersions undergo gravity-induced sedimentation characterized by small Peclet number ~ 

O(0.1).42,43 We estimate the Peclet number (Pe) in our experiments based on the growth rate of 

ice crystals, v. Thus, Pe = vR/D = 0.23, where R is the colloid size and D is the diffusion 

coefficient of the colloids, consistent with the observation of colloidal crystals. At all 

concentrations, we observe the formation of only a small fraction of three dimensional 

aggregates.  The majority of the clusters are organized into planar assemblies. We did not 

systematically study the influence of particle size on ordering – however, the Peclet number 

arguments would suggest that less ordered assemblies would result for larger crystal growth 

rates or larger particle sizes (viz. lower diffusivities). 

 

Figure 2-3: Fraction of particles existing as monomers or dimers after isotropic ice templating. 

The fraction of particles that form monomers or dimers, fn(n < 3), is about 0.4 for the lowest 

concentration (8.46 × 105 particles/ml) and this decreases approximately logarithmically with 

concentration to about 0.15 at 2.96 × 108particles/ml (Figure 2-3). We term particle 

aggregates that comprise with n >2 particles as clusters and analyse the cluster size distribution 
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as a function of the particle concentration in the ice-templated aqueous dispersions. We define 

Pn as the number fraction of particles in clusters. We observe that at the lowest concentration, 

ice templating does not result in the formation of clusters larger than about 15 particles (Figure 

2-4). However, with increase in concentration, a few clusters larger than 100 particles are 

observed to form. We note that all the experiments reported here are at concentrations that are 

significantly below that required for the particles to organize into a percolated network. We 

observe that, for all the particle concentrations investigated, Pn ~ n−2, for clusters comprising 

Pn < 30 particles (Figure 2-4). For larger n, Pn deviates from Pn ~ n−2, to exhibit a tail that 

stretches to increasingly higher n with increase in particle concentration (Figure 2-4), it 

happens due to the poor statistics. 

 

Figure 2-4: Fractional probability of particles forming clusters obtained from isotropic 

templating. In this process, the distributions is independent with particles concentrations from 

3.39106/mL to 2.96108mL. 

Of particular interest are clusters that are organized as connected linear strings of colloidal 

particles. Such systems represent colloidal analogues of linear polymers and represent 

promising models for studying fundamental problems in polymer physics. Therefore, there has 

been significant interest in realizing such linear architectures.47-57 We plot the number fraction 

of particles in linear chains as a function of their size (PN= number of particles in linear chains 

of size N/ total number of particles in linear chains). We observe that 99% of the linear chains 

have a chain length less than 20 and that the number fraction of particles decreases to less than 
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10-3 as N approaches 40 (Figure 2-5). We also observe PN does not appear to be a very strong 

function of the colloid concentration in the range of 3.39 × 106 to 2.96 × 108particles/ml. 

 

Figure 2-5: probability distribution of particles obtained from linear aggregates (colloidal 

chains) obtained from isotropic ice templating. 

Finally, we examine the effect of particle concentration on the shape of the colloidal clusters, 

focusing on planar assemblies that comprise the majority of the clusters formed. We define a 

connectivity parameter for a cluster, C as the ratio of the cluster area to the square of the 

perimeter, viz. C = Area/(Perimeter)2 (See section 2.2.3 for the calculation of area and 

perimeter).  An increase in C represents a transition in cluster shape from a linear aggregate 

towards a circular shape. We calculate the average C at each cluster size, n, for ice templated 

clusters at various dispersion concentrations (Figure 2-6). It is difficult to attribute much 

significance to the variation in C with n. For example, it is easy to visualize that the difference 

in C between a linear chain and an isotropic planar cluster is small for n = 5, relative to that for 

larger n, say, n = 50. However, at a fixed cluster size, n, it is possible to comment on the relative 

values of C for clusters prepared starting from different particle concentrations. We note that 

there is a systematic increase in C with particle concentration for n > 10 (Figure 2-6). This 

indicates that with increase in concentration from 1.35 × 107 to 7.39 × 107 to 2.96 ×

108particles/ml, there is a transition from linear chains to tapes to planar clusters.  
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Figure 2-6: Variation in the average connectivity parameter with cluster size for isotropic ice 

templated systems at different particle concentrations. 

It has been reported that elongated anisotropic particles orient parallel to the edge of the 

templating domain.55 However, for flexible chains such as those prepared in our current work, 

it is not clear if alignment of the anisotropic structures will proceed in the same 

manner. As the ice crystals impinge, colloidal particles are confined to the spaces between the 

crystals. Therefore, the shape of the colloidal clusters reflect the geometry of the regions where 

the particles are confined. However, we do not observe confinement effects such as those 

observed when, say, a polymer chain is confined to a thin film. We note that we obtain 

qualitatively similar data for the cluster size distribution and the evolution of cluster shape 

when a dispersion of 1µm silica particles are ice-templated using the same experimental 

protocol. As the specific gravity for the silica particles (~2) is significantly higher than that for 

the polystyrene latex (~ 1.05), this indicates that gravitational settling during the freezing 

process is unimportant in these experiments. 

Brownian dynamics simulations are performed to obtain insights into the mechanism of cluster 

formation in our experiments. A minimal simulation scheme is employed, neglecting 

hydrodynamic interactions between colloids. Colloidal particles were modelled as hard 
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spheres, with a diffusion coefficient estimated from the Stokes–Einstein relation for 1 m 

colloids diffusing in water. Colloidal particles were allowed to diffuse in all three dimensions. 

Ice templating simulations are started by placing colloidal particles and ice nuclei, with their 

centers randomly located in the simulation box. At the start of the simulation, the ice nuclei 

were treated as point particles with a size of 10-3 times that of the colloidal particles. All the ice 

crystals nucleate at zero time and grow isotropically with a growth rate of 100 nm/s, based on 

experimental estimates for ice growth in the experiments. The number density of the ice nuclei 

is chosen to correspond with the average number density of ice crystals in the experiments. 

During the simulation, if a particle overlaps with another particle during a move, then the move 

is rejected. In moves where a particle overlaps with an ice crystal, the particle is reflected. If 

the particle overlaps with an ice particle even after the move is mirrored, the move is rejected. 

Simulations are stopped when the colloids aggregate, resulting in cessation of Brownian 

motion.  

These simulations incorporate several severe assumptions. Firstly, hydrodynamics is 

completely neglected in modelling the particle motions. Particles are modelled as hard sphere 

Brownian colloids with no hydrodynamic interactions. Also, all ice crystals are assumed to 

nucleate at the initial time with nuclei fixed in space and the ice grows as isotropic, spherical 

crystals until they spatially overlap. Further, it is assumed that, at the low dispersion 

concentrations employed in the experiments, growth instabilities of the propagating ice front 

can be ignored. Finally, it is assumed that the particles experience repulsion when they 

encounter the growing ice crystals. The simulation is terminated when particles are confined at 

ice crystal boundaries and when their motions cease. Thus, the simulations model a situation 

where the only physics that governs particle clustering is their exclusion from growing isotropic 

ice crystals that are randomly nucleated in space.  

Snapshots are presented from the late stages of the simulations, where particle motion has 

ceased due to the particles being trapped between ice crystals (Figure 2-7). The ice crystals are 

not shown in these images, so that the particle clusters can be easily visualized. At low particle 

concentration (106particles/ml), most colloids exist as isolated monomeric objects. With 

increase in particle concentration, small particle clusters emerge (at 107 particles/ml) that 

transition to larger clusters (at 108 particles/ml) and finally, several three dimensional 

structures form at 109 particles/ml (Figure 2-7d). Visually, there is a transition from isolated 

colloids to short linear structures to more isotropic planar aggregates and finally to large three-
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dimensional clusters with increase in particle concentration, in qualitative accord with our 

experimental observations. As in our experiments, local crystalline ordering is observed in the 

planar aggregates (Figure 2-7). The number of particles that exist as monomers and dimers 

decreases, approximately logarithmically, with the dispersion concentration, in qualitative 

accord with our experimental results (Figure 2-3).  However, the agreement with experiments 

is not quantitative, probably due to the large number of simplifying assumptions in the 

simulations. 

 

Figure 2-7: Snapshots of the final particle configurations from simulations of isotropic ice 

templated dispersions at particle concentrations of (a) 106particles/ml; (b) 107 particles/ml; (c) 

108 particles/ml and (d) 109 particles/ml.  Ice crystals are not shown for ease of visualization 

of the particle clusters.  Magnified images of some of the clusters formed are shown on the 

right. 

The distributions (Pn) are obtained for ice template aggregates as a function of number of 

particles in clusters for different dispersion concentrations. The simulations sample a smaller 

number of clusters relative to our experiments. Therefore, while we observe the formation of a 

very small fraction of large colloidal aggregates in our experiments (Figure2-4), these are not 

observed in the simulations. Remarkably, the simulations show that for small n (< ~20), Pn~ 

n−2, independent of ice-templated dispersion concentration from 107 to 109 particles/ml 

(Figure 2-8). Beyond this power law region, there is a dispersion concentration-dependent 

deviation in Pn.  
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Cluster size distributions have been reported to follow a power law in several aggregation 

processes. When large clusters form by diffusion limited aggregation of clusters, the time 

dependent cluster size distribution has been observed56 to follow, Pn ~ t-wnτf(n/tz) where t is 

the aggregation time and f is a function that asymptotes to 1 at long times. In such diffusion 

limited cluster aggregation, the power law exponent,   – 0.75. Molecular  dynamics (MD) 

simulations of clustering of Lennard-Jones fluids below the percolation threshold has been 

reported57 to give Pnn
 For fluids with short range attractive and long range repulsive 

interactions, the cluster size distribution has been shown58 to follow a power law distribution 

similar to that for random percolation, viz. Pn~ n Glotzer59 has reported that the distribution 

of non-percolated clusters of mobile particles scales as Pn~ n - 1.9 as a glass forming Lennard-

Jones fluid is cooled. A similar power law exponent (Pnn ) has been reported60 for 

distribution of crystalline clusters formed in a concentrated dispersion of monodisperse hard 

spheres. Thus, cluster size distributions that follow a power law, with a power law exponent 

close to -2 have been observed for a wide variety of particle aggregation processes. It is 

interesting that a similar behaviour is observed when particles aggregate during ice templating, 

and that this scaling is independent of concentration over a wide concentration range.  

The work of van Dongen and Ernst61 uses the Smoluchowski coagulation equation to estimate 

the cluster size distribution for a wide variety of gelling and non-gelling systems. They provide 

the cluster size distribution in terms of the mean cluster size, s, as Pn~s−2f(
k

s
). This does not 

imply that Pn~n−2 in all cases. In computer experiments62 of aggregation of diffusing clusters 

of particles, it was observed thatPn~t−wn−τf(n/tz).This can be written in the alternate form: 

Pn~n−2g(n/tz). In finite size systems, all the particles aggregate at long times to form one 

cluster. Therefore, this expression is valid only for an infinitely large system. However, in our 

experiments, the cluster size distribution is “frozen” when the ice crystals impinge. Therefore, 

there is no change in cluster size distribution after that time. In the work62 of Vicsek and Family, 

g(x) << 1 when x >> 1, viz. at long times, and Pn~g(x)n−2. For x << 1, Pn~t−1.75n−0.75, unlike 

what we observe in our experiments. Therefore, it does not appear that simulations of cluster 

formation by aggregation of randomly diffusing clusters capture the phenomenology of ice 

templating. In ice templating, the space available for diffusion of particles shrinks as the ice 

crystals grow. Brownian dynamics simulations of particle assembly during ice templating 

suggest that clustering happens only at the late stages of the experiment, when the ice crystals 
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are close to impinging. Therefore, it is not surprising that these models of aggregation by 

random diffusion are unable to capture the physics in the ice templating experiments. 

The similarity in the trends in Pn obtained from simulations with those from experiments is 

striking. Similarly, the size distribution of linear colloidal chain PN, obtained from the 

simulations is independent of dispersion concentration between 106 and 109 particles/ml 

(Figure 2-9), in qualitative accord with our experimental data (compare with Figure 2-5). 

 

Figure 2-8: Cluster size distribution obtained from isotropic ice templating (simulations). 

 

Figure 2-9: Size distribution of linear aggregates obtained from isotropic ice templating 

(simulations). 
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Therefore, despite the numerous simplifying assumptions, the simulations are able to 

accurately capture qualitative trends in the size and shape distribution of particle clusters 

formed during ice templating. This suggests that, at low concentrations, particle clustering 

during ice templating is purely kinetic in origin. 

2.5 CONCLUSIONS 

Ice templating of a very dilute colloidal dispersions (containing ~ 106 to ~ 108 particles/ml) 

results in the formation of clusters. At the low concentrations that we use in this work, we do 

not observe any influence of particle concentration on the nucleation and growth of ice crystal. 

Therefore, the distribution of cluster sizes and of linear chains reflect how particles are 

assembled by the (same) underlying ice crystal structure, independent of the particle 

concentration of the ice templated dispersion. With increase in particle concentration in the ice 

templated dispersion, the average cluster size increases and there is a transition from linear 

clusters to two-particle wide “tapes” to more isotropic two-dimensional shapes. We observe 

relatively few large three-dimensional clusters in this range of particle concentration. In this 

concentration range, the cluster size distribution exhibits a power law, Pn ~ n−2, for clusters 

containing less than ~ 30 particles, independent of the dispersion concentration. The 

distribution of linear colloidal clusters is also only weakly dependent on dispersion 

concentration. Simulations that ignore hydrodynamic interactions between colloidal particles 

and that model exclusion of particles by randomly nucleated, isotropically growing ice crystals 

capture the essential features of our experimental observations. This suggests that, for low 

colloidal concentrations, clustering during ice-templating is purely kinetic in origin. 
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3.1 INTRODUCTION 

Understanding colloidal aggregation is an important problem in the field of colloidal physics, 

and has been extensively investigated over the last four decades.1,2 Experimentally it has been 

reported that colloidal particles can assemble into various structures such as regular clusters,3 

chiral colloidal structures4 and as well as fractal structures.5,6 There are numerous routes to 

assembling colloidal particles,7–11 and newer techniques for controlling colloidal assembly are 

under investigation currently. The rich literature on colloidal aggregation has motivated many 

new experiments, computer simulations, and theories. Often, it is observed that the cluster size 

distribution during colloidal aggregation follows a power law, with the power law exponent 

determined by the route to aggregation.12 The use of scaling concepts13 has provided deep 

insights into the aggregation process, specifically, the kinetics of aggregation and into the 
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structure of the colloidal aggregates that are formed. Two distinct regimes of colloidal 

aggregation (diffusion limited colloidal aggregation and reaction limited colloidal aggregation) 

have been studied experimentally, theoretically and by simulations. 6,14,15 

Ice-templating or ice segregation-induced self-assembly (ISISA) is a technique that relies on 

the solidification of water in a well dispersed particle suspension or slurry.16,17 In this process, 

an aqueous solution or dispersion is frozen so that ice crystals expel the solutes or dispersed 

particles that are then localized between the ice crystals. Thus, the growth of ice crystals in the 

suspension spatially redistributes the suspended particles. After complete 

freezing/solidification, removal of ice (typically by freeze drying) results in the formation of 

porous materials18,19 where the pores are the negative replica of the ice crystals. Typically, the 

size of the pores varies from 10-100 m. Thus, the shape of the pores can be varied by 

controlling the freezing of the dispersions. In isotropic freezing, ice crystals are nucleated 

randomly in the dispersion and grow isotropically. Thus, they grow out with spherical 

symmetry and deform when they impinge.20 However, when the dispersions are subjected to 

directional freezing, this results in the formation of porous structures with highly anisotropic 

pores.21–24  

Here, we investigate colloidal assembly of dilute colloidal dispersions by directional ice 

templating, at colloid concentrations that are far below that for percolation. Similar to our 

previous studies of isotropic ice templating (Chapter 2), here too we observe that the colloidal 

assemblies that form exhibit a progression from isolated particles to linear chains to two 

particle wide “tapes” to 2D sheet structures and finally to three dimensional aggregates. We 

also investigate the probability distribution (Pn) of clusters containing n particles, and find that 

Pn (for n>2) is a strong function of the dispersion concentration. Specifically, Pn exhibits a 

power law behaviour, Pn ~ n−η, where η varies from 2.27 (for particle concentrations 

~109 particles/mL) to 3.19 (for low particle concentrations, ~107 particles/mL). We 

rationalize these results based on lattice simulations. 
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Figure 3-1: Schematic of the directional ice templating process. (A) Dispersed PEI coated PS 

particles and cross-linker. (B) Directional cooling set up. The temperature at the lower plate 

is −250C. Aqueous colloidal dispersions are taken in a tube that is placed in contact with the 

lower plate. The lateral sides of the tube are insulated so that the temperature front propagates 

directionally. (C) Due to the temperature gradient in the set-up, the freezing front propagates 

from the bottom surface and ice crystals grow directionally. As the ice crystals grow and 

impinge, colloidal particles ae trapped between the ice crystals. (Lower panel) fluorescence 

microscopy images of particle assemblies formed during directional ice templating. Scale bar 

for the 1st image from left side is 30 m. The scale bar for the magnified images of individual 

aggregates on the right is 10m. 

