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SYNOPSIS 

Stimuli responsive microgels are sub-micron/micron sized particles of hydrogels 

which responds to the external stimuli like temperature, pH, ionic strength and electric 

field. Poly (N-isopropyl acrylamide) (PNIPAM) microgel system is one of the well-

studied stimuli responsive systems which responds to temperature by showing variation 

in particle size. Upon increasing the temperature, they undergo a sudden transition from 

swollen to collapsed state around 34 °C, which is known as volume phase transition 

(VPT), which is reversible. When co-polymerized with acrylic acid (Aac), PNIPAM-co-

Aac microgels also respond to pH in addition to temperature. PNIPAM and PNIPAM-co-

Aac microgel particles are soft, deformable and they have core shell structure. The core is 

densely cross-linked whereas the shell (~ 20 – 30 nm) is loosely cross linked and has 

dangling polymer chains (hairs). Dense suspensions of monodisperse PNIPAM and 

PNIPAM-co-Aac microgel spheres exhibit structural ordering (liquid-like, crystalline and 

glass-like) similar to that observed in other colloidal systems as well as in atomic systems. 

Hence it serves as a model condensed matter system for studying basic phenomena like 

crystallization, glass transition etc. PNIPAM and PNIPAM-co-Aac microgel particles 

have emerged as important building blocks for chemical separation and site specific drug 

delivery. Ordered structures of these microgel crystals are popularly known as tunable 

photonic microgel crystals as their lattice constant can be tuned using stimuli such as 

temperature and pH and has application in various sensors. 

Many of the above mentioned applications require knowledge about VPT induced 

either by varying temperature or pH. Dynamic light scattering (DLS) is the conventional 

technique to determine VPT of the microgel particles. Using DLS, particle diameter (also 

known as hydrodynamic size), d as a function of T or pH is measured and the large 

change in d occurring due to sudden swelling/deswelling of microgel particles at a critical 

T or pH is identified as VPT. However the identification of VPT using DLS requires 

suspension with particle concentration ~ 10
7
 particles/cm

3
 to satisfy the Gaussian 

approximation underlying the Siegert’s relation. Further, DLS measurements as well as 

analysis become complicated if microgel particles are highly polydisperse. To overcome 

this limitation, we developed an alternative method which involves the measurement of 

VPT on a single particle using optical tweezers (OT).  We have designed and developed 

an optical tweezers set-up and have been used to identify VPT of PNIPAM-co-Aac 

microgel particles by studying its pH response. 

Monodisperse PNIPAM spheres are known to freeze into RHCP (random 

hexagonal close packed) structure under as prepared condition and into FCC (face 

centered cubic) structure upon annealing which is analogous to that of hard sphere 

suspension with volume fraction,      . Unlike hard spheres, PNIPAM microgel 

particles are soft and deformable in addition to the core-shell structure with highly cross-

linked dense core and a thin shell (~ 20 – 30 nm) consists of dangling polymer chains. 

Joshi et. al., have shown that PNIPAM microgel particles undergo deswelling due to 

osmotic pressure exerted by neighbouring microgel spheres when the suspensions is 
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concentrated beyond a volume fraction of 0.74. Further it was shown that under osmotic 

compression, particles exhibit sub-diffusion behaviour at short times and was attributed to 

entanglement (overlap) of dangling polymer chains (hairs) between neighbouring 

PNIPAM microgel spheres. However, there have been no reports of structural studies on 

dense PNIPAM microgel crystals, in particular when concentrated to a volume fraction 

beyond 0.74. Here we report light scattering (static and dynamic) and UV-Visible 

spectroscopy studies to understand the crystal structure of dense PNIPAM microgel 

crystals with volume fraction below and above closed pack limit. 

Having investigated the crystal structure of neutral PNIPAM microgels at high 

concentration, we have investigated the crystal structure of dense ionic PNIPAM-co-Aac 

microgel particles. In addition to thermoresponsive nature, PNIPAM-co-Aac microgel 

particle are pH responsive due to the presence of acrylic acid moieties and exhibits VPT 

with respect to pH at 4.25. At pH < 4.25, these microgel spheres are in protonated 

(neutral) state and at pH > 4.25, they are in deprotonated (charged) state. Unlike neutral 

PNIPAM microgel particles, PNIPAM-co-Aac microgel particles crystallize at very low 

volume fraction and remain in fluid state even above close-packed limit. The phase 

behaviour of PNIPAM-co-Aac microgel system is expected to be pH dependent as they 

exhibit VPT with respect to pH, and also interaction potential of PNIPAM-co-Aac 

microgel particles changes from repulsive to weekly attractive across pH (VPT-pH). 

