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Abstract 

The thesis deals with the investigation of structure and dynamics of temperature and pH 

sensitive microgels of Poly (N-isopropylacrylamide) at very dense concentrations using 

scattering, rheology and microscopy techniques.  The main focus of the work is on understanding 

how the microgel architecture/structure affects the flow properties as well as in applications.   

Poly (N-isopropyl acrylamide) microgels were prepared using two different synthesis procedures 

giving rise to core-shell particles and homogeneous particles respectively.  These particles are 

then used to prepare dense suspensions to study non-linear rheological behaviour in the glassy 

region.  Modern Light scattering techniques, rheology and confocal microscopy are used to 

investigate the role of microstructure in the flow properties of these dense suspensions.  The 

thesis also deals with electric field induced structure formations in ionic microgels and mixtures.  

We also look at the effect of microgel particle morphology in a typical application like drug 

delivery. 

Colloids are heterogeneous system where one substance is dispersed as very fine particles 

in another. The dispersion may be foam, emulsion or sols and are indispensable in or daily life. 

Study of the processing of all these colloids is important because many of the colloids we use as 

commercial products in our daily life is subjected to shear when used. They transform from 

elastic to a plastic state when yielded. The study of yielding in colloids is thus very much 

important to design the products. In addition to its utility as materials of daily use, colloidal 

suspensions are extensively used as model systems to study phase behavior of atomic or 

molecular systems. Phase transitions in colloidal suspensions can be studied in real time using 

optical techniques and are analogous to phase transitions in liquids. Experiments with colloids 

are always simpler. The microscopic size scale of colloids allows them to be easily characterized 

by microscopy and various light scattering techniques. Although lot of work has been done in 

understanding the yielding mechanism in hard sphere colloids and colloid-polymer mixtures, 

there is not much progress in understanding the yielding phenomena in soft colloids. First 

chapter sets the motivation and objectives of the study. This chapter also contains a literature 

survey and introductory remarks on colloids. Hard sphere colloids and soft sphere colloids, their 

properties, colloidal interactions and phase diagram are described here. A brief history on the 

investigation of electric field driven assembly of ionic colloids and a background on the drug 

release studies on model soft microgels are also provided. Second chapter provides the details 
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of the synthesis of homo and copolymer microgels of NIPAm. Some of the preliminary 

characterizations of microgels using light scattering technique are also provided in this chapter. 

All the experimental techniques and the methods used in this work to investigate the structure 

and properties of microgels are explained. The technical part of instruments like 3D- Dynamic 

Light Scattering, rheology, confocal microscopy, UV-Visible Spectroscopy and Differential 

Scattering Calorimetry are elaborately discussed in this chapter. Light Scattering techniques are 

used to find the radius of gyration, hydrodynamic radius, swelling ratio and volume phase 

transition temperature of PNIPAm microgels. Yielding mechanism in the microgels was 

elucidated by Large Amplitude Oscillatory Shear experiments in a stress controlled rheometer. 

Electric field driven assembly of colloids were observed using confocal microscopy. Drug 

release studies were conducted and percentage release was found by UV-Visible spectroscopy. 

Subzero temperature DSC was done to analyse the changes thermodynamic property of water 

associated with the gelling process. 

In the third chapter, I try to address the yielding mechanism in dense thermosensitive 

microgels of Poly (N-Isopropylacrylamide) (PNIPAm) in the glassy region as a function of 

particle morphology and crosslinker content. Electric field driven assembly of negatively 

charged copolymer microgels of NIPAm and acrylic acid at different concentration regimes are 

investigated in the fourth chapter. The behaviour of a binary mixture of two different sized 

particles towards applied electric field is also under investigation. The intension of the work is to 

develop a phase diagram of binary mixture of particles under the electric field with respect to 

different concentrations and different ratios of particles. Fifth chapter covers the study of effect 

of particle morphology on the drug release from PNIPAm microgel particles. A water-soluble 

drug and a water insoluble drug were taken for the case study. Percentage drug release was 

measured using UV-Visible spectroscopy. 

The results of the current work are concluded in the sixth chapter. Ours is one of the first 

studies on the understanding of origin of double yielding mechanism in pure PNIPAm microgel 

system. Although two step yielding has been observed in attraction induced colloidal glasses, we 

are observing two step yielding in pure PNIPAM microgel glasses, which is otherwise repulsive. 

Two step yielding disappears with the change in morphology from core-brush type structure to 

homogeneously crosslinked structure. With increase in crosslinker content, and finally like hard-

sphere colloids. Electric field driven assembly can be effectively used to tune the particles 
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assembly in fluid regime and also at high concentrations. The works may be extended to mixture 

of oppositely charged particles, active particles and colloids, colloid-metal hybrid particles etc. 

Drug release ability of microgels can be enhanced by particle morphology changes. 
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INTRODUCTION
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1.1. Colloids 

Colloid can be called as a dispersion of particles or droplets in a liquid medium where the 

system is stable against sedimentation or aggregation. The particles or droplets have a size range 

of 1nm to 1 μm. Many natural materials, from the blood that flows through our body to the milk 

we drink every day, are colloids. Many of the commercially available products that we use daily 

like gels, emulsions, foams, paints, pastes, creams etc. contain colloidal suspensions. The 

extensive work by Sir Albert Einstein on colloids shaped the study of these materials into a 

different branch named colloid physics. The most important property of colloidal particles is 

random diffusive motion named Brownian motion.1 The diffusion coefficient of these moving 

particles is related to the size of the particles. The bigger the particle, the slower will be the 

diffusion. Stokes-Einstein- Sutherland equation relates particle diffusion coefficient with the 

particle radius.2,3 

D =
k𝐵T

6πηr
                                                                                   1.1 

where, r denotes the radius of the diffusing particle and , the viscosity of the solvent in which 

the particles are suspended. The numerator kBT represents the thermal energy of the moving 

particles where kB is the Boltzmann constant and T is the temperature which sets the energy scale 

for all colloidal interactions. 

Einstein and Smoluchowski independently found the characteristic time scale of a 

diffusing particle which later came to be known as Einstein-Smoluchowski relation. This relation 

is valid only in very dilute solutions, where the particle is considered to be isolated. If the 

particle can diffuse a distance equal to its radius, the characteristic time scale t is given by the 

following equation4: 

t =
6πηr3

kBT
                                                                        1.2 

1.2. Particle interaction and colloidal stability 

The diffusion of the colloidal particles in the suspension is greatly dependent on the 

interaction of the particles. The stability of the particles is also determined by the interaction 

between particles, which are in turn dependent on interparticle forces. The magnitude and 

balance between the available attractive and repulsive forces acting on the particle determines 

the overall stability of the colloidal suspension. DLVO theory developed by Derjaguin and 
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Landau (1941) and independently by Verwy and Overbeek (1948) quantitatively describe the 

balance between the most important interactions viz van der Waals attractive interactions and 

electrostatic repulsion.5,6 The main attractive forces are Van der Waal’s, hydrophobic interaction 

and depletion attraction. Repulsive interactions include electrostatic and steric repulsion. 

Classical DLVO theory incorporates only van der Waal’s and electrostatic interactions. Total 

interactive force VT is a simple addition of van der Waal’s and electrostatic interactions. DLVO 

theory has been modified to incorporate other non-DLVO interactive forces also.7 The important 

attractive and repulsive interactions present in a colloidal system are discussed below.8–11 

1.2.1. Van der Waal’s attraction 

These are short range interaction with a range of several hundreds of A°. These forces 

emerge due to the dipole-dipole interaction and induced dipole interactions between colloidal 

particles. Van der Waals interactions are weak in very dilute solutions since the particles are far 

enough to feel the attraction. But as the concentration increases, the van der Waal’s attractive 

potential causes the colloidal particles to attract, stick and aggregate. So, it is important to 

stabilize the colloidal particles by repulsive forces. Electrostatic repulsion occurring due to 

columbic effects, steric stabilization and entropic effects are frequently used for stabilizing the 

colloidal particles. Van der Waal’s force between two spherical particles in a medium is given by 

the expression: 

𝐹 (𝐷) =  
−𝐴

6𝐷2
[

𝑅1𝑅2

𝑅1 + 𝑅2
]                                                               1.3 

where 𝐴 is called Hamaker constant, A= 𝜋2𝐶𝜌1𝜌2 , D is the centre to centre distance between 

two particles and R1 and R2 are radii of particles. 

1.2.2. Hydrophobic interactions 

Presence of hydrophobes or nonpolar molecules in the aqueous system may cause 

disruption of hydrogen bonds between the water molecules and hydrophilic groups. This 

disruption causes phase separation of the particles and the water molecules. This type of 

interaction is very much important in the case of thermoresponsive hydrogels (in our case 

PNIPAm and its ionic counterparts) since hydrophobic interaction boosts phase transition in this 

system. Hydrophobic interactions are relatively stronger than van der Waal’s interactions and 

may be effective upto several tens of nanometers depending on the solvent. It is expressed as: 
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𝐹 (𝐷) =
−2𝛾𝑖

𝜆0
𝑒

−𝐷
𝜆0

⁄
                                                                1.4 

where D is the centre to centre distance between two particles, λi is the interfacial energy and λ  

is the characteristic exponential decay length.  

1.2.3. Depletion interactions 

In a colloidal suspension of two different sized particles, the presence of the smaller 

particles produces an attractive force between the larger ones. This is called the depletion force. 

Depletion force range is determined by the size difference between the particles. 

𝐹 (𝐷) = 2𝜋𝑅𝑅𝑔𝜌𝑘𝐵𝑇                                                             1.5 

where R is the particle radius, Rg is the radius of gyration of non-adsorbing polymer, ρ is the 

number density,  kB is Boltzmann constant and T temperature in K. 

This interaction causes the larger particle to come together and aggregate. Addition of 

sufficient concentration of non-adsorbing polymers to a colloidal suspension causes the colloidal 

particles to deplete or exclude the non-adsorbing polymers from the overlap region between the 

particles. This creates an osmotic pressure imbalance between the overlap region and the bulk 

solvent. This pressure around the colloidal particles drives them towards each other (Figure 1.1). 

 

Figure 1.1: Depletion interaction between two hard spheres caused by the addition of small 

polymer fragments. 

1.2.4. Electrostatic repulsion 

 The electrostatic forces arise due to the charges on the surface of colloidal particles 

dispersed in a solvent. Surface charge is formed due to the dissociation of ionisable functional 
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groups, adsorbed free ions or surfactants. The dissociated counter ions will form an oppositely 

charged layer over the charged group leading to the formation of a double layer. The particles are 

excluded from each other and kept away from aggregation due to the repulsion of this double 

layer. The potential at the hypothetical boundary of the diffusive layer is called the zeta potential. 

The magnitude of the zeta potential gives an indication of the potential stability of the colloidal 

system. Dispersion of particles with zeta potential more positive than 30mV or more negative 

than -30mV are normally considered to be stable. Debye length (κ) characterizes the interaction 

range. Typical values for the Debye length ranges from 0.3- 300 nm. The extend of these types 

of forces ranges up to hundreds of nanometers depending on surface charge density, particle size 

and solvent ion concentrations. Consider the centre to centre distance between two particles be 

D, then the repulsive force acting between them is given by: 

𝐹(𝐷) = 2𝜋Rεε0𝜅𝜓0𝑒−𝜅𝐷                                                         1.6 

where  R is the particle radius, 𝜀 is the dielectric constant of the medium, 𝜀0 the permittivity of 

the suspending medium and ψis the surface charge potential. 

1.2.5. Steric repulsion 

This occurs due to the presence of bulky side groups or can be induced by grafting a short 

polymer chain (~50nm length) or surfactant molecules on to the surface of the particles. This is 

another way of stabilizing the colloid. Usually these interactions are very short and extend upto 

only 1- 2 nm, in the case of grafted polymer chains, these can extend to 10 times the radius of 

gyration of the coil. The grafting density and length of the side chain determines the magnitude 

and range of the repulsion. In order to prevent particles from coagulation, the above parameters 

are chosen in a way that the range of the steric interaction is larger than the range of the Van der 

Waals attraction between the colloids. The steric repulsion can be expressed as: 

𝐹 (𝐷) =  𝑓0𝑒
−𝐷

𝜆0
⁄

                                                                     1.7 

where f0 is force at D=0, D is the centre to centre distance between the particles and  λ0 is the 

exponential decay length. 
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Figure 1.2: Steric repulsion provided by linear chains of polymer on the surface of particles. 

Colloidal suspensions exhibit different structural ordering namely, fluid, crystal and even 

glass with necessary conditions, a property similar to that of atomic systems.12,13 Moreover, 

larger interparticle length scales (in μm range) and slower dynamics (10-6 sec -103 sec) give the 

colloids an easy experimental access compared to atomic level studies. Hence colloidal 

suspensions serve as model system to investigate atomic or molecular systems to understand 

crystal nucleation and structural phase transitions.14–19 Experiments with colloids are far simpler 

compared to atomic or molecular level studies. The microscopic size scale of colloids allows 

them to be easily characterized by microscopy and various light scattering techniques.20–24 

Moreover, the synthesis of monodisperse colloidal particles which is essential for a system to 

behave as a model system becomes much easier with the advent of appropriate synthetic 

routes.25–28 Many of the industrial processes and applications involve shearing of the colloidal 

suspensions where they undergo deformation. At very low concentrations, the suspension flows 

like a Newtonian fluid where the viscosity of the suspension is independent of the applied 

stress.29 But dense suspension of colloids show shear thickening or thinning property depending 

upon the sample. As the name indicates, viscosity increases with stress in shear thickening while 

viscosity decreases with increasing stress in shear thinning fluids. The non-linear mechanical 

response of many materials when subjected to large deformation or stress, changes from being 

predominantly elastic to predominantly plastic. It is called yielding.30 One of the experimental 

techniques to investigate the non-linear response of soft materials involves subjecting them to 

oscillatory shear flow in which the shear strain is varied by ramping its amplitude at a constant 

frequency. Investigation of yielding of colloids by rheology is of significant value for appropriate 
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formulation of many industrial products containing colloids such as medicines, food items, 

paints, cosmetics etc. and thereby increasing shelf life and application. 

1.3. Hard sphere colloids 

Hard sphere colloids like silica, poly(methyl methacrylate), poly(styrene) etc. are the 

simplest examples of colloidal systems. Conventional hard sphere colloids have a fixed size and 

cannot be compressed above some extent. Particles in hard sphere system do not interact directly 

with each other. Hard sphere colloids interact exclusively through excluded volume interaction. 

The only control parameter to vary phase behavior of hard sphere colloidal suspensions is the 

volume fraction φ. Temperature-induced size change cannot be used as an experimental 

parameter in their case. While hard sphere particles has a fixed size and can be altered only by 

changing the synthesis parameters, the size of soft sphere colloids like microgels can be adjusted 

by adjusting external parameters like temperature and pH. Soft spheres unlike hard spheres can 

be compressed to a volume fraction much higher than 1. Star polymers, microgels, surfactants 

etc. come under the category of soft colloids. Temperature can be used as a controllable 

parameter to study the phase behaviour of microgels. Temperature acts as a parameter to adjust 

the concentration without addition of particles to the system. Moreover, adjusting temperature is 

far more accurate than varying volume fraction. Recently there has been considerable interest in 

studying the phase behaviour of soft colloids owing to their wide applications in industry and 

daily life. Two important model soft colloids viz star polymers and microgels are briefly 

discussed here. 

1.4. Multi-arm star polymers 

 Multi-arm star polymers are very good examples of soft colloidal particles. Because of 

the presence of arms at the surface, they show polymer/colloid duality. This duality property 

greatly depends on the length and number of arms of the star. If the functionality (ƒ) of the arms 

and the length of the arms are sufficiently large, the star polymers have a dense core-brush like 

morphology. This allows them to behave like colloids with a soft interaction potential. When the 

functionality is sufficiently small (~1-4), then the polymeric property dominate, whereas at very 

large or infinite functionality, the behaviour is colloidal in nature. Unlike hard spheres, the 

brushlike surface of star colloids can interpenetrate, thereby making it possible to attain effective 

volume fractions very much larger than 1.31 The interpenetration of the brushes results in 
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complex dynamics in dense suspension of stars.32 But since the synthesis of these multi arm star 

polymers are difficult, microgel dominate the field of model system for soft colloid glasses.33 

1.5. Microgels as model colloids 

A gel, by IUPAC definition, is a non-fluid colloidal network or polymer network that is 

expanded throughout its whole volume by a fluid.34 Microgels are soft colloidal particles with 

crosslinked network of polymer chains. This intramolecular link distinguishes these systems 

from other polymer systems and offer many striking properties. They exhibit both liquid and 

solid-like behaviour owing to the crosslinks present among the polymer chains extending 

throughout the systems and diluted by a specific solvent. The crosslink networks present helps 

the gel to attain a particular structure. Gels exhibits both fluidity and elasticity and so can be 

called viscoelastic.35 With sizes ranging from nanometers to micrometers and with greatly 

tunable properties, microgels can mimic many biological components and can act as model 

colloids.36,37 These model colloids can be used to study phase behavior of atomic or molecular 

systems. Phase transitions in colloidal suspensions can be studied in real time using optical 

techniques like light scattering and confocal microscopy and are analogous to phase transitions 

in liquids.38–41 

1.5.1. Polymeric microgels 

 Sub-micron sized hydrogel particles are called microgels, the word being first used in 

1949 by W.O. Baker to represent his styrene butadiene.42 As stated earlier, microgels are soft 

colloidal particles with crosslinked network of polymer chains. Owing to their many possible 

applications in templated synthesis of nanoparticles and hybrid microgels,43–48 water filtration 

and purification,49 enhanced oil recovery,50–52 targeted drug delivery,53–58 photonic crystal 

fabrication59–62 and sensors,63–66 polymeric microgels have achieved extreme importance in 

materials science and medical field. All the important applications of microgels make use of the 

specific property known as stimuli-responsiveness. Polymeric microgels respond to several 

external stimuli like temperature,67–70 pH,71–74 ionic strength,75,76 some chemicals,77 solvent 

quality,78 electric and magnetic fields,79–81 light82 etc. enabling them applicable in medical field 

and for sensor applications. The stimuli responsive property is the result of the balance between 

the intramolecular hydrophobic repulsive interactions and hydrophilic attractive forces. The most 

important of all these stimuli responses is the thermal stimulus. This imparts a property called 
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lower critical solution temperature (LCST) in the case of a linear polymer and volume phase 

transition temperature (VPTT) in the case of polymer microgel. The property and mechanism of 

VPTT is explained in subsequent chapter. 

1.5.1.1.   Neutral microgels 

The microgels can be of neutral or charged depending on the availability of functional 

groups on the microgel structure. Poly(N-isopropyl acrylamide) simply called PNIPAm, a 

polymer of N-isopropyl acrylamide is a well-known neutral microgel, which has gained 

enormous attention since the advent of well-defined and easy synthetic process by Pelton and 

Chibante in 1986.26 In general, acrylamides and Poly (vinyl caprolactam) are neural microgels, 

while there are anionic (Poly(acrylic acid)) and cationic microgels (Poly(dimethyl amino ethyl 

methacrylate)). 

1.5.1.2.   Ionic microgels 

Incorporation of ionic comonomers like methacrylic acid, acrylic acid, DMAEMA, vinyl 

pyridine etc. to NIPAm introduces additional stimuli responses like pH and ionic strength. This 

addition also helps to shift the volume phase transition temperature (VPTT) of the polymer 

microgel to desired range. We obtain another parameter to play with and adjust to get desired 

properties. Moreover, electric and magnetic field driven assembly of microgel suspensions are 

achieved with the addition of ionic comonomers to the otherwise neutral NIPAm. 

1.6. Phase behaviour of hard colloids 

Hard sphere suspension shows different phase behaviour depending on concentration of 

particles. As stated earlier, volume fraction is a more decent parameter representing 

concentration of particles. As concentration is varied hard sphere shows different phases as 

shown in figure 1.3. 

The phase behavior for hard sphere colloids was first observed by Pusey and van 

Megen83 and has been confirmed by various experimental and theoretical investigations. At 

volume fractions less than 0.49, hard sphere suspension flows like an ergodic fluid where the 

particles can freely diffuse around in the system. At volume fractions between 0.49 and 0.54, the 

system has a coexistence phase of liquid and crystal. As the number density is increased from 

0.54, crystalline phases start forming; mainly FCC or HCP. 



10 
 

 

Figure 1.3: Phase diagram for hard-sphere suspension. 

Hard sphere colloids attain hexagonal close packing at the maximum volume fraction 

they can be packed i.e. φhcp= 0.74. Colloidal glasses can be formed when the suspension with 

sufficiently high volume fraction (φ>0.58) is quenched. When the system is quenched, 

suspension stops flow due to sudden increase in viscosity.84 The microstructure in this case is 

similar to that of a fluid. The critical volume fraction at which this abrupt change from 

predominantly fluid to disordered solid occurs is called glass transition volume fraction (φg). 

Glassy state is observed in hard sphere colloids with volume fraction above that of random close 

packing (φrcp ~0.64). Above glass transition, suspension becomes viscoelastic with 

predominantly elastic property. 

Crystal formation on annealing occurs in particles with high monodispersity. For the 

glass transition to occur there must be some amount of polydispersity in the system. Size 

polydispersity of around 0.8% is required to develop glass transition.85,86 For highly charged hard 

sphere colloids the phase boundaries shift to lower values,87 while the boundaries of the phase 

diagram shift to higher values for a slightly polydisperse system.88 The particle diffusive motion 

is hindered by nearby particles as the concentration increases, eventually a kinetic arrest reaches. 

That is what is happening during glass transition. Due to the crowding of particles, individual 

particles are considered to be trapped inside a cage formed by the neighbouring particles. This 

effect, called the “cage effect” is well explained by Pusey and van Megen in 1986.83 

The cage effect is shown in figure 1.4. The cage effect was first proposed in 1986 and 

was extensively used to study dynamics of colloidal systems in last 2 decades.89–93 At higher 

packing, due to the topological constraints on a particle by its nearest neighbours, particles 
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cannot diffuse over longer distances.94 However, these particles can move within the cages. Two 

types of relaxation of the particles can occur in cage model viz α-relaxation and β-relaxation. 

The β-relaxation, where a single particle under consideration moves inside the constraints made 

by the neighbours, is a faster mode of relaxation and occurs at a characteristic frequency of the 

system called β-relaxation frequency (ωβ). The α-relaxation, also called the structural relaxation 

is slower when compared to the β-relaxation. In this case the particle eventually escapes out of 

the cage by a co-operative motion of the surrounding particles. This occurs at α -relaxation 

frequency (ωα). If we take the inverse of the characteristic frequencies, we get the corresponding 

relaxation times (tα=1/ωα& tβ=1/ωβ). 