3.2 MATERIALS AND METHODS 

3.2.1 MATERIALS USED 

Poly(ethylene imine), PEI (supplier specified, MW~75000 kDa) and polyethylene-glycol di-

epoxide (PEG-di-epoxide, supplier specified Mn = 500 g/mol) were obtained from Sigma-

Aldrich and were used as received. Fluorescent (Rh-B) dyed polystyrene beads (PS), diameter 

1.08 µm with polydispersity 4% were obtained from Microparticles GmbH, Germany and were 

used as received. The PS particles were supplied as aqueous dispersions with a concentration 
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of 2.5 w.v %. Deionized (DI) water from a Millipore set-up with pH=7 and 

resistivity=18MΩ.cm was used in all experiments.  

3.2.2 SAMPLE PREPARATION 

1 L of PS latex suspension (containing~4.8×107particles) was taken in 200 L DI water and 

sonicated for a minute to disperse the particles well. 10 L of PEI solution (stock solution of 

100 mg/mL) was diluted in 200 L of DI water. The PS latex dispersion was added to the PEI 

solution with continuous vortexing. Vortexing was continued for 5 minutes to allow uniform 

adsorption of PEI on the PS (PEI@PS). After that we centrifuged the sample at 4000 rpm for 

8 minutes and removed about 75 % of the supernatant with care, so there is only minimal loss 

of PS particles. We diluted this dispersion with ~200 L DI water, followed by sonication for 

a minute and vortexing for 2 minutes to ensure that the particles are well dispersed. 4 L of 

PEG crosslinker was diluted in 96 L of DI water, vortexed for two minutes and then added to 

the PEI@PS dispersion with continuous vortexing. We continue to vortex for another two 

minutes to ensure that the sample remains well dispersed. After that we transfer this dispersion 

to the directional cooling stage (Figure 3-1B). We fix the stage temperature at -25oC and allow 

the dispersion to freeze. Within 30-35 minutes the entire sample freezes to form ice. The frozen 

sample is then maintained at -18oC and cross-linking is allowed to proceed for more than 12 

hrs. Finally, we thaw the sample at room temperature for 30 minutes and load it into a cavity 

glass slide. The sample is sealed with a cover slip using nail polish. The sample is held in the 

cavity slide and the colloidal clusters are allowed to sediment on the cover slip over an hour. 

These clusters are then imaged using fluorescence microscopy. We used the same protocol to 

prepare samples at different concentrations, ranging from ~107 to ~109 per mL. 

3.2.3 DESCRIPTION OF DIRECTIONAL ICE-TEMPLATING 

We have designed and constructed a directional cooling chamber schematically represented in 

Figure 3-1B. The lower surface is maintained at -25oC while the upper surface is at ambient 

temperature. To ensure that the temperature gradient is unidirectional, we use a 2.5 mm thick 

Teflon insulator between the sides of the sample tube and the outer metal. Thus, heat 

conduction is only along the axis of the container and heat transfer from the sides is minimized. 

We term this the directional cooling (DC) chamber. We pre-cool 500 L of PEI coated colloidal 

suspension mixed with excess cross-linker to 0oC. Excess crosslinker is used to ensure that 

once a particle aggregate forms, it is irreversibly bonded. We hold this system isothermal for 
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15 minutes and then transfer to the DC chamber. We cut the lower part of the sample tube so 

that the dispersion is in direct contact with the metal bottom plate. We ensure that the sample 

is well sealed so that there is no leakage and that heat conduction is predominantly 

unidirectional (in the vertical direction). We estimate the average propagation rate for ice 

growth as ~O (1 m/s), based on the time for complete freezing of the sample. We (and 

others22) have observed that colloidal particles, such as the 1 micron colloids used in this 

experiment, are expelled to the ice crystal boundary. Due to the low-temperature (-25oC) at the 

bottom surface, ice crystals start growing vertically from the metal surface and expel PEI 

coated PS particles, unadsorbed PEI and cross-linker to the ice crystal boundary. After freezing 

is completed, we maintain the frozen system in a refrigerator at -18oC. Crosslinking reaction 

happens in the frozen state for more than 12 hrs. Finally, we thaw the sample, harvest the 

particles and clusters and image using fluorescence microscopy. 

We use an indirect method to visualize the ice crystal size, shape and orientation. We increase 

the amount of polymer and crosslinker added and perform directional ice-templating using the 

aforementioned protocol. Use of a higher quantity of polymer and crosslinker results in the 

formation of a self-standing macro-porous scaffold.20,25 The pores in the scaffold represent a 

negative replica of the ice crystals. Thus, quantifying the number density, shape and orientation 

of the pores in the scaffold gives us insights into the ice crystals that templated them. For 

scaffolds prepared using directional ice templating, we observe the formation of elongated 

pores oriented along the axis of the sample, viz. along the direction of propagation of the 

freezing front. The width of these pores are ~30µm (Figure 3-2). An SEM image of the porous 

scaffolds prepared using directional ice templating are shown in Figure 3-2A. We also present 

scaffolds prepared using isotropic freezing and present a SEM image for the resultant scaffold 

in Figure 3-2B. 
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Figure 3-2: SEM image of scaffold made with excess amount of polymer using (A) directional 

ice-templating and (B) isotropic ice templating. The voids represent a negative replica of the 

ice crystal templates.  

3.2.4 IMAGING AND TOOLS FOR DATA ANALYSIS 

Laser scanning fluorescence microscope (Carl Zeiss Axio observer Z1) was used to perform 

imaging and we used a 63x objective (NA = 1.4 and WD = 0.19 mm). We capture more than 

200 images at each concentration. To analyse the images, we use ImageJ. At first, we subtract 

a constant value (= 50, for the background) and then convert the images into 1bit (binary) and 

use the in-built Analyze Particles function to obtain the area and perimeters of particle clusters. 

(Weblink for ImageJ-https://imagej.nih.gov/ij/download.html). 

3.3 SIMULATION DETAILS 

3.3.1 DETAILS OF DIRECTIONAL COOLING 

Lattice simulations are used to delineate the physics behind colloidal assembly seen in the 

experiments. The orthorhombic simulation box is constituted as a 3-D lattice, where the edge 

length of the grid cube is equivalent to the colloidal particle diameter (1m). The inherent 

assumption of this lattice simulation, where the smallest size probed is equal to 1m, is that 

the formation of ice crystals does not affect particle clustering until their sizes are comparable. 

If the ice crystal size is smaller than 1m, it does not play any role and anything smaller than 

1m is considered as invisible. To model directional cooling, ice nucleation is initiated at the 

bottom surface (XY--plane), hence periodic boundary conditions exist only in X and Y--

directions. The simulation can be divided into four steps; (i) Initial seed structure generation, 

(ii) Ice crystal growth, (iii) Attraction mesh generation, and (iv) Colloidal particle movement. 

 

Figure 3-3: Schematic of simulation. The initial seed structure is generated by randomly 

placing ice seed nuclei on the bottom XY--plane and colloidal particles in the 3-D space above 

https://imagej.nih.gov/ij/download.html
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it. The ice is allowed to grow uniformly in X, Y and Z directions until the entire box is filled 

with ice. In the process of crystal growth the colloidal particles are swept by the ice growth 

front, leading to cluster formation. The final structure obtained in the simulation is used for 

cluster analysis. (A-C) Ice crystal growth as time progress. The ice seed and particle 

concentration is kept low in the illustration for ease of visualization. 

(i) The ice nuclei are randomly distributed on the XY--plane with the condition that two nuclei 

cannot occupy the same lattice point. After assigning the ice nucleation sites, lattice sites are 

selected randomly for the colloidal particles. Note that these sites are a pseudo representation 

of the time step when the colloidal particles get trapped on the ice growth front. The simulation 

does not describe the dynamics of this entrapment, and we argue that it plays no role in case of 

small molecules like water. The size of the box, number of ice seeds, and particles vary 

depending on the particle concentration and are shown in Table 3-1.This setup acts as the initial 

seed for the simulation.  

(ii) Directional cooling is implemented by allowing the cubic crystal to grow uniformly in X, 

Y, and Y--directions. The isotropic growth continues until the ice edge length is 50, as seen in 

the experiments. The ice seed concentration is kept such that incompressibility limit for ice 

crystals is achieved at this step, viz. all the lattice points are occupied either by ice or particles. 

Since the mean ice crystal size is fixed we change the nucleation density of ice seeds to fill the 

simulation box completely when the maximum size of the ice crystal is achieved. After this 

step, the ice crystal is allowed to grow only in Z--direction, until the height of the ice crystal 

reaches the box length. Another growth mechanism was tested, where the growth of the cube 

is anisotropic, and ice crystal growth is faster in Z--direction compared to X and Y--direction. 

The growth rate is dependent on the box size and is in the ratio of 1:1:(boxedge/50), where 

boxedge is the length of the simulation box in the Z--direction. The ice seed concentration used 

is same as for the other flavour of crystal growth simulation. Note that the growth rate is 

dependent on the box length, and changing the box size will lead to change in initial seed 

concentration to avoid box--size effects. Both flavours of crystal growth simulation yield 

similar results. The anisotropic growth is the better representation of directional cooling, 

however, due to the additional complexity of box size effects, we focus on the isotropic growth 

simulation.  

 (iii) An attraction mesh for the simulation box is generated and updated every step (ice-growth 

and particle move). To generate the attraction mesh, each lattice site is assigned an attraction 
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quantity, ε. If lattice site is occupied by ice crystal or particle then ε=0, else ε=1. To account 

for particle-particle attraction, we do the following. For every unoccupied lattice (ε=1), number 

of adjacent particles are counted nj, and a new ε is assigned, where εnew=εold + nj. For example, 

an unoccupied lattice next to two particles will have ε=3. This allows us to mimic particle-

particle depletion attraction and ensures a cluster once formed, does not break. 

(iv) At every step (lattice) growth of ice crystal, a check is performed to check for overlap of 

colloidal particles. If a particle is found to be overlapping the ice crystal and is not stuck (as 

defined formally later in this paragraph), a particle move is initiated. For a particle overlapping 

ice and that is not stuck on the lattice, the distance to all other lattice points is calculated (dij). 

εj/dij is calculated for all lattice sites corresponding to ith lattice. The lattice with maximum εj/dij  

is selected and the particle moves from ith to jth site. This can lead to degenerate results. To 

address this, we assign priority based on larger εj followed by lower dij. If multiple possible 

sites still exist (though, practically this is only rarely observed), a random site among the 

possible favourable moves is chosen. There is one more restriction imposed in the simulation, 

where the particle never moves and is considered to be stuck. If εj/dij < 1/Lice, where Lice is the 

length of ice crystal in X or Y--direction at that instantaneous step, then the particle is 

considered stuck and does not move for the rest of the simulation. This phenomenon is seen 

when two ice growth fronts approach each other and the particle is trapped between them and 

is also unable to move in the Z--direction. 

Concentration of 

particles (1/mL) Particles Box length Ice Seeds 

9.0E+06 1000 485 162 

3.0E+07 1000 335 112 

1.0E+08 1000 216 72 

1.0E+09 5000 171 53 

9.8E+09 5000 80 32 

 

Table 3-1: Details of the simulation set up for directional ice templating. 

3.3.2 DETAILS OF ISOTROPIC COOLING 

We keep the simulation box same as directional and instead of random ice seeds at the lower 

surfaces of the box, ice seeds are randomly distributed in the box. The ice crystals grow 

spherically until all the lattice sites are occupied. We choose ice nucleation density such that 
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the incompressibility limit is reached when the average ice crystal size is ~50µm, to accord 

with the experiment. Details of the simulation for isotropic cooling are shown in Table 3-2. 

Concentration of 

particles (1/mL) Particles Box length Ice Seeds 

1.00E+07 1000 384 6658 

1.00E+08 950 178 1062 

1.00E+09 995 83 138 

 

Table 3-2: Details of the simulation set up for isotropic ice templating. 

3.3.3 DEFINITION OF VOIDS 

Isotropic freezing: Lattice points surrounded by ice crystals are identified as a void. Voids 

can be both inner voids (void 1 in left panel, Figure 3-4) or outer voids (void 2 in left panel, 

Figure 3-4). 

Directional freezing: As the ice crystals grow vertically from the lower surface, the freezing 

front height grows with time. We define voids only in the region of the sample below the top 

surface of the ice crystals at each time step. Similar to isotropic cooling we define a void as 

lattice points surrounded by ice crystals (right panel, Figure 3-4). 

 

Figure 3-4: Schematic representation of voids for (left) isotropic and (right) directional 

freezing simulations.  