Theoretical calculations have predicted that ionic microgels will exhibit non-cubic 

structures at high concentration. It is important to understand the effect of change in 

interaction potential across VPT-pH on the structure of dense microgel crystals. Here, we 

report the crystal structure of dense PNIPAM-co-Aac microgel particles as a function of 

pH at constant number density using static light scattering technique.  

Crystals of stimuli responsive microgel particles are known as tunable photonic 

crystals and have potential application in sensors, filters, etc. These crystals are fragile 

and relatively unstable against shear and hence are limited for fabricating any devices. 

This limitation is overcome by immobilizing the colloidal crystal in a polymer hydrogel 

matrix which is known to improve their stability against shear resistance and make them 

as portable photonic crystals. Though, hard spheres and charged colloidal crystals are 

immobilized and well-studied for their applications, there are not many studies exist on 

the immobilization of stimuli responsive microgel crystals. This thesis reports the static 

and dynamic light scattering studies on immobilized PNIPAM microgel crystals and their 

response to temperature.  

  To address the issues mentioned above, PNIPAM and PNIPAM-co-Aac microgel 

suspensions of various particle sizes have been synthesized by free radical polymerization. 

Synthesized particles were characterized for their average size and size polydispersity 

using dynamic light scattering. DLS and optical tweezers (OT) were used to identify the 

VPT. The advantage of using OT over DLS to characterize the VPT is discussed in 

chapter 3. Structural ordering and dynamics in dense microgel suspensions in their 

ordered and disordered state were investigated by employing light based techniques such 
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as static light scattering, dynamic light scattering and UV-Visible spectroscopy. The 

thesis is organized in to seven chapters and the contents of each chapter are summarized 

as follows. 

Chapter 1 – Introduction 

 Colloidal suspensions of hard spheres, charged colloids and stimuli responsive 

microgels are discussed with respect to their stability, interparticle interactions, phase 

behaviour and dynamics in dense colloidal systems. Motivation for the thesis along with 

the reported literature on PNIPAM microgels and PNIPAM-co-Aac microgels are 

presented in this chapter. 

Chapter 2 – Experimental techniques and sample synthesis 

 Synthesis of PNIPAM and PNIPAM-co-Aac microgel particles through free 

radical precipitation polymerization method is discussed. Experimental techniques like 

optical tweezers for the identification of VPT on a single microgel particle, SLS and UV-

Visible spectroscopy for the investigation of structural ordering in microgel crystals, DLS 

to study the dynamics of these microgel suspensions and their theory is presented in detail.   

Chapter 3 – Identification of Volume Phase Transition (VPT) of a single microgel 

particle using Optical Tweezers (OT) 

 Conventionally VPT is identified using DLS which requires particle concentration 

of np ~ 10
7
 particles/cm

3
. Size polydispersity in particles strongly influences the DLS data 

and makes the analysis difficult to obtain particle size and accurate identification of VPT. 

Since VPT is the property of the polymer, measurement on single particle should enable 

to identify the VPT of the particle unambiguously. Earlier, optical tweezers have been 

employed for the measurement of single particle’s property like refractive index, rigidity, 

electrophoretic forces, etc. We have indigenously designed and assembled optical 

tweezers and employed it in identifying VPT of PNIPAM-co-Aac microgel particles as a 

function of pH. In this chapter, technical details of our indigenously designed and 

assembled optical tweezers are presented. The sample preparation for the experiment to 

determine the trap stiffness as a function of pH and the analysis methods are discussed. At 

each pH, individual particle is trapped and its position in the trap as function of time is 

recorded to extract the trap stiffness. Trap stiffness as a function of pH showed a sudden 

jump at pH ~ 4.25 which is identified as VPT-pH and it is in good agreement with the 

DLS experiment. Numerical calculation of trap stiffness as a function of pH also showed 

sudden jump across VPT and agrees qualitatively with the experimental results. The 

reasons for the sudden jump in the trap stiffness are discussed by numerically computing 

trap stiffness as a function of size and refractive index variation as a function of pH. 
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 Chapter 4 – Structure and dynamics of thermo-responsive dense microgel crystals 

 Self-assembled colloidal crystals often co-exist in FCC-HCP crystal structures due 

to very less free energy difference (~ TkB

310  ) between FCC and HCP structure. Hard 

sphere colloidal crystals freezes in RHCP and FCC co-existing structures at volume 

fraction, 5.0 . Hard sphere colloidal crystals tend towards thermodynamically 

favoured FCC structure on the time scales of months. Unlike hard spheres, stimuli 

responsive microgels are soft and respond to external stimuli like temperature, pH, ionic 

strength, etc., by undergoing swelling/de-swelling. This results in not only size change 

but also change in the interaction potential, hence their phase behaviour. At 5.0 , the 

equilibrium crystal structure of PNIPAM microgel crystals is found to be FCC and is 

consistent with the literature. There are no reports on the crystal structure of dense 