 

Figure 1.4: Cage effect due to topological constraints on a particle by nearest neighbours. 

Short range attractions can be induced on otherwise repulsive hard spheres by adding 

softness to the system. Short range attractions are induced by depletion interaction. Depletion is 

achieved by adding nonadsorbing linear polymer fragments to the hard sphere systems, which 

eventually leads to attraction and aggregation of the hard spheres.95,96 Recently soft microgels 

were also used to induce attraction in hard sphere colloids.97 Recent reviews also show 

importance of application of induced attractive interaction.98 The incorporation of attraction 

drastically changes the phase behaviour of the colloids. The strength of the interaction depends 

strongly upon the size and amount of polymer fragments added to the system. For hard spheres at 

high concentration near glass, induced depletion interaction causes another glass transition 

through a fluid phase. At very short range attraction, glass melts and forms a fluid-crystal 

coexistence phase. On increasing the attraction further, the system reenters into another glass 

phase. Thus a glass-to-glass transition through a short-term fluid phase occurs at higher attractive 

strength. These two non-ergodic phases are called repulsive glass and attractive glass based on 

the strength of interparticle attractive force.99 
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1.7. Colloidal glasses and gels 

As discussed in the previous section, hard sphere forms types of glasses depending upon 

the strength of the interparticle attraction induced in the system. Based on the findings by Poon 

et al in 2002, Sciortino et al in 2003 found a phase diagram for hard spheres where hard spheres 

have repulsive glass and attractive glass phases.100 Later Zaccarelli and Poon modified the phase 

diagram by renaming repulsive glass as non-bonded repulsive glass and attractive glass as 

bonded repulsive glass.93 In the case of soft spheres, where weak attraction occurs between 

particles, the phase behaviour is different. 

 

Figure 1.5: (a) Phase diagram of hard spheres with induced short range attraction showing re-

entrant glass transition. [Pham et al. (2002) (Reprinted with permission-from AAAS©).] (b) 

Revisited phase diagram of colloidal-polymer mixture (Zaccarelli and Poon, 2009) [Reprinted 

with permission from Proceedings of National Academy of Sciences©]. 

Gelation of colloids takes place when the particle concentration is very low but at higher 

interparticle attractions with short range. This causes the particles to aggregate and form clusters 

which will percolate through and get kinetically arrested. When compared to colloidal glasses, 

gels have more open structure. Zacarelli and Poon, in their modified phase diagram, stated the 

gels formed by very high attractions from the ergodic fluid as “dense gels”. So unlike the old 

phase diagram by Sciortino et al, the new phase diagram has shown a glass-gel transition also 

along with a glass-glass transition by the interplay between concentration and interparticle 

potential. 
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 Kinetic arrest in the colloidal suspensions can be determined by light scattering 

techniques, microscopy and simulations etc. Visually, a non-flowing colloidal suspension in an 

inverted tube is a clear indication of kinetic arrest. Autocorrelation function g2(τ) obtained from 

the dynamic light scattering will give us the idea on dynamic arrest. A colloidal suspension at 

low concentrations with diffusing particles will have a decaying autocorrelation function. As the 

particle concentration is increased, the diffusion slows down and the decay gets delayed. So the 

decay curve slowly gets flattened. As the concentration nears glass transition, g2(τ) reaches an 

intermediate plateau before decaying to zero. This plateau shows the double relaxation of 

microgels in glassy state. Microgels at glass transition have two types of relaxation called α-

relaxation and β-relaxation. The intermediate plateau formed shows the onset of β-relaxation of 

particle from the cage. The long decay to zero after the plateau is the α-relaxation where particles 

escape from the cage formed by other particles around. If we further increase the concentration 

of the particles the long time decay will be further delayed that it cannot be observed within 

experimental timescale. In this case the system will be completely arrested since the decay is not 

reaching to zero.101 

The dynamics at glassy state is also observed mechanically by rheological measurements. 

The storage and loss modulus curves in a range of frequencies at strains in linear regime provide 

information about the relaxation and arrested states. In the frequency sweep curve, the shallow 

minimum of the G” curve indicates the β-relaxation frequency (ωβ), characteristic to the system. 

The α-relaxation is typically out of the range of frequencies accessible experimentally at which 

the sample “age”. Ageing is the phenomenon of decaying of properties of a colloidal glass with 

time. It is important to study the ageing of material since it is not desirable for a material to age 

during experiment. Ageing studies are carried out in colloidal materials by flowing the material 

at very high shear rates well above its yield stress and wait for the material to age until its 

material property attains a quasi-plateau value.102 Ageing time can also found by observing 

temporal mean square displacement (MSD) as a function of waiting time.103 

1.8. Yielding in dense colloidal suspensions 

The deformation and flow study of colloids is a rich area of different aspects since they 

are viscoelastic in nature. The mechanical properties of these complex fluids lie between that of 

pure solids and pure liquid. They possess both the properties of solids and liquids. The 

mechanical properties of many important commercial products which composed of dense 
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colloidal suspensions are affected by the shear due to induced flow in the microstructure while 

processing. So it is important to study the structure-property relations in these complex fluids 

over a range of length and time scales, both under dormant conditions, and under shear. 

Enormous number of literatures on the rheology of soft and hard sphere glasses reported 

worldwide shows the relevance of the study.83,104–109 Dynamic oscillatory shear measurements of 

complex fluids provide viscoelastic properties of the fluid. Small amplitude oscillatory shear 

experiments are being conducted to study the linear viscoelastic properties in the dormant 

conditions while large amplitude oscillatory shear (LAOS) tests provide insights into the 

microstructural changes in the colloids at very high strains.110 The rheological properties of hard 

spheres vary much with that of soft spheres like microgels and star polymers. Soft colloids 

display much richer rheological properties than hard spheres. 

Soft colloids at very low concentrations behave like liquids, where particles are in 

constant Brownian motion. But at high concentrations, colloids behave like crystals or glasses 

(colloidal crystals or colloidal glasses). At this high concentration, when they are subjected to 

shear strain, their response will be elastic at low strains and viscous at higher strains.111 In 

colloidal suspensions at high concentration, the motion of particles is restricted by neighbouring 

particles where local cages are formed. When strain is applied, particles escape out of the system 

by two relaxations, β-relaxation, representing the fast localized motion of particles inside the 

cage and α-relaxation, which is slower than the β-relaxation, representing a collective diffusion 

of particles out of the cage (cage break). When the particle concentration is increased further, the 

structural relaxation time increases. This relaxation time exceeds the measurable range of time at 

some stage, where the system is said to be nonergodic.23 Colloids when subject to strong shear 

will transform from elastic to plastic. This transformation is called yielding.30 A colloidal glass 

yields by a shear induced cage breaking process. Yielding occurs by the cage breaking process 

on application of oscillatory strains at a constant frequency. In a typical strain sweep experiment, 

the soft colloids yield at a particular strain value indicated by a crossover of G’ and G”. It is 

called critical strain. G’ is the in-phase component called “storage” modulus and Gʺ is the out-of 

phase component known as the “loss” modulus. If G′ > G″ then the fluid is predominantly 

elastic, and if the G′ < G″ then the response is predominantly viscous.  Corresponding stress is 

called yield stress. 
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After the critical strain, there will be a monotonic decrease in storage modulus with 

increasing strain, while loss modulus shows a non-monotonic dependence, with a peak at the 

crossover of G’ and G”, marking the yield point. Hard spheres having repulsive interaction show 

yielding with a single peak in G”. But in suspensions with weak attractions, a double yielding 

phenomenon is observed (i.e. double peak in G”). These weak physical attractions in the system 

are termed as bonds and are not covalent bonds. The increasing deformation first breaks the 

bonds that results in the first peak in G” followed by the cage breaking peak at higher strains. 

Anisotropic particles have also shown a double yielding behavior where attraction is induced by 

the anisotropy in the surface charge distribution. However, a strongly repulsive or a strongly 

attractive colloidal system does not show a double yielding.112 Star polymers, having long hair-

like star arms, at high concentrations also show a double peak in G” due to the disentanglement 

of the interpenetrated star arms, followed by the cage breaking process. In case of star polymers, 

second peak in loss modulus is observable at higher frequency also.113 Recently, it was found 

that the double yielding mechanism was shown by surfactant pastes containing abrasive 

particles.114 There is a recent work by Joshi and Tata which investigates the double yielding 

mechanism in pure PNIPAM microgel system.115 

1.9. Electric field driven assembly of colloids 

Microgels behave similar to atoms and molecules and they can be observed in real space. 

Manipulating their phase behaviour by external means opens up wide scope for variety of 

applications. The second part of my thesis consists of the electric field driven assembly of 

colloidal particles. The structure and interaction between the particles in the presence of an 

external electric field was investigated in terms of particle concentration. All our electric field 

studies use micrometer-sized poly(NIPAM-AAc) spherical soft colloids, labeled with a 

fluorescent dye for confocal microscopy, and suspended in water. The details of the samples and 

synthesis methods followed can be found in section 2.6 of chapter 2. 

The investigation of effect of electromagnetic field on colloidal suspension dates back to 

early 1940s by W M Winslow and he published his findings in 1949.116 Applying external 

electric and magnetic fields on colloids induce some structural changes to the macroscopic 

properties by directed assembly of the colloidal particles.16,117,118 This occurs due to the 

difference in dielectric constant of the particles from that of the solvent, they will acquire an 

induced dipole moment. Within fraction of seconds, increase in viscosity of the suspension is 
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observed. This property is said to be fully reversible, as the electric field is switched off. This 

behaviour is known as the ‘electro-rheological effect’.119,120 The brisk switching from one state 

to another has given rise to variety of applications in hydraulic valves, clutches,120 in advanced 

materials like photonic crystals for displays.121 There had been many reviews on 

electrorheological fluids since 1990.122–125 This field-induced phase behavior in colloids is 

controlled by interplay between hard-sphere repulsions and dipole–dipole interaction, which in 

turn can be tuned by the electric field strength.80 Crystal to crystal transitions and complex 

phases are possible by the inclusion of forces like electrostatic repulsion supplementary to hard-

sphere potential and dipolar interaction. 

Hard spheres were the subject of electric field-driven assembly. Many works have been 

published on the field-driven assembly of hard spheres like silica gel, PMMA etc.126–128 Only 

recently, soft spheres were introduced in to this field of research. As stated earlier, cross-linked 

microgels of poly(N-isopropylacrylamide) have been used as excellent model systems for soft 

colloids. They can be packed into high volume fractions well above 1 and hence they exhibit 

different phase behaviour to hard spheres.  

Ionic microgels having a very soft repulsive interaction would be a good candidate for 

electric field self-assembly studies. Their interaction potential ranges from Yukawa type 

interaction to very soft-repulsive ones when the interparticle distance decreases. Because of the 

soft potential, these microgels can be packed to very high effective volume fractions.79 

Introducing charge on PNIPAm allows one to play with external stimuli like pH, ionic strength, 

electric and magnetic field etc. Moreover, ionic charge in the system makes the soft colloid 

softer, enriching the phase behaviour with many crystalline states.13,129 Phase behaviour of ionic 

microgels can be tuned by use of external electric field. External electric fields are 

straightforward, efficient and powerful way to maneuver and assemble colloidal particles. Many 

reports have come where people use AC electric field to assemble highly monodisperse particles 

into well-defined arrays which can be tuned by the field strength and position.79,130–132 The 

electric field studies on charged colloids are fairly a new idea which gained attention recently. 

Some recent works on single type of particles system proved the existence of different structures 

influenced by the field.80 Field studies on binary mixture of colloidal particles of different sizes, 

different structures or opposite charges also provide insights into the microstructural property 

changes of the systems with external effects. The interpretations from the field effect studies on 
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the binary systems may be helpful in designing and producing multifunctional materials, where 

one can make use of the directional assembly properties of the particles. Some recent works on 

binary colloidal mixtures provide different perspectives like formation of strings of binary 

particles,133 self-healing colloidal crystal formation,134 core-shell formation with oppositely 

charged microgels,135 heteroaggregation of particles136 etc. Theoretical studies have also been 

carried out and come up with exciting results making use of Monte Carlo simulations.137–140 

1.10. Application of soft colloids in targeted drug delivery 

1.10.1.  Drug delivery 

Drug delivery is the process of introduction of drug or a pharmaceutical compound in to 

the body of a patient for the treatment of a disease. There are different routes to introduce drug 

into the body viz oral, transdermal, parenteral, inhalation etc. Oral drug delivery is the oldest 

route of conventional drug delivery. Because of the ease of administration and comfort, this is 

highly preferred one. Transdermal drug delivery is done through body surfaces like skin. This 

type of delivery is fast because the drug is transferred directly to the blood stream rather than 

gastrointestinal metabolism. Parenteral route of drug delivery is another means of introducing 

drug to the body through routes like intra-arterial, intramuscular, intravenous and subcutaneous 

route rather than oral. When the drug is introduced by inhalation route, it will directly reach the 

lungs. This will avoid systemic effect i.e., increase the bioavailability of the drug in the system 

and is preferred one for treating respiratory diseases. 

1.10.2.  Targeted drug delivery 

Conventional delivery systems have the limitations as high dose in one go, delivery in 

unwanted areas of the body etc. Intelligent targeted drug delivery systems and controlled release 

using smart microgel particles eliminates these limitations to some extent. Many advantages of 

microgels like size tunability (from nanometers to microns), easy incorporation of drugs inside, 

swelling and deswelling in response to several stimuli etc. made them attractive drug delivery 

carriers.141 

1.10.3.  Microgels in drug delivery 

The quality of life of patients depends greatly on the amount and efficiency of drug 

administered by reducing the frequency of administration and increasing the efficiency of the 

drug. The drug delivery technology has emerged a lot with the advent of new biomaterials. Smart 
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polymeric materials offer extreme possibilities to control the delivery and dosage of drugs to 

particular area of the body. Smart materials are materials that respond to external stimuli like 

temperature, pH, ionic strength, electric and magnetic fields, and metabolites like glucose. 

Swelling controlled release systems like polymeric microgels come under these “smart” 

materials whose structure can be tuned to respond to some environmental conditions, such as 

temperature, pH or ionic strength.142–144 There are potential limitations to this application such as 

accumulation in the body, problem with prolongation of delivery etc. Still, as a proof-of-concept, 

many researchers are using polymeric microgels of N-Isopropyl acrylamide as a drug delivery 

vehicle.56,145–148 The ability to absorb water and to swell multifold allow PNIPAm microgels to 

absorb and store small molecules and ions with water. This property along with their nanometer 

size range makes these microgels ideal for drug delivery applications. Absorbed water molecules 

along with the other molecules will be released at a particular temperature (~32°C) which is 

called volume phase transition temperature (VPTT) and subsequent shrinkage of microgel 

particle occurs. Since the VPTT can be tuned to human physiological temperature, PNIPAm 

microgel can conveniently be used as drug delivery vehicle. VPTT can be tuned by addition of 

comonomers to the system which is explained in section 2.5.2 of chapter 2. Addition of 

carboxylic acid comonomers provides additional stimuli responses to pH, ionic strength etc. 

Interaction between the microgel particles and the drug molecules can also be tuned by 

appropriate selection of monomers. Since 90% of the microgel is water, it produces very low 

inflammatory response when used in human body. The hydrophilic nature of the microgel can 

pose some problems in delivering hydrophobic drugs in to the system. So PNIPAm microgels 

can be used to deliver hydrophilic drugs allowing free release of drugs along with the release of 

water at VPTT. Due to the heterogeneous morphology of PNIPAm with a highly crosslinked 

core and loosely bound brush-like surface, there are limitations for the drugs to get loaded into 

the particle. With a homogeneously crosslinked structure, more drugs can be incorporated into 

the microgel and subsequently more drugs will be delivered to the target. A comparison of drug 

release from two different types of microgel morphologies i.e. core-brush type made by 

conventional synthesis method and homogeneous type made by two-step synthesis method. 

 

 



19 
 

1.11. Objectives of the work 

 Synthesis of microgels: Synthesizing monodisperse microgel particles of N-

Isopropylacrylamide (NIPAm) and copolymer microgels of NIPAm and acrylic acid 

(AAc) of different required sizes for the experimental studies. Particles with different 

sizes ranging from 150 nm to 1.3 μm are synthesized by employing changes in amount of 

reactants and reaction conditions to achieve different sizes and morphologies. 

 Basic characterizations: Determination particle size by light scattering. Conducting 

static light scattering (SLS) on dilute samples to find radius of gyration and dynamic light 

scattering (DLS) to fine hydrodynamic radius, volume phase transition temperature 

(VPTT) and swelling ratio. Effective volume fraction of particles is found by using 

capillary viscometry. 

 Structure and dynamics of microgels with crosslinking density effects: Influence of 

particle morphology and crosslinking density on the yielding dynamics of the microgels 

by large amplitude oscillatory shear (LAOS) rheology. Small amplitude oscillatory shear 

characterizations are intended. 

 Electric field driven assembly of binary colloidal mixture: Confocal microscopy is 

used to investigate the dynamics of fluorescently labelled ionic microgels of NIPAm and 

AAc. Experiments are designed in such a way to conduct at low concentrations and at 

high concentrations when particles interact. Mixture of two distinct sized PNIPAm-AAc 

particles in different ratios is being investigated. The microgels were distinguished by 

using different fluorescent dyes for different samples. 

 Application of PNIPAm microgels in targeted drug delivery: A comparison of drug 

release ability of PNIPAm microgels with two different morphologies viz core-shell and 

homogeneous. A hydrophilic and a hydrophobic drug were selected for the study. 
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1.12. Organisation of thesis chapters 

My thesis is divided into 6 chapters 

1. First chapter sets the motivation and objectives of the study. This chapter also contains a 

literature survey and introductory remarks on colloids, colloidal interactions, glass 

transition, model for colloidal glasses, yielding in colloidal glasses, electric field driven 

assembly of colloids, drug release studies on model soft microgels etc. 

2. Second chapter provides the details of the synthesis of homo and copolymer microgels of 

NIPAm. Some of the preliminary characterizations of microgels using light scattering 

technique are also provided in this chapter. All the experimental techniques and the 

methods used in this work to investigate the structure and properties of microgels are 

explained in this chapter. 

3. Third chapter includes the rheological characterization of the microgels. The property 

changes with morphology are thoroughly studied here. Large amplitude oscillatory shear 

experiments were conducted on the samples to elucidate the microstructural changes in 

the microgel. This chapter also investigates the effect of crosslinker content on the 

dynamic properties of the microgels. 

4. Electric field driven assembly of negatively charged copolymer microgels of NIPAm and 

acrylic acid at different concentration regimes were investigated in the fourth chapter. 

The behaviour of a binary mixture of two different sized particles towards applied 

electric field is also under investigation. 

5. Fifth chapter deals with the comparison of drug release from PNIPAm microgels of two 

different particle morphologies. 

6. Conclusion and future perspective: In the sixth chapter, a summary of the important 

conclusive points from each chapter is given. The chapter ends with some 

recommendations for future investigations in the field of study. 
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A detailed synthesis procedure of PNIPAm microgels used for all the experiments in my 

work is provided in this chapter. This also gives background information on the all the 

experimental procedures and methods that are relevant to the results presented in the following 

chapters. This chapter begins with a brief background on the structure and phase transition 

property of PNIPAm microgels and continues with the synthesis procedure of all microgels used 

for the studies in this thesis. The last part of the chapter describes various characterisation 

techniques such as Static Light Scattering (SLS), Dynamics light scattering (DLS), Confocal 

Laser Scanning Microscopy (CLSM), Linear and Non-Linear Rheology and other important 

techniques. 

2.1. Introduction 

Synthesis of PNIPAm microgels can be done by free radical polymerization mechanism 

and emulsion polymerization technique which gives gels of different desired sizes. The synthesis 

procedure was well-structured by Robert Pelton and his student Chibante in 1986.1 The synthesis 

procedure for small particles typically less than 500 nm size involves the presence of an initiator, 

a crosslinker and a surfactant. The procedure is often referred to as precipitation polymerization 

because the reaction is performed above the volume phase transition temperature (VPTT) of the 

microgel. In our work, we also use surfactant-free emulsion polymerization (SFRP) for 

synthesizing bigger particles of micron (μm) sizes which is done without the presence of a 

surfactant. Different properties of the microgels like size, softness, swelling property, 

morphology and optical properties can be tuned by the adjusting synthesis conditions and the 

composition of the reactants. 

The amount of surfactant decides the size of the microgel. Surfactant stabilises the 

precursor particle during the synthesis and lowers the diameter of the primary particles leading to 

an increase in the number of particles. In some previous work,2 it was  shown that for surfactant 

sodium dodecyl sulfate (SDS) concentration in the range of 0.2 to 4 mM, the relation between 

the hydrodynamic diameter of microgel and the SDS molarity is given by a relation: 

𝑫 ∝ [𝑺𝑫𝑺]−𝟎.𝟕𝟏                                                                        2.1 

Suspensions of microgels containing smaller particles of size below 200 nm would be 

transparent while large sized particles of around 1 μm appear to be turbid. Thus the optical 

density depends much upon the size of the particles in the system and also the refractive index 
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difference between the particles and the solvent. Crosslinker also plays a pivotal role in deciding 

the optical property. Compared to a lower cross-linked microgel, a highly cross-linked microgel 

will have greater refractive index contrast with the solvent. It was found that the crosslinker 

N,N’-Methylene bis acrylamide (BIS) used in the synthesis reacts faster than the monomer 

NIPAm leading to the formation of spherical particles of hard core having more BIS content and 

brush-like surface of long  PNIPAm chains.2 The amount of crosslinker, its density and 

distribution over the particle radius have a profound effect on the properties of microgels, such as 

swelling, optical properties, and their interaction with functional molecules like DNA, enzymes 

etc. and in the morphology of the microgel and interparticle pair potential at high 

concentrations.3 Recently, Roberta Acciaro et al found out a new synthetic strategy through 

which it can form particles with the cross-linking density homogenous over the particle radius. 

They could prove that even the larger sized microgel suspension with homogeneous crosslink 

density would appear transparent.4 The crosslinker content determines the softness and swelling 

capability also.5 Amount of initiator also decides the size and swelling behaviour of particles 

formed in the system.6 Thus the control over the reaction temperature and reactants can provide 

desired size and morphology of the microgel. Controlling the microstructure of the microgel was 

important in this work since it plays a pivotal role in the dynamics of dense suspensions. This 

was mainly achieved by changing the amount of crosslinker, surfactant and temperature of the 

reaction. 

In this work, different characterization techniques were used for deducing different 

properties of the microgels. The size of the microgel was characterized by Static Light Scattering 

(SLS) and Dynamic Light Scattering (DLS). The dynamic properties and yielding behaviour of 

dense microgel suspension with respect to different crosslinker ratio was studied by rheology. 