3.4 RESULTS AND DISCUSSIONS 

3.4.1 EXPERIMENTAL 

Directional ice templating is performed for samples with different concentrations of PS colloids 

(107 to 109 particles/mL), far below from the percolation limit (details in subsection 3.2.3). 
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We harvest the particle clusters after completion of ice templating and observe the formation 

of linear chains, two particle-wide tapes and sheets (Figure 3-1, lower panel). Since the PS 

colloids used in these experiments are monodisperse in size, we observe crystalline 

organization locally in the planar assemblies. At all concentrations, we observe that some 3D 

clusters form along with planar assemblies (Figure 3-1, lower panel). It takes ~35 minutes to 

freeze the entire sample in the experiment, yielding an average ice front growth velocity ~O(1 

µm/s), assuming uniform growth of the ice crystals. At this velocity, literature suggests that 

solutes are rejected at the ice crystal growth front.22 

At low colloid concentration (~107 / mL), most particles do not form clusters and remain as 

isolated particles or as dimers. At these concentrations, there are very few short linear chains, 

tapes or planar aggregates. With increase in particle concentration from 107 to ~109 /mL, we 

observe the formation of long linear structures (comprising over 25 colloids) as well as more 

extended two-particle wide tapes and large planar structures. We note that, at lower 

concentration (~107 /mL), nearly 80% of the particles exist as monomers or dimers. This 

reduces, approximately logarithmically with concentration, decreasing to 45% at a 

concentration of ~109 / mL (Figure 3-5). This trend is qualitatively similar to the case of ice 

templating by isotropic freezing. 

 

Figure 3-5: Fraction of particles that exist as monomers or dimers. With the increasing particle 

concentrations the numbers of existing monomers and dimers decrease approximately 

logarithmically.  
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We define clusters as particle aggregates comprising n > 2 particles. We analyse the probability 

distribution (Pn) of particles as a function of cluster size for different concentrations of colloidal 

particles. We observed that for the lowest concentration (4.8107 /mL), the cluster sizes 

observed are relatively small (n<20) and this increases for higher concentration (Figure 3-6). 

At higher concentration (~109 / mL) we observed some clusters with n~50 particles and a few 

3D clusters. We note that all the concentrations reported here are far below that required for 

particles to assemble into a sample-spanning percolated structure. We observe that Pn ~ n-η, 

where η is strongly dependent on the particle concentration. This is in contrast to the case of 

isotropic ice templating where η = 2, independent of particle concentration. Specifically, in the 

case of directional templating, the exponent η varies from 3.19 for lower particle concentrations 

(~107 particles /mL) to 2.27 for higher particle concentration ( ~109 particles /mL). 

 

Figure 3-6: Probability distribution for cluster formation by particles during directional ice 

templating. In the inset, we show the power law exponent obtained from a fit to the probability 

distribution. The error bars are based on the errors in fitting the data.   

We analyse how the shape of the particle clusters change with particle concentration. We define 

connectivity for a cluster as the ratio of the area of the cluster to the square of the cluster 

perimeter, viz C= (Area)/(Perimeter)2, a dimensionless number. For a cluster with the same 

number of particles, an increased value of C indicates a transition in shape from a linear 

structure to a more isotropic shape. We estimate the average connectivity at a particular 

concentration and plot as a function of cluster size for different concentrations. We observe 

that the average value of C is higher at higher particle concentration (Figure 3-7), which 
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indicates the formation of isotropic planar clusters at higher concentration. We note that for 

larger clusters (viz. n > 10), there is an increase of average C with concentration. 

 

Figure 3-7: Variation in the average connectivity with cluster size. 

3.4.2 SIMULATIONS 

Our collaborators use a lattice simulation model that represents the ice templating process in a 

simplified manner. In the simulations, particles are excluded by the ice crystals and there is an 

attractive inter particle interaction that ensures that once particles form a cluster, they never 

debond. 

 

Figure 3-8: Representative snapshots of the final particle configurations from directional ice 

templating simulations at particle concentrations of (A) ~107/mL (B) ~108/mL (C) 109/mL.  

Snapshots of colloidal aggregation observed in the final stages of the simulations, when 

particles are trapped by the ice crystals, are presented in Figure 3-8. For ease of visualization, 

the ice crystals are not shown in the images. At low particle concentration (~107/mL) most 
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particles exist in isolation or as dimers. With increasing particle concentration, larger clusters 

form and we observe a few 3D clusters as well. These qualitative observations are in good 

accord with our experimental results. The number fraction of monomer and dimers decreases 

approximately logarithmically with the particle concentration, again in qualitative and 

quantitative accord with experimental results (Figure 3-9, compare with the experimental result 

Figure 3-5). 

 

Figure 3-9: Fraction of particles existing as monomers or dimers in simulations of directional 

ice-templating.  

We obtain the probability distribution (Pn) of particles assembled in clusters of size n from 

simulations at different particle concentrations. In the simulations too, the cluster size 

distribution follows a power law as Pn~n-η, where η is strongly dependent on the particle 

concentration (Figure 3-10, compare with the experimental result in Figure 3-6). The exponent 

η varies from 3.68 for particle concentrations ~106 particles /mL to 2.16 for particle 

concentrations of 1010 particles /mL.  

In several aggregation processes, a power law distribution for cluster sizes has been observed. 

In the diffusion-limited aggregation process, it has been observed that the time-dependent 

cluster size distribution26 exhibits a power law form.12 It has been reported27 that for fluids with 

short-range attractive and long-range repulsive interactions, the cluster size distribution follows 

Pn ~ n-2.2. With increasing concentration, monodisperse colloidal hard spheres form crystalline 

clusters with a size distribution28 of the form Pn ~ n-1.7. It has been reported29 that Lennard-

Jones fluids below the percolation limit obey Pnn
van Dogen and Ernst30  used 
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Smoluchowski’s equation to estimate the cluster size distribution as Pn(t)~s−2f (
n

s
). Therefore, 

while a power law distribution for the cluster size is not unusual, the power law exponent is 

determined by the aggregation process. 

 

Figure 3-10: The probability distribution (Pn) obtained from simulations of directional ice 

templating. We fit the distribution with a power law and extract the exponent (plotted in the 

inset). Error bars represent the error in fitting Pn.  

We analyse the average connectivity of assembled structures obtained from the simulations. 

Similar to the experimental results (Figure 3-7), we observe that the average connectivity of 

the clusters increases with concentration (Figure 3-11). The results indicate there is a transition 

from linear chains at lower concentrations to planar structures with increase in concentration. 

We don’t have clear understanding of the quantitative deviation of connectivity from the 

experimental results (compare Figure 3-11&Figure 3-7). However, there is qualitative 

agreement in the trends observed in experiments with the simulation results. 
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Figure 3-11: Variation in the average connectivity with particle concentration. 

3.5 HOW DOES DIRECTIONAL ICE-TEMPATING GIVE RISE TO THE 

OBSERVED CLUSTER SIZE DISTRIBUTION?  

Isotropic freezing and directional ice templating differ in the geometry of ice crystal growth: 

while randomly nucleated ice crystals grow isotropically in the bulk for isotropic freezing, 

directional ice templating is characterized by vertical growth of ice crystals. In general, the 

nucleation density increases and the average ice crystal size decreases with increase in cooling 

rate.31 As the ice crystals grow and eventually impinge, colloidal particles are expelled from 

the ice crystal and assemble at the boundaries of ice crystals.  
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Figure 3-12: Cluster size distribution from simulations of isotropic freezing yields a 

concentration independent power law with an exponent of -2. 

In simulations of isotropic freezing under conditions representative of the experiments, we 

observe that the cluster size distribution is concentration independent, and follows Pn~n−2, 

consistent with our experimental findings (Chapter-2). For isotropic templating, we investigate 

the effect of ice crystal size on cluster size distribution by varying the ice crystal size from 20 

µm to 80 µm for a concentration of 108 particles/mL (Figure 3-12A). The cluster size 

distribution is given by a power law and we show the variation in the power law exponent with 

ice crystal size in the inset of Figure 3-12A. It is clear that probability distribution of particles 

in clusters is a function of ice crystal size. Previously, we observed that probability distribution 

of particles in clusters are independent with a wide range of colloidal suspensions from 

3.39 × 106 to 2.96 × 108 particles/mL (Chapter-2). Here, our collaborator performed 

simulations with mean ice crystal size ~50 µm, and obtained the same distributions as 

experiments Pn~n−2 (Figure 3-12B) and this perfectly matches with previous results for 

isotropic templating. The cluster size distribution when mean ice crystal size is either smaller 

(~20 µm) or greater (~80 µm) than 50 µm are also independent with dispersion concentrations. 

We note that the size and shape of the ice crystals in isotropic and directional freezing are 

different. The nucleation densities of ice crystals in our simulations is set to match that observed 

in our experiments. We select the nucleation density such that for isotropic freezing, the mean 

diameter of the ice crystal at impingement is ~50 µm and for directional ice templating, the 

width of a distorted rectangular ice crystal is ~30 µm. In Figure 3-13A we show the variation 

of the number of voids in the simulation box with ice crystal growth. As ice crystals are 
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nucleated and grow, the number of voids increases. For isotropic freezing, the number of voids 

reaches a maximum when the average size of the ice crystals is ~34.5 µm. Subsequently, as the 

ice crystals impinge, voids close up and the number of voids decreases. At the end of the 

simulation, when the box is filled with ice crystals, there are no voids. For directional cooling, 

ice seeds are randomly placed at the lower surface of the box and grow uniformly in X, Y and 

Z-direction. Here, we observe that the number of voids reaches a maximum value when the ice 

crystal thickness is 15 µm. Similar to the case of isotropic freezing, the number of voids 

subsequently decreases and approaches zero when the simulation box is filled with ice. In the 

simulations, we use the average size of the ice crystals as a proxy for the freezing time. The 

time for complete freezing is obtained as the time for the number of voids in the simulation 

box to go to zero. Getting completely filled lattices exactly at the maximum size of ice crystal 

is not always possible due to the stochasticity of the simulations. When the simulation is run 

500 times, we find that when the simulation box is filled, the ice crystal size ranges from 41 

µm to 50 µm for isotropic freezing and 25 µm to 30 µm for directional freezing. Thus, we 

assume freezing is complete for directional growth when the ice crystal size is 27 µm and 45 

m for isotropic freezing. In Figure 3-13B we present data for the fraction of the simulation 

box that is filled with voids, as a function of normalized freezing time, obtained by normalizing 

the ice crystal size with the size when the number (27 µm for directional 45 µm for isotropic) 

of voids go to zero. 

 

Figure 3-13: (A) The number of voids in the simulation box as a function of ice crystal size as 

freezing proceeds. The number of voids increases as the ice crystals grow and reaches a 

maximum at ~15 µm for directional and ~34.5 µm for isotropic freezing. The error bars 

represent the standard deviation from multiple simulation runs. (B) Variation of void fraction 
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with respect to the simulation box as a function of ice crystal growth fraction (here both box 

sizes for isotropic and directional are same). 

The key difference between the cluster sizes distributions obtained in the case of isotropic 

versus directional freezing is that the power law exponent that characterizes this distribution is 

concentration dependent for directional ice templating. This behaviour is observed over a wide 

range of concentrations (all sufficiently dilute that we do not form percolated monolithic 

structures) and is seen in experiments and in toy simulations where the only physics 

incorporated is exclusion of particles from the growing ice and hard sphere particle interactions 

until they contact to aggregate irreversibly. We rationalize these differences as follows.  

In isotropic freezing, ice nuclei form in the bulk and grow isotropically until impingement. At 

impingement, this results in an average ice crystal size of ~ 50 µm. In contrast, in directional 

freezing, ice crystals are nucleated at the cold bottom surface and grow vertically as sheets, to 

a first approximation, characterized by a sheet thickness of ~ 30 µm. Thus, as nucleation 

happens in the bulk in isotropic freezing, as opposed to at the lower surface in the directional 

case, the number density of ice crystals is higher for isotropic freezing (average, per simulation 

box). Also, importantly, there is a difference in the geometry of the ice crystals in the two 

experiments, and therefore in the geometry of the shape of the voids as they close up on each 

other. Directional freezing results in the formation of parallel sheets of ice and particle clusters 

are trapped as these walls approach each other, in contrast to case of impingement of 

isotropically growing ice crystals for isotropic freezing. Previous work clearly indicates that 

under these experimental conditions, colloidal particles are expelled by the growing ice front 

and are localized in the dispersion (or “voids”) until the ice crystals impinge to close up the 

voids and trap the particles. 
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Figure 3-14: (A) Fractional probability of particles in void at different time. (Red colour) 

represents the data for directional templating and (black colour) represents isotropic ice 

templating. In both the processes, particle concentrations = 1.3 × 108/mL. (B) Exponent 

derived from the distribution of particles in voids. For isotropic templating, the exponent is 

close to 2 for all concentrations after an ice crystal growth fraction = 0.75. For directional 

templating, exponents depend on the particle concentrations. For high concentration (viz. 

1.3 × 108/mL) the exponent is ~ 3.5 and for a concentration of 3.0 × 107/mL, the exponent 

is ~4.0, after the ice growth fraction exceeds 0.50. 

 

Figure 3-15: Schematics of particles in a void. In isotropic cooling particles in void eventually 

forms a cluster at final stage (1st row), but for directional cooling, particles in a void split into 

multiple smaller cluster at the final stage (2nd row). 
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Simulations provide us information on the number of particles in a void as the ice crystals 

grow. In Figure 3-14A, we plot the number distribution of particles in voids (for concentration 

1.3 × 108/mL particles) for directional and isotropic freezing, and observe the evolution of 

this distribution as the ice crystals grow. We parametrize the extent of ice growth by 

normalizing the average ice crystal size by the size of the crystal at impingement, obtained 

when the voids tends to close up (Figure 3-13A). We observe that as the ice crystals start 

growing, there is an increase in the number of voids. The number of voids goes through a 

maximum and then deceases until the voids close up, so that there are no voids at impingement. 

Initially, when the voids start forming, the vast majority of voids contain only a small number 

of particles and there are very few voids that contain a large number of particles. This is true 

for both isotropic and directional freezing and results in power laws with large values of the 

exponent, Figure 3-14B. However, as the voids start closing up, the voids that form contain 

larger number of particles, resulting in a decrease in . For directional freezing, as the parallel 

walls of ice approach, the particles are confined in planar voids of small thickness and large 

lateral extent. When the ice crystals impinge, voids close up abruptly trapping particles into 

clusters. Thus, in this experiment, the dispersion concentration determines the probability of 

particle clustering at impingement. The higher the colloid concentration in dispersion, the 

higher the chance of larger clusters forming. Thus,  is a function of particle concentration and 

decreases with increase in concentration. This is consistent with the simulation results. For 

isotropic freezing too, as ice crystals grow, there is an increase in the number of voids that 

corresponds to a decrease in . However, in contrast to the case of directional freezing,  

converges to the same value (~2), independent of dispersion concentration (Figure 3-14B). We 

rationalize this as a consequence of the shape of the voids as they close up. Unlike the case of 

directional freezing, all the particles in a void form a cluster as the void closes up due to 

isotropic growth of the ice crystals. This is schematically represented in Figure 3-15. Thus, 

there is a qualitative difference in the concentration dependence of the power law exponents in 

isotropic and directional freezing experiments. 