PNIPAM microgel suspensions with 74.0 . Here, we present the detailed structure of 

neutral PNIPAM microgel crystals with 74.0   and 74.0  using SLS technique as 

well as UV-Visible spectroscopy. Sample with 74.0  initially crystallized in FCC-

HCP coexisting structure whereas upon annealing and cooled at 0.5 °C/hour, the 

suspension crystallized in FCC structure, consistent with the literature. As prepared 

sample with 74.0  exhibited glass-like disorder and upon annealing with a cooling rate 

of 0.5 °C/hour the sample has crystallized into FCC-HCP coexistence. Upon further 

annealing with a cooling rate of 0.1 °C/hour the sample was found to remain FCC-HCP 

coexistence. The entanglement of dangling polymer chains of neighbouring PNIPAM 

spheres, inferred based on the sub-diffusive dynamics at short times, was argued to be the 

reason for FCC-HCP coexistence. The entanglement of polymer chains stabilizes the 

HCP structure and is consistent with the recent reports on stabilizing HCP phase in hard 

sphere crystals by adding interacting polymer chains. Further the evolution of crystal 

phases across freezing transition was monitored using UV-Vis spectroscopy and found 

that at freezing transition, the suspension got crystallized in to FCC structure and with 

further cooling HCP structure gets stabilized. We observed the change in cooling rates 

alter only the relative fractions of FCC and HCP phases in the coexistence state.  

Chapter 5 – Structure and dynamics of pH responsive dense microgel crystals 

 The crystal structure of dense suspensions of neutral PNIPAM microgel 

suspensions was found to be FCC-HCP coexisting structure at high concentration. The 

crystal structure of microgels with electrostatic interaction at such high concentration has 

not been investigated. Theoretical calculations have predicted non-cubic structures at high 

concentration in ionic microgel system. Experimental investigations on charged microgel 

systems with volume fraction, 8.0  have reported RHCP structure. Here, we have 

investigated the crystal structure of dense PNIPAM-co-Aac microgel particles which are 

pH responsive and exhibits VPT at pH 4.25. The phase behaviour is expected to be pH 

dependent. We have prepared PNIPAM-co-Aac microgel crystals with same number 

density, np at different pH to understand the effect of change in interaction potential in 

dense microgel suspension on its structure. The structure of dense PNIPAM-co-Aac 
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microgel crystals in as prepared condition is found to be to FCC-HCP coexisting structure. 

At low pH (3.40), the microgel suspension with   ~ 0.5, upon annealing and cooled at 

0.1 °C/hour, is found to crystallize in FCC structure whereas the sample at pH 5.0 

(charged state and   ~ 1.6) remained in FCC-HCP coexisting structure. The dynamics of 

these particles at short times is found to be diffusive at pH 3.40 (  ~ 0.5) and it is sub-

diffusive at all other pH (3.7, 4.0, 4.35, 4.7, 5.0). At high concentration, the entanglement 

of dangling polymer chains of neighbouring particles is argued to be the reason for the 

observed sub-diffusive dynamics at short times despite the electrostatic repulsion between 

polymer chains (at pH > 4.25). We conclude that, at volume fraction,   > 0.74, 

PNIPAM-co-Aac microgel particles behaves like neutral particles.   

Chapter 6 – Light scattering studies on the immobilized stimuli responsive microgel 

crystals 

Having determined the structure of Colloidal crystals unambiguously at high 

concentration, we have immobilized these stimuli responsive microgel crystal in a 

hydrogel matrix, to preserve the ordering in the sample against shear. It is important to 

immobilize these crystals to retain their periodic arrangement in a matrix to prolong their 

utility. Immobilization of these crystals in hydrogel matrix have provided mechanical 

strength needed for colloidal crystals which are used as filters, chemical sensors, photonic 

band gap materials, optical switches, etc.  Lyon et. al., has reported that microgel crystals 

upon immobilization gets disordered. The structural ordering before and after 

immobilization in loosely cross-linked hydrogel, the effect of hydrogel matrix on the 

stimuli induced response of these crystals is essential for all practical applications. In 

closed packed condition, microgel crystals upon on immobilization are reported to have 

their crystalline order to get disturbed and particles becomes aggregate. Detailed 

structural characterization of stimuli responsive microgel crystals and their dynamics has 

not been well-studied. Here, we have successfully immobilized the microgel crystals 

without disturbing their order in a loosely cross-linked hydrogel matrix and show that the 

structure of microgel crystal before and after immobilization remains same. The response 

of immobilized microgel crystals is found to vary non-monotonously and that is 

understood in terms of particle size, particle form factor and refractive index of the 

particle.  