UV- Visible spectroscopy was used to determine the absorption of drug loaded microgels. This 

chapter gives the properties of poly (N-isopropyl acrylamide) microgel and a detailed description 

of the synthesis of all microgels used in the work. Subsequent sections in this chapter describe all 

the characterization techniques and the testing protocols on the samples. 
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Figure 2.1: Structure of NIPAm (monomer), acrylic acid (comonomer), BIS (crosslinker), KPS 

(free radical initiator) and SDS (surfactant) used for the synthesis of microgel. 

2.2. Poly(N-Isopropyl acrylamide) microgels 

As stated earlier, polymer microgel is a network of a high molecular weight polymer 

crosslinked by a suitable crosslinker. Hydrophilic microgels swell to multifold size in water due 

to presence of polar groups on their polymeric backbone. Due to the non-covalent interaction 

between the polar group and water molecule, reversible swelling and deswelling of microgels is 

possible with the adjustment of the interaction. This can be accomplished through external 

stimuli such as temperature,7 pH, ionic strength8,9 and electric and magnetic fields,10,11 making 

the microgels responsive “smart materials”. Temperature and pH stimuli were widely 

investigated stimuli because of the convenience to handle experimentally. Temperature is the 

most widely used stimulus in smart polymer systems as it does not require the need for other 

solvents, co-polymerization agents, or any externally applied trigger.12 Thermoresponsiveness 

becomes a favourite property when applied in targeted drug delivery. 

Poly(N-Isopropyl acrylamide) or simply PNIPAm is a widely studied thermoresponsive 

polymer due to its desirable properties and potential applications in many fields especially 

biomedical and in nanotechnology.13,14 The most important property of PNIPAm which made it 

favourite candidate in most applications is its lower critical solution temperature. Linear 

PNIPAm is water-soluble and it undergoes a hydrophilic to hydrophobic transition, referred as 

“coil-to-globule transition”, at a particular temperature called lower critical solution temperature 

(LCST). The property is retained even when the polymer is made in to a microgel by covalent 

crosslinking. In the case of crosslinked PNIPAm microgels, the particular temperature at which 



Chapter 2                                                                                   Material synthesis and characterization tools 

  

32 
 

the hydrophilic property changes to hydrophobic is called Volume phase transition temperature 

(VPTT). Both the LCST of the linear polymer and the VPTT of the crosslinked microgel is at 

around 32°C. Since VPTT is near human physiological temperature, this exclusive behavior 

makes PNIPAm microgels engaging in biomedical applications especially targeted drug delivery. 

The crosslinking of microgel is achieved by the addition of a difunctional comonomers, namely 

N, N’-methylene-bis-acrylamide (BIS), as crosslinker agent. Diacrylates are other class of 

crosslinkers used. As said earlier, the synthesis parameters and reactants play a major role in 

deciding the size and properties of PNIPAm microgels. PNIPAm crosslinked microgels are 

highly monodisperse and are resistant to aggregation due to the surface charges formed from the 

initiator and surfactant molecules. High monodispersity of these microgels allow one to use it as 

model system to study colloidal dispersion and colloidal crystal. 

2.3. Ionic microgels of NIPAm with acrylic acid: Effect of temperature, pH and ionic 

strength 

Pure PNIPAm microgels exhibit thermoresponsive property only. The addition of ionic 

comonomers to the system opens up possibility for extra stimuli responses like pH, ionic 

strength, electric field and the like. In our study, we used acrylic acid as a comonomer in order to 

explore the effect of electric field on the assembly of the microgel. The synthesis procedure 

followed is same as that for the pure PNIPAm, the amount of acrylic acid taken is 10% of total 

monomer content unless otherwise stated. The effect of temperature, pH and ionic strength were 

studied on the p(NIPAm-AAc) system. Presence of acrylic acid moiety in the structure enhances 

the VPTT of the microgels. It was proved that the hydrodynamic diameter of PNIPAm-AAc 

copolymer microgel particles increase as a function of pH at a constant temperature and ionic 

strength, while with increasing ionic strength, the hydrodynamic diameter tends to decrease to a 

minimum at a pH above the pKa value of acrylic acid i.e. 4.25 at 25 °C.8 
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Figure 2.2: The hydrodynamic diameter of P(NIPAm-AAc) microgel particles (5% AAc) as a 

function of (a) pH at 23°C and (b) as a function of ionic strength of NaSCN at 23°C at a pH of 

~6. 

 

Figure 2.3: The hydrodynamic diameter of P(NIPAm-AAc) microgel particles (10% AAc) as a 

function of temperature. A shift in the VPTT (37°C) from that of PNIPAm (~32°C) is observed. 

2.4. Structure of the microgels: Effect off crosslinker 

Structure of PNIPAm microgels is different from that of hard spheres. In contrast to hard 

sphere colloids, PNIPAm exhibits core-brush morphology very similar to that of a hyper 

branched star polymer. The analogy in particle morphology along with the luxury of 

monodispersity and ease of preparation provide microgels an edge over the star colloids to be 

used as model systems for soft colloidal glasses. The amount of crosslinker greatly affects the 

physical properties of the microgels. Several literatures prove the effect of crosslinker on the 
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properties like size, internal structure, swelling behaviour, temperature sensitivity, mechanical 

properties etc.3,15–17 Owing to the difference in the reaction rates of the monomer and the cross-

linker, the microgel obtains its core-brush morphology. The cross-linker BIS reacts at a faster 

rate compared to the monomer NIPAm, and gets consumed faster than the monomer during 

synthesis.2 Hence the crosslinking density at the center of the microgel is higher than that at the 

surface. This result in a gradient in the radial density profile in the form of a densely cross-linked 

core and a loosely cross-linked brush-like surface, see figure 2.4. The loosely cross-linked brush 

at the particle surface provides steric stabilization and weakens the van der Waals attraction. 

 

Figure 2.4: Schematic of a PNIPAm microgel showing a radial density profile and also the 

volume change in response to change in temperature. 

Many theoretical predictions gave insights to the core-shell structure of PNIPAm 

microgels which were backed by experimental studies using light and neutron scattering.18–20 At 

higher temperature, the long brushes on the surface of the colloid collapse to the shell essentially 

behaving like a hard sphere colloid thereafter. Very small sized particles having hydrodynamic 

diameter typically less than 100 nm with a homogeneous crosslinked structure could be made by 

conducting polymerisation with high amount of surfactant.21 There were attempts to make 

homogeneously crosslinked PNIPAm by many researchers in the recent past. It was shown by 

Roberta Acciaro’s group that a two-step synthesis strategy involving a continuous feed of 

appropriate amount of monomer and cross-linker with a syringe pump during the course of 

reaction could earn microgels with a homogenous distribution of the cross-linking density.4 By 

constantly checking the kinetics of the cross-linker incorporation into the reaction mixture and 

there by controlling the monomer to crosslinker ratio in the system, they could achieve 

homogenously cross-linked PNIPAm particles. They could prove that even the larger sized 
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microgel suspension with homogeneous crosslink density would appear transparent. The 

experimental protocol followed in this thesis for the preparation of homogeneously crosslinked 

microgel was based on this paper. The preparation procedure is explained in section 2.6.3 of this 

chapter. Although the paper explains only the synthesis of pure PNIPAm, we use the same 

protocol for ionic counterparts of NIPAm also. We did not find any difference in the basic 

morphology by the alteration of monomer ratio. Tim Still et al also tried a similar strategy, a 

semi-batch synthesis method they call, to produce particles with uniform crosslinker density and 

with precise adjustment of particle diameter.22 Very recently, To Ngai group has come up with a 

controlled synthesis method to prepare micrometer-sized, multiresponsive copolymer of NIPAm 

with Methacrylic acid (P(NIPAm-MAA)).23 

2.5. Volume phase transition in PNIPAm 

2.5.1. Volume phase transition temperature (VPTT) 

The presence of both hydrophilic and hydrophobic group on the same monomer (NIPAm) 

helps in achieving the special property of volume phase transition. NIPAm contains a 

hydrophilic amide group and an isopropyl hydrophobic group as shown in Figure 2.5. The amide 

group on each repeating unit of the polymer forms hydrogen bonds with water molecules 

involving protic hydrogen (R’– NH….OH2) and carbonyl oxygen (R–C=O….H–O–H). 

Isopropyl group at the side chain end will remain repelled at lower temperature. On increasing 

the temperature, when the thermal energy necessary to break the hydrogen bond reaches, the 

hydrogen bonds between acrylamide and water molecule breaks down. These water molecules 

surrounding the side group will be expelled out of the polymer molecule at higher temperature. 

This causes a hydrophobic interaction between isopropyl groups of opposite chains resulting in a 

collapse of the chains. At volume phase transition temperature, the hydrophobic interaction 

dominates leading to a coil-to-globule conversion. 

The entropy of the hydrophobic interaction overcomes the enthalpy of H- bonding leads 

to the release of water molecules and subsequent shrinkage of the particle. This temperature at 

which phase transition occurs is called volume phase transition temperature (VPTT). The VPTT 

largely depends on the hydrogen-bonding abilities of the constituent monomer units. Many other 

factors also affect the phase transition, which is discussed in the subsequent section. 
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Figure 2.5: Schematic representation of the mechanism of coil-globule transition in PNIPAm 

aqueous suspension. 

2.5.2. Factors affecting the volume phase transition 

The hydrophilic- hydrophobic balance in the system decides the collapse during phase 

transition. Thus VPTT can be tuned to some extent by changing the factors which influence the 

hydrophilicity of the system. Additions of different comonomers to the NIPAm system, changing 

the solvent properties etc. are some methods to tune the VPTT. Hydrophilic comonomers like 

acrylic acid, methacrylic acid and vinyl acetic acid would shift the VPTT to higher values, while 

addition of comonomers like t-butyl acrylate, vinyl pyridines etc. will shift the VPTT to lower 

values.5,24 Many other factors like ionic concentration, added surfactants etc. also affect the 

VPTT of PNIPAm.8,25  

 

Figure 2.6: Comparison of VPTT of neutral and ionic microgels of NIPAm. 
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Figure 2.6 shows the phase transition for PNIPAm and PNIPAm-co-acrylic acid made 

with same cross-linker density (~5% by weight of monomer); however the size of the copolymer 

is slightly larger than the homo-polymer. The VPTT also changes from 306K to 310K. More 

number of hydrophilic groups (-COOH) from acrylic acid counterpart are present in the 

copolymer and all are involved in hydrogen bonding. So higher energy is required to break the 

extra number and much stronger hydrogen bonds between water and the acidic groups leading to 

higher temperature for phase transition. The swelling ability of the microgel also gets affected by 

comonomers.24 The higher the amount of comonomer, the broader the VPTT will be. 

2.5.3. Effect of solvent on volume phase transition 

 Water and some organic solvents like methanol, ethanol etc. are pure solvents for 

PNIPAm. But a mixture of water and methanol/ethanol will be a non-solvent for PNIPAm 

depending on the ratio of water and alcohol. This effect is called co-nonsolvency.26 The ratio of 

water to alcohol decides the sample dissolution. The volume phase transition occurs below the 

transition temperature usually observed in pure water. 

2.6. Synthesis of PNIPAm microgels 

2.6.1. Materials  

The monomer N-isopropylacrylamide (NIPAm) procured from Acros Organics, USA was 

recrystallized at room temperature after dissolving in a 3:1 mixture of toluene and hexane at 

40°C. Comonomer acrylic acid (AAc) (Merck, Germany) was used as received. Crosslinker N, 

N’-methylene-bisacrylamide (BIS) bought from Merck, Germany was recrystallized from HPLC 

grade methanol. Initiator used was ammonium persulfate (APS) bought from Merck Germany, 

was recrystallized from deionised water. Surfactant used for small particles was sodium dodecyl 

sulphate (SDS) and was used as received. All the reactants after purification were stored in 

refrigerator. 
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Figure 2.7: Microgel synthesis setup. 

2.6.2. Synthesis of small PNIPAm microgels 

PNIPAm microgel of small sized particles (less than 500 nm) was synthesized by 

emulsion polymerization technique via radical polymerization using a free radical initiator. The 

reaction was carried out in a 3-neck glass reactor fitted with a condenser, an inlet for Argon gas 

and inlet for monomer feed. The reaction mixture was stirred using a magnetic stirrer (IKA 

Instruments) at 200 rpm. The temperature of the reaction was maintained by keeping the 3- neck 

flask in an oil bath.  

Necessary amount of distilled, deionised water (Milli-Q Gradient A10, Millipore) was 

purged with Argon gas for 1 hour prior to the reaction and was used for preparing the solutions. 

The purified reactants, monomer NIPAm, cross linker BIS and stabilizer SDS were dissolved in 

Argon-purged DI water and stirred in the flask at room temperature for 1 hour under a 

continuous slow purging of Argon. The temperature was then increased to 80 °C. After complete 

mixing of these reactants and the sufficient temperature is reached, the initiator APS dissolved in 

Argon-purged DI water was added to the reaction mixture. The reaction mixture colour change 

from transparent to turbid in 5-10 minutes after addition of the initiator indicates the 
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polymerisation initiation. Although the polymerisation completes within first half an hour, the 

reaction was allowed to proceed for 3 more hours with continuous stirring at 80°C to ensure 

complete conversion of monomers. After that, the temperature was then reduced to room 

temperature and the dispersion formed was stirred overnight at 100 rpm. This procedure gave 

microgels of hydrodynamic size well below 500 nm in diameter at 23°C. 

2.6.3. Synthesis of small PNIPAm microgels with homogeneous crosslink density 

This synthesis procedure is adopted from the paper by Roberta Acciaro.4 This synthesis is 

a two-step strategy: reactor and feed. The preparation of reactants for the first step was done 

similarly to the batch synthesis: i.e. calculated amount of deionised water (Milli Q water) was 

degassed with Argon gas for 1 hour before the reaction to remove oxygen. Then it was 

transferred to the reaction vessel. Reaction vessel is a 3-neck flask fitted with a condenser, an 

inlet for Argon gas and inlet for monomer feed. The temperature of the reactor was set to 80°C, 

and the water was stirred (∼300 rpm). Calculated amounts of NIPAm monomer and BIS cross-

linker were dissolved in 18 mL of Milli-Q water prepurged with Argon gas and fed to the 

reactor. After the injection of the monomers, 1 mL of SDS solution was also injected into the 

reactor and then the reaction was initiated by the addition of 1 mL of APS solution after 1 

minute. The amount of NIPAm and BIS in the feed in the second step is different to that of batch 

synthesis. To prepare microgel particles with a homogeneous cross-link density, the ratio of the 

NIPAm and BIS was set to 50 in the reactor. One minute after the initiation of the 

polymerization the feeding of NIPAm and BIS monomers to the reaction mixture was turned on. 

To make monomer feeding possible, the monomers were dissolved in water. The ratio of the 

NIPAm and BIS was 20 in the feeding solution. The solution was degassed, filled into a 60 ml 

syringe, and a total volume of 28.6 ml was fed into the reaction mixture with a feeding rate of 

200 μl/min by means of a syringe pump (Harvard Apparatus PHD2000). After 143 min the 

feeding was stopped and the reaction was quenched by plunging the reactor in ice to decrease the 

temperature from 80 to 15°C. 

2.6.4. Synthesis of large P(NIPAm-AAc) copolymer microgels  

The synthesis of large sized copolymer microgels of NIPAm with acrylic acid was done 

for the electric field study under a confocal microscope. The synthesis protocol was similar to 

that mentioned in the previous section except that here the polymerisation was conducted in the 
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absence of the surfactant. The initiator used here was potassium persulphate (KPS). 

Consequently the purification of the microgels was easier. This procedure gave large size 

microgels above 500 nm in diameter at 23°C. 

Calculated amount of distilled, deionised water (Milli-Q Gradient A10, Millipore) was 

purged with inert gas (Ar) for 1 hour before the reaction and was used for preparing the 

solutions. The purified reactants, monomers NIPAm, acrylic acid and cross linker BIS were 

dissolved in Argon-purged DI water and stirred in the flask at room temperature for 1 hour under 

a continuous slow purging of Argon. The dyes used to tag the microgels were methacryloxyethyl 

thiocarbamoyl rhodamine B (MRB) for 670 nm particles and Fluorescein isothiocyanate (FITC) 

for 1300 nm particles.  The MRB dye (4mg/ml) was dissolved in DMSO and FITC (4mg/ml) 

was dissolved in ethanol. The temperature was then increased to 60 °C. For larger particles, the 

temperature was set first at 40 °C and then slowly increased to 60 °C in 1 hour. A very small 

amount of SDS was used while synthesizing smaller particles to control the size. After complete 

mixing of the reactants and the sufficient temperature is reached, the initiator KPS dissolved in 

Argon-purged DI water was added to the reaction mixture. The reaction mixture colour change 

from transparent to turbid in 5-10 minutes after addition of the initiator indicates the 

polymerisation initiation. Although the polymerisation completes within first half an hour, the 

reaction was allowed to proceed for 3 hours with continuous stirring at 60°C to ensure complete 

conversion of monomers. The temperature was then reduced to room temperature and the 

dispersion formed was stirred overnight at 100 rpm. Size of the microgel particles were 

controlled by controlling the amount of initiator and time and temperature of reaction. 

2.7. Purification and storage of synthesized microgels 

All microgel dispersions made by above given procedures were purified by dialysis 

against deionised water for about two weeks with changing water every 8 hours and keeping the 

medium stirring at 200 rpm for whole time at room temperature. This removes unreacted 

reactants and especially the surfactant from the polymer. Dialysis bags (Sigma Aldrich, USA) 

having a molecular weight cut-off of 14,000 was used. Dialysis of microgels made without using 

surfactant was done for 1 week. After dialysis, the samples were frozen in liquid nitrogen, and 

then freeze dried in freeze dryer (ScanVac CoolSafe, Denmark). The freeze dried microgel 

powder was stored in desiccator under vacuum. Freeze drying the microgels done to avoid 

bacterial and fungal growth which occurs in aqueous suspensions. This method is sufficient in 
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case the microgels are to be stored for a longer time. For preparing specific concentration of 

samples, freeze dried powder was redispersed in filtered DI water. Ion-exchange resins were 

added to further deionize the water. Complete list of reactants and synthesis parameters for each 

of microgel is given in the following tables (2.1- 2.3). 

Sample NIPAm (g) BIS (g) APS (g) SDS (g) 

CS1 3.378 0.023 0.108 0.051 

CS2 4.3 0.11716 0.08214 0.08 

CS3 4.3 0.2343 0.08214 0.08 

CS4 4.3 0.4686 0.08214 0.08 

CS5 4.3 0.9373 0.08214 0.08 

Table 2.1:  Material details for the synthesis of core-shell (CS) microgel particles using the 

conventional synthesis method. 

Sample NIPAm (g) BIS (g) SDS (g) APS (g) 

Reactor Feed Reactor Feed Reactor Feed Reactor Feed 

HM1 0.43 4.4099 0.011 0.0221 0.08 -- 0.044 -- 

HM2 0.43 4.4099 0.011 0.11 0.08 -- 0.044 -- 

HM3 0.43 4.4099 0.011 0.2205 0.08 -- 0.044 -- 

HM4 0.43 4.4099 0.011 0.441 0.08 -- 0.044 -- 

HM5 0.43 4.4099 0.011 0.882 0.08 -- 0.044 -- 

Table 2.2: Material details for the synthesis of homogeneous (HM) microgel particles using the 

continuous feed method. 

Sample 

notation 

NIPAm 

(g) 

AAc 

(g) 

BIS 

(g) 

KPS 

(g) 

SDS 

(g) 

Dye 

(ml) 

DI H2O 

(ml) 

Reaction 

Temperature (°C) 

Time 

(hrs) 

RNA670 1.935 0.215 0.117 0.03 0.008 1.25 150 60 3 

FNA1300 1.935 0.215 0.117 0.05 -- 1.25 150 40 (1 hr), 60 (2 hrs) 3 

Table 2.3: Parameters for synthesis of microgel particles for electric field studies. 
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Sample BIS content 

(% of monomer) 

Diameter  at 

23°C (nm) 

Diameter  at 

43°C (nm) 

VPTT 

(°C) 

Swelling Ratio 

(R
h(43)/Rh(23)) 

CS1 0.5 284 97.1 33 0.342 

CS2 2.5 198.7 83.78 33 0.422 

CS3 5 180.6 84.6 34 0.468 

CS4 10 165 95.6 35 0.581 

CS5 20 166 113 35 0.679 

HM1 0.5 212.96 82 32 0.385 

HM2 2.5  232.96 103.2 34  0.443 

HM3 5 245 105 34 0.429 

HM4 10 268 150 36 0.52 

HM5 20 220 140 36 0.63 

Table 2.4: Size and swelling ratio of microgel particles. 

2.8. Experimental methods 

2.8.1. Capillary Viscometry: Determination of effective volume fraction (φeff) 

Viscometry, a branch of rheology, deals with the determination of viscosity of fluids. In a 

capillary viscometer, the velocity gradient needed to measure the viscosity is formed by the 

laminar flow within a capillary tube. Technically, the time required for a given volume of fluid to 

flow through a defined length of capillary under its own hydrostatic head is measured. The flow 

time is directly related to the viscosity. 

The microgel suspension behaves like a soft solid only when φeff > φg, where φg is the 

volume fraction at which glass transition occurs. Thus it is important to determine the effective 

volume fraction of the PNIPAm microgel suspension. We followed the method described by 

Senff and Richtering.27 A series of dilute aqueous solutions of PNIPAm microgels of different 

known concentrations were prepared and their relative viscosities were measured using a 

viscometer (SCHOTT GERATE CT 1650 Viscometer, Germany) at 23°C. Effective volume 

fraction (φeff) can be determined from the relative viscosity, ηrel, by an expression named 

Batchelor equation (equation 2.2): 

𝜼𝒓𝒆𝒍 = [
𝜼𝟎

𝜼𝒔
 ] = 𝟏 + 𝟐. 𝟓𝜿𝒄 + 𝟓. 𝟗(𝜿𝒄)𝟐                                                  2.2 
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Here, η0 and ηs are the viscosities of the sample and the solvent (water) respectively; c represents 

the sample concentration (in weight %) and κ is a shift factor for converting the weight fraction 

to effective volume fraction. Since all the concentrations selected were in the fluid regime itself, 

the second order is neglected from the equation and fitted with a linear fit keeping the intercept 

1. The relative viscosity of dilute suspensions was measured as a function of particle 

concentration. The obtained viscosity was plotted against corresponding concentration and then 

the data obtained were fitted with the Batchelor relation to determine the volume fraction. 

2.8.2. Light Scattering 

Light scattering is a non-invasive technique for measuring the size and related properties 

of polymers and other molecules especially in the sub-micron region dispersed in a solvent. 