3.6 CONCLUSIONS 

Directional ice templating of very dilute dispersions results in the formation of particle 

assemblies (small clusters, linear chains, two particle-wide tapes and 2D sheets). We 

hypothesize that the geometry in which the ice crystals approach each other as they impinge 

determines the distribution of particle cluster sizes. The cluster size distribution is obtained as 
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a power law, with a concentration dependent power law exponent. The cluster size distribution, 

Pn (n > 2) ~n−η, where η varies from 2.27 (for particle concentrations ~109 particles/ mL) to 

3.19 (for particle concentrations ~ 107 particles/ mL). This is qualitatively different from the 

case of isotropic freezing, where a concentration-independent power law is obtained for the 

cluster size distribution. Experimental results show near quantitative match with simulations 

that invoke only that particles interact through hard-sphere interactions, that they stick 

irreversibly on contact and that they are expelled from growing ice crystals. 
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 Chapter-4 

Passive and Active Dynamics of Colloidal Chains 

 

The simulations presented in this Chapter are performed by our collaborators, Dr. Raj Kumar 

Manna and Dr. Abhrajit Laskar, supervised by Prof. PB Sunil Kumar (IIT-Madras) and Prof. 

Ronojoy Adhikari (Institute of Mathematical Sciences). Simulation results are presented for 

completeness. 

 

 

 

 

 

 

4.1 INTRODUCTION 

Active systems are characterized by an energy flux through them - therefore,  they are out of 

equilibrium.1 All living organisms are active in this sense - for example, motility within living 

cells relies on molecular motors that use chemical reactions to power mechanical motion and 

effect directed transport.2–4 Synthetic systems that mimic active biological systems hold 

promise for applications ranging from micro-robots and micromixing to targeted drug 

delivery.5–12 Several schemes to realize active colloidal systems have been demonstrated.13–18 

One class of active colloids relies on the imposition of external fields: electric,19–21 

magnetic7,22-23  or light17,24 to deliver energy to the colloidal system. In another class, chemical 

transformations are carried out on the colloidal surface to convert chemical energy to 

mechanical motion.6,25–28 To effect self-propulsion of individual colloids in dilute systems, it 

is necessary to break symmetry. This symmetry breaking can arise from interactions with 

external fields, for example, through electro hydrodynamic phenomena that result in colloidal 

rotation about an axis normal to the imposed electric field.20 Symmetry breaking can also arise 
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from hydrodynamic interactions of colloids with boundaries.29 In colloidal systems that convert 

chemical to mechanical energy, symmetry breaking typically arises from the preparation of 

chemically anisotropic colloids, such as Janus colloids.5,11,27-28,30 

One can also induce symmetry breaking by interactions between colloids in concentrated 

systems. For example, recent work has demonstrated the formation of self-assembled swarms, 

bundles and strings through interactions between active colloidal moieties.19–24,31–34 In these 

reports, asymmetry at the level of an individual colloidal particle renders them active. The 

strength and directionality of interactions between these active colloids governs emergent 

assembly in concentrated colloidal dispersions. Another way to induce symmetry breaking is 

to bond together colloidal particles, each of which is isotropic, to form chains. Recent 

simulations have demonstrated that semi-flexible chains comprising active beads can exhibit 

autonomous motion,35–39 reminiscent of flagellar beating. Two aspects were important for 

observing active effects in these simulations: (i) the semi-flexible nature of the chain allows 

thermal noise to continually break symmetry and (ii) covalent bonding of individual active 

beads along the chain allows for spatial proximity so that there is strong hydrodynamic 

coupling between them. Thus, while each of the beads is isotropic, symmetry breaking happens 

due to Brownian fluctuations in chain conformations. In such systems, out-of-equilibrium 

dynamics results from bead-bead interactions due to active flows. However, an experimental 

realization of this system has not been reported. One advantage of such a system is the ease of 

preparation of isotropic colloids relative to Janus entities. These synthetic systems also hold 

promise as models for studying the mechanisms that govern biological flagellar dynamics.40–44 

Combining these mechanistic insights with the ease of fabrication of such active systems might 

provide a way to address the challenge of enhancing transport phenomena at small length 

scales. 

Here, we report the facile preparation of active colloidal chains that exhibit over 60% 

enhancement in diffusivity over their passive counterparts. The colloids that are enchained to 

form necklaces are uniformly coated with platinum nanoparticles that catalyze the 

decomposition of hydrogen peroxide - unlike self-motile Janus colloids. Our experiments 

match well with simulations performed by our collaborators that show that the "active" 

enhancement in diffusivity arises from interactions between enchained colloids due to phoretic 

hydrodynamic flows. 
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Figure 4-1: Ice templating route to synthesis of active colloid chains. (A) Polyethyleneimine 

(PEI) coated 1 m-sized polystyrene particles (PS) and cross-linker (PEG di-epoxy) are mixed 

in aqueous suspension. (B) When the suspension is cooled to −18oC , PEI-coated PS and cross-

linker accumulate along the grain boundaries of crystalline ice. The PEI forms a crosslinked 

mesh, so that the colloids are linked into chains. (C) The suspension containing cross-linked 

colloid chains is thawed, PtNPs are added and mixed by slow shaking for one minute. The 

suspension is left undisturbed for 2 hours to allow PtNPs to adsorb and the chains to sediment. 

The suspension is decanted and re-diluted with DI water, the process being repeated twice, to 

remove excess PtNPs. (D) 100 L of 30% H2O2 is added to 100 L of chain suspension, with 

slow shaking for one minute, to render the chains active. (E) Representative images from 

fluorescent microscopy of rigid and semi-flexible colloidal chains (N = 3 to 12). The scale bar 

in all the images is 5 m. 

4.2 MATERIALS AND METHODS 

4.2.1 MATERIALS 

Polyethyleneimine (PEI) (50% w.v solution; Mw = 750 kg/mol, specified by the supplier) and 

polyethyleneglycol diepoxide (PEG-diepoxide, molecular weight = 500 gm/mol, specified by 

the supplier), chloroplatinic acid hexahydrate and horseradish peroxidase (HRP) were obtained 

from Sigma-Aldrich and were used as received. A 2.5 % w.v dispersion of fluorescent 
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(Rhodamine-B labelled) polystyrene (PS) beads with a size of 1.08 m and 4 % polydispersity 

were used as received from Microparticles GmbH, Germany. Sulphonate groups present on the 

surface rendered the PS particles negatively charged. Hydrogen peroxide (30 % aqueous 

solution), 4-aminoanipyrine (4-AAP) 98 % and phenol, 98 % were used as received from Avra 

Synthesis Pvt. Ltd. 

4.2.2 PREPARATION OF COLLOIDAL CHAINS 

The synthesis of active colloidal chains is schematically depicted in Figure 4-1. 1 μL of 

polystyrene (PS) latex particles was added to 200 μL DI water. After sonication for two minutes 

to disperse the particles, this was added to 5 μL of PEI stock solution (comprising 100 mg PEI 

in 1mL DI water) and the mixture was vortexed for 5 minutes. This dispersion was centrifuged 

and the supernatant was removed to separate unadsorbed PEI. This was diluted with DI water 

and sonicated for two minutes to redisperse the PEI coated PS colloids. The zeta potential of 

the PS particle changes from -30mV to +57mV after treatment with PEI, confirming coating 

of the PS surface. To this was added 1 μL PEG-diepoxide diluted in 1mL DI water and the 

mixture was then vortexed and subsequently sonicated for 1 minute. This mixture was then 

stored in a refrigerator maintained at -180C. The water is transformed into ice on freezing, and 

the colloids, polymer and cross-linker are concentrated at the boundaries between ice crystals. 

PEI is crosslinked by PEG- diepoxide in the frozen state. We observe that allowing the 

crosslinking to proceed for 12 hours results in the formation of a rigid chain. Decreasing the 

crosslinking time to 8 hours yields semi-flexible chains and highly flexible chains are obtained 

when we crosslink for 4-5 hours. After crosslinking, we thaw the frozen sample at room 

temperature. 

4.2.3 CHARACTERIZATION OF PtNPs 

PTNPs were provided by Dr. Jhumur Seth and Dr. BLV Prasad (CSIR-National Chemical 

Laboratory). 

PtNPs were synthesized according to a reported protocol.45 Platinum nanoparticles were 

characterized using TEM, (Figure 4-2a). The size distribution of platinum nanoparticles, 

obtained by analyzing TEM images is shown in the inset (Figure 4-2a). The synthesized PtNPs 

are characterized by a number average size of 1.5 nm. Zeta potential measurements reveal that 

platinum nanoparticles are negatively charged, with a zeta potential of -60 mV. For the 
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measured average PtNPs size = 1.5 nm, we estimate the final concentration of PtNPs as 

2.41010 per L. 

 

Figure 4-2: (a) TEM image of PtNPs, and (inset) size distribution of the PtNPs. (b) We perform 

elemental mapping on the region marked by the red circle. The particle marked by the red circle 

is a PtNPs coated PS particle. We can clearly see evidence for the presence of platinum.  The 

Na comes from the Na-citrate used to electrostatically stabilized the PtNPs. 

4.2.4 ADSORPTION OF PtNPs ON PS 

In control experiments on single colloidal particles coated with PEI, we observe that the zeta 

potential of the PEI coated PS colloids decreases from +57mV to + 10mV after adsorption of 

PtNPs. Elemental mapping in Figure 4-2b confirms the presence of platinum on the surface of 

extensively washed PEI-coated PS colloids, confirming adsorption of PtNPs on the colloid 

surface. We estimate the coverage of PEI-coated PS particles by PtNPs as follows. We treat a 

known concentration of PEI-covered PS particles (~108 particles in 0.5 mL) with an excess of 

PtNPs from a solution with known concentration (~2.4×1010per L). After allowing 90 

minutes for PtNPs adsorption, we separate out the PS particles by centrifugation, leaving the 

unadsorbed platinum nanoparticles in the supernatant solution. The concentration of PtNPs in 

the supernatant is assayed and the coverage of PtNPs on PEI-coated PS is obtained as a 

difference. We use a modification of a reported protocol46 to assay the concentration of PtNPs 

in solution. Briefly, we add 100 L of PtNPs containing supernatant solution to 900 L of a 

solution comprising 10 L of 0.2 mM H2O2, 2 L HRP (1 mg/2 mL), 444 L phenol (25 mM) 

and 444 L 4-AAP (0.4 mM). PtNPs and HRP compete to decompose H2O2 and steady state 

is attained after 30 minutes when the peroxide is completely consumed. We measure the UV-

Vis absorbance at 510 nm at steady state and relate this to the concentration of PtNPs, using a 
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calibration curve prepared using PtNP solutions of known concentration. Using this method, 

we estimate a PtNP coverage of 5.9103 PtNPs adsorbed per PS colloid. 

4.2.5 EXPERIMENTS ARE CARRIED OUT AT CONSTANT 𝐇𝟐𝐎𝟐 

CONCENTRATION 

PtNPs coated PS chains are active in the presence of H2O2 , and the level of activity is related 

to the concentration of H2O2. We observe the diffusivity of active colloidal chains in the 

presence of peroxide at a concentration = 15 % w.v, and observe the chains in the microscope 

over a period of several minutes. We determine the concentration of H2O2 over the time scale 

of our measurements as follows. We prepare a "reaction mixture" containing 100 L H2O2 (30 

% w/v) and 100 L of PtNPs (at a concentration of ~2.4×1010/L, note that the concentration 

of PtNPs in this reaction mixture is significantly higher than in our microscopy experiments 

where we observe dilute solutions of PtNPs coated PS colloidal chains). As the reaction 

proceeds, viz. PtNPs decompose H2O2, we obtain 2 L aliquots of the reaction mixture every 

3 minutes. This is added to a solution containing 494 L of phenol (2.5mM), 494 L of 4-AAP 

(0.4mM) solution, 10 L of HRP (1 mg/mL).We allow 30 minutes so that all the peroxide is 

decomposed and a steady state is achieved. We then dilute the solution 60-fold and measure 

the UV-Vis absorbance at 510 nm. As the concentrations of PtNPs and HRP are fixed, the 

intensity of absorbance is a function of the concentration of H2O2. We plot the UV- Vis 

absorbance so obtained as a function of reaction time (Figure 4-3) and show that, even at these 

high PtNPs concentrations, there is no experimentally significant change over 30 minutes. 

Thus, the peroxide concentration (or, equivalently, the activity) is unchanged over the time 

scale of microscopic observation. 

4.2.6 METHOD OF INJECTION OF 𝐇𝟐𝐎𝟐:  

We add 100 L of PtNPs coated colloidal chains dispersion in 100 L of 30 % w.v. H2O2 and 

wait for a minute to mix the sample properly. After that we load the sample in a cavity slide 

and seal it properly so that there is no leakage.  
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Figure 4-3: UV-Vis absorbance at 510 nm as a function of reaction time, as described in.  There 

is no change in the UV-Vis absorbance, viz. no change in hydrogen peroxide concentration 

over a time scale of 30 minutes.  

4.2.7 VIDEO RECORDING AND DATA ANALYIS 

Laser Scanning Fluorescence Microscopy (Carl Zeiss Axio Observer Z1) was used with a 63X 

objective (NA=1.4 and working distance = 0.19 mm). Samples were taken in a cavity slide. 

Great care was taken to seal the slides to eliminate convective effects. Fluorescent PS beads 

were excited with laser light (wavelength = 543 nm). We recorded images at 20fps for more 

than 40 seconds. Image analysis was performed using ImageJ software and Matlab. To find the 

center of mass of the colloidal chain, we used ImageJ. We subtract a constant background and 

then threshold the images. We used the inbuilt Particle Analysis function in ImageJ to obtain 

the center of mass of the chain. A sequence of images was then used to obtain the MSD for the 

chain center of mass. We calculate the mean square displacement in 2-dimensions as, MSD(t)= 

< (x(t) − x(0))2 + (y(t) − y(0))2 >, where x(t) and y(t) are the center of mass coordinates 

at time t, obtained from ImageJ. The MSD is linear in time with a slope = 4D, where D is 

diffusion coefficient (slope = 4D since we track the colloidal chains in 2 dimensions). As a 

check on the ImageJ analysis, we used the particle tracking function in Matlab to obtain the 

center of mass for each colloidal monomer and calculated the chain center of mass based on 

these coordinates. Analysis using ImageJ was consistent with that using Matlab. We used the 
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Matlab to find the center of mass positions of the colloidal beads in a chain to estimate chain 

flexibility. 