Chapter 7 – Summary and conclusions 

 This chapter presents the summary and conclusions of the studies carried out in 

understanding the structural ordering of stimuli responsive microgels as a function of 

stimuli. The key findings of the thesis are as follows. 

Key findings of this thesis are summarized below. 

1. Indigenously designed and developed an optical tweezers set-up. Using which for 

the first time shown that VPT can be identified on a single microgel particle and 
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shown that it gives a sharp transition as compared to that of conventional method 

of identifying VPT using DLS. VPT manifests as a sudden jump in the trap 

stiffness and is understood to arise from sudden decrease in the particle size with 

concomitant increase in the refractive index of the particle.  

2. For the first time FCC-HCP coexistence is shown to be the stable state for dense 

PNIPAM microgel crystals with volume fraction,        by performing 

detailed annealing studies.  It is also shown that PNIPAM microgel crystals with 

volume fraction,        crystallize into FCC structure. Entanglement of 

dangling polymer chains between shells of neighboring microgel spheres is shown 

to occur in PNIPAM microgel crystals with,        and is evidenced by 

observing sub-diffusive behavior at short times. The entanglement is shown to 

disappear upon heating the crystals well about their melting temperature. 

3. Through detailed annealing studies, it was shown that overlap of dangling 

polymer chains between the shells of neighbouring spheres is responsible for the 

stability of FCC-HCP coexistence observed in microgel crystals with       .  

4. In dense pH responsive microgel crystals, as prepared samples in the pH range 

3.00 to 5.00 crystallized in FCC-HCP coexisting structure. At pH = 3.40 (  

   ), the sample upon recrystallization was found to crystallize into FCC structure 

whereas the samples at other pH (3.7, 4.0, 4.35, 4.7, 5.0) with        has 

remained in the FCC-HCP state. Dynamics of PNIPAM-co-Aac microgel particles 

at short times in dense suspensions is found to be diffusive in sample with 

       and is sub-diffusive in sample with       . The phase behaviour of 

ionic microgel crystals with        was found to be similar to that of dense 

microgel crystals of uncharged PNIPAM spheres. Our results suggested that 

coulombic interaction between PNIPAM-co-Aac microgel particles is not 

dominant under dense conditions and does not play a major role in stabilizing the 

crystal structure.  

5. Stimuli responsive PNIPAM-co-Aac microgel crystals were successfully 

immobilized in poly-acrylamide hydrogel (PAAm) matrix. The structure of 

stimuli responsive microgel crystal is shown to remain unaltered before and after 

the immobilization. Immobilization of microgel crystals is shown to extend the 

stability of microgel crystals against melting beyond VPT. Bragg peak intensity as 

a function of temperature from immobilized microgel crystals was found to vary 

non-monotonically. That non-monotonic behaviour is shown to arise from the 

simultaneous decrease of particle diameter with concomitant increase in the 

refractive index of the microgel particle with increasing temperature. 
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CHAPTER 1 

INTRODUCTION 

 This chapter presents an introduction to colloidal dispersions, types of 

colloidal dispersions and their phase behaviour, stimuli responsive microgel particles 

as building blocks for colloidal crystals with relevant literature. This chapter also 

discusses the motivation for the thesis and key findings of the thesis. 

1.1 Colloidal suspensions 

Colloidal suspensions are heterogeneous systems composed of solid particles 

of size ranging from 10 nm to 1 µm as dispersed phase (micron/submicron sized solid 

particles) dispersed uniformly in a solvent such as water. The size range ensures that 

Brownian forces arising due to thermal fluctuations in the solvent influence the 

dynamics of the colloidal particles. Uniformly dispersed solid particles in the 

suspension tend to aggregate due to van der Waals attraction between them. In order 

to prevent the aggregation due to van der Waals attraction between particles, these 

colloidal suspensions are stabilized by adding a thin layer of polymer on the particle 

surface, known as steric stabilization or by adding charges on the surface of the 

colloidal particles known as charge stabilization. Suspensions of monodisperse 

colloidal particles display rich phase behaviour and exhibit structural ordering similar 

to that observed in atomic systems viz., crystalline, liquid, gas and even glasses [1-6]. 

At lower concentration of particles, colloidal suspensions exhibit structural ordering 

similar to liquid or fluid phase as stable equilibrium state. Under dense conditions, 

colloidal suspensions freeze into either spatially ordered crystalline state or into a 

kinetically arrested glassy