Light scattering covers a broad range of macromolecules and emulsions including nanoparticles. 

Most importantly, light scattering permits measurement of the solution properties of the 

molecules and can be conducted with in short duration of time. With this comparatively short 

experimental time along with the absolute determination of molecular weight, particle size, 

and second virial coefficient make light scattering the preferable technique for accurate and fast 

macromolecular characterization. To dichotomize, light scattering can be of Static Light 

Scattering (SLS) and Dynamic Light Scattering (DLS). Both techniques are used in colloidal 

characterization, and have a range of applications. The theory and application of SLS and DLS 

are discussed in the subsequent sections. 

2.8.2.1. Static Light Scattering 

 A light beam when hits a particle in its path will be scattered by the particle in different 

directions. In a light scattering instrument, a detector catches this scattered light and measures 

the scattering intensity as a function of the scattering angle θ. In static light scattering, the mean 

scattered intensity is measured as a function of the scattering vector q which is a measure of the 

scattering angle. The scattering vector is defined as the difference between incident beam vector 

and the scattered beam vector, and depends on the refractive index of the sample (n), the angle 

between incident and scattered light (θ) and the wavelength of light (λ) (equation 2.3). 

𝒒 =
𝟒𝝅𝐧

𝝀
𝐬𝐢𝐧(𝜽/𝟐)                                                                               2.3 
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The scattering vector is inversely proportional to the wavelength, thus smaller the 

wavelength of the incident radiation, larger the structures that can be investigated with a 

scattering experiment.28 The scattered intensity Iq is proportional to the scattering cross section 

which is a product of the particle form factor Pq and the static structure factor Sq (equation 2.4). 

Form factor gives an idea about the size and shape of the particle while structure factor gives 

information about the interaction between the particles. 

𝑰𝒒 ∝  𝑷𝒒 ∗ 𝑺𝒒                                                                               2.4 

𝑰𝒒 = 𝑵𝒂𝟔 ∗ 𝑷𝒒 ∗ 𝑺𝒒                                                                        2.5 

where, N= the number of the particles and a= diameter of the particle. 

The total scattering cross section σ(q) or its differential 
dσ(q)

dΩ
 is an important parameter, 

where Ω is the solid angle formed by the scattered intensity Is to the incident intensity Io. This 

determines the dependence of the scattered intensity on the scattering vector q. The scattered 

intensity and differential scattering cross section are proportional to the wavelength (λ) and 

polarizability (α) of the light used (equation 2.6). 

𝒅𝝈(𝒒)

𝒅𝜴
=

𝑰𝒒𝑹𝟐

𝑰𝟎
=

𝟏𝟔𝝅𝟐𝜶𝟐

𝝀𝟒
                                                                2.6 

where, R is the distance of the detector from the source of light. 

Many important properties of polymers like weight average molecular weight (Mw), 

radius of gyration (Rg), second virial coefficient (A2) etc. can be determined from the scattered 

intensity by conducting static light scattering experiment. Bruno Zimm determined the molecular 

weight of polystyrene particles using static light scattering experiments and set a well-defined 

method for determining molecular weight (Mw) and Second virial coefficient (A2).
29 The 

following equation (2.7) is used to determine these parameters of colloidal dispersion and/or 

polymer solutions (Zimm equation). 

𝑲𝒄

𝓡𝒆𝒙
=

𝟏

𝑴𝒘𝑷𝒒
+ 𝟐𝑨𝟐𝒄 =  

𝟏

𝑴𝒘
(𝟏 +

𝒒𝟐𝑹𝒈
𝟐

𝟑
) + 𝟐𝑨𝟐𝒄                                   2.7 



Chapter 2                                                                                   Material synthesis and characterization tools 

  

45 
 

where Mw= weight average molecular weight of the particle, ℛ𝑒𝑥  the excess Rayleigh ratio, K is 

the scattering wave vector and P(q) is the particle form factor which is described in the next 

section. Excess Rayleigh ratio, the scattering wave vector and particle form factor are given by 

the following expressions: 

𝓡𝒆𝒙 =
𝑰𝒔𝒐𝒍𝒏− 𝑰𝒔𝒐𝒍𝒗

𝑰𝒔𝒕𝒅
∗

𝒏𝟎
𝟐

𝒏𝑻
𝟐 ∗  𝑹𝑻                                                               2.8 

𝑲 =
𝟒𝝅𝟐𝒏𝟐(𝒅𝒏

𝒅𝒄⁄ )
𝟐

𝑵𝑨𝝀𝟒                                                                         2.9 

where, n = refractive index of the solvent, c = particle concentration (mass/volume), 𝑑𝑛
𝑑𝑐⁄ = 

refractive index increment, NA= Avogadro’s number and λ= wavelength of the incident light. 

2.8.2.1.1. Form factor 

 The scattered intensity from the particle Iq is the superposition of the light scattered from 

all volume elements within a particle. Here interference effects due to the different optical path 

lengths from the volume elements to the detector results in the particle form factor Pq which is 

given by the scattering intensity Iq divided by the scattering intensity without interference effects 

in forward direction I𝑞=0.  P𝑞 = I𝑞 I𝑞=0⁄ . Form factor decreases from unity at q=0 and shows an 

angular dependence, which is characteristic of the size and form of the particle. 

Rayleigh scattering occurs when the particles are small compared to the wavelength of 

the light and if there is only a small contrast between the particles and the solvent. The form 

factor can be calculated using the Rayleigh-Gans-Debye (RGD) approximation the basic ideas of 

which including derivations from integration were formulated by Rayleigh in 188130 and later 

derived and applied independently by Debye in 1915.31 The first assumption in the theory is that 

each of the small volume elements sees the same incident light wave. 

𝑷𝒒 = [𝟏
𝑽⁄ ∫ 𝒆𝒊𝒒𝑹𝒅𝒗]

𝟐
                                                                  2.10 

Evaluation of the integral after conversion to spherical co-ordinates gives: 

𝑷𝒒 = [
𝟑

(𝒒𝑹)𝟑
(𝒔𝒊𝒏(𝒒𝑹) − 𝒒𝑹 𝒄𝒐𝒔(𝒒𝑹))]

𝟐

                                                 2.11 
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Expanding the above expression (equation 2.11) in powers of q and using Rg, sphere = √𝟑
𝟓⁄ 𝑹 we 

get  

𝑷𝒒 = 𝒆
[

𝒒𝟐𝑹𝒈
𝟐

𝟑
]
                                                                             2.12 

This expression named as the Guinier approximation is used to determine the radius of 

gyration Rg which is a well-defined measure of size of any object as obtained from small q-

scattering (i.e., qRg<1). Hence the plot of the corrected intensity or the excess Rayleigh ratio Rex 

versus q2 will give a slope 
𝐑𝒈

𝟐

𝟑
⁄ . Thus by using the Guinier approximation, radius of gyration 

can be determined by a single concentration, rather than using equation which requires atleast 

three concentrations. 

Soft particles like microgels, unlike hard particles, have a radial density gradient with a 

highly cross-linked core and a loose brush-like surface require a modified form of RGD.32 The 

following expression (equation 2.13) is the modified form of RGD equation which gives the 

form factor. 

𝑃𝑞 = [I𝑞]
2

=  [
(3𝑒

((−𝜎𝑞)2)
2

⁄
)(𝑠𝑖𝑛 𝑞𝑅−𝑞𝑅 𝑐𝑜𝑠 𝑞𝑅)

(𝑞𝑅)3 ]

2

                                     2.13 

Figure 2.8 shows the form factor for PNIPAm microgel suspensions at 20°C. 

 

Figure 2.8: Particle form factor Pq as a function of scattering vector q for PNIPAm particle of 

size ~1μm. 
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2.8.2.1.2. Structure factor 

 While the form factor provides information on the size and shape of the particle, the static 

structure factor Sq describes the local structures taking into account the inter-particle 

interference. Thus static structure factor is a measure of order in the system. For very small 

particle concentrations, where particle interactions are negligible, structure factor value is equal 

to 1, whereas at higher concentrations, particles interact each other, and a destructive interference 

effect appears at small scattering vectors. 

2.8.2.2. Dynamic light scattering 

Dynamic light scattering is also called photon correlation spectroscopy or quasi elastic 

light scattering (QELS). As the name indicates DLS measures the dynamics of particles in the 

system. The particles in a colloidal suspension always exhibit Brownian motion due to the 

thermal motion of solvent particles causing fluctuations in the intensity of scattered light with 

time.33 These intensity fluctuations gives information about the time scale of the movement of 

the Brownian particles, or more physically, their diffusion process in terms of a time correlation 

function and hence can be used to obtain the information about the dynamics of colloidal 

particles. DLS technique basically works on the principle of diffusion. The instrument measures 

the diffusion of particles in the suspension. Diffusion largely depends on size of the particles i.e. 

the smaller particles diffuse very fast while large particles diffuse slowly.  

 

Figure 2.9: (a) Scattering intensity vs time in a DLS experiment and (b) Auto Correlation 

function g2 (τ), of a PNIPAm microgel suspension. 

The scattered intensity is fed to a correlator through an avalanche photo diode (APD). A 

correlator is a signal comparer where it compares the intensity at a given time and a short time 

after (t and t+τ). If the time gap is short, the intensity will have a strong correlation. As time 
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goes, the correlation decays. So eventually we get a decay curve, the shape of which gives idea 

about the particle size. Because smaller particles decay faster while larger particles decay slowly. 

Essentially what we get from the instrument is the autocorrelation function g2 (τ). The scattering 

intensity autocorrelation function g2 (τ) and the electric field autocorrelation function g1 (τ) are 

related to each other by Siegert relation (equation 2.16). 

𝒈𝟐 (𝝉) =
<𝑰𝒕.𝑰𝒕+𝝉>

<𝑰𝒕>𝟐                                                                  2.14 

𝒈𝟏(𝝉) =< 𝑬(𝒕). 𝑬(𝒕 + 𝝉) >                                                     2.15 

𝒈𝟐 (𝝉) =< 𝑰 >𝟐+ |𝒈𝟏(𝝉)|𝟐                                                      2.16 

The electric field autocorrelation function g1 (τ) is related to the relaxation time Γ by the 

equation 2.17. The relaxation time in turn is a measure of diffusion coefficient D (equation 2.18). 

q is the scattering vector which is a measurement of angle. Diffusion coefficient obtained from 

equation 2.18 is substituted in Stoke-Einstein equation (equation 2.19) to find the hydrodynamic 

radius (Rh). 

𝒈𝟏(𝝉) = 𝒆−𝜞𝝉                                                                    2.17 

𝜞 = 𝑫𝒒𝟐                                                                       2.18 

𝑹𝒉 =
𝒌B𝑻

𝟔𝝅ηD
                                                                       2.19 

where, Rh is hydrodynamic radius, D is diffusion coefficient, kB is Boltzmann’s constant, T 

absolute temperature and η the solvent viscosity. 

Both SLS and DLS techniques are valid on one assumption that the light is scattered by a 

single scattering event or negligibly small multiple scattering. However, in real situations this 

assumption is valid only if the sample is very dilute. But in real life, concentrated or turbid 

samples also have to be investigated from an industrial as well as research point of view. 

Additional averaging due to multiple scattering occurs both in static as well as in dynamic light 

scattering. The static experiment shows a shift of scattered intensity towards larger scattering 

angles. The dynamic experiment shows additional spectral components at higher frequencies. 

Both experiments show a decreased resolution.34 Thus, investigation or characterization of turbid 

systems cannot be achieved by conventional static or dynamic light scattering methods. 
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Many researchers have come up with new techniques and methods to reduce the problem 

of multiple scattering like the three dimensional dynamic light scattering (3DDLS),35,36 cross-

correlation scheme,37 the diffusing wave spectroscopy (DWS),38 use of thin flat cells39 etc. We 

use a special instrument in which we can use turbid samples for characterization. The problem of 

multiple scattering is avoided here by the combination of cross-correlation technique and 3D-

DLS where two light scattering measurements were performed simultaneously at the same 

scattering vector on the same sample volume. Thus the contribution from single scattering 

volume will be identical in both experiments, while multiple scattering contributions will not  

The correlation of both experiments with each other results in a cross-correlation function, which 

contains only the single scattering contribution. 

Coming to the components of the 3D-DLS instrument (figure 2.10) with cross-correlation 

technique, it has a source of light, basically a LASER. A single beam of He-Ne laser (632.8 nm) 

is usually used because it is easy to use, long life and comparatively cheap. A beam splitter 

divides the single beam into three equal beams; two of which are used for the experiment and the 

central one is used for alignment of the whole system. A plano-convex lens converges the two 

beams and focuses to the sample chamber. The same plano-convex lens system is there on the 

detector end also which captures the scattered light and fed into the detector. At the detector end, 

two single mode fibres which collect the scattered intensity and fed into a highly sensitive 

avalanche photodiode (APD) which can detect even feeble intensity light. The sample is kept in a 

toluene bath because toluene has the least scattering and we can control the temperature of the 

sample externally using a chiller. Both the sample chamber and the detector can move around. 

The detector goniometer move around from 5° to 150° angles. The scattering level of the 

particles differs with angles. Lower angles will show particles which are bigger in size (forward 

scattering). So for a binary mixture of particles of two sizes, in order to get the complete 

information on both sizes, we use a multi-angle measurement. Similarly, if we have a sample in 

which particles aggregate with time, we have to run the experiment at different angles. Finally 

the intensity is fed into a cross-correlator through the APD where it is processed and shown in 

the monitor. 
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Figure 2.10: Schematic diagram of (a) a simple light scattering set up and (b) 3D- DLS light 

scattering set up with cross correlation technique showing the components. 

2.8.3. Rheology 

Rheology is the study of deformation and flow of materials by applying external shear. 

The external flow could be a steady shear flow or a dynamic oscillatory flow. The structure-

property relationship study of viscoelastic materials uses rheology as an important tool. 

Rheology is applied to such materials having a complex structure like suspensions, pastes, 

polymers etc. The instrument used to conduct rheological experiments in a laboratory scale is 

called a rheometer. Deformations like shear, extension are applied on the system and the 

resulting response of the material is measured using the rheometer. There are strain-controlled 

rheometers which measure the torque or stress on a material with applied strain. Alternatively, if 

a stress is imposed on the material and the corresponding strain response is measured, it is called 

a stress-controlled rheometer. All rheological experiments conducted in this work are dynamic 

oscillatory strain measurements. The most important properties obtained from the oscillatory 

rheology are the storage (elastic) modulus G’ and the loss (viscous) modulus G”. Since 

viscoelastic fluids exhibit both these properties, the rheological measurements of these fluids are 

very relevant. Dynamic oscillatory shear tests are of two: Small Amplitude Oscillatory Shear 

(SAOS) which probes the linear viscoelastic properties of the material and Large Amplitude 

Oscillatory Shear (LAOS) which investigates the non-linear properties. All rheology 

measurements in my work were conducted on Anton Paar Physica MCR301 strain-controlled 

rheometer with a cone and plate geometry having a cone radius 25 mm. 
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2.8.3.1. Small Amplitude Oscillatory Shear (SAOS) 

The stress response of a viscoelastic material on application of a sinusoidal strain can be 

divided into two components: the in-phase and out-of-phase components. The in-phase 

component represents the elastic property of the material while the out-of-phase component is its 

viscous property. When a sinusoidal shear strain of the form 𝛾(𝑡) = 𝛾0 sin(𝜔𝑡) of small 

amplitude 𝛾0 and frequency 𝜔 is imposed on a viscoelastic fluid, the stress response is given by: 

𝛔(𝒕, 𝝎) = 𝜸𝟎[𝑮′(𝝎) 𝐬𝐢𝐧(𝝎𝒕) + 𝑮"(𝝎)𝐜𝐨𝐬(𝝎𝒕)]                                 2.20 

where, Gʹ is the in-phase component called as storage modulus and Gʺ is the out-of phase 

component known as the loss modulus and are functions of the angular frequency (𝜔).40 Storage 

modulus is the stored component of the energy of the material while loss modulus is the 

dissipated energy. Two routine experiments conducted on viscoelastic materials in linear regime 

are strain sweep experiment and frequency sweep experiment. In strain sweep (amplitude sweep) 

experiment, the amplitude of the sinusoidal strain is increased and the resulting response in terms 

of G’ and G” is measured while the frequency is kept constant. The material is predominantly 

elastic if G’> G” and the material is predominantly viscous if G”> G’. Property change from 

elastic to viscous while undergoing deformation is said to be the onset of gelation or structural 

arrest due to topological constraints in high concentrated suspensions of colloids. In frequency 

sweep experiment, the frequency of the oscillation is increased while the stress in kept constant. 

Frequency sweep experiments are conducted to ascertain the relaxation times of the material 

under dormant conditions. 

2.8.3.2. Large Amplitude Oscillatory Shear (LAOS) 

 The sample characterization is complete with both the linear and nonlinear test methods 

because during most of the processing or application of the soft matter, the deformations 

occurring in the material will be rapid and large and at that point the nonlinear properties control 

the response of the system. Large Amplitude Oscillatory Shear (LAOS) tests are used to 

investigate and quantify the nonlinear viscoelastic behavior of complex fluids.41 While SAOS 

contribute to the linear viscoelastic properties of the material, LAOS is conferred with non-linear 

behaviour also.42 Strain amplitude and frequency of relevant range should be selected for LAOS 

and SAOS as experimental inputs; but the material response varies for both. At large strain 

amplitude, response will be nonlinear in LAOS and at that point SAOS tests become irrelevant. 
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Since the nonlinear stress response becomes non-sinusoidal, linear viscoelastic moduli (storage 

and loss) cannot be used to quantify nonlinear response under LAOS conditions. The stress 

generated in the material is related to the applied strain in a non-linear fashion at sufficiently 

large strains. Consequently, for each oscillatory strain amplitude, the full wave form of the stress 

response is resolved by large-amplitude oscillatory shear (LAOS) and it will thus contain higher 

harmonics which are interpreted in terms of harmonic moduli G’n and G”n (subscript n refers to 

the nth harmonic). These are functions of both the strain amplitude and the angular frequency. 

𝝈(𝒕, 𝝎, 𝜸𝟎) = 𝜸𝟎 ∑ [𝑮′𝒏 (𝝎, 𝜸𝟎)𝐬𝐢𝐧(𝒏𝝎𝒕) + 𝑮′′𝒏 (𝝎, 𝜸𝟎) 𝐜𝐨𝐬 𝒏𝝎𝒕]
𝒏=𝟏,𝟑,𝟓…

              2.21 

Non-linear response of viscoelastic materials shows a peak in G” which is called yielding of 

material. G’ peak start to droop from the linear region (Figure 2.11). 

 
Figure 2.11: Strain sweep curves for microgel suspension showing the linear and non-linear 

regimes. 

Strain sweep and frequency sweep experiments and large amplitude Oscillatory shear 

experiments on PNIPAm microgel particles and its response with respect to particle morphology 

and crosslinking density are detailed in chapter 3. 

2.8.4. Confocal Microscopy 

 Marvin Minsky invented confocal microscopy in 195543 and is now one of the recently 

evolved microscopy techniques providing quality images and many more. It provides 

information at single particle level with precise qualitative analysis. More complex systems like 

colloidal glasses and gels can be easily analyzed using confocal microscopy.44–46 Although this 
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technique is preferred for biological specimen, it has been now widely used to investigate the 

colloidal systems also. Recent developments in confocal microscopy have made enormous 

impact on research in colloidal science especially microrheology and particle tracking.47,48 

If a molecule is shined with light, it will emit different coloured light. This is called 

fluorescence. Principally, the molecule will absorb high energy radiation and emit photon with 

less energy. The colour of light excited and emitted depends on the material. 

A dichroic mirror is an important part of a microscope, which reflects light shorter than a 

particular wavelength while pass light longer than that. This uses the objective to illuminate the 

sample from above. This fluorescence is called epifluorescence. The most important part of a 

confocal microscope is the pinhole. Rays of different wavelengths are emitted from different 

parts of the sample resulting in a blurred image. We get a clear image only if the light rays with 

wavelength originating from the focal point of the lens system. The idea of blocking all the out-

of-focus rays by placing a screen with a pinhole is the core of confocal microscopy. The pinhole 

is positioned in such a way that the focal point of the objective lens forms the image at the 

pinhole. This means the pinhole is conjugate to the focal point of the objective, and thus the 

name confocal. The practical importance of this pinhole comes when an image from a very thin 

sliced sample is taken. 

 

Figure 2.12: Pictorial representation of a typical confocal microscopy setup. Inset shows how the 

pinhole is cutting out-of-focus rays. 

2.8.5. UV-Visible spectroscopy 

 When light of wavelength in the ultraviolet region (190-380 nm) is absorbed by a 

molecule, the electrons get excited from the ground state to higher energy states. The spectrum 
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formed by the absorption is UV spectrum. If the absorption range covers lights of higher 

wavelengths from 380 nm to 750 nm (visible region), it is called UV-Visible spectroscopy. Beer 

Lambert’s law forms the basis of UV-Visible spectroscopy. 

Beer Lambert’s law provides a direct correlation between the absorbance and 

concentration of the absorbing molecule.49 According to Beer-Lambert law, the absorbance A, of 

a solution is directly proportional to the concentration of the absorbing species in the solution 

and the path length of L. The greater the number of molecules capable of absorbing light of a 

given wavelength, the greater the extent of absorption. This can be expressed as: 

A = log (I0/I) = ϵcL                                                                 2.22 

A = absorbance 

I0 = intensity incident light 

I = intensity of transmitted light 

c = Concentration of absorbing species 

L = path length through the sample 

ϵ = molar absorptivity 

2.8.6. Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry (DSC) is the most often used calorimetric method 

because it is rapid, easy to operate and readily available. DSC is a technique in which a 

controlled temperature programme is given to the system with the substance and a reference 

material is kept in the controlled environment and the difference of heat flow into a substance 

and reference material is measured as a function of temperature.50 The substance under testing or 

the specimen of small mass contained in an appropriate holder (pan) and an empty reference 

holder of the same material and size are placed in the DSC cell in the sample and reference 

positions. Aluminium pans are usually used for both reference and sample. Reference pan will be 

kept empty. These are then put through a temperature profile, by applying power to heaters in the 

system be it a heating and/or cooling or isothermal treatment and the equipment measures the 

difference in heat flow between the sample and reference. The temperature of the sample will lag 

behind that of the empty pan according to the capacity of material to take up heat. The 

temperature difference between the two is small, and the heat flowing into the sample is 

measured. 
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CHAPTER 3 

DYNAMICS OF PNIPAM COLLOIDAL MICROGELS: ROLE OF 

PARTICLE MORPHOLOGY 
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In this chapter, the dynamics of PNIPAm glasses were investigated under large amplitude 

oscillatory shear (LAOS). Here the effect of the particle morphology on the nonlinear rheological 

behaviour of the microgel is investigated. Particles with different radial density profile were used 

for the study. The effect of the amount of crosslinker on the nonlinear rheological behaviour of the 

microgel is also studied in the second part of this chapter. Particles with five different crosslink 

densities were synthesized for this study. Large amplitude oscillatory shear provides the 

information about non-linear behaviours like shear thinning, shear thickening etc. All the samples 

were highly dense with a range of volume fractions from ϕ= 1 to ϕ=2. 