4.2.8 ELIMINATION OF CONVECTIVE FLOWS 

We loaded colloidal chain suspensions in a cavity slide and carefully placed a cover slip on 

top, ensuring that there are no trapped air bubbles. The cover slip was then sealed using nail 

polish to prevent solvent evaporation. Careful sealing of the cover slip to the slide is critical to 

eliminate solvent evaporation and convective flows. To confirm that convective flows are 

eliminated, we present data on the trajectories of two particles observed simultaneously, in the 

same field of view (Figure 4-4a). In the inset we plot the velocity-velocity correlation between 

the two particles. It is clear that the motions of the two particles are uncorrelated. We also 

plotted the MSD for x and y motions, MSDx and MSDy in Figure 4-4b for arbitrarily defined x 

and y axes, as indicated in Figure 4-4a. We observe that MSDx and MSDy are identical, to 

within experimental error. We calculate Dx = 0.16 m2/s=Dyx = 0.16 m2/s = D/2, where D 

= (Dx + Dy) = 0.32m2/s. This matches well with the theoretical value of Brownian diffusivity 

in three dimensions, D=(Dx + Dy+Dz)= 
kBT

6πηR⁄ = 0.47 m2/s (in water at 250C where R is 

the radius of the colloid). Thus, chain motion measured in two orthogonal directions yield 

experimentally indistinguishable values of mean-squared displacement (MSD) and, where 

multiple particles are observed in the same field of view, we observe that particle motions are 

uncorrelated, confirming the absence of convective flows.  

 

Figure 4-4: Shows the trajectory of two particles in 2-dimensions over a period of 60s. In the 

inset we plot the velocity-velocity correlation, <Vix. Vjy> of these two particles (b) MSD as a 

function of time for x-motion and for y-motion for a single Brownian particle. 
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4.2.9 DIFFUSION OF SINGLE PARTICLE (PASSIVE AND ACTIVE) 

We plot ηD (where η is the viscosity of the solvent and D is the corresponding diffusion 

coefficient) for a colloidal particle without the platinum nanoparticle coating in both water and 

15% w/v aqueous hydrogen peroxide and with the platinum coating in water (Figure 4-5). Each 

of these combinations is passive. We also present data for the active case, where we observe 

PtNPs-coated single colloidal particle is dispersed in 15% w/v hydrogen peroxide. All 

measurements are done in the dilute regime where individual colloids are well separated. The 

values of ηD in all these experiments are identical within experimental error. 

 

Figure 4-5: Single particle diffusion for four different passive cases, as described in the text: 

(PS in H2O, PS in H2O2, active PS (PtNP@PS) in H2O2 and PS in H2O with PtNPs. 

4.2.10 ACTIVE COLLOIDAL CHAINS 

An aqueous dispersion of colloidal chains, comprising PS colloids in a crosslinked PEI mesh, 

is treated with an excess of platinum nanoparticles (PtNPs). PtNPs are negatively charged and 

adsorb on the surface of the colloidal chains. Elemental mapping (Figure 4-2) confirms the 

presence of platinum on the surface of extensively washed PEI-coated PS colloids, confirming 

adsorption of PtNPs on the colloid surface. We verify that the colloids are isotropically coated 

with PtNP catalyst as follows. In control experiments, we measure the diffusion of single PS 

colloids coated with PEI and with PtNPs adsorbed on their surface. The diffusivity of such 

colloids in the presence of hydrogen peroxide is experimentally indistinguishable from that in 

water, after accounting for differences in solvent viscosity (Figure 4-5). This suggests that there 
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is no significant asymmetry in the coverage of PtNP over the PS colloid surface. We estimate 

PtNPs coverage of 5.9103  PtNP adsorbed per PS colloid (Subsection - 4.2.4 above). 

A dispersion of PtNPs coated colloidal chains is added to an equal volume of 30% (w.v) 

hydrogen peroxide. The PtNP on the particle surface catalyse decomposition of the hydrogen 

peroxide, rendering the chains active. There is no change in concentration of hydrogen peroxide 

during the experimental duration when the chains are visualized (subsection 4.2.5, Figure 4-3). 

4.3 CHARACTERIZATION OF CHAINS 

4.3.1 FLEXIBILITY CALCULATION 

We define the chain flexibility (ξ) as <(RN(t) −< RN >)2> = L2ξ2, where RN(t) = rN(t) −

r1(t) is the end to end distance of the chain at time t, and L= (N-1)b is the contour length of 

the chain. As an example, we plot RN(t) for the case of a rigid 4-mer chain (ξ = 4×10−4) and 

for a semi-flexible chain (ξ = 5.4×10−3). For rigid chains, we note that 
𝑅𝑁

𝑒

𝑅𝑐  (𝑅𝑁
𝑒  is the end to 

end distance of the colloidal chain and 𝑅𝐶 is the contour length of the chain) can occasionally 

exceed 1 – this is a consequence of the flexibility of the crosslinked mesh that bonds the 

colloids (Figure 4-6). Thus, the bond length occasionally exceeds its time averaged value, b. 

 

Figure 4-6: Time variation of end-to-end distance of a semi-flexible chain and a rigid chain.  

Here, N = 4 and the ξ values are as indicated in the legend. 

4.3.2 SPRING CONSTANT (k) AND BENDING RIGIDITY () 
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We obtain the distribution in center to center distance between bonded colloids by examining 

over 200 fluorescent microscopy images of chains. This is performed for chains with different 

flexibility (ξ). We fit this distribution to a Gaussian and obtain the spring constant, k, that 

characterizes colloidal bonding from: P(r) ~ exp(- 
k(r−rc)2

kBT
), where 𝑟𝑐 is the mean of 

fluctuations. We estimate the fluctuation by taking the difference from average centre to centre 

distance to centre to centre distance at any time. As ξ increases from 1.3× 10−3 to 2.1× 10−3 

to 4.2×10−3 there is a decrease in k from 1319.5 kBT(m)−2 to 318.5 kBT(m)−2 to 229.2 

kBT(m)−2. Similarly, we obtain the distribution of bond angles (as indicated in Figure 4-7, 

inset) for chains with different flexibility, ξ. We fit this distribution, P() ~ exp(- 
   2

 kBT
), where 

θ is the angle between two consecutive bond vectors. As ξ increases from 1.2×10−3 to 

1.92×10−3 to 3.22×10−3 there is a decrease in  from 0.0144 kBT()−2 to 0.0035 kBT()−2 

to 0.0014kBT()−2.  

 

Figure 4-7: (a) Inter-particle distances are narrowly distributed for rigid chain whereas the 

distribution of relatively flexible chains are wider. (b) Similarly, the distribution of angle 

between two bond vectors is narrow for rigid chain and wider for relatively flexible chains. 

4.3.3 HYDRODYNAMIC RADIUS 

We calculate the hydrodynamic radius (Figure 4-8) as Rh
−1= 

1

N2  ∑
1

rij

N
i≠j  where rij is the distance 

between the ith and  jth beads. We cannot distinguish between Rh for active and passive chains 

to within experimental error (data for N = 4 and 6 are presented in (Figure 4-8). 
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Figure 4-8: Hydrodynamic radius for active (Rh − A) and passive (Rh − P) chain (with N=4 

and 6) as a function of chain flexibility. 

4.4 SIMULATION DETAILS 

Our collaborators performed Brownian microhydrodynamic simulations using a well-

established mathematical model.35,38 The model describes the Brownian motion of beads 

interacting through conservative forces, that enforce connectivity and stiffness, and dissipative 

forces, from Stokes drag and activity. The motion of the N beads are described by the following 

coupled stochastic differential equations  

  dri =  ( μij. Fj  + πij. Sj )dt + (√2𝔻 )ij・Wj (5) 

with repeated indices being summed over.  

Here Fj = −∇jU are the conservative forces derived from the interaction potential U (𝑅1, … 𝑟𝑁) 

(that includes the bending elasticity) and 𝜇𝑖𝑗 are mobility tensors connecting the velocity of 

particle i due to the sum of all non-hydrodynamic forces on particle j, 𝑆𝑗 is the active stresslet 

on the j-th bead and 𝜋𝑖𝑗  are propulsion tensors connecting the velocity of particle i to the 

stresslet on particle j. The thermal forces are described by Wiener processes dWj where √𝔻  is 

a square-root of the diffusion matrix 𝔻 whose matrix elements, by the Einstein relation, 

are 𝔻ij = KBTμij. The functional forms of the potential, the mobility and the propulsion 

matrices are provided in the (Eq-6 & Eq-7). It is noted that though each bead has isotropic 

activity, the presence of neighbouring beads breaks this symmetry and induces anisotropic 
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effects whose leading term is the stresslet. The sign of the stresslet is set as extensile. This is 

purely phenomenological and is based on a comparison of simulation results with experiments. 

The flow-fields around an active colloidal chain are displayed in Figure 4-12.  

The active colloidal chain is modelled as a series of N beads of radius a, that can generate 

spontaneous flows in the surrounding fluid. It is modelled as the generation of spontaneous 

flow by the beads through extensile stresslets (to leading order), that are oriented along the 

local tangent to the chain. A set of update equations were derived by considering an 

instantaneous force balance between dissipative, thermal and conservative forces. Together, 

these equations represent a set of coupled stochastic equations of motion for N beads of the 

model chain. In Eq. 5, ri is the position of the i-th bead. The mobility matrix μij and the 

propulsion matrix πij are defined as 

 8πη
ij

(r, r′) = ℱi
0ℱj

0G(r, r′)  (6) 

 8πηπij(r, r′) = ℱi
0ℱj

l∇jG(r, r′) (7) 

Gij(r, r′) =  
δij

ρ
−

δiδj

ρ3
   is the Oseen tensor with ρ = r - r′ and 𝐹𝑗

𝑙 =  (1 +
a2

4l+6
∇j

2) . 

The diffusion matrix 𝔻 is defined as 𝔻ij = KBTμij. The body force, Fi is obtained from the 

gradient of the potential, U= UC + UE + US which, in sequence, are potentials enforcing 

connectivity, stiffness and self-avoidance. The connectivity potential is a two body harmonic 

spring potential UC(ri, ri+1) =
1

2
k((r − b0)2 where b0 refers to the equilibrium bond length 

and r = |ri − ri+1 |. 

The stiffness potential UE = k̅(1 − cos𝜙) penalizes any departure of the angle ϕ between 

consecutive bond vectors from its equilibrium value of zero. The rigidity parameter k̅ is related 

to the bending rigidity k, as k̅= k/b0. Steric effects are incorporated through the Weeks-

Chandler-Andersen potential which vanishes if the distance between any two beads  rij =  ri −

rj exceeds, rmin = 2a. The stresslet tensor of j-th bead, Sj, which is aligned along the local 

tangent tj of the chain with its strength S0 is defined as Sj = S0(titj −
δ

3
). 

4.5 RESULTS AND DISCUSSIONS 

4.5.1 EXPERIMENTAL RESULTS 
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Aggregates formed by ice templating are polydisperse in size, and the aggregate size 

distribution obtained from ice-templating has been described in Chapter 2. We harvest the 

aggregates by thawing the mixture and work with dilute dispersions so that our investigations 

are restricted to isolated linear chain-like colloidal assemblies. We vary the stiffness of the 

chains by varying the crosslinking duration (details in subsection 4.2.2). Preparation of active 

colloidal chains are described in (Figure 4-1 and details in subsection 4.2.10). 

Colloidal chains are electrostatically complexed with platinum nanoparticles (PtNPs), and are 

rendered active by addition of hydrogen peroxide.  PtNPs on the surface of the PS colloids 

catalyze peroxide decomposition into water and oxygen, and set up diffusophoretic flows.27,28 

The activity is proportional to reaction rate which is, in turn, proportional to the available 

peroxide concentration. We use a high peroxide concentration and work with dilute chain 

dispersions so that there is no measurable change in peroxide concentration (Figure 4-3) over 

a time scale of ~30 minutes, significantly longer than the period over which chain motions are 

studied. Thus, all our experiments are conducted at constant peroxide concentration or, 

equivalently, at constant value of activity. Finally, we note that our experiments are at 

sufficiently dilute chain concentrations so that there is no observable evolution of oxygen 

bubbles.   

We use fluorescence microscopy to resolve the centre, 𝑟𝑖 = 1, …, N, of each bead in the 

colloidal chain. We ensure that colloidal chains are at least several tens of microns from the 

top and bottom slide surfaces during the time scale of observation (on the order of several 

minutes). Over this time scale, sedimentation effects due to gravity are unimportant. Thus, wall 

effects on chain dynamics can be neglected. The positions, {𝑟𝑖(𝑡)} of the N beads are used to 

estimate the configurational distributions and chain diffusivity. We investigate chains with 

N=3… 12, with ξ varying ten-fold, from ξ= 410−4 for stiff chains to ξ=510−3 for semi-

flexible chains. We use ξ as a measure of flexibility since the persistence length is difficult to 

estimate reliably in short chains. We measure chain diffusivity in the usual manner by 

calculating the MSD of the center of mass r(t) = 
1

N
 ∑ ri(t)i  and extracting the coefficient of its 

linear variation with time. 
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Figure 4-9: Control experiment on passive colloid chains in different solvents. The left panel 

shows the variation of chain diffusivity D for an N bead chain, normalized by the diffusivity 

D0 of a single bead. The dotted line 𝐷~N𝜈with ν = -0.58 is a least-squares fit to the data. Zimm 

scaling from our simulations predicts ν = -0.6. The right panel shows the variation of the chain 

diffusivity with flexibility ξ. The slopes of the least-squares lines are close to zero, indicating 

that the diffusivity does not vary with flexibility. 
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Figure 4-10: Variation of the mean-squared displacement of passive (left panel) and active 

(right panel) chains with flexibility ξ for N=3 and 6. The mean-squared displacement is 

comparatively enhanced for active chains, with greater enhancement for more flexible chains. 

We begin by presenting control experiments on passive colloid chains, as a baseline for 

comparison with active chains (Figure 4-9). The left panel shows the normalized diffusivity of 

colloid chains without the platinum nanoparticle coating in both water and 15% w.v. aqueous 

hydrogen peroxide and with the platinum coating in water. Each of these combinations is 

passive. The diffusivity is fitted well by a power law in N with an exponent ν = -0.58. In the 

right panel we show that, within experimental resolution, there is no variation of diffusivity 

with chain flexibility ξ. Our results are consistent with Zimm’s  treatment47 of the dynamics of 

chains that exhibit Gaussian fluctuations. The colloidal chains that we investigate are not 

flexible. Rather, they can be considered as semi-flexible assemblies that exhibit harmonic 

fluctuations around the rigid rod limit. As these fluctuations are governed by a Gaussian 

measure (independent of N), the Zimm pre-averaging strategy can be employed to obtain a 

power law scaling for the diffusivity. We observe that in the range of parameters considered, 

passive colloidal chains exhibit Zimm dynamics and their stiffness has no measurable influence 

on their diffusivity. Zimm scaling for the length dependence of semi-flexible chains has also 

been reported previously.48  

We now compare the MSD of passive chains with active chains in 15% w.v aqueous hydrogen 

peroxide, for chain size N=3 and N=6 but varying flexibility (Figure 4-10). Two features 

immediately stand out: first, the MSD for flexible active chains is greater than that for passive 

chains and, second, there is significant variation of the MSD with chain flexibility for active 

chains, but not for passive. For active chains, there is an increase in MSD with increasing 

flexibility. While we present data for chains with N = 3 and 6 as an example in Figure 4-10, 

similar trends are observed for all chain lengths investigated. We now plot normalized 

diffusivity of the active chains as function of flexibility for chains of different size in Figure 

4-11. It is clear that diffusivity increases with flexibility for all chain sizes (compare with Figure 

4-9b that shows the flexibility-independent diffusivity of passive chains). 
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Figure 4-11: Variation of the ratio of diffusivities of active (DA) normalized by the diffusivity 

D0 of a single bead, with flexibility ξ and number of beads N, from experiments. 