3.1. Introduction 

The mechanical properties of many important commercial products which are composed 

of dense colloidal suspensions are affected by the shear due to induced flow in the microstructure 

while processing. An understanding on how microstructure affects the rheology of these 

materials will help to tailor the processability conditions to make useful products from these 

materials. So it is important to study the structure-property relations in these complex fluids over 

a range of length and time scales, both under dormant conditions, and under shear. These 

materials, usually viscoelastic in nature, also possess yield stress, a minimum stress required to 

induce flow in these materials. A prominent method for understanding the yielding in materials 

is to use oscillatory rheology technique in which an oscillatory flow field with increasing stress 

(strain) is applied to a yield stress material. For small stress or strain, the elastic moduli (G’) as 

well as viscous moduli (G”) remain constant with G’>G”.  With increase in strain, the viscous 

modulus increases from its linear value and reaches a maximum value (peak) before decreasing, 

while G’ decreases monotonically with strain and crosses below G” at the yield point. This 

behaviour at higher strains were reported for soft colloidal glasses,1 emulsions2,3 and gels.4 

Linear stress strain experiments give lot of information on the linear response of 

viscoelastic fluids. Colloidal glasses under quiescent conditions show predominantly elastic 

response in a small amplitude oscillatory shear (SAOS) tests. SAOS can provide linear 

viscoelastic properties of complex fluids in dormant conditions. Easily executable test protocols 

and strong theoretical background strengthens the use of SAOS for probing linear viscoelastic 

properties of complex fluids.5,6 The sample characterization is complete with both the linear and 

nonlinear test methods because during most of the processing or application of the soft matter, 

the deformations occurring in the material will be brisk and large and at that point the nonlinear 
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properties control the response of the system. Large amplitude oscillatory shear (LAOS) tests are 

used to investigate and quantify the nonlinear viscoelastic behavior of complex fluids.7 LAOS is 

a tool of paramount importance for a rheologist for analyzing deep into the non-linear behaviour 

of colloids and other complex materials. While SAOS contribute to the linear viscoelastic 

properties of the material, LAOS is conferred with non-linear behaviour also.8 Strain amplitude 

and frequency of relevant range should be selected for LAOS and SAOS as experimental inputs; 

but the material response varies for both. At large strain amplitude, response will be nonlinear in 

LAOS and at that point SAOS tests become irrelevant. Since the nonlinear stress response 

becomes non sinusoidal, linear viscoelastic moduli (storage and loss) cannot be used to quantify 

nonlinear response under LAOS conditions. Consequently, for each oscillatory strain amplitude, 

the full wave form of the stress response is documented and resolved by large-amplitude 

oscillatory shear (LAOS) and it will thus contain higher harmonics which are interpreted in terms 

of harmonic moduli G’n and G”n (subscript n refers to the nth harmonic). These are functions of 

both the strain amplitude and the angular frequency. Reviews have been published depicting the 

use and sensitiveness of SAOS and LAOS of complex fluids and showed that LAOS behaviour 

was very much sensitive to shear-induced microstructure formation.6 

Highly monodisperse dense suspensions of PNIPAm microgels at volume fractions above 

1 are investigated in this chapter. At high volume fractions, the loose brushes on the surface of 

the particles are expected to interpenetrate and interact.9 The interparticle potential of PNIPAm 

microgels measured in dilute suspensions, changes from soft repulsive to attractive, below and 

above the volume phase transition temperature, respectively.10–12 This potential change occurring 

due to the interpenetration of chains may vary with the morphology. The complex yielding behavior 

of PNIPAm microgel suspensions with two different particle morphologies are investigated in 

detail in this chapter. A phenomenon of double peak in G” was observed when the strain 

amplitude sweeps were performed at higher strains. Double yielding phenomenon was observed 

earlier in star polymers where the second peak is attributed to the relaxation of long star arms13,14 

and also in attraction induced particles,15 where the two peaks were attributed to cage breaking 

and bond breaking. Present study on PNIPAM microgel suspension investigates deep into the 

mechanism of double yielding. 

The second part of this chapter provides an insight into the effect of amount of 

crosslinker added to the reaction medium in the morphology and yielding behaviour of the 
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microgel. PNIPAm microgels with 5 different crosslinker contents were prepared for the study. 

Both core-shell type and homogeneous type morphologies were investigated. 

3.2 Synthesis of microgels 

The synthesis was done by free radical precipitation polymerization with sodium dodecyl 

sulphate (SDS) as the surfactant to achieve smaller particle size. The detailed synthesis 

procedure is explained in the section 2.6 of chapter 2. The batch synthesis of PNIPAM microgels 

was based on a conventional method developed by R. Pelton and P. Chibante16 while the 

synthesis procedure for particles with homogeneous crosslink density is based on a paper by 

Roberta Acciaro.17 Core-shell samples with 5 different crosslinker contents viz 0.5%, 2.5%, 5%, 

10% and 20% were synthesized and labelled as CS1, CS2, CS3, CS4 and CS5 respectively. 

Similarly, 5 homogeneous microgel particles were also made with 5 different crosslinker content. 

They were labelled as HM1, HM2, HM3, HM4 and HM5 with 0.5%, 2.5%, 5%, 10% and 20% 

BIS content respectively. Amount of crosslinker is represented in % per % of monomer content. 

            

Figure 3.1: PNIPAm particles of two different morphologies achieved by different synthesis 

strategy.  

Required concentration for characterizations were made by redispersing calculated 

amount of freeze dried samples in DI water after determining the volume fraction. 

3.3. Determination of effective volume fraction 

Effective volume fractions of all samples were determined by viscometry. We followed 

the method described by Senff and Richtering. The procedure is detailed in experimental 

methods section (section 2.8.1) of second chapter. The volume fraction`’of all our samples 

investigated in this work is much above 1 and hence are in a dense glassy state. Table 3.1 

summarizes the volume fraction details of the samples used in our study. 
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Sample Slope Shift factor (κ) Volume fraction @C= 1 wt% 

CS1 1.08 0.4326 0.4326 

CS2 0.5735 0.2294 0.2294 

CS3 0.4762 0.1905 0.1905 

CS4 0.3041 0.1216 0.1216 

CS5 0.165 0.066 0.066 

HM1 1.13 0.452 0.452 

HM2 0.7594 0.3038 0.3038 

HM3 0.6784 0.271 0.271 

HM4 0.7097 0.2839 0.2839 

HM5 0.2438 0.0975 0.0975 

Table 3.1: Volume fraction of samples CS and HM determined by capillary viscometry. 

 

Figure 3.2: Relative viscosity as a function of concentration for PNIPAm microgel suspension. 

3.4 Characterization 

3.4.1. Static & Dynamic light scattering 

The hydrodynamic particle size (Rh) was measured as a function of temperature using 

3D- dynamic light scattering (LS Instruments AG, Switzerland) with a laser wavelength of 632.8 

nm. The 3D-DLS technique is used to get the structure and dynamics of highly turbid 

suspensions.18 It uses a special beam splitter to generate two identical parallel laser beams from 
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the H-Ne laser and uses cross-correlation geometry to eliminate the contributions from multiple 

scattering.  The temperature of the sample was maintained using a refrigerated bath circulator 

with water circulating channels around a toluene bath where the sample is kept. The particle size 

was measured at an angle of θ = 90o, which corresponds to a scattering vector q= 1.868 x 107 m-1.  

The scattering vector is defined as 

𝑞 =  (
4𝜋𝑛


) 𝑠𝑖𝑛 (

𝜃

2
)                                                              3.1 

where, ‘n’ is the refractive index of the solvent in which the particles are dispersed, ‘’ is the 

wavelength of the laser and ‘θ’ is the scattering angle. Swelling ratios of the particles 

Rh(43)/Rh(23) were found for each sample. Here, Rh(43) is the hydrodynamic radius of the 

microgel particle at 43oC and Rh(23) is the hydrodynamic radius at 23oC. Table 3.2 provides the 

hydrodynamic diameter Dh, the volume phase transition temperature (VPTT) and swelling ratio 

of all the samples. Static light scattering measurements were also done using the same 

experimental setup to find the radius of gyration (Rg) and shape factor Rg/Rh for all the samples. 

Table 3.3 provides the hydrodynamic radius Rh, the radius of gyration (Rg) and the shape factor 

Rg/Rh obtained from static and dynamic light scattering experiments for the samples. 

3.4.2. Rheology 

All rheology experiments were done on a stress controlled rheometer (Physica MCR301, 

Anton Paar). The geometry used was a cone and plate (cone angle 1°, diameter 25mm). To 

minimize water evaporation, a solvent trap was placed around the sample during the rheological 

experiments. To exclude the thermal and deformation history of the sample, fresh sample was 

loaded for each measurement and the temperature of loading (Tload= 28°C) was kept at a higher 

temperature than the measurement temperature (Texp= 20°C). After loading the sample, it was 

incubated for 10 minutes before starting the experiment. Loading the sample at a higher 

temperature than experimental temperature allows the sample to swell a little bit and gives it a 

controlled history. It was made sure that the loading and the experiment was done well below the 

VPTT of the sample to avoid aggregation of the particles. 
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Figure 3.3: Experiment protocol scheme showing loading temperature, experiment temperature 

and waiting time before rheological measurements. 

3.5. Results and discussion 

The PNIPAM microgel particles are temperature sensitive. The size and the apparent 

volume fraction (eff) of the microgel particles changes with temperature.  The apparent volume 

fraction (eff) can be tuned without changing the number density of particles.  Moreover, the 

interaction potential between the microgel particles changes from repulsive to attractive above 

the volume phase transition temperature (VPTT).19,20 However, in all our experiments, the 

investigation is carried out at temperatures well below the VPTT.  The volume fractions of all 

our samples are above 1 and hence they are in a dense glassy state.  In this chapter, the results of 

investigation on the origin of double yielding in soft colloidal glasses and the effect of particle 

morphology are provided.  We use non-linear rheology to investigate the yielding behavior of the 

microgel suspensions. 

3.5.1. Static & Dynamic Light Scattering 

The particle size of the synthesized microgels was measured using 3D-dynamic light 

scattering technique.  The particle size as a function of temperature for both the core-shell (CS3) 

particles as well as homogeneous particles (HM3) is plotted in figure 3.4 and the details are 

summarized in table 3.2. 
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Figure 3.4: Hydrodynamic diameter (Dh) as a function of sample temperature obtained from 

dynamic light scattering (DLS) under dilute conditions for the core-shell samples (CS) and 

homogeneous samples (HM), with 5 different crosslink density, respectively. 

Sample 
BIS % 

(% of NIPAm) 

Diameter  

at 23°C (nm) 

Diameter 

at 43°C (nm) 

VPTT 

(°C) 

Swelling Ratio 

(R
h(43)

/R
h(23)

) 

CS1 0.5 284 97.1 33 0.342 

CS2 2.5 198.7 83.78 33 0.422 

CS3 5 180.6 84.6 34 0.468 

CS4 10 165 95.6 35 0.581 

CS5 20 166 113 35 0.679 

HM1 0.5 212 82 32 0.39 

HM2 2.5  233 103.2 35  0.443 

HM3 5 245 105 35 0.429 

HM4 10 268 150 37 0.52 

HM5 20 220 140 37 0.63 

Table 3.2: Hydrodynamic diameter, VPTT and Swelling ratio of microgel particles. 

The VPTT of the core-shell (CS) particles is seen to increase with the crosslinker content 

and is in the range 32°C to 35°C while for the homogeneous particles, it ranges from 32°C to 

37°C. The VPTT of the core-shell particles (CS3) with 5% crosslinker content and its 

homogeneous analogue (HM3) are around 34oC& 35oC respectively. There is no trend in the size 

of particles with crosslinker amount but definitely there is an increasing trend in swelling ratio 

and VPTT. Core-shell particles with 5% crosslink density (CS3) shows a size of 180 nm at 23°C 
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with a swelling ratio of 0.468 while homogeneous particles with 5% crosslink density (HM3) 

shows a size of 245 nm at 23°C with a swelling ratio of 0.429. Core-shell particles with 0.5% 

crosslink density (CS1) show a swelling ratio of 0.342 and particles with highest crosslink 

density (CS5) has a swelling ratio of 0.679. Similarly, homogeneous particles with 0.5% 

crosslink density (HM1) have a swelling ratio of 0.39 and particles with highest crosslink density 

(HM5) have a swelling ratio of 0.63. This means that with the increase in crosslinker amount in 

the system, the particles show lesser tendency to shrink. Static light scattering was used to 

measure the radius of gyration Rg of the particles as well as the shape factor Rg/Rh. 

Sample Rg (nm) Rh (nm) Rg/Rh 

CS1 62 142 0.4366 

CS2 60.44 95 0.6362 

CS3 59.6 90.3 0.66 

CS4 56.53 80 0.707 

CS5 63.17 83 0.7602 

HM1 76 106.5 0.713 

HM2 82.02 112.5 0.729 

HM3 90.1 122.5 0.74 

HM4 101.6 134 0.758 

HM5 89.6 110 0.79 

Table 3.3: Shape factor values of both core-shell and homogeneous samples depicting all 

particles with homogeneous crosslink density having hard sphere values and core shell particles 

with crosslinker content above 5% also near hard sphere values. 

Table 3.3 summarizes the results of static light scattering measurements.  It can be seen 

that Rg/Rh value for the core-shell (CS3) particles is 0.66 and for homogeneous particles (HM3) 

it is 0.74.  It has been reported that the Rg/Rh value for hard spheres is around 0.778 and for 

microgels and other soft particles; it is much less than the hard sphere value.21 The Rg/Rh value 

(shape factor) for the core-shell particles slowly increases from a minimum of 0.43 for CS1 

(0.5% BIS) to a maximum of 0.76 for CS5 (20% BIS) proving that the morphology slowly 

changes from a soft sphere with long brushes on the surface to a hard sphere nature with shape 

factor value near 0.778. In the case of all homogeneous samples except for the sample with 
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lowest crosslink density (HM1 and HM2), the Rg/Rh value is near or above the hard sphere value 

of 0.778. 

3.5.2. Linear rheology of dense PNIPAM glasses from core-shell and homogeneous 

microgel particles 

In linear rheology, the storage modulus (G’) and loss modulus (G”) of the samples are 

measured as a function of oscillation frequency,  under the application of a constant strain 

amplitude, . The frequency dependence of G’ and G” in the linear regime (at small strain 

amplitude, = 0.5%) for the core-shell sample with 5% crosslinker content CS3 and 

homogeneous sample HM3 at a temperature of T = 20oC is shown in figure 3.5 for a constant 

volume fraction of  = 1.5. 

 
Figure 3.5: Storage modulus G’ (solid symbols) and loss modulus G” (open symbols) as a function 

of oscillation frequency,  at a small strain of = 0.5% for (a) core-shell microgel sample CS3 (5% 

BIS) and (b) homogeneous microgel sample HM3 (5% BIS) at a sample temperature of 20°C for a 

constant volume fraction of = 1.5 

From figure 3.5 (a) it is evident that within the frequency range measured (10-2–102 rad/s), 

G’ is always greater than G” and G’ is almost independent of frequency for core-shell particles. 

Thus, the sample behaves like solid in this frequency range and for this small shear strain.  The loss 

modulus G” shows a weak minimum at a frequency  of around 1 rad/sec suggesting the linear 

rheological behavior of PNIPAM microgel glasses to be similar to that reported for other colloidal 

glasses.22 According to a recent mechanical spectroscopic analysis of PNIPAM microgel 

suspension, plateau in G’ and minimum in G” also implies that the microgel sample under 
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investigation (CS3) is repulsive glass.23 The frequency  scales with the fast or beta relaxation 

process of the colloidal glasses,24 which arises due to the rattling of the particles within the near 

neighbor cage.22 The frequency  marks the crossover of dynamics from alpha relaxation to beta 

relaxation.25 At frequencies lower than , a small upturn of G” was observed indicating a possible 

crossover with G’, which corresponds to the slower structural relaxation (α-relaxation) arising from 

the escape of a particle from its cage. The crossover frequency ωα corresponds to the α-relaxation 

time tα. At frequencies above ωβ, viscous modulus increases again due to dissipation related to fast 

movement of particles inside the cage. The cage effect is maximum at β-relaxation frequency and so 

a dip in G”. Since the alpha relaxation times in PNIPAM microgel glasses are very large, α is very 

small and falls out of our measurement window. 

Since the aim of our current work is to investigate the role of particle morphology on the 

yielding behaviour of PNIPAM microgel glasses, we also did rheological measurements on 

homogeneous PNIPAM particle suspensions synthesized using the continuous feed method 

described in the synthesis section 2.6.3 of chapter 2. Figure 3.5 (b) represents the frequency 

dependence of G’ and G” for the homogeneous sample. The observation here is similar to that of 

core-shell particles. The sample behaves like solid in this frequency range and for this small shear 

strain. The beta relaxation frequency comes at around 1 rad/s. The α-relaxation frequency is out of 

the frequency range measured. 

 Figure 3.6 gives the dependence of G’ and G” with frequency for samples for 4 different 

volume fractions =1.0, 1.25, 1.5 and 2.0 respectively.  It can be seen from the figure that G’ is 

always greater than G” and has only a weak frequency dependence whereas G” has a shallow 

minimum at the oscillation frequency of =1 rad/s. It was earlier proved that the change in the 

shape of G” plot from a curvy with a minimum at ωβ, to a flatter one represents the change in the 

phase of the particles from glassy to a jammed state.26 In our case, for all the samples, the shape of 

G” curve remains the same and does not becoming plateau with increasing the particle volume 

fraction, implies that all the samples are below squeezed (or jammed state). This observation is 

similar for both core-shell and homogeneous particles. 
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Figure 3.6: Storage modulus G’ (solid symbols) and loss modulus G” (open symbols) as a function 

of oscillation frequency,  at a small strain of = 0.5% for (a) core-shell microgel sample CS3 (5% 

BIS) and (b) homogeneous microgel sample HM3 (5% BIS) at a sample temperature of 20°C for 4 

different volume fractions =1.0, =1.25, =1.5 and =2.0 

3.5.3. Yielding behaviour of dense microgel glasses of core-shell and homogeneous microgel 

particles 

Both the core-shell microgel samples (CS3) and homogeneous samples (HM3) are 

subjected to non-linear rheological measurements by performing dynamic strain sweep (DSS) 

measurements to understand the yielding process in these materials.  In DSS, a sinusoidal strain 

is applied whose frequency  is constant but whose amplitude  is increased in steps, starting in 

the linear viscoelastic regime and progressing to non-linear regime.  The stress response from the 

samples is recorded as a function of strain amplitude .  The strain amplitude is varied over a 

wide range (0.1 – 1000%) at a fixed value of frequency.  The intension of conducting DSS is to 

understand the role of particle morphology in the non-linear yielding behavior of microgel 

glasses. Since the beta relaxation frequency,   is around 1.0 rad/sec we performed all our DSS 

experiments at frequencies above 1.0 rad/sec to see the role of the dangling polymer chains in the 

case of core-shell microgel particle suspensions. 4 oscillation frequencies ( = 1.0, 10, 20 & 50 

rad/sec) were chosen. 
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Figure 3.7: Dependence of the storage modulus G’ (solid symbols) and loss modulus G” (open 

symbols) on the strain for oscillation frequency  = 50 rad/sec for (a) core-shell microgel sample 

CS3 (5% BIS) and (b) homogeneous microgel sample HM3 (5% BIS) at a sample temperature of 

20°C for a sample concentration of =1.5 

Figure 3.7(a) shows the variation of storage modulus G’ and loss modulus G” as a 

function of strain amplitude  for the core-shell glass sample CS3 at a volume fraction of 1.5 at a 

frequency of 50 rad/s. Since our samples are in a highly dense glassy state, we chose the highest 

frequency of 50 rad/sec to see if the entanglement of dangling polymer chains has any role in the 

yielding of the microgel glasses made of core-shell particles. For lower values of , both G’ and 

G” exhibit a plateau with G’ > G” indicating the region over which the microgel glasses show 

linear response to the applied strain .  For larger , G’ starts decreasing indicating yielding of 

glasses under applied shear.  With further increase in , G’ further comes down and goes below 

G”.  The point at which the crossover of G’ & G” takes place is called the crossover point and 

the corresponding values of strain c and stress c are called the crossover strain and crossover 

stress respectively. Beyond the crossover point, the sample CS3 behaves like a viscoelastic liquid 

(G’ < G”) due to the shear melting of glasses.  In the non-linear regime, G’ shows a monotonic 

decrease with increase in strain amplitude ,  a behaviour similar to that of hard sphere glasses 

reported in literature.27 However, the viscous modulus, G” shows a completely different 

behaviour compared to the hard spheres. In contrast to the single peak in G” reported for hard 

spheres, G” for the microgel glass sample CS3 shows two peaks. G” exhibits 2 peaks at two 

different values of  indicating that two microscopic mechanisms are operational during the 

yielding process of the PNIPAM microgel glasses. We interpret the yielding mechanism of dense 
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PNIPAm microgel glasses as i) breaking of entanglement of dangling polymer chains from the 

shells of neighboring microgel particles, giving rise to the first peak in G” at lower strain and ii) 

the breaking of the near neighbor cages giving rise to the second peak in G” at a larger strain. 

Although two step yielding has been observed in attractive colloidal glasses,15 this is one of the 

first observation of two step yielding in pure PNIPAm microgel glasses. Very recently, Joshi and 

Tata observed the similar phenomenon in PNIPAm microgels.28 In attractive colloidal glasses the 

two step yielding have been interpreted as due to i) breaking of near-neighbour bonds arising 

from attractive interactions leading to the first peak in the loss modulus (G”) and ii) breaking of 

the cages of the neighbouring particles leading to the second peak in G”.  However, in our case, 

we are working at sample temperatures much below the volume phase transition temperature 

(VPTT), where the particle-particle interaction potential is purely repulsive. Hence, the first peak 

in G” in the PNIPAm microgel case is due to the disentanglement of dangling chains of the 

neighbouring microgel particles. The interpenetration of dangling chains gives rise to an 

attractive like potential in an otherwise purely repulsive system. 

 
Figure 3.8: (a) Interaction between particles of core-shell morphology showing the 

interpenetration of surface brushes of particles and (b) Interaction between particles of 

homogeneous crosslink density where surface brushes are absent and hence the interpenetration 

also. 