The uniform coating of platinum nano-particles distinguishes the active colloids in our 

experiment from Janus particles, in which the catalyst is distributed non-uniformly over the 

colloid surface. Thus the individual active colloids in this work are chemo-mechanically 

isotropic in contrast to Janus active colloids.27,28,49 We observe no enhancement in the 

diffusivity of active “monomeric” colloidal particles when compared with the corresponding 

passive particles (Figure 4-5). There is none uniform catalytic reaction due to the enchained 

colloids and Brownian fluctuation of chain increases the anisotropy which helps to enhance the 

diffusivity of active chains. Clearly, proximity between enchained colloids provides the source 

of anisotropy for the active enhancement in diffusivity. 

4.5.2 SIMULATION RESULTS 

As in the experiments, control simulations of passive chains are conducted by setting 𝑆𝑗= 0. 

The diffusivity is computed for varying flexibility and chain size. The power law exponent (ν 

= -0.60) for the scaling of diffusivity with N from simulation (Figure 4-14a) is in excellent 

agreement with experimental data (Figure 4-9a). There is essentially no dependence on chain 

flexibility of the chain center of mass MSD (Figure 4-13a, compare with Figure 4-10a). It is 

found that there is approximately one part in a thousand variation of the diffusivity with 

flexibility, well below the experimental resolution (Figure 4-14b, compare with Figure 4-9b). 



Passive and active dynamics of colloidal chains… 

 

Page-82 

  

The scaling of diffusivity with chain size is consistent with experiment and theory. The 

diffusivity as obtained from the MSD is in very good agreement with Kirkwood's formula.50  

 
DK =

KBT

3N2
Tr < ∑ μij

ij

> 
(8) 

with the expected small overestimation.51,52 The angle brackets represent averages over 

equilibrium trajectories of the chain and the trace is over the Cartesian indices which are 

implied by the boldface notation. After validation of the theoretical model, results for active 

chains are presented next. 

 

Figure 4-12: Spontaneous fluid flow around an active colloidal chain. In the figure, extensile 

stresslets, representing the constituent colloids, are oriented along the local tangents of the 

chain. The background colour is proportional to the logarithm of the magnitude of fluid velocity 

normalized by its maximum.  

Calculation of the diffusivity for a passive chain including hydrodynamic interactions is well-

established in the literature of dynamics of polymers in solution. This was first derived by 

Kirkwood53 for a linear chain. To the best of our knowledge, there is no equivalent theory for 

active chains. Therefore, before examining Kirkwood’s formula for a linear active chain, the 

numerical analysis is first benchmarked with control simulations setting the strength of activity 

𝑆0= 0. Diffusivity computed from simulations matches well with Kirkwood’s formula as 

demonstrated in (Figure 4-14). These results also agree remarkably well with the experimental 

data shown in (Figure 4-9). 
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Figure 4-13: Simulation data for MSD of colloidal chains with varying flexibility. Plots on the 

left represent passive chains while plots on the right represent active chains, N= 5 where 𝑡 ̃ =

tkBT0

a2  and 
0

=
1

6𝜋𝜂𝑎
 . 

 

Figure 4-14: Diffusivity of a passive chain. Center of mass diffusivity of the chain, D 

normalised by the diffusivity of a single monomer, D0 is displayed in (a) as a function of 

number of monomers for different bending rigidity. Excellent match of the simulation with 

Kirkwood's diffusivity Dk validates the numerical analysis. The same quantity is plotted as a 

function of flexibility for different chain length in (b). It is noted that, as seen in the experiment, 

the diffusivity does not depend on the flexibility of the chain. 

Kirkwood’s formula can be extended for active chains by performing the averaging over all 

non-equilibrium trajectories (Figure 4-15). Noticeably, this extension fails to capture enhanced 

diffusivity observed both in experiments and in simulations.  
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Figure 4-15: Diffusivity of an active chain. Center of mass diffusivity of the active chain is 

plotted as a function of number of monomers for different activity strength in (a). Clearly,DK
A, 

the diffusion constant computed from the modified Kirkwood formula for finite activity, is 

unable to capture the activity-induced enhancement of diffusion observed in experiments and 

simulations. In (b) the variation of hydrodynamic radius of the chains as a function of chain 

length for different levels of activity is shown. The intensity of activity does not lead to a major 

change in Rh. Our collaborators further display the variation of Rh in the inset of (b) for N=6. 

For stiffer chains, the chain conformation is predominantly straight. Therefore, the flow 

extends the chain resulting in a marginal increase in Rh. In contrast, for flexible chains, the 

non-equilibrium flow draws the beads closer resulting in a marginal decrease in Rh . In these 

simulations, the value of bending rigidity  is 0.1. 

Next, the effect of flexibility on the diffusivity of a passive chain is presented. The average 

bond angle between any two consecutive bond vectors (time-averaged over all pairs of 

consecutive bonds) increases as the flexibility of the chain increases (Figure 4-16a) and 

becomes obtuse for flexible chains.54 This increase of the bond angle reduces the hydrodynamic 

radius (Rh) of the chain. Consequently, a slight enhancement of diffusivity is observed. 
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Figure 4-16: Average bond-angle, <>, between two consecutive bond vectors increases with 

the enhancement of chain flexibility for different chain lengths. (b) Center of mass velocity, 

VAfor active chains of different lengths are plotted as a function of the average bond angle <>. 

However, this is not the key mechanism for the enhancement of diffusivity of an active chain. 

Activity contributes to the diffusivity through another mechanism that is not present in the 

passive chains, nor is considered by Kirkwood. Any non-zero bond angle, due to the Brownian 

fluctuations creates a local curvature in the chain. This phenomenon breaks the symmetry of 

the active hydrodynamic flow, results in autonomous motion of the active chain in the direction 

opposite to the curvature.35,55 Moreover, the speed of the autonomous movement increases with 

the increase of the average bond angle (Figure 4-16b). Through this mechanism, the activity 

enhances the diffusivity of the chain, captured both by experiments (Figure 4-11) and by 

simulations (Figure 4-17). 
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Figure 4-17: Variation of the ratio of diffusivities of active (DA) normalized by the diffusivity 

D0 of a single bead, with flexibility ξ and number of beads N, from Brownian dynamics 

simulations with active hydrodynamic interactions. The general trend, discernible through the 

experimental noise and supported by simulation, is that the diffusivity ratio increases with 

flexibility. 

It is not easy to make a direct comparison between the experimental results and simulations 

since we cannot establish an exact relation between the elasticity in our experimental chain and 

the elastic Hamiltonian in the simulations. This results in discrepancies between the Kirkwood 

average and experimental results.56 However, the trends from the simulation results agree well 

with those observed in the experiments: the diffusivity increases with flexibility. The most rigid 

chains ξ = 1.010−3 exhibit diffusivities similar to the passive chains. Finally, the enhancement 

in diffusivity for active chains with higher flexibility (ξ=5.010−3) relative to their rigid 

counterparts is the greatest for the longest chains. To understand the mechanism behind this 

enhancement, we turn to (Eq. 5). It is clear that the active term breaks detailed balance (Eq. 5) 

and, therefore, the non-equilibrium stationary state has to be determined from a balance of 

conservative, dissipative and thermal forces.35,38-39 To estimate the influence of departure of 

the chain conformations from equilibrium, the RHS of (Eq. 8) is computed over the non-

equilibrium trajectories. The hydrodynamic radius estimated from this non-equilibrium 

extension of Kirkwood’s formula does not differ appreciably from that of passive chains nor 

does it show a strong dependence on chain flexibility. This is consistent with the estimates of 

the hydrodynamic radius from experiment (Figure 4-8). The trends observed for the chain 

diffusivity, then, are clearly not observed in the hydrodynamic radius (and more detailed 
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comparisons with the Kirkwood formula in Figure 4-15a), which leads us to conclude that 

active reduction of chain size is not the mechanism underlying the enhanced diffusivity. Rather, 

the enhanced diffusivity arises primarily due to active hydrodynamic interactions from phoretic 

flows. For chain lengths much smaller than the persistence length the enhancement of the center 

of mass diffusion result’s from interplay of thermal fluctuations and activity (Figure 4-16). The 

former generate fluctuations in the chain curvature while the latter drive the chain locally in 

the direction opposite to this induced curvature. Since the thermal curvature fluctuations are 

unbiased, the active displacements resulting from such fluctuations are random and, when 

integrated over several chain relaxation time scales, produce an additional diffusive 

contribution to the chain motion. 

 

Figure 4-18: Comparison of the diffusivity as obtained from the MSD and from the Kirkwood 

formula for passive and active chains for N=4. Both these estimates are in very good agreement 

for passive chains but differ widely for active chains. Activity-induced change of the 

hydrodynamic radius of the chain cannot account for the enhancement of the diffusivity. 

4.6 CONCLUSIONS 

In summary, our work demonstrates that large diffusivity enhancements, comparable to those 

demonstrated for Janus colloids, can be achieved for colloidal systems that are uniformly 

coated with catalytic nanoparticles. In our work, individual colloids along the chain are chemo-

mechanically isotropic. Phoretic flows from catalytic reactions on the surfaces of colloidal 

monomers result in active hydrodynamic interactions between enchained colloids.  Brownian 

fluctuations in the conformations of the semi-flexible chains break the symmetry of the active 

fluid flow. The combination of active hydrodynamic flows and Brownian fluctuations results 
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in an enhancement in chain center-of-mass diffusivity. Thermal forces more readily induce 

conformational transitions in flexible chains. Therefore, the enhancement in chain diffusivity 

is larger for more flexible chains. Experimental trends are captured accurately by Brownian 

microhydrodynamic simulations that incorporate phoretic flows due to activity. 

Our results indicate how chain flexibility and activity can be used to tune diffusivity of colloidal 

objects. Faster than equilibrium dynamics of active chains have implications for their use in 

drug delivery and mixing. Previously it is demonstrated that the preparation of completely 

biocompatible ice-templated colloidal aggregates.57 Biocompatible active colloidal chains 

powered by enzymatic catalysts5,28 represent fascinating constructs with potential for directed 

therapeutic delivery. Hydrodynamically driven active chains grafted on the walls of 

microfluidic devices could have implications for technologically important problems such as 

mixing at low Reynolds number. The active colloidal chains presented here are well 

represented by a mathematical model and therefore, represent an attractive model system for 

fundamental investigations of active flexible fibers that are ubiquitous motifs in biology, such 

as bacterial flagellae. 
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5.1 INTRODUCTION 

The solution structure of biological as well as synthetic polymers depends on their interactions 

with the solvents that they are dispersed in.1–3 In good solvents, there is an effective repulsion 

between monomers leading to flexible polymers adopting an expanded coil conformation. In 

poor solvent, structure is determined largely by the effective monomer-monomer attraction. 

This results in the formation of a dense globule state for flexible polymers. The physics of the 

coil-globule phase transition has been studied extensively.4–9 The phase transition of synthetic 

polymer chains is of great interest due to its implications for biological phenomena such as 

protein folding, DNA packing, etc. The coil-globule transition is also of fundamental interest. 

Experimentally, it is extremely challenging to observe the coil-globule transition for single 

chains. At very dilute concentrations, there is insufficient signal from the polymer chains, while 

even at relatively modest finite concentrations, polymers tend to phase separate when they 

collapse into the globular state. Hence, experimental studies of the coil-globule transition 

remain challenging.  

Biopolymers such as proteins and DNA have significant bending rigidity and are classified as 

semi-flexible polymers. Their collapse transition is mainly driven by the competition between 

resistance to bending and self-association.10 The collapse of a semi-flexible polymer might 
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result in very different equilibrium states and obey different kinetics from that of flexible 

polymers.11 Experimental,12–15 theoretical16–20 as well as computer simulations20–24 have 

studied the collapsed structure of semi-flexible chains. Through all these efforts, researchers 

have made considerable progress to understand the collapse transition of semi-flexible 

polymers – however, there still remains much controversy on fundamental topics, such as the 

type of folding pathways and possible configurations in the diagram of states. 

The helical form is ubiquitous in Nature. DNA macromolecules form double-stranded helices 

and 𝛼-helices are routinely observed during folding of proteins into their native state.25,26 The 

pervasiveness of helical structures in Nature has been studied using models based largely on 

geometric concepts27–30 as well as based on entropy.31 A mesoscopic continuum theory has 

been reported that is capable of quantifying the spontaneous assembly of kinked-helices in 

carbon nanotubes and biological filaments.32 Rational synthesis of helical nanostructures is also 

of great interest to materials scientists.33–36 The assembly of spherical colloids into helical 

structures with well-controlled handedness has been recently reported.37 Light controlled self-

assembly of semiconductor nanoparticles into helical structures has also been reported.38 

Here, we present an exciting new model system comprising chains of thermoresponsive 

colloidal “monomers”. The monomers comprise 1 micron sized polystyrene colloids uniformly 

coated with poly(N-isopropylacrylamide co-allylamine) copolymer micro-gels. These 

monomers are lined up in an AC electric field and are crosslinked through the amine groups 

on the microgels to form permanent chains. We demonstrate the preparation of chains with 

different flexibilities (by varying the time for crosslinking) and show that the chains exhibit 

reversible collapse transitions on heating. The chain flexibility determines the nature of the 

collapse transition. Relatively flexible chains exhibit a large increase in the local number 

density of monomers, while rigid chains show only a modest increase. Chains with intermediate 

flexibility exhibit the formation of helix-like structures. 

5.2 MATERIALS AND METHODS 

5.2.1 MATERIALS USED 

Polyethylene-glycol di-epoxide (PEG-di-epoxide, supplier specified Mn=500g/mol), 

allylamine, sodium dodecyl sulfate (SDS) and dialysis bags were obtained from Sigma-Aldrich 

and were used as received. N-isopropylacrylamide from Acros Organic, N, N′ 

methylenebisacrylamide (BIS) and potassium peroxydissulphate (KPS) from Merck were used 
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as received. ITO coated cover slips from Helix Biotech Instruments and indium tin oxide (ITO) 

coated glass slides from Technistro were used as received. 

5.2.2 SYNTHESIS OF PNIPAM MICROGELS 

PNIPAM microgels were synthesized by our collaborator, KP Fayis in the group of Dr. Suresh 

Bhat (CSIR-National Chemical Laboratory). Details are presented here for completeness. 

Poly(N-isopropylacrylamide co-allylamine) microgels were prepared via a free radical 

precipitation polymerization. The polymerization reaction was carried out in a 250 mL three-

neck round bottom (RB) flask equipped with a mechanical stirrer, a condenser and an argon 

inlet. The RB flask was kept in an oil bath throughout the reaction to maintain the reaction 

temperature at 60𝑜𝐶. A bottle of deionised water purged with argon gas for 1 h, was used for 

preparing solutions. In a typical experiment, the purified reactants, monomer N-

isopropylacrylamide (1.935g), a cross-linker N,N’- methylene bisacrylamide (BIS) (0.215g, 

10% of the total monomer) and surfactant sodium dodecyl sulfate (SDS) (0.03g) were mixed 

in 115 mL of argon purged deionized water at 40𝑜𝐶 by stirring at 100 rpm for 30 minutes under 

inert atmosphere. After complete mixing of the reactants, the temperature was increased to 

60𝑜𝐶 and co monomer allylamine (0.107g 5% of the total monomer) was added to the mixture. 

After waiting for thermal equilibration, the initiator KPS (0.025 g in 10 mL of water), was 

added to the reaction mixture. The reaction mixture changed from transparent to turbid after 

addition of initiator. The reaction was allowed to proceed for 6 hrs to ensure complete 

conversion. After 6 hrs, the temperature was reduced to 25𝑜𝐶 and the product (micro-gel) was 

stirred overnight at 100 rpm. The micro-gel dispersion was purified by dialysis against 

deionized water for about two weeks to separate unreacted reactants and surfactant from the 

micro-gel dispersion. 

5.2.3 SAMPLE PREPARATION 

We dilute 5 µL of PNIPAM micro-gel dispersion (𝜙𝑒𝑓𝑓=0.153) in 200 µL of DI water and 

sonicate for 2 minutes. We dilute 1 µL of PS particle dispersion (containing ~4.8 × 107 PS 

latex particles) in 200 µL of DI water. Then, we add the dilute PS dispersion to the dilute 

PNIPAM micro-gel dispersion and sonicate for 5 minutes. The positively charged PNIPAM 

microgel particles adsorb on the PS particles surfaces through electrostatic complexation. This 

dispersion was centrifuged at 4000 rpm for 7 minutes and the supernatant was removed to 

separate unabsorbed PNIPAM microgel particles. Then, we add 150 µL of DI water/glycerol 



Phase transition of thermo-responsive colloidal chains… 

 

Page-96 

  

mixture (volume ratio of water and glycerol is 5:1) to further dilute the dispersion and sonicate 

for 5 minutes. The density of the fluid is adjusted close to that of the PS latex, viz. ~ 1.05 g/cm3 

We prepare a chamber using parafilm tape on the ITO glass slide (length ~4mm, width ~4m 

and height ~100µm). We take 20 µL dispersion containing PNIPAM microgel adsorbed PS 

particles and add 0.5 µL of cross-linker followed by sonication for 2 minutes. This was 

transferred into the chamber and covered with another ITO coated glass slide on top. We ensure 

that there is no air bubble trapped in the chamber. We seal this chamber properly so that there 

is no leakage during chain preparation experiment. 

5.2.4 PREPARATION OF LINEAR CHAIN BY AC FIELD 

In all experiments, the electric field is imposed using an amplifier (PZD 350 from Trek, USA) 

and a function generator (AFG1022 from Tektronix) and is monitored using a digital 

oscilloscope (TSB1102B from Tektronix). We apply AC field (𝐸𝑟𝑚𝑠=0.25 V/µm, f = 250 kHz, 

where 𝐸𝑟𝑚𝑠 is the root mean square of the electric field across the ITO coated glass slides 

sandwiching the dispersion and f is the frequency. We observe the dispersion using an optical 

microscope, and observe that all the particles assemble into linear chains along the field 

direction within 2-3 minutes of imposing the field.39,40 We keep the electric field on for 12-25 

minutes to allow the amine groups on the PNIPAM microgel particles to crosslink and then 

turn off the field. We observe that this results in the formation of permanent chains dispersed 

in the solvent. Since the density of the solvent is closely matched with the PS particles, the 

chains do not settle over long periods of time (2 hrs). We change the crosslinking time to vary 

the flexibility of the chains. For very rigid chains we allow the crosslinking reaction to proceed 

for 25 minutes while semi-flexible chains form after crosslinking for 15-20 minutes. Schematic 

of PNIPAM coated particles with cross-linker and linear chains of particles form on application 

of an AC electric field in are shown schematically in Figure 5-1. 
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Figure 5-1: (A) schematic of PNIPAM coated particles with cross-linker. (B) Linear chains of 

particles form on application of an AC electric field. 

5.2.5 IMAGING 

We use a confocal laser scanning microscope (CLSM) from Carl Zeiss (model-LSM710). For 

experiments to calculate the temperature dependent pair correlation function of the 

thermoresponsive (PNIPAM coated PS) “monomeric beads”, we use the confocal mode of the 

microscope with a 63X objective. To estimate the bonding strength between two monomers in 

a chain of bonded beads, and to estimate the bending rigidity between two bond vectors, we 

use the optical mode of microscope with a 63X objective. For all other experiments, we use a 

20X objective. 

5.3 RESULTS AND DISCUSSIONS 

The microgel particles were characterized by dynamic light scattering (DLS) at very dilute 

suspension concentrations (volume fraction ≈ 10-3) in order to determine the temperature 

dependence of their size. We assume that the micro gels are sufficiently dilute that there are no 

two-body interactions at this concentration (including electrostatic interactions). The zeta 

potential of the micro-gel particles is +42mV. We performed DLS measurements at a fixed 

scattering angle, 2θ = 90o, where 2θ is the scattering angle and is related to the scattering vector 

q = 4πnsinθ/λ, where λ (= 633 nm) is the wavelength of laser light in vacuum and n is the 

refractive index of the solvent. In Figure 5-2A we have plotted the g2(𝜏) − 1  vs time from the 

DLS data.  We analysed the intensity-intensity autocorrelation function using a second-order 

cumulant method41 and obtained the hydrodynamic diameter (Dh) using the Stokes-Einstein 

equation (Do = kBT/3πηDh, where Do is the diffusivity from DLS, kB is the Boltzmann constant, 

T is the temperature of the solvent and η is the viscosity of the solvent). The hydrodynamic 

https://www.sciencedirect.com/topics/chemistry/refractive-index
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diameter (Dh) of the micro-gel particles decreases with increasing temperature (Figure 5-2B) 

confirming the thermo-responsive nature of the PNIPAM micro-gels. 

 

Figure 5-2: (A) g2(𝜏) − 1  vs time plot of DLS data. (B)Temperature dependence of the 

average hydrodynamic diameter (Dh). On heating, the microgel particles exhibit a transition 

from a swollen state to dehydrated state. Each point represents the equilibrium size of the 

micro-gel at that temperature. We wait for at least 25 minutes at each temperature for the 

sample to equilibrate before measuring Dh. 

To characterize the temperature dependent behaviour of the PNIPAM coated PS latex, we 

measure the particle pair correlation function, g(r), using CLSM. Suspensions were kept 

between a glass slide and a cover slip separated by a spacer of 120 µm thickness. We performed 

our experiment in bulk suspensions, by focusing at a plane at least 10 µm below the cover slip. 

We collected a series of images in the x-y plane at different temperatures, after allowing 

sufficient time for equilibration of the sample (Figure 5-3). We perform experiments in 2D 

since confocal scanning in the z direction takes a long time during which the colloids diffuse. 

Thus, confocal scanning microscopy is too slow to allow us to track the motion of 1µm 

Brownian colloids in 3D. We calculate g(r) in 2D and estimate the equivalent 3D g(r) for the 

bulk suspension.42–44 Image processing is carried out using a well-established particle tracking 

algorithm implemented using Interactive Data Language (IDL).45 From this analysis, we 

determine the x-y co-ordinates of the particles and calculate g(r) at different temperatures 

(Figure 5-4). 
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Figure 5-3: Confocal micrographs of PNIPAM coated particles as a function of temperature. 

At temperatures below the LCST (for example, at 25𝑜𝐶) particles are well dispersed. As the 

temperature increases above the LCST, PNIPAM microgels go from a hydrated to dehydrated 

state and start aggregating. With increase in aggregate size, the Brownian motion gets sluggish 

– thus, this process results in the formation of multiple small clusters instead of a giant cluster. 

We study the range of attraction for the PNIPAM coated PS particles at various temperatures, 

at a concentration of 4.8×108/mL. We measure g(r) at various temperatures and derive the 

effective potential as –ln[g(r)] (Figure 5-4B). At 25𝑜𝐶, there is no peak in g(r) and the colloids 

exhibit hard sphere interactions, viz. repulsive interactions only at contact. At 30𝑜𝐶 and above, 

we observe a maximum in g(r) at ~ 1.5 µm. The peak in g(r) indicates that the effective 

interparticle interactions are attractive, viz. U(r) is negative and exhibits a minimum near 1.5 

µm. Therefore, the volume phase transition of the PNIPAM microgels that results from a 

temperature-induced collapse transition on heating results in an effective attractive interaction 

between the microgel coated PS colloids. 
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Figure 5-4: (A) Pair correlation g(r) of particles with different temperature. Poly(N-

isopropylacrylamide co-allylamine) coated PS particles exhibit attractive interactions at and 

above 30oC. We estimate the g (r) from a series of images taken at thermal equilibrium at each 

temperature (over 3500 particles are counted to estimate the pair correlation). (B) It is clearly 

visible that the height of the g(r) peak increases with temperature. The effective potential 

derived from g(r)̣ at different temperatures are plotted as a function of distances (r). 

We control the flexibility of chain by varying the crosslinking time (see details 

in Section  5.2.4). We estimate the flexibility as <(RN(t) −< RN >)2> = L2ξ2, where RN(t) =

rN(t) − r1(t) is the end to end distance of the chain at time t, and L= (N-1)b is the contour 

length of the chain (see details in section 4.3.1). We now present the distribution in center to 

center distance between bonded colloids for chains with different flexibility (Figure 5-5A). We 

fit this distribution to a Gaussian, P(r) ~ exp(- 
k(r−rc)2

kBT
) and obtain the spring constant, k, that 

characterizes the bonding between the colloids. As the value of ξ increases from 0.3× 10−3 to 

2.1× 10−3 to 4.0×10−3 we find that k decreases from 114.9 kBT(m)−2 to 76.34 kBT(m)−2 

to 56.0 kBT(m)−2 respectively. Next, we obtain bond angle distributions (as indicated in the 

schematic Figure 5-5B, inset) for chains with different flexibility, ξ. Again, we fit this 

distribution to a Gaussian form, P() ~ exp(- 
   2

 kBT
) and obtain the bending rigidity, . As ξ 

increases from 0.5×10−3 to 2.1×10−3to 3.4×10−2 there is a decrease in bending rigidity () 

from 9.1×10−3 kBT()−2 to 3.8×10−3kBT()−2 to 0.8×10−3 kBT()−2. 
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Figure 5-5: (A) Inter-particle distances are narrowly distributed for rigid chain whereas the 

distribution for relatively flexible chains is wider. (B) Similarly, the distribution of angles 

between two bond vectors about the mean value is narrow for rigid chains and wider for 

relatively flexible chains. 

 

Figure 5-6: Photographs of colloidal chains at 25oC and at 45oC. Temperature dependent 

transitions of a very rigid chain (ξ<10−4, left panel), chain with intermediate flexibility 

(flexibility parameter in the range of 10−4 to 3.0×10−3, middle panel) and relatively flexible 

chain (ξ > 3.0×10−3, right panel). Chains with intermediate flexibility on heating above 30oC, 

organize to form structures that appear to be helical. We establish the high temperature 

structure of these chains later in the Chapter. There is a significant decrease in the chain end-

to-end distance for the relatively flexible chains. 
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Figure 5-7: Structural change of chain at above 30𝑜𝐶. (A-D) We define arbitrary time t=0s 

and presented the structural changes of a chain with intermediate flexibility as time progresses. 

(D) Appears to be helix-like. Specifically, it is a right handed helix-like structure. (E) We 

present a left handed helix-like structure as well. All the scale bars are 10 µm. 

We characterize the temperature-dependent structure of the linear chains of length ranging 

from 15 mers to 40 mers, at equilibrium (Figure 5-6 & Figure 5-7). We hold the system 

isothermal at least for 10 minutes so that the colloidal chain is in thermal equilibrium. We 

record 2D images at 4 frames per second for more than 7 minutes using the “optical mode” of 

the CLSM. In this mode, we obtain 2D projections of the chains. At thermal equilibrium, the 

2D projections of the chains appear helical in nature. Three dimensional imaging of the 

structure is necessary to confirm that the structures observed are indeed helical. Therefore, we 

call these helix-like structures.  

For rigid chains, heating does not result in a qualitative transition in the shape of the chain. We 

observe only a decrease in the chain end to end distance (Figure 5-6, left). For the most flexible 

chains, we observe the formation of irregular compact configurations (Figure 5-6, right). Of 

particular interest are the chains of intermediate flexibility (10−4< ξ < 3.0×10−3). On heating, 

these chains exhibit a decrease in end to end distance and form helix-like structure (Figure 6, 

middle). This is clearly visible when the chain is observed as a function of time as it forms the 

helix-like structure. We present a series of images of the formation of helix-like structure as 

time progresses (Figure 5-7 A to D). We also estimate the handedness of 130 chains in helix-

like conformation and observe that about half (55%) are right-handed (Figure 5-7D). To within 

experimental error, we observe right or left handed helix-like structures with equal probability. 

The pitch of the helix-like structure varies from 4 to 10 microns. We do not observe any 

systematic variations of pitch length with temperature. 

We measure the end to end distance in 2D, Re = √(x0 − xend)2 + (y0 − yend)2, where 

(x0, y0) and (xend, yend) are the positions of the end points of the chain in an arbitrary reference 



Phase transition of thermo-responsive colloidal chains… 

 

Page-103 

  

frame. Each data point in Figure 5-8 represents an average over at least 50 different 

configurations. The error bars are estimated from the standard deviation. We estimate Re at 

different temperatures for chains with different flexibility. We plot Re normalized by the 

average end to end distance at 25oC (R25oC
e ) in Figure 5-8A and observe that, above 30oC there 

is a decrease in the chain size. The end to end distance, Re is a function of temperature (T) and 

flexibility (ξ) of the chains. Rigid chains (ξ < 10−5) show a relatively small reduction in Re 

above 40oC relative to flexible chains (ξ > 3.0 × 10−5). We observe that flexible chains exhibit 

over 60% reduction in Re on heating (Figure 5-8A). We estimate the number density of 

monomers locally, within the coil of the colloidal chain as ρ=N/Re3
. We plot ρ as a function of 

the temperature in Figure 5-8B. Since Re for relatively flexible chains decreases significantly, 

there is a rapid increase in the local monomer density on heating. In contrast, there is only a 

modest increase in ρ for rigid chains when they collapse on heating (Figure 5-8B). 

 

Figure 5-8: (A) Variation of end to end distances of chain (normalized with the average end to 

end distance at 25oC) with temperature. (B) Variation of density (ρ= N/Re3
) of particles with 

temperature for different flexible chain. It is seen that there is a drastic increase in ρ for flexible 

chains at above 35oC, whereas there is almost no change in monomer density (ρ) for the most 

rigid chains. 