If the dangling chains play any role in the yielding mechanism, the absence of the same 

should show a difference in the yielding behaviour. To check this, we now subject the 

homogeneous microgel particle suspensions to non-linear rheology.  Figure 3.7 (b) shows the 

variation of storage modulus G’ and loss modulus G” as a function of strain amplitude  for the 

homogeneous glassy sample HM3 at a volume fraction of  = 1.5 at an oscillation frequency of 
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 =20 rad/sec. Experiment was also done at 50 rad/s where the moduli curves experienced 

disturbances. It can be seen that the homogeneous microgel glasses yield with a single yielding 

point similar to the hard sphere glasses. The nature of G’ and G” for lower strains is similar to 

the core-shell microgel samples.  For lower values of , both G’ and G” exhibit a plateau with G’ 

> G” indicating the region over which the microgel glasses show linear response to the applied 

strain . For larger , G’ starts decreasing indicating yielding of glasses under applied shear. With 

further increase in , G’ further comes down and goes below G”. 

Beyond the crossover point, all the samples behave like viscoelastic liquids (G’ < G”) 

due to the shear melting of glasses.  In the non-linear regime, G’ shows a monotonic decrease 

with increase in strain amplitude ,  a behaviour similar to that of hard sphere glasses reported in 

literature. However, unlike the core-shell glassy sample case, the loss modulus G” shows only 

one peak similar to the hard sphere glasses. The absence of the second peak in G” according to 

us is due to the homogeneous nature of the microgel particles synthesized by the continuous feed 

method. There are no dangling chains which can interpenetrate and give rise to the first peak as 

in the core-shell case. The only peak in G” is due to cage breaking as in the hard sphere glasses.  

From our static light scattering experiments explained in the experimental section 3.5.1, the 

Rg/Rh ratio for the homogeneous microgel particles is close to the value of 0.778 and hence the 

homogeneous microgel samples behave similar to hard spheres. 

Figure 3.9 (a) shows the effect of concentration on the yielding of core-shell microgels 

samples CS3 for 4 different volume fractions  = 1.0, 1.25, 1.5 and 2.0 at an oscillation 

frequency of = 50 rad/sec at 20°C. Some aspects of the behavior of the sample for all the 

volume fractions are qualitatively similar. 

  The inset in figure 3.9 (a) shows the double peak in G”. It can be seen that with increase 

in volume fraction , the first peak in G” shifts to higher strains while the second peak shifts 

towards lower strain. With higher volume fraction, the interpenetration of the dangling chains of 

the neighbouring microgel particles is more. This will lead to the shift of the first peaks towards 

higher strain. However, with deeper interpenetration, the cores of the neighbouring microgel 

particles becomes more crowded, requiring a lower strain for the particles to move out of the 

cages, shifting the second peak in G” towards lower strain. 
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Figure 3.9: Dependence of the storage modulus G’ (solid symbols) and loss modulus G” (open 

symbols) on the strain for oscillation frequency  = 50 rad/sec for different concentrations of the 

glassy samples (a) CS3 and (b) HM3.  Inset in (a) shows G” data plotted as a function of strain. 

Volume fractions of CS3 used are =1.0, =1.25, =1.5 and =2.0 and volume fractions of HM3 

used are =1.25, =1.5 and =2.0. The temperature of the sample is T = 20oC. 

Figure 3.9 (b) shows the variation of storage modulus G’ and loss modulus G” as a 

function of strain amplitude  for the homogeneous glassy sample HM3 for 3 different volume 

fractions  = 1.25, 1.5 and 2.0 at an oscillation frequency of  =20 rad/sec.  The crossover point 

also shifts towards higher strain with increase in the volume fraction due to the higher 

compression of the homogeneous microgel particles at larger volume fraction requiring a larger 

strain to yield the material. 

A recent paper on interpenetration of polymeric microgels at ultra-high densities also 

discusses about the interpenetration of the microgels and how entanglement of chains influences 

the flow properties of these microgel systems.29 They measured the shape and size of PNIPAm 

particles at different volume fractions below and above close packing. Small angle neutron 

scattering with a zero-average contrast method was used for this. The studies were supported by 

SAXS and dynamic light scattering. They could also show that even at volume fractions much 

above the close packing, the particles does not considerably change their size and shape due to 

significant interpenetration. We expect a similar type of interpenetration in our particles also. 

This interpenetration eventually affects the yielding mechanism of the microgel at glassy 

regimes. 
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3.5.4. Frequency and temperature dependence of yielding of PNIPAm microgels 

In order to explore more on the double yielding behaviour of the microgel glasses, we 

further carried out the non-linear rheology measurements as a function of polymer crosslinking 

density, oscillation frequency  and temperature T of the sample. The results on the non-linear 

rheology measurements as a function of polymer crosslinking density are discussed in detail in 

later part of this chapter (section 3.5.5). 

Figure 3.10(a) shows G’ & G” for the core-shell microgel glassy sample CS3 (5% BIS) at 

a volume fraction of =1.5 and temperature of T=20oC for different oscillation frequencies ( = 

1.0, 10, 20 & 50 rad/sec). The inset in figure 3.10(a) shows the loss modulus G” values as a 

function of frequency. 

 

Figure 3.10: Dependence of the storage modulus G’ (solid symbols) and loss modulus G” (open 

symbols) on the strain  for different oscillation frequencies for glassy samples (a) CS3 and (b) 

HM3 at a volume fraction of =1.5 and at a sample temperature of T=20oC.  Inset shows G” data 

plotted as a function of strain. 

It can be seen that, for  = 1.0 & 10 rad/sec, G” has only one peak.  Whereas for  = 20 

& 50 rad/sec, there are 2 yielding peaks in G”.  This may be due to the fact that the beta 

relaxation frequency () of our sample is only 1.0 rad/sec and hence to see the effect of 

entanglements of the dangling polymer chains on the yielding behaviour, one need to apply shear 

at oscillation frequency larger than . When shear is applied at  close to or less than the beta 

relaxation frequency , the particles get enough time to rattle within the cage formed by the 

near neighbors causing the breaking of entanglements via beta relaxation before the effect of 
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shear comes in to play. Thus the effect of entanglements is seen only at oscillation frequencies 

much above the beta relaxation frequency. 

Figure 3.10(b) shows G’ & G” for the homogeneous microgel glass sample HM3 at a 

volume fraction of =1.5 and temperature of T=20oC for different oscillation frequencies ( = 

1.0, 10, 20 & 50 rad/sec). The inset in figure 3.10(b) shows the loss modulus G” values as a 

function of frequency. It can be seen that for all oscillation frequencies, there is only one peak in 

G” due to the cage breaking and the peak shift towards higher strain probably due to the effect of 

compression of the particles. 

 

Figure 3.11: Dependence of the loss modulus G” on the strain for 3 different temperatures for the 

glassy samples (a) core-shell, CS3 and (b) homogeneous, HM3.  The initial volume fraction of 

the sample at T=20oC was =1.5. 

Figure 3.11(a) shows the loss modulus (G”) as a function of strain for the sample CS3 for 

different sample temperatures T = 12oC, 20oC and 28oC respectively.  The volume fraction of the 

sample at T=20oC was =1.5.  For the lower temperature of T=12oC, the particle size is larger 

than that at 20oC and for T=28oC, it is smaller than that at 20oC.  Thus the effective volume 

fraction eff of the sample is much higher than 1.5 at T=12oC and lower at T=28oC. 

It can be seen that the double peak in G” disappears with increase in temperature from 

12oC to 28oC. This is due to the melting of the microgel glasses with increase in temperature.  

These observations imply that upon shearing at higher temperatures, the entanglements between 

neighbor particles goes off leading to the appearance of a single peak in G”, which is the 

characteristics of most of the soft colloidal glasses. Thus the two step yielding behaviour changes 
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to single step yielding at higher temperatures where the entanglements between dangling chains 

decreases due to the shrinkage of PNIPAM microgel particles. The two-step yielding also 

disappears at oscillation frequencies comparable or lower than the beta relaxation frequency as 

the entanglements break due to the intrinsic fast structural relaxation ( relaxation). 

Figure 3.11(b) shows the loss modulus (G”) as a function of strain for the sample HM3 

for different sample temperatures T = 12oC, 20oC and 28oC respectively.  The volume fraction of 

the sample at T=20oC was =1.5. For the lower temperature of T=12oC, the particle size is larger 

than that at 20oC and for T=28oC, it is smaller than that at 20oC. Thus the effective volume 

fraction eff of the sample is much higher than 1.5 at T=12oC and lower at T=28oC. At all 

experimental temperatures, the yielding behaviour is similar to that of hard spheres where only 

single peak is observed in viscous modulus curve. It can be seen that at lower temperature, the 

particles are larger in size and hence compress with other particles thereby shifting the yielding 

point to higher strain.  With increase in temperature the peak in G” shifts towards lower strain as 

the compression of particles is less thereby breaking the cages at lower strains. 

3.5.5. Effect of crosslinker density on the morphology of PNIPAm microgel particles 

3.5.5.1. Linear Rheology: Frequency sweep 

Linear rheology was done at a small strain amplitude of = 0.5%, as a function of 

oscillation frequency,  and the elastic (G’) and viscous moduli (G”) were measured. The 

frequency dependence of G’ and G” in the linear regime for all core-shell samples with different 

crosslinker content CS1- CS5 and homogeneous samples HM1- HM5 at a temperature of T = 

20oC is shown in Figure 3.12 for a constant volume fraction of  = 1.5.  
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Figure 3.12: Storage modulus G’ (solid symbols) and loss modulus G” (open symbols) as a 

function of oscillation frequency,  at a small strain of = 0.5% for (a) core-shell microgel sample 

CS and (b) homogeneous microgel sample HM at a sample temperature of 20°C for 5 different 

crosslinker densities (0.5%, 2.5%, 5%, 10% & 20% BIS respectively) for a volume fraction of 

=1.5. 

 It is observed that within the frequency range measured (10-2–102 rad/s), G’ is 

independent of frequency for all core-shell particles irrespective of the crosslinker content and 

G’ is always greater than G” in all cases. Thus, all samples behave like solid in this frequency 

range and for this small shear strain. A minimum in the loss modulus G” at a frequency  of 

around 1 rad/sec suggests that the linear rheological behavior of PNIPAM microgel glasses to be 

similar to that reported for other colloidal glasses. As observed and explained earlier in section 

3.5.2 a small upturn of G” at frequencies below β- relaxation frequency hints a possible 

crossover with G’, corresponding to α-relaxation arising from the escape of a particle from its 

cage. Since the alpha relaxation times in PNIPAM microgel glasses are very large, α is very 

small and falls out of our measurement window except for the homogeneous particles with 

lowest BIS content (0.5%) which is observed near 0.01 rad/s. 

3.5.5.2. Non-linear rheology: Strain sweep 

Figure 3.13 shows the plot of the loss modulus (G”) for 5 different core-shell particles 

suspensions (CS1-CS5) as  a function of strain for a volume fraction of =1.5 at a temperature of 

T=20oC.  It can be seen that lower crosslinking density particles show double yielding with two 

peaks in G”. 
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However for higher crosslinking density (CS4 & CS5), there is only one peak in the loss 

modulus G”. This may be due to the fact that the particles CS4 & CS5 behave similar to hard 

spheres. As per our static light scattering data (Table 3.3), CS4 and CS5 has an Rg/Rh ratio of 

0.707 & 0.7602 respectively, which is closer to the hard sphere value of 0.778. 

 

Figure 3.13: Dependence of the loss modulus G” on the strain for 5 different core-shell samples 

(CS1-CS5) with different crosslinking densities (0.5%, 2.5%, 5%, 10% & 20% BIS respectively) 

for a volume fraction of =1.5 and the temperature of the sample T = 20oC. 

Figure 3.14 shows the variation of storage modulus G’ and loss modulus G” as a function 

of strain amplitude  for all the homogeneous microgel glassy samples (HM1-HM5) at a volume 

fraction of  = 1.5 and an oscillation frequency of  = 20 rad/sec, which is much higher than the 

beta relaxation frequency of =1.0 rad/sec. The nature G’ and G” for lower strains is similar to 

the core-shell microgel samples.  At higher strains, G’ starts decreasing indicating yielding of 

glasses under applied shear. With further increase in , G’ further comes down and goes below 

G”. 

After the crossover of G’ and G”, all the samples behave like a viscoelastic liquids (G’ < 

G”) due to the shear melting of glasses.  In the non-linear regime, G’ shows a monotonic 

decrease with increase in strain amplitude ,  a behaviour similar to that of hard sphere glasses 

reported in literature. 
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Figure 3.14: Dependence of the storage modulus G’ and loss modulus G” on the strain for 5 

different homogeneous samples (HM1-HM5) with different crosslinking densities (0.5%, 2.5%, 

5%, 10% & 20% BIS respectively) for a volume fraction of =1.5 and the temperature of the 

sample T = 20oC. Inset shows the G” peaks separately. 

However, unlike the core-shell glassy sample case, the loss modulus G” shows only one 

peak similar to the hard sphere glasses. There are no dangling chains to interpenetrate as in the 

core-shell case. So the single peak in G” is due to cage breaking.  From our static light scattering 

experiments explained in the experimental section 3.5.1, the Rg/Rh ratio for the homogeneous 

microgel particles is close to the value of 0.778 and hence the homogeneous microgel samples 

behave similar to hard spheres. The inset of Figure 3.14 shows the plot of the loss modulus (G”) 

as a function of the strain for homogeneous samples. It can be seen that there is only one peak in 

the loss modulus G” without a shift in the location of the peak. 

 

Figure 3.15: Effect of crosslinker content on PNIPAm microgel particle morphology. 
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3.6. Summary 

 Our experimental results suggest that the morphology of the microgel particles strongly 

influence the dynamics and flow behaviour under dense conditions. To summarise, we could 

show that particles having a heterogeneous morphology synthesized by conventional method 

yield with a double peak in viscous modulus while particles with homogeneous crosslink density 

made using continuous feed method yield with a single peak in G”. It is interpreted that for the 

core-shell particles, the first peak in G” as due to the disentanglement of the dangling chains of 

the neighbor particles and the second peak due to the cage breaking process. In this chapter, we 

also conducted LAOS on particles at different frequencies and at different temperatures. Double 

yielding behaviour is shown to be greatly dependent on both oscillation frequency and the 

temperature of experiment. Particles with different crosslink density were also the subject of the 

study. The second peak in G” is seen to disappear for highly crosslinked microgel particles as 

they behave similar to hard sphere particles. 
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CHAPTER 4 

ELECTRIC FIELD DRIVEN ASSEMBLY OF BINARY 

COLLOIDAL MIXTURE OF IONIC MICROGELS OF PNIPAM 
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Electric field driven self-assembly of deionized suspensions of binary ionic microgels of 

poly(N-Isopropyl acrylamide)-co-acrylic acid (P(NIPAm-co-AAc)) is studied in the current 

chapter. Microgel particles of similar cross-linking density (5 mol%) with a size ratio of 0.5 and 

labelled with two different dyes are used as the experimental model colloids.  The AC field 

induced self-assembly behavior are studied under confocal microscope in the fluid regime for 

different number density ratio of big and small microgels. 

4.1. Introduction 

Colloids have been used as model systems to study phase behaviour and different 

interactions in atomic and molecular level because of the analogy in property.1–6 Both hard and 

soft colloids were employed as model systems. Soft colloids like star polymers and microgels 

gained much attention in last decade.7–11 Easy and advanced synthesis routes to prepare highly 

monodisperse microgel particles favoured the use of such system as model systems for phase 

transition studies.12 Soft microgels of Poly(N-isopropyl acrylamide) (PNIPAm) is the most 

widely explored and extensively used as model colloid.13–16 Introducing charge on NIPAm 

allows one to play with external stimuli like pH, ionic strength, electric and magnetic field etc. 

Moreover, ionic charge in the system makes the soft colloid softer, enriching the phase behaviour 

with many crystalline states.17,18 Phase behaviour of ionic microgels can be tuned by use of 

external electric field. External electric fields are straightforward, efficient and powerful way to 

maneuver and assemble colloidal particles. Many reports have come where people use AC 

electric field to assemble highly monodisperse particles into well-defined arrays which can be 

tuned by the field strength and position.9,19–23 The electric field studies on charged colloids are 

fairly a new idea which gained attention recently. Theoretical studies have also been carried out 

and come up with exciting results making use of Monte Carlo simulations.24–27 Controlling the 

colloidal assembly by external electric field enable their application in many emerging fields 

such as crystal assemblies for biomedical applications,28 microfluidic devices,29,30 shock 

absorbers and clutches31 etc. Field studies on binary mixture of colloids have become hot area of 

research.32–37 Confocal laser scanning microscopy has been employed in tracking particles and 

the electric field studies are combined with this for accurate investigation of the behavior of 

microgels in both dilute and concentrated regimes.38 Particle tracking softwares like IDL 

simplifies the studies. 
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Using confocal laser scanning microscopy, the directed self-assembly of a binary mixture 

of cross-linked ionic microgels differed by the hydrodynamic size under the influence of an 

applied alternating electric field at different effective volume fractions φeff in real space were 

studied. Concentrations ranging from dilute fluid regime to crystalline regime were investigated. 

The controls over the arrangement of the particles were achieved by three parameters: voltage 

and frequency of the electric field and the position of electrodes. The induced assembly was 

found to be fully reversible. 

The objective of the current work is to apply an alternating electric field and study the 

self-assembly and structure formations in a binary mixture of microgels with a size ratio of 

around 2. The particles used for the study are micron sized polymeric gel particles of N-

isopropylacrylamide with Acrylic Acid as the ionic component (P(NIPAM-co-AAc)). Electric 

field driven assembly of single microgel particles is well established system and it was found 

that that the particles align into chains at lower concentration on application of alternating 

current at fairly high frequency.22,39 It was also proved that at concentration well above fluid 

regime, the crystal structural changes occur on applying electric field. 

4.2. Synthesis and characterizations of microgel particles 

The synthesis of larger sized PNIPAm microgels was done in the absence of the 

surfactant. The cross-linker amount taken was by weight of the total monomer. This produces 

increased crosslinking density and the refractive index of the microgels which intensifies the 

contrast when observed under the microscope. The synthesis protocol for both smaller and larger 

particles was similar except that the amounts of reagents taken are different.12 A detailed 

synthesis protocol is provided in section 2.6.4 of chapter 2 and table 2.3 describes all the 

parameters for the synthesis. We prepared two different fluorescently labeled ionic microgels, 

one using methacryloxyethyl thiocarbamoyl rhodamine B (MRB) (excitation max 548 nm) as a 

covalently linked fluorescent label and the other using fluorescein isothiocyanate (FITC) 

(excitation max 490 nm). For preparing specific concentration of samples, freeze dried powder 

was redispersed in filtered DI water. 

4.2.1. Light scattering studies 

Dynamic and static light scattering (LS Instruments, Switzerland) studies were carried 

out to investigate the temperature dependent swelling behavior (See Figure 4.1 a) & b)) and 
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internal structure of both size microgel particles. The hydrodynamic radius (Rh) was extracted 

using a first order cumulant analysis from the measured intensity cross-correlation function. The 

particle form factor measured in the swollen state (T = 20°C) from static light scattering (SLS) 

(see Figure 4.2) and then fitted with fuzzy sphere model in order to estimate the core radius 

(Rcore), shell thickness and RSLS. Small and big size particles are denoted in the name as RNA670 

and FNA1300 respectively. 

Sample RNA670 FNA1300 

Rh  at 20°C (nm) 336.5 658 

Rh  at 45°C (nm) 154.5 214 

Swelling Ratio (R
h(45)

/R
h(20)

) 0.460 0.325 

Rcore at 20°C (nm) 221.5 458.2 

Shell thickness (σs) (nm) 15.5 16.8 

RSLS at 20°C (nm)= Rcore +2 σs 252.5 491.8 

Table 4.1: Hydrodynamic radius (Rh) obtained from DLS, fuzzy sphere radius obtained from 

SLS (RSLS) and swelling ratio of small and big microgel particles. 

From dynamic light scattering, the temperature dependent swelling behavior of both size 

microgel particles are studied using cumulant analysis.40 The average hydrodynamic radius of 

the bigger and smaller size particles in the swollen state (at T= 20°C) are 1300 nm and 670 nm 

respectively. The core-shell nature of the microgel particles are estimated by measuring the form 

factor (Pq) using static light scattering and then fitted with fuzzy sphere model (figure 4.2).41 

Both dynamic light scattering and static light scattering are clearly explained in the section 2.8.2 

of chapter 2. The fuzzy sphere model is given by the equation: 

𝑷𝒒 = [𝟑
𝐬𝐢𝐧(𝒒𝑹) − 𝐜𝐨𝐬(𝒒𝑹)

(𝒒𝑹)𝟑
𝒆

(− 
(𝝈𝒔𝒒)𝟐

𝟐
)

]

𝟐

                                         𝟒. 𝟏 

where, R is core radius and σs is fuzzy shell thickness. 
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Figure 4.1: (a) Hydrodynamic radius vs Temperature graph for large and small P(NIPAm-co-

AAc) microgel particles, (b) Normalized Hydrodynamic radius vs Temperature graph for large 

and small P(NIPAm-co-AAc) microgel particles. 

 

Figure 4.2: Form factor of big and small P(NIPAm-co-AAc) at T=20°C and fitted with fuzzy 

sphere model. 

4.2.2. Electric field geometries 

Electric field studies were conducted using confocal laser scanning microscope (CLSM) 

(Carl Zeiss LSM 710, Germany) with an upright objective (Axio imager Z2 M stand) with laser 

lines of Argon-ion (458, 488, 514) and Helium Neon (543, 633). Objective used was 63x oil 

immersion with a numerical aperture of 1.4. The fast resonant scanner accurately tracks particles 

at very low concentrations in the fluid regime. All experiments were done at a temperature 20 
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°C. The number density in the sample was varied from fluid regime to glass with a range of 

effective volume fractions (φeff) from 0.3 to nearly 1. Indium- Titanium oxide (ITO) coated cover 

slips of 18x18x0.15 mm size were used as a conducting medium. In parallel geometry, where 

applied electric field is parallel to XY-image plane, an insulated area of approximately 1 mm 

width is made across the length of the coverslip by etching the ITO coating off using 

concentrated acid. The sample is taken on a glass slide using spacer of 120 μm thick and is 

covered by the etched ITO coverslip in such a way that sample is in the insulated region. The 

coated region on both the sides is connected to a voltage source using thin wires and conducting 

tapes were used to fix the wires on the cover slide. In perpendicular geometry, electric field was 

applied along the Z-axis (perpendicular to the image plane), the sample was taken between two 

ITO-coated cover glasses separated by a spacer of 120 μm thick, and measurements were done 

around 10 particle diameters from the cover slide to minimize wall effects. Here, all the 

observations were made in the XY-image plane. We used two different field setups for our 

experiments carried out using confocal microscope. Since the resolution of microscope along z 

(perpendicular) direction is poor compared to xy plane (imaging plane), we used parallel setup 

(figure 4.3) to perform field experiments with the field along the x direction. Perpendicular setup 

(figure 4.4) was also done to reconstruct a three dimensional (3D) structure along the field 

direction. 