It is well known that the conformation of polymer chains depends on the quality of the 

solvents.1–3 Flexible polymers in a good solvent exhibit swollen-coil conformations since 

individual monomers effectively repel each other and the monomers are preferentially 

surrounded by solvent molecules. On the other hand, flexible polymers in poor solvent expel 

solvent molecules such that there is effective monomer-monomer attraction. Thus, in poor 

solvent, a compact globule structure is formed, that minimizes contact between solvent and 
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monomers. The coil-globule transition of flexible polymers is a classical problem in polymer 

physics and has been well studied in the literature.7,46,47 Collapse of semi-flexible polymers in 

poor solvents has also been reported.8 In case of linear colloidal assemblies, Vutukuri et al. 

demonstrated that semi-flexible charged chains adopt a straight configuration by changing the 

long range electrostatic interaction between monomers.39 We experimentally demonstrate the 

effect of solvent quality of thermo-responsive “polymeric” colloidal chains. We systematically 

vary the flexibility of the colloidal chain to prepare rigid and semi-flexible systems, and 

visualize the temperature-dependent change of their  Re and ρ under microscopy (Figure 5-8B). 

We have shown that, while going form good solvent to poor solvent by increasing temperature, 

there is a ~10% decrease in the normalized  Re for rigid chains whereas relatively flexible 

chains exhibit up to 60% decrease in size. This transition is reversible since the chains re-swell 

on cooling. We reiterate that we hold the samples isothermal for over 10 minutes before making 

a measurement. Under these conditions, we do not observe any hysteresis in the change in 

chain size during a heat/cool cycle. The local number density of monomers (ρ) in a chain varies 

with changing solvent quality since there is a change in size (Re). For relatively flexible chains, 

we observe a dramatic change in ρ on heating above 35oC. 

We now focus on the helix-like structure that forms in chains of intermediate flexibility on 

heating. Video observation of the structure formation of these chain held isothermal at 

temperatures above 30𝑜𝐶 indicate that the structure varies with time (Figure 5-7). Helix-like 

structures that form over a part of a chain unravel with time, while other parts of the chain 

subsequently fold to form a helix-like structure. Thus, the formation of helix-like structures in 

the chains is a dynamic process. We analyse 2D images frame by frame and estimate fraction 

of total the chain length are organized into helix-like structures. We only analyse images where 

the chains are horizontal, and in the focal plane of the objective. We use Matlab to extract the 

image intensity along the chain and observe that chains that we have determined to be helix-

like structure (from video analysis) exhibit periodic intensity variations along their length. 

These arise from parts of the chain going out of focus as parts of the structure go out of the 

focal plane. It is possible that chains that have sinusoidal conformations and that are not helix-

like structure would also exhibit such periodic intensity variations – however, we do not see 

any evidence for the formation of such conformations in our experiments. We arbitrarily define 

a chain segment to be helix-like if it exhibits at least one cycle of high/low/high or low/high/low 

intensity variation. 
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Chain with flexibility parameter in the range of  0.1 × 10−3 to 3.0 × 10−3 organize into helix-

like structures on heating. The degree of chain helicity is a function of temperature. At 25oC, 

when the chains are well solvated, they do not organize into helix-like structures. We hold the 

system isothermal at different temperatures and record images of the chain at intervals of 0.25 

s. We analyse this series of images to obtain the time dependent fraction of the chain that forms 

helix-like structures. At any particular temperature, we average over more than 2500 monomers 

to estimate the fraction of monomers that participate in helix-like structure. At 35oC ~ 20% 

monomers are organized into a helix-like structures and this increases to ~35% at a temperature 

of 45oC. At  50oC & 55oC, we observe that ~ 30% of the monomers organize into helix-like 

structure (Figure 5-9A), a slight decrease from the maximum. The fraction of monomers 

participating to form helix-like structure in an image varies from 0 to 1, so instead of finding 

the standard error, we present the distribution of fraction of images (time average) as a function 

of fraction of monomers forming helix-like structure (Figure 5-9B), at different temperatures. 

At 35oC, ~60% of the images do not contain chains with a helix-like structure, and at 45oC, 

this fraction reduces to ~50%. At lower temperature, below 25oC, we observe no helix-like 

structure formation at any time. 

 

Figure 5-9: (A) φN represents the fraction of monomers that participate in helix-like 

conformations. Here, we consider only those chains where ξ is between 0.1 × 10−3 to 3.0 ×

10−3. φN increases from 0 (at  25𝑜𝐶)  to ~ 0.35  with increasing temperature. (B) The fraction 

of monomers participating to form helix-like structure in an image varies from 0 to 1. We 

present the distribution of chains forming helix-like structures, at different temperatures. 

In our experiment the colloidal chains are rendered thermo-responsive due to the presence of 

PNIPAM micro-gel particles on their surface. Therefore, they are well solvated at low 
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temperature, below 25oC and collapse on heating to temperatures above 30oC. The structural 

changes of the chains in poor solvent are a function of their flexibility. For chains that are rigid, 

there is no qualitative change in conformation on heating. Thus, the attractive monomer-

monomer potential that develops on heating is insufficient to overcome the chain rigidity and 

change the conformation (or local monomer number density) drastically (Figure 5-6, left 

column). For chains with intermediate flexibility (ξ from 0.1 × 10−3 to 3.0 × 10−3), heating 

results in the development of helix-like structure above 30oC. Helix-like structures are 

observed to form only when the chain flexibility is within this range. Only in this range does 

the competition between bending rigidity and monomer-monomer attractive force lead to 

formation of helix-like structures. Helices are a common motif for compact structures in 

biological filaments, carbon nanotubes or other string like objects.28,31,32 Above 45oC, the 

hydrodynamic diameter (Dh) of the micro-gel does not change (Figure 5-2) since it is 

completely dehydrated. Thus, there is no further increase in the effective attractive potential 

(U(r)) above  45oC. Therefore, the fraction of monomers that participate in helix-like structure 

formation remains almost constant above  45oC. 

5.4 CONCLUSIONS 

We present temperature dependent transitions in the structure of thermo-responsive colloidal 

chains. Poly(N-isopropylacrylamide co-allylamine) micro-gel coated PS colloids are 

enchained to form linear chains of thermo-responsive monomers. Above the LCST of 

PNIPAM, these chains behave like they are in a bad solvent and exhibit strong monomer-

monomer attractive interactions. There is a decrease in the size of the chains, as measured by 

the end-to-end distance. Rigid chains show a modest decrease in size but exhibit no qualitative 

change in their shape. Relatively flexible chains form compact structures as they collapse, 

resulting a large increase in the local monomer number density within the chain. Chains with 

intermediate flexibility show the formation of helix-like structures on heating. We propose that 

this arises from a balance between the bending rigidity of the chain and attractive interactions 

between monomers along the chain. 
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 Chapter-6 

Summary and Future Scope 
 

 

 

 

 

In the preceding Chapters, we have described the preparation of colloidal assemblies, with a 

focus on assembling colloids into linear chains. We have examined the structure of such chains, 

their dynamics and phase transitions. We have described ice templating of dilute colloidal 

dispersions as a novel technique to assemble colloids. Freezing the dispersion in isotropic and 

directional fashion have been examined and the distribution of colloidal assemblies formed 

through the ice-templating is characterized in great detail. We have also prepared colloidal 

chains by crosslinking coated colloids, organized in an AC electric field. A novel aspect of this 

work is to render the colloidal chains active, viz. out of equilibrium, by adsorbing catalytic 

platinum nanoparticles on their surface and by conducting reactions catalysed by the 

nanoparticles. Another novel aspect is to render the colloidal chains thermo-responsive by 

adhering poly N-isopropyl acrylamide microgel particles on the colloidal surface. Here, we 

briefly summarize the key advances reported in this thesis. 

6.1  COLLOIDAL ASSEMBLY: 

 We have investigated isotropic and directional ice templating of dilute aqueous dispersions 

of polymer coated colloids and cross-linker, at concentrations far below that required to 

form percolated monoliths. Freezing the aqueous dispersions forces particles into close 
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proximity to form clusters. These assemblies are held together when the polymer that coats 

the particles is crosslinked. We observe that, with increase in particle concentration from 

about 106 to 109 particles/ml, there is a transition from isolated single particles to 

increasingly larger clusters. 

 We have also prepared linear chains of colloidal particles by assembling polymer coated 

particles by applying an AC field. The combination of long-range charge repulsion and 

dipolar interactions induced by the external AC field assembles particles into linear chains. 

We allow the colloidal monomers that line up to bond by crosslinking polymer microgels 

adsorbed on the particle surfaces. Thus, particles remain enchained even after removing the 

external field. We control the flexibility of the colloidal chain by varying the field strength 

and time allowed for cross-linking. 

6.2 KEY RESULTS 

 During ice templation, exclusion of colloidal particles by the growing freezing front leads 

to particle accumulation at ice crystal boundaries. There are three types of assembled 

structures that were formed for both the isotropic and directional ice templating: linear 

chains, two particle-wide tapes and extended sheets. There was also a small fraction of 

three dimensional structures at the highest dispersion concentrations investigated. 

Remarkably, the fractional probability for formation of a cluster of n particles, Pn (n > 2, 

up to n ~ 30 particles) scales as n−2, independent of particle concentration for isotropic ice 

templating (over a 100-fold variation in concentration 106 to  108 /mL ). In contrast to the 

isotropic freezing experiments, for directional freezing, Pn strongly depends on the 

concentration of particles. The distribution function (Pn) obeys a power law Pn~n−η, 

where η varies from 2.27 (for particle concentration ~109 particles/mL) to 3.19 

(for 107 particles/mL). 

 We calculated the spring constant (k) that characterizes particle-particle bonding in chains 

of colloids, from the center to center distance distribution between two neighbouring 

bonded particles. Similarly, the bending rigidity (κ) was calculated from the bond angle 

distribution. We define the chain flexibility (ξ) as <(RN(t) − RN)2> = L2𝜉2, where 

RN(t) = rN(t) − r1(t) and L= (N-1)b, where b is the size of monomer and N is the number 

of monomers in the linear chain. With increasing crosslinking time, the chain flexibility 

decreases, and this is observed to correlate with an increase in k and κ. 
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 Centre of mass diffusion of passive colloidal chains scales in the manner of Zimm’s 

treatment ( DN~N−0.58), consistent with Gaussian fluctuations exhibited by semi-flexible 

linear assemblies. The diffusion coefficient of passive Brownian chains does not depend 

on the chain flexibility. 

 Colloidal chains where the monomers are uniformly coated with platinum nanoparticles 

show active dynamics in the presence of peroxide. The catalytic platinum nanoparticles 

decompose peroxide to induce phoretic flows. Activity arises from hydrodynamic 

interactions between enchained colloidal beads due to these flows. This resulted in 

diffusivity enhancements of up to 60% for individual chains in dilute solution. Chains with 

increasing flexibility exhibited higher diffusivities. The enhancement in diffusivity can be 

attributed to the interplay between chain conformational fluctuations and activity. 

 Grafting thermo-responsive PNIPAM micro-gel nanoparticles on the surface of micron-

sized colloidal particles allow us to create thermo-responsive colloidal polymeric chains. 

Above the LCST of PNIPAM, these chains behave like they are in a bad solvent and exhibit 

strong monomer-monomer attractive interactions. There is a decrease in the size of the 

chains, as measured by the end-to-end distance. Rigid chains show a modest decrease in 

size but exhibit no qualitative change in their shape. Relatively flexible chains form 

compact structures as they collapse, resulting a large increase in the local monomer number 

density within the chain. Chains with intermediate flexibility show the formation of helix-

like structures on collapse. 

6.3 FUTURE SCOPE 

In this thesis, we have established a colloidal model system for polymers. We have studied 

their dynamics and investigated the phase transition of thermos-responsive colloidal chains in 

detail. Having established a route to this exciting new model system for flexibly connected 

colloids, we list a few problems that could be addressed using these colloidal chains. 

 Colloidal particles suspended in a bath of bacteria represent passive particles in an active 

bath. This situation, when colloids are suspended in an active bath,2,3 is rather different 

from equilibrium Brownian motion.1  The dynamics of colloidal beads in a bath of 

swimming E.coli bacteria has been investigated experimentally and numerically.4 The 

dynamics are quite interesting for non-spherical colloids. In case of a polymer in active 

bath, numerically and theoretically it has been shown that the diffusion is faster and the 
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polymers undergoes swelling.5–7 However, there is no experimental realization of this to 

date. Microscopic experiments using our colloidal polymeric chains in an active bath will 

afford detailed investigation of this phenomenon. By systematically varying the flexibility 

of the colloidal polymers, their dynamics and conformation changes in an active bath can 

be investigated. We believe that this model system has the potential to provide deep 

understanding of the nature of polymers in an active bath. 

 

 Diffusion over a periodic or complex energy landscape is a common problem that appears 

in many fields of physics. For instance, under thermal agitation, the motion of atoms 

adsorbed on crystal surfaces is determined by the interactions of electrons with the substrate 

atoms. The connection between surface diffusion and interaction potential is extremely 

important for understanding the crystal growth and surface migration.8,9 The diffusion of 

spherical colloidal particles over a periodic  energy landscape is already reported.10 The 

diffusion of connected colloidal polymers over a periodic or complex energy landscape is 

yet to be investigated. 

 

 Our system allows control over monomer-monomer interactions in thermo-responsive 

colloidal chains. The interaction between monomers of a thermo-responsive colloidal 

polymer and a periodic energy landscape can be controlled by adsorbing PNIPAM on the 

patterned surface. We anticipate that at lower temperatures, thermo-responsive polymers 

will experience a repulsive interaction with the surfaces and diffuse over them. At higher 

temperatures, monomers will experience strong attractive interaction with the surface. 

Adsorption of thermo-responsive colloidal chains on patterned surfaces might provide 

insights into secondary crystallization of molecular polymers. 

 

 Ordered assembly of micron size particles at air–water interface to form a lattice-like 

structure has been demonstrated.11 The motion of the trapped particles at the air-water 

interface are purely two-dimensional.11 Sometimes, particles at interfaces are also observed 

to form loosely bounded crystalline structures.12 In these, perturbing the lattice-like 

monolayer results in the formation of fractal aggregates.12 We believe that the model 

thermo-responsive particles developed in this work have potential to help understand the 

aggregation process at the air-water interface. In these systems, we can precisely control 
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the attractive interaction between monomers by simply changing the temperature. This 

interaction is reversible, allowing us to repeat the experiment with the same system. 

 

 Network gels are encountered in everyday life, such as the edible dessert, Jello. Gelation 

often results from the formation of crosslinks between polymer chains. These crosslinks 

are induced either by micro-crystallization (upon cooling) or by covalent bond formation.13 

Using video microscopic technique, gelation or network formation in colloidal chains can 

be studied. Here, systematic variation of the colloidal chain flexibility and control of the 

interaction between particles provide interesting experimental levers. 

One should not consider colloidal chains only as colloidal analogues for molecular polymers. 

We contend that such colloidal chains are a form of matter in their own right with complex and 

interesting collective behavior that might not be observed for molecular polymeric molecules. 
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