 

Figure 4.3: Parallel field setup. Microgel sample is taken between a glass slide and a conductive 

indium tin oxide (ITO) coated cover slip separated by a spacer of thickness 120 μ. The cover slip 

is etched with a gap of 1.2 mm. Under alternating field, charged microgels align along the field 

direction to form chains, parallel to the image plane itself. The z-axis is perpendicular to the 

image (xy) plane. 
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Figure 4.4: Perpendicular field setup. Microgel sample is taken between two cover slips coated 

with conductive indium tin oxide (ITO) separated by a spacer of thickness 120 μ. The structure is 

viewed along the applied electric field direction (along z), perpendicular to the image (xy) plane. 

4.3. Results and Discussion 

We used particles of P(NIPAm-co-AAc) having two distinct sizes (1300nm and 670nm) 

for the study. For identification under confocal microscope we incorporated dyes with the 

particle, fluorescein isothiocyanate (FITC) and methacryloxyethyl thiocarbamoyl rhodamine B 

(MRB) for larger and smaller particles respectively. 

4.3.1. Zero-field density dependent equilibrium structure of big and small microgels 

 At high density, the particles arrange in a crystalline structure, which is in agreement with 

earlier studies.39 The equilibrium zero field structure for both big (FNA1300) and small (RNA670) 

particles is of face centred cubic (FCC) type. 

 

Figure 4.5: 2D CLSM images for individual particles as a function of concentration spanning from 

fluid to crystal state at the highest volume fraction. 
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The low density structural ordering is investigated by measuring the pair-correlation 

functions of individual microgel suspension. Figure 4.6 shows the experimental pair correlation 

function g(r) for a microgel suspension at low concentration obtained from the particle tracking of 

the CLSM time series images containing 5000 image frames at zero-field. Images were taken at a 

distance of 6μm away from the cover slip to minimize wall effects. The g(r)’s has a first peak and a 

weak second order peak which clearly demonstrate the signature of short-range order. Hence a 

liquid-like behaviour is confirmed for the individual microgel particles in the low density 

equilibrium phase at zero field. In the fluid phase, the microgels are well below overlapping regime 

and hence an electrostatic Yukawa type interaction is dominant.21 

 

Figure 4.6: Experimental 2D- pair correlation functions of small and big size microgel particles. 

4.3.2. Low density phase behavior of individual particles 

Experiments were carried out in such a fashion that there are three variable parameters 

viz field strength, volume fraction and binary particle ratio. In the parallel geometry, the 

frequency was kept constant at 100 KHz. The phase behavior of individual microgel particles 

(both big and small) are shown in figure 4.7. The behaviour of the microgel particles towards 

electric field comes from many polarization contributions depending upon the frequency of the 

field.22 The most important theory about the origin of response to electric field by colloidal 

particles is the dipolar interaction induced by the external electric field. This suggests that the 

particles in colloidal suspension are polarized by the external electric field and the interaction 

between the resulting dipoles causes the particles to form string-like structures along the 
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direction of electric field.42 Bigger particles start forming chains at a voltage of 35V while the 

smaller particles need higher voltage to start forming the strings (85V). Being smaller in size, 

they require higher dipole moment to form chains and arrange. 

 

Figure 4.7: Response of individual microgel particles towards electric field. 

As the field strength is increased further, the length of the chains increases and they 

slowly start aggregating to form bundles of chains. The driving force for this attraction between 

chains is the pair-wise dipole-dipole interactions between the particles of different strings. The 

interaction between chains is repulsive at longer distances but when the chains come near, there 

is an induced attractive interaction resulting in complex structure formation. At very high 

voltages, the density of bundles increases and eventually forms an ordered BCT crystal structure 

which is visible in perpendicular direction only. When the BCT crystalline structure is formed, 

there is a lot of space available in the bulk which is devoid of any particles. Thus it is observed 

that the particles in external field converts from a fluid phase to a string phase and finally to a 

gas- BCT phase. These findings are in agreement with previous studies.39 

4.3.3. High density field-induced phase behaviour of individual particles 

We investigated the field response of individual particles at volume fraction much above 

the freezing concentration. The samples at high concentration crystallize in FCC. The particles 

form bands/ chains in perpendicular direction, since we are interested in crystalline arrangement, 



Chapter 4                                                              Electric field driven assembly of binary colloidal mixture 

 

92 
 

we conduct the experiment at crystalline volume fraction in perpendicular field set up only. 

Figure 4.8 shows the arrangement of the individual samples at different voltages. At zero 

voltage, particles are arranged in FCC lattice. As the voltage is increased, the FCC structure is 

disturbed due to the shear melting of particles. This shear molten state is a disordered glass at 

this very high concentration where the particles are kinetically arrested. For big particles, we get 

a BCT structure on further increase in voltage. Thus there is a crystal to crystal (FCC to BCT) 

transition through a glassy state. The applied voltage is insufficient for the smaller particles to 

fully convert in to a BCT structure, even though some parts are arranging into BCT. 

 

Figure 4.8: Response of microgel crystals to electric field. Inset shows the diffraction pattern 

obtained from Fourier transform of the images at crystal concentration. 

4.3.4. Low density field induced phase behavior of binary mixtures 

Electric field experiments were carried out in the mixture of binary microgel suspensions 

at different number density ratio (25:75, 50:50, 75:25) in the fluid regime at different field 

strength and at constant frequency of 100 KHz. 2D CLSM snaps of the field-induced phase 

behaviour of particles in the parallel field setup is shown in figure 4.9. Images show that particles 

are homogeneous distributed and have an isotropic order in the zero field (0V). 
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Figure 4.9: Behaviour of binary particles in low concentration under the application of electric 

field in the parallel geometry. 

At ratio 25:75 (big: small), the volume fraction corresponds to φeff = 0.3. Time series 

images were continuously recorded with increasing steps of 5V. Big particles (green fluorescent) 

start forming chains along the field direction at lower voltage than the smaller ones. Around 

35V, small particle starts to form chains due to increase of dipole interaction.  Both particles start 

interacting together in special manner when the voltage reached sufficiently high (~80V). Small 

particles start to align themselves in between the chains of larger particles. About 4 small 
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particles surround one large particle in the image plane. At the same time small particles also 

form flame-like structure at the end of long chain of big particles at high this voltage. At slightly 

higher voltages, the chains of big particles are coming together to form bundles. At 120V, almost 

all the particles are seen to be arranged in chains and chains are in turn arranged to large bundles. 

Long flame-like chains of small particles at the end of the big particle chains are seen to be intact 

at this voltage. Recent simulations on assembly of binary mixture of particles under external 

electric field have predicted different types of assembly.24,25 Flame-like endings were predicted 

for the binary mixture system with size ratio (size of small particle: size of big particle) around 

0.25 by one group and 0.83 by another group. 

 

Figure 4.10: Assembly of microgel particles showing (a) small particles between big particles 

and (b) flame-like endings. Inset of (a) shows a schematic of the arrangement of small particles 

around one big particle. Inset of (b) shows the schematic of flame-like ending. 

At ratio of 50:50, the threshold voltage at which big particles start forming chains is 

lower compared to the previous one. Moreover, probability of formation of ring-like alignment 

of smaller particles between big particles at higher voltage is reduced at this ratio. On increasing 

the voltage to 120V the chain arrange to large bundles. Here the tail formed by smaller particles 

on big particle chain ends is much smaller than that in the earlier case (25:75). 

At a particle ratio of 75:25 (big: small), chains formed predominantly of large particles. 

Bundle formation at very high voltage has very little amount of small particles. Length of the tail 

formed of small particles also seemed to be reduced drastically. 

4.3.5. High density field induced phase behavior of binary mixtures 

Electric field experiments were carried out in the mixture of binary microgel suspensions 

at a number density ratio of 25:75 (FNA1300: RNA670) in the crystalline regime at different 
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field strength and at constant frequency of 100 KHz. Confocal images of the field-induced phase 

behaviour of binary mixture of particles in the perpendicular field setup is shown in figure 4.11. 

 

Figure 4.11: Response of binary mixture of microgels to electric field, at higher concentrations in 

the ratio 25:75. 

The behaviour of the binary mixture of particles at higher concentration is different from 

that at fluid regime. In contrast to the individual particles system, we introduce polydispersity to 

the system by mixing two different sized particles. This suppresses the crystal formation and 

hence the zero field structure itself is kind of a glassy phase. In this case, the small sized particles 

(RNA670) have enough volume fraction to form crystals at higher voltages. Here, a glass to 

crystal transition is observed for RNA670. Bigger particles, FNA1300 are less in number and are 

kinetically trapped within the smaller particles restricting their mobility to form any kind of 

structures.  At very high voltages, when RNA670 particles form a gas-BCT structure, there is 

possibility for big particles to move around and form strings. But in our measurement window, 

this does not happen.  

4.4. Polarization mechanism at 100 KHz 

Recent works on the dielectric spectroscopy on ionic microgel dispersions provides an 

idea on the origin of polarization induced on the ionic microgels with respect to the frequency of 
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electric field.43 Contributions from the counter ions surrounding the particles, double layer 

around the particles, and from the polymer backbone itself along with the electrode polarization 

were observed depending on different electric field frequencies. Dipolar interactions dominate 

the field induced interactions at high frequencies. In our case, we used a frequency in range of 

100 KHz. At this frequency range, internal counter ions polarization or the double layer 

polarization of the particles contribute to the self- assembly. 

 

Figure 4.12: Contribution of different charges on polarization of ionic microgels with different 

electric field frequency [DOI: 10.1039/C6SM01683A]. 

4.5. Summary 

Our study deals with the behaviour of P(NIPAm-AAc) particles of two different sizes 

mixed together in different proportions towards external field. Both individual microgels and 

binary mixture of microgels in different ratios are observed under confocal laser scanning 

microscope. A definite arrangement of the two different sized particle species into bands parallel 

to applied field at a definite frequency range is observed. The system returns to the equilibrium 

mixture when the field is turned off. Chain formation by the bigger particles is seen at lower 

voltages compared to smaller particles due to the higher dipole moment of bigger particles. 

Individual particles form chain bundles and arrange in crystalline structure at very high voltages. 

At crystalline concentration, individual particles crystals get convert from an FCC lattice to a 

BCT lattice through molten glassy state. In the binary mixture of particles, bigger particles 
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preferably form chains while the smaller particles falls into the potential well formed between 

bigger particles in the chain. At higher concentration, the binary mixture shows a different 

behavior. The smaller particles slowly transforms in to crystalline arrangement from a glassy 

state while the bigger particles, due to the kinetic arrest between smaller particles are unable to 

show any phase change in the given electric field window. Due to some technical issues, we 

could conduct the experiments on binary mixture at higher concentration at only one ratio 

(25:75). The current work is intended to be extended for other ratios (50:50 and 75:25) also. 
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CHAPTER 5 

EFFECT OF PARTICLE MORPHOLOGY ON DRUG RELEASE 

BY PNIPAM MICROGELS 
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This chapter covers the study of the effect of particle morphology on the drug release 

from PNIPAm microgel particles. A water-soluble drug and a water insoluble drug were taken 

for the case study. Percentage drug release was measured using UV-Visible spectroscopy. Other 

characterizations were done using DLS, rheology and differential scanning calorimetry. 

5.1. Introduction 

5.1.1. Drug delivery 

The process of administration or introduction of a pharmaceutical compound or drug in 

the form of solid, liquid or gas in to the body of a patient as part of treatment of any ailment or 

disease is called drug delivery. The different routes of administration are based on the 

application location. The different ways of introduction of the drug into the body are oral, 

transdermal, parenteral, inhalation etc. In the conventional drug delivery route, oral drug delivery 

is the oldest route and the most preferred one. Ease of administration and comfort makes this 

route the preferred one. This is one of the modes in enteral route, while the other is rectal. 

Parenteral route of drug delivery is another means of administering the drug in to the body 

through any route other than enteral and is the widest route. This includes intra-arterial, 

intramascular, intravenous, subcutaneous routes and many more. When the drug is introduced by 

inhalation method, it will directly reach the lungs. This method will avoid systemic effect i.e., 

increase the bioavailability of the drug in the system and is preferred one for treating respiratory 

diseases. Delivery is called topical when the application location and drug effect is local in the 

body. Transdermal drug delivery is done through body surfaces like skin. This type of delivery is 

fast because the drug is transferred directly to the blood stream rather than gastrointestinal 

metabolism.  

5.1.2. Targeted drug delivery 

Control of amount of dosage in to specific part of the body is always a challenge in drug 

delivery. Conventional delivery systems have these limitations as high dose in one go, delivery 

in unwanted areas of the body etc. Many of the therapeutics have very poor pharmacokinetic 

effects due to this. It is therefore necessary to develop a suitable drug delivery system which can 

distribute the therapeutically active drugs only to specific active site and importantly without 

affecting healthy tissues. A targeted drug delivery system is preferred when the drug is unstable 

or is having low solubility. Intelligent targeted drug delivery systems and controlled release 
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using smart microgel particles achieve the above requirements to some extent. Polymer micelles, 

liposomes, nanoparticles etc. are used as carriers in targeted drug delivery. Recently polymeric 

microgels also found attention as carriers due to the many advantages of microgels like size 

tunability (from nanometers to microns), easy incorporation of drugs inside, swelling and 

deswelling in response to several stimuli etc.1 

5.1.3 Polymeric Microgels in targeted drug delivery 

With the advent of new and improved biomaterials the drug delivery technology has 

improved a lot in recent years. The developments in drug delivery technology have improved the 

quality of life of patients which greatly depends on the amount and efficiency of drug 

administered by reducing the frequency of administration and increasing the efficiency of the 

drug. One class of new materials which showed the possibility of efficient drug delivery is smart 

polymeric materials. They offer extreme possibilities to control the delivery and dosage of drugs 

to specific area of the body. Smart materials are materials that respond to external stimuli like 

temperature, pH, ionic strength, electric and magnetic fields, and metabolites like glucose. 

Polymeric microgels whose structure can be tuned to respond to some environmental conditions, 

such as temperature, pH or ionic strength come under these “smart” materials.2–6 Poly(N-

Isopropyl acrylamide) microgels are one important group of microgels which are widely used in 

drug delivery applications.7–11 There are potential limitations to this application such as 

accumulation in the body, problem with prolongation of delivery etc. Still, as a proof-of-concept, 

many researchers are using polymeric microgels of N-Isopropyl acrylamide as a drug delivery 

vehicle.12–14 The ability to absorb solvents (water, usually) and to swell multifold allow PNIPAm 

microgels to absorb and store small molecules and ions with the solvent. This property along 

with their nanometer size range makes these microgels ideal for drug delivery applications. 

Absorbed water molecules along with the other molecules will be released when the particles 

shrink at a particular temperature (~32°C) which is called volume phase transition temperature 

(VPTT). Since the VPTT can be tuned to human physiological temperature, PNIPAm microgel 

can conveniently be used as drug delivery vehicle. VPTT can be tuned by addition of 

comonomers to the system which is explained in section in second chapter. Addition of 

carboxylic acid comonomers provides additional stimuli responses to pH, ionic strength etc. 

Interaction between the microgel particles and the drug molecules can also be tuned by 

appropriate selection of monomers. Since 90% of the microgel is water, it produces very low 
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inflammatory response when used in human body. The hydrophilic nature of the microgel can 

pose some problems in delivering hydrophobic drugs in to the system. So PNIPAm microgels 

can be used to deliver hydrophilic drugs allowing free release of drugs along with the release of 

water at VPTT. PNIPAm microgels can especially be used to deliver anticancer drugs to cancer 

tissues where the temperature is slightly higher than the body temperature. By fine tuning the 

VPTT of PNIPAm to the cancer cell temperature, the drugs can easily be released specifically on 

the cancer cells without releasing it during transportation. 

Due to the heterogeneous morphology of PNIPAm with a highly crosslinked core and 

loosely bound brush-like surface of long polymeric chains, there are limitations for the drugs to 

get loaded into the particle. With a homogeneously crosslinked structure, more drug is expected 

to be incorporated into the microgel which can be subsequently delivered to the target site. A 

comparison of drug release from these two types of microgel morphologies i.e. core-brush type 

made by conventional synthesis method and homogeneous type made by two-step synthesis 

method is intended in this chapter. 

Since a hydrophobic drug is also used in the study, the solvent system used is a mixture 

of water and ethanol in the ratio 90:10. Subsequently, there are slight changes in the particle size 

and the volume phase transition temperature (VPTT) due to the co-nonsolvency effect of alcohol 

with water.15,16 Co-nonsolvency is a phenomenon in which a mixture to two solvents, in a 

particular range of ratios, becomes a nonsolvent for a polymer but individually is good solvent 

for the same. Light scattering data in section 5.5.1 provides an insight in to the comparison of 

particle sizes in water and water-ethanol mixture. 

5.2. Drug loading and release 

5.2.1. Loading 

Loading of drug is the successful incorporation of a drug into the carrier in order to 

release it at a specific area of the body. The loading doses would usually be higher than the 

delivery dose to achieve more efficiency. Loading efficiency is represented in milligram of drug 

per milligram of polymer. The loading efficiency is shown by the following equation 5.1: 

Loading efficiency =
Amount of drug loaded

Amount of total drug added 
X 100                           5.1 
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There are different methods of loading viz. incorporation method where the drug is 

incorporated during polymerization of the microgel, breathing in method where the drug is made 

in suitable solution and polymer in dry powder state is added to the solution, and adsorption 

method where drug is incubated in solution and then introduced in to the microgel in solid form. 

The efficiency of the last method depends on the affinity between microgel and the drug. 

Breathing-in mechanism is easy and is followed in the current study. The drugs will be absorbed 

in to the microgel particles as soon as the microgel is swelled in the solvent.17,18 

5.2.2. Release mechanisms 

Drug release from PNIPAm microgels occur due to the deswelling of the particles that 

effectively expel out the drug along with the water molecules inside the particle. This happens at 

the VPTT of the polymer. Here the release rate greatly depends on the cross-linking density 

distribution throughout the particle. 

Release can be a controlled release if there is a controllable interaction between the drug 

and the microgel particles. For instance, electrostatic interaction between an ionic microgel and a 

charged drug can be made use of the controlling parameter for desired release of drug. As 

explained earlier, other than temperature, external stimuli like pH, ionic strength, electric field 

etc. can also be used as trigger for releasing the drug in case of ionic microgels. Charge density 

distribution plays an important role in release kinetics here.19 

The loading/release of drug and the loading mechanism onto PNIPAm particles is 

dependent on the amount of cross-linker, polymer network structure and hydrophilicity of 

polymer and drug.19 For example, the swelling kinetics decreased when increasing the 

hydrophobicity with hydrophobic modification of PNIPAm microgel. By increasing the voids of 

crosslink network, loading and release can be increased by increasing the swelling-deswelling 

kinetics. 

Moreover, some recent studies on gel particles with a core/shell structure showed more 

drug bound at the periphery or shell of the particles than in the to the interior part due to the less 

reachable core. The core is restricted by smaller polymer network.20 Synthesis of PNIPAm 

microgel particles with a homogeneous crosslink structure is then expected to absorb and release 

more amount of drug. 
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The loading and release of a drug from a polymeric microgel network greatly depend on 

the interaction between them.19 Loading of hydrophilic drugs will be easier if the microgel is 

hydrophilic or having some hydrophilic groups. Consequently, this will ease the release also. 

In the present chapter of my thesis, drug release studies on two types of PNIPAm 

microgel particles (core-shell structure and homogeneous structure) are conducted and results 

were compared. Although there are many factors affect the loading and release of drugs from 

PNIPAm microgels, for my studies, two drugs were selected one of which is hydrophilic and 

other one is hydrophobic. To dissolve the hydrophobic drug 10% of the solvent (water) is 

replaced by ethanol. The drugs used are; 

 Naproxen 

Naproxen is a non-steroidal anti-inflammatory drug. It is hydrophobic in nature.  

 Naproxen Sodium 

Naproxen sodium is the salt form of naproxen. It is hydrophilic in nature and 

dissolves easily in water. 

 

Figure 5.1: Structure of Naproxen and Naproxen sodium drugs. 

5.3. Synthesis of microgels 

Particles with a core-shell morphology synthesized using the conventional method and 

particles with a homogeneous crosslink density made by continuous feed method were used for 

the study. The detailed synthesis procedure is detailed in section 2.6.2 of second chapter. Both 

core-shell and homogeneous samples with 5% crosslinker content were synthesized and labeled 

as CS and HM respectively. Amount of crosslinker is represented in % per % of monomer 

content. Required concentration for characterizations were made by redispersing calculated 

amount of freeze dried sample in DI water after determining the volume fraction. 
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5.4. Characterizations 

5.4.1 Dynamic light scattering 

The hydrodynamic particle size (Rh) was measured as a function of temperature using 90 

Plus particle size analyzer (Brookhaven Instruments Corporation, USA) with a laser wavelength 

of 632.8 nm at a fixed angle between incident laser and the detector at 90°. The temperature of 

the sample was maintained using a temperature probe inside the desktop instrument. Swelling 

ratios of the particles Rh(43)/Rh(23) were found for each sample. Here, Rh(43) is the 

hydrodynamic radius of the microgel particle at 43°C and Rh(23) is the hydrodynamic radius at 

23°C. Table 5.1 provides the DLS data of pure microgels and drug loaded microgels. 

5.4.1.1. Sample preparation 

For the drug release study, a hydrophobic drug Naproxen (Nap) and its water soluble salt 

Naproxen sodium (Nap-Na) were selected. Since Naproxen is not fully soluble in water, the 

solvent used was a 90:10 mixture of water and ethanol. 

Drug is first dissolved in ethanol to make a 1mg/ml solution and is then diluted to 0.1 

mg/ml with deionised (DI) water. Freeze dried microgels were weighed and added to the drug 

solution. Pure core-shell microgels were labelled as CS, Naproxen Sodium loaded core-shell 

microgels as Nap-Na-CS and Naproxen loaded core-shell microgels as Nap-CS. Similarly the 

homogeneous counterparts were labelled as HM, Nap-Na-HM and Nap-HM respectively. 

5.4.2. Rheology 

Rheology experiments were done on stress controlled rheometer (Physica MCR301, 

Anton Paar). The geometry used was cone and plate (cone angle 1°, diameter 25mm). To 

minimize water evaporation, a solvent trap was placed around the sample during the rheological 

experiments. The experiment protocol followed was exactly same as that explained in chapter 3 

section 3.4.2. 

5.4.2.1. Sample preparation 

Highly dense samples of pure microgels for rheology were prepared by adding calculated 

amount of each microgel to 1 ml DI water to make the volume fraction near 1.5. Drug loaded 

microgels were prepared by dissolving calculated amount of each microgel to 1 ml 0.1% drug 

solution. All samples were kept undisturbed for 2 days for proper mixing. 
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5.4.3. UV-Visible spectroscopy 

UV-Visible spectroscopy was done on the samples with Perkin Elmer Lambda 950 UV-

Vis Spectrometer. To find the absorption spectra, the drugs were subjected to UV-Visible 

spectroscopy between 400 nm and 200 nm. Absorption maximum (λmax) for Naproxen drug was 

found to be 271 nm and that for Naproxen Sodium was 284 nm. All experiments were done at 

these two wavelengths for the respective drugs. Samples were taken in 10 mm glass cuvettes 

from Optiglass limited, UK. 

UV-Visible spectroscopy was conducted on drug samples with different concentrations 

viz. 0.01, 0.02, 0.03, 0.04 and 0.05 mg/ml and absorbance was used to draw the calibration 

curve. 

Drug release studies were done by dialysis and subsequent UV-Visible spectroscopy. 10 

ml drug loaded samples (equivalent to 10 mg of drug) were taken in a dialysis bag (cut-off of 

14000 Mw) and dialysed in pure distilled water taken in a beaker. The distilled water was 

continuously stirred with a rotating magnetic needle inside. Temperature of the solution was 

slowly increased from room temperature to 37°C and kept constant at 37°C. 2ml of distilled 

water were taken from the beaker at predetermined times from 10 minutes to 4 hours (10, 20, 30, 

45, 60, 120, 180, and 240 minutes. Each time, when 2ml sample was taken out same amount was 

replaced with fresh distilled water. UV visible spectroscopy of these samples was done and % 

release data was generated. 

5.4.3.1. Sample preparation 

Stock solution of 0.1 mg/ml was made from 1mg/ml of the samples in Ethanol which is 

diluted with deionised (DI) water so that the solvent ratio in the stock solution is 90% water and 

10% Ethanol. Five different concentrations of both the drugs were made from the stock by 

adding required amount of solvent mixture. The concentrations were 0.01, 0.02, 0.03, 0.04 and 

0.05 mg/ml. UV-Vis absorbance of all the prepared dilutions was recorded and used to plot a 

calibration curve. 

5.4.3.2. Sample preparation for Drug release study 

10 mg of drug (Naproxen or Naproxen sodium) powder was dissolved in 100ml 90:10 

water-ethanol solvent mixture. After complete dissolution of drug in the solution, freeze-dried 

PNIPAm microgel powder was added to the solution. The solution is then heated just above the 
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VPTT of the microgel and then cooled so that when cooled, PNIPAm will absorb the solvent and 

consequently the drugs in to the microgel network. 

5.4.4. Differential Scanning Calorimetry (DSC) 

Thermal analysis of the freeze dried microgel was performed on a Thermal Advantage Q-

100 instrument from TA Instruments under standard condition with a constant nitrogen gas purge 

of 50 ml/min. DSC was done to resolve first order transition peaks corresponding to the bound, 

interfacial and free water in the hydrophilic domain of the microgel particle. The samples were 

loaded in standard pans made of aluminium and covered with standard lids of known mass and 

thermal conductivity. An empty aluminium pan (with lid) was used for reference. The pans were 

cooled to -25°C at a cooling rate of 10°C/ min. Samples were then equilibrated at -25°C for 10 

minutes. After keeping isothermal for 10 minutes, the samples were scanned for a temperature 

range from -25°C to 5°C with a heating rate of 3°C/ min in a single heating cycle. 

5.4.4.1. Sample Preparation 

1 mg/ml of each drug was prepared in 90:10 water-ethanol mixture. To dissolve the drug 

properly, the solution was heated below the boiling point of ethanol for 1 hour. PNIPAm 

microgels of core-shell morphology and homogeneous morphology were added to 1 ml of each 

drug separately and allowed to mix properly. Samples were appropriately weighed and taken in 

aluminium pans and closed with the lid and were freezed in deep freezer in a refrigerator. 

Freezed samples were taken out and weighed before the experiment. The sample weights were 

around 4-7 mg. 

5.5. Results and discussion 

5.5.1. Dynamic Light Scattering (DLS) 

The particle size, volume fraction and swelling ratio of the core-shell are tabulated in 

table 5.1 while that of homogeneous samples are provided in table 5.2. Swelling ratio is the ratio 

of particle size at 43°C to that at 23°C. Dependence of particle size with temperature is depicted 

in figures 5.2 and 5.3 for core-shell and homogeneous particles respectively. 
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Sample Particle size (nm) VPTT 

(°C) 

Swelling ratio 

(Dh(43)/Dh(23)) 23°C 43°C 

CS in H
2
O 198.0 82.0 34 0.414 

CS in H
2
O-EtOH 205.0 86.0 31 0.419 

Nap-CS 187.7 78.5 31 0.418 

Nap-Na-CS 177.1 72.4 30 0.409 

Table 5.1: Particle size, VPTT and swelling ratio of CS in H2O, CS in H2O-Ethanol mix, Nap-

Na-CS, Nap-CS 

Sample Particle size (nm) VPTT 

(°C) 

Swelling ratio 

(Dh(43)/Dh(23)) 23°C 43°C 

HM in H
2
O 233 103 35 0.442 

HM in H
2
O-EtOH 246.31 99.64 32 0.405 

Nap-HM 215.02 85.8 30 0.399 

Nap-Na-HM 216.96 87.45 31 0.403 

Table 5.2: Particle size, VPTT and swelling ratio of HM in water, HM in H2O-Ethanol mix, Nap-

Na HM, Nap-HM. 

As stated earlier in this chapter, the samples were made in a solvent mixture of water and 

ethanol (90:10). Due to the non-cosolvency of ethanol with water, the particle diameter and 

volume phase transition temperature is slightly different when compared to PNIPAm in water 

alone. According to Bischofberger et al,16 the co-nonsolvency produces a coil-to-gobule-to-coil 

transition with increase in alcohol content. This in turn decreases the VPTT of PNIPAm. Below 

5% volume fraction of ethanol in the solvent mixture, there is negligible effect of non-

cosolvency. We have used 10% volume fraction of ethanol in the solvent. At this ratio, water and 

ethanol will have more affinity towards each other leading to less polymer-solvent interaction.21 

This will ease the release of solvent with increase in temperature leading to a lower value of 

VPTT. In other words, addition of alcohol into the system will decrease the enthalpy difference 

between the water molecules inside and outside the microgel particles. This eventually eases the 

formation of hydrophobic interaction between isopropyl groups of polymer molecules thus 
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decreasing the VPTT. From the figure 5.2 and table 5.1, it is observed that the VPTT of core-

shell (CS) type particles is around 34°C while that of CS in water-ethanol mixture is 31°C. In the 

case of homogeneous (HM) type (figure 5.3 and table 5.2) the corresponding values are 35°C 

and 32°C. Addition of drugs into the system decreases the particle size but does not affect the 

swelling ratio. The decrease in size may be due to the close interaction of drug with the solvent 

molecules. These observations are same for particles of both morphologies i.e. CS and HM. 

 

Figure 5.2: Variation of particle size of PNIPAm core-shell particles with different drugs as a 

function of temperature (°C). 

 

Figure 5.3: Variation of particle size of PNIPAm homogeneous particles with different drugs as a 

function of temperature (°C). 
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5.5.2. Non-linear rheology 

 Non-linear rheology was done on all samples to check any morphology changes or 

interaction changes in the system on addition of ethanol and drugs in to the microgel system. The 

yielding behaviour was compared with pure PNIPAm system in DI water. 

The figure 5.4 shows storage (elastic) modulus and loss (viscous) modulus curves of 

amplitude (𝛾) sweep for core-shell (CS) and homogeneous (HM) particles at a constant 

frequency of 50 rad/s. Storage modulus is the stored energy which shows the elastic property of 

polymer, denoted as G’. The loss modulus measures the energy dissipated, showing viscous 

property of the polymer. Figure 5.4 a, b and c shows the strain sweep data of pure PNIPAm CS, 

Naproxen-Na drug in CS and Naproxen drug in CS respectively and d, e and f represents 

corresponding homogeneous samples. 

The loss modulus (G”) curve exhibits a peak at higher strains which corresponds to the 

yielding of the microgel. Core-shell particles yield with a double peak in G” curve due to the 

bond breaking and cage breaking phenomena while homogeneous samples yield in single peak in 

G”. The phenomenon of double yielding is clearly explained in chapter 3 section 3.5.3.   

 

Figure 5.4: Strain sweep experiment data of (a) Pure PNIPAm CS, (b) Naproxen-Na in CS, (c) 

Naproxen in CS, (d) Pure PNIPAm HM, (e) Naproxen-Na in HM and (f) Naproxen in HM. 
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From the figure 5.4, it is seen that all the samples having core-shell morphology has a 

double yielding behaviour irrespective of drug loading while the particles with homogeneous 

crosslink distribution shows single yielding. Comparison of non-linear rheology data of 

concentrated gels of pure PNIPAm and drug loaded PNIPAm reveal that the double yielding 

property of core shell type particles are retained even after drug loading and homogeneous type 

particles retain their single yielding behaviour. 

5.5.3. UV-Visible Spectroscopy  

5.5.3.1. Calibration Curve 

 UV-Visible spectroscopy was conducted on drug samples with different concentrations 

viz. 0.01, 0.02, 0.03, 0.04 and 0.05 mg/ml and absorbance was used to draw the calibration 

curve. Calibration curves for both the drugs Naproxen and Naproxen Sodium are shown in figure 

5.5. The slope values are 2.53 and 1.94 respectively for Naproxen and Naproxen Sodium. 

Regression coefficient values (R2) indicates linearity between drug concentration and 

absorbance. When R2 approaches 1, it confirms the linearity. Here, calibration curves of 

Naproxen has a regression coefficient very close to one (R2 = 0.983) and that for Naproxen 

Sodium is 0.982. This indicates the linearity between concentration and absorbance. It also 

suggests suitability of analytical method which can be used in the current work for further 

studies. 

  

Figure 5.5: Calibration curves for the drug samples (a) Naproxen (b) Naproxen-Na. 
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5.5.3.2. In vitro drug release studies 

Drug release studies were done by dialysis and subsequent UV-Visible spectroscopy as 

explained in section 5.4.3. UV visible spectroscopy of the samples was done and percentage 

release data was generated. 

 

Figure 5.6: Percentage of drug release with time of (a) Naproxen-Na in Core-Shell (CS) and 

Homogeneous (HM), (b) Naproxen in Core-Shell (CS) and Homogeneous (HM). 

The graphs in the figure 5.6 show the percentage release of drugs by PNIPAm particles of 

core-shell and homogeneous morphology. Figure 5.6 a represents Naproxen sodium and 5.6 b 

represents Naproxen drug. For Naproxen sodium, the release pattern is almost similar and the 

final release amount is same for both morphologies. Irrespective of the morphology, about 70% 

of Naproxen sodium drug is released in 4 hours. Since Naproxen sodium is a water soluble drug, 

it can interact well with the water- ethanol solvent mixture. Hence when the solvent molecules 

are expelled out at the VPTT of the microgel, the drug may also be released boosting the release 

efficiency of the microgel. 

Drug release is very different in core-shell particles and homogeneous particles loaded 

with naproxen drug. Particles with homogeneous density distribution release 70% of drug while 

particles with core-shell morphology could release only around 20% of loaded drug. The higher 

% of drug release for homogeneous samples can be attributed to the more volume to absorb the 

drugs, higher deswelling ratio and bigger network to release them. The density of isopropyl 

group per area inside the microgel network will be more for core-shell particles. This may 
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increase the chance of hydrophobic bond between naproxen drug and hydrophobic isopropyl 

group in the microgel network hindering the release resulting in less percentage release in core-

shell particles. 

5.5.4. Differential Scanning Calorimetry 

Subzero temperature differential scanning calorimetry was conducted on frozen samples 

taken directly from the deep freezer. The pans were cooled to -25°C at a cooling rate of 10°C/ 

min. Samples were then equilibrated at -25°C for 10 minutes. After keeping isothermal for 10 

minutes, the samples were scanned for a temperature range from -25°C to 5°C with a heating rate 

of 3°C/ min in a single heating cycle. Nature of water associated with the gelling of microgel can 

be determined by the position of endotherm peak in DSC thermogram. There are three 

possibilities of presence of water in the system. Water can be bound associated with the 

hydrophilic groups in the system, or can be interfacial water which is found in the interface of 

the dispersed system or can be free water. All the three have distinct melting temperatures. 

Bound water melts below -10°C, interfacial water melts at -10°C and free water melts at around 

0°C.22,23 

Figure 5.7 shows the DSC thermogram of the freeze dried samples. All samples have an 

endotherm peak between 0°C and -5°C indicating the presence of interfacial water. Amount of 

sample taken in the pan plays an important role in deciding the heat flow and thus the endotherm 

peak size. 

 

Figure 5.7: DSC endotherm of PNIPAm (core-shell and homogeneous particle distribution) with 

different drugs. 
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There was a significant rise in enthalpy for Naproxen dissolved in core-shell PNIPAm 

particles (Nap-CS) compared to others. This indicates that the addition of a hydrophobic drug 

into the system induces a dehydration effect causing significant change in the thermodynamic 

properties of water associated with the microgel system. But this observation is absent in 

Naproxen-homogeneous system. 

5.6. Summary 

 The drug release capacity of PNIPAm microgels with different morphology were studied 

in this chapter. One hydrophobic drug and its hydrophilic salt were selected and to dissolve the 

hydrophobic drug, 10% of the solvent (water) was replaced by ethanol. Consequently, 

considerable decrease in volume phase transition occurred due to the non-cosolvency effect. 

Non-linear rheology on dense microgels loaded with drugs suggested the retention of the 

morphologies even after loading of drugs. UV-Visible spectroscopy was made use of for finding 

% drug release. In the case of hydrophobic drug Naproxen, particles with core-shell morphology 

(CS) released 20% of the loaded drug after 4 hours while particles with homogeneous crosslink 

density (HM) could release 70% of the loaded drug. Most of the drug molecules having 

biological action are water insoluble and thus many approaches such as cyclodextrin 

complexation, cocrystallization, solid dispersion and use of nanoparticles as carriers are used to 

improve their solubility (dissolution rate).24 In the current work HM showed significant 

improvement in percent release of hydrophobic naproxen when compared to CS microgels. 

These results suggest utility of HM in effective loading and release of hydrophobic drugs and 

thus can be a promising carrier system for poorly water soluble drugs. The higher release 

capacity of homogeneous particles may be attributed to the more volume to absorb the drugs and 

bigger network to release them. In the case of hydrophilic drug Naproxen Sodium, both CS and 

HM could release 70% of the absorbed drug. Since the drug is hydrophilic, it will have strong 

affinity towards the solvent molecules and when the solvent is expelled out at the VPTT of the 

microgel, the drug is also expected to be released. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK
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6.1. Conclusions 

The work reported in this thesis provides an insight in to the microstructural changes and 

its effect on the properties of dense aqueous suspension of Poly(N-isopropyl acrylamide) 

microgels. Light Scattering, rheology and confocal microscopy were used to investigate the 

properties of microgels. Small microgels, preferably size less than 500 nm were used to study 

yielding of colloidal glasses and the effect of particle morphology on the yielding. Large 

particles of ionic microgels of NIPAm and acrylic acid having size above 500 nm were used to 

study the effect of applied external electric field on the structural arrangement of microgels. 

Monodisperse PNIPAm microgels were synthesized by precipitation polymerization in the 

presence of a cross-linker. The size of the microgel was controlled by adding an anionic 

surfactant sodium dodecyl sulphate (SDS) during the polymerization while large particles were 

synthesized in the absence of surfactant. Particles with two different morphologies were 

synthesized. Due to the faster reaction rate of crosslinker, conventional synthesis method yielded 

particles with a core-shell like morphology with a highly cross-linked inner core and a loosely 

cross-linked brush-like surface. New synthesis strategies like continuous feed method yielded 

particles with uniform crosslinker density. Static light scattering and dynamic light scattering 

methods were made use of to measure the radius of gyration and the hydrodynamic radius 

respectively. The main objectives and results of this thesis work have been explained in three 

chapters. 

The notable conclusions of the non-linear rheological studies, confocal microscopy studies and 

drug delivery investigations are described below. 

6.1.1. Rheology studies 

Two types of thermosensitive microgel particles of PNIPAm were synthesized, one using 

a conventional synthesis procedure and the other one using a continuous monomer feed 

method. The conventional synthesis method produced core-shell (CS) particles and the 

continuous feed method yielded homogeneous microgel (HM) particles. Dense suspensions of 

these microgel particles with volume fractions much above the glass transition were analyzed 

using linear and non-linear rheology to understand the yielding mechanism in these dense 

microgel suspensions. In the non-linear regime, we found that the core-shell (CS) glassy 

microgel samples undergo a two-step yielding with two distinct peaks in the loss modulus 

(G”). The first peak in G” is expected to be due to the disentanglement of the dangling chains of 
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the neighboring particles and the second peak due to the cage breaking process. With increase in 

the volume fraction (φ) of the samples, the first peak in G” is seen to move to higher strains due 

to the deeper interpenetration of the dangling chains of the neighbouring microgel particles. 

However, the second peak in G” is seen to shift towards lower strains with increasing volume 

fraction.  This is due to the fact that with deeper interpenetration, the cores of the neighbouring 

microgel particles become more crowded, requiring a lower strain for the particles to move out 

of the cages. The second peak in G” is seen to disappear for highly crosslinked microgel particles 

as they behave similar to hard sphere particles. The second peak in G” is observable only at 

oscillation frequencies (ω) much above the beta relaxation frequency ωβ. When shear is applied 

at frequency close to or less than the beta relaxation frequency ωβ, the particles get enough time 

to rattle within the cage of the near neighbours causing the breaking of entanglements via beta 

relaxation before the shear does it. The double yielding mechanism is also found to depend on 

the sample temperature.  At lower temperature, the particle size is larger and the sample is in a 

highly compressed state.  The second peak in G” is seen to disappear with increase in 

temperature. This is due to the melting of the microgel glasses with increase in temperature. At 

higher temperatures, the entanglements between neighbour particles goes off leading to only a 

single peak in G”, which is the characteristics of most of the soft colloidal glasses. Thus the two 

step yielding behaviour changes to single step yielding at higher temperatures where the 

entanglements between dangling chains decreases due to the shrinkage of PNIPAM microgel 

particles. The results of this work suggest that the morphology of the microgel particles strongly 

influence the dynamics and flow behaviour under dense conditions and provide an insight into 

the tuning of the interaction between the particles by changing the crosslinker content and the 

particle morphology. 

6.1.2. Confocal Microscopy studies 

 Our study deals with the behaviour of P(NIPAm-AAc) particles of two different sizes 

mixed together in different proportions towards external field. Both individual microgels and 

binary mixture of microgels in different ratios are observed under confocal laser scanning 

microscope. A definite arrangement of the two different sized particle species into bands parallel 

to applied field at a definite frequency range is observed. The system returns to the equilibrium 

mixture when the field is turned off. Chain formation by the bigger particles is seen at lower 

voltages compared to smaller particles due to the higher dipole moment of bigger particles.  
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Individual particles form chain bundles and arrange in crystalline structure at very high voltages. 

At crystalline concentration, individual particles crystals get convert from an FCC lattice to a 

BCT lattice through molten glassy state. In the binary mixture of particles, bigger particles 

preferably form chains while the smaller particles falls into the potential well formed between 

bigger particles in the chain. At higher concentration, the binary mixture shows a different 

behavior. The smaller particles slowly transforms in to crystalline arrangement from a glassy 

state while the bigger particles, due to the kinetic arrest between smaller particles are unable to 

show any phase change in the given electric field window. 

6.1.3. Drug delivery studies 

Smart microgels have become promising materials in the field of targeted drug delivery 

in the recent past. In the final part of my work, an investigation in to the effect of particle 

morphology on the drug release capacity of PNIPAm microgels was done. Particles with core-

shell morphology and homogeneous crosslinker morphology were prepared. Non-linear rheology 

on dense microgels loaded with drugs suggested the retention of the morphologies even after 

loading of drugs. UV-Visible spectroscopy was made use of for finding % release. In the case of 

hydrophobic drug Naproxen, particles with core-shell morphology (CS) released 20% of the 

loaded drug after 4 hours while particles with homogeneous crosslink density (HM) could 

release 70% of the loaded drug. The higher release capacity of homogeneous particles may be 

attributed to the more volume to absorb the drugs and bigger network to release them. In the case 

of hydrophilic drug Naproxen Sodium, both CS and HM could release 70% of the absorbed drug. 

Since the drug is hydrophilic, it will have strong affinity towards the solvent molecules and when 

the solvent is expelled out at the VPTT of the microgel, the drug is also expected to be released. 

6.2. Recommendation for future work:  

6.2.1. Non-linear rheology of mixture of colloids 

The effect of addition of small polymer chains in to a colloidal system and the dynamics 

of the system were studied in detail in the past and well-established. The effect of particle 

morphology on the yielding of a soft sphere was the intention of my thesis work. The results of 

this work opens up several interesting opportunities for future investigations. A binary mixture of 

colloids of different size ratio and/ or of different charges is expected to exhibit more complex 

but interesting dynamics. Some recent works proved wide range of behaviours for hard sphere 
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mixtures like fluid to crystal transitions, glass to glass, double yielding etc.1–3 A detailed 

investigation on the structure and dynamics of a binary mixture of hard sphere and soft sphere is 

highly desirable as a fundamental point of view. 

6.2.2. Electric field driven assembly of mixture of oppositely charged colloids 

 In my thesis work, a binary mixture of soft colloids of different sizes but same charge 

were investigated under external electric field and shown to provide interesting phase behaviour. 

Due to some technical issues, we could conduct the experiments on binary mixture at higher 

concentration at only one ratio (25:75). The current work is intended to be extended for other 

ratios (50:50 and 75:25) also. The behaviour towards electric field will be more complicated if a 

binary mixture of colloids of different charges is used. An investigation in this regard will 

contribute towards different perspectives like mixture of microgels and active colloids.4 We have 

made initial attempts to prepare a mixture of PNIPAm microgels and active materials and study 

the effect of external field on the movement and arrangement of particles and bacteria. The 

preliminary results of our study suggest possible use in future in biomedical field as biosensors. 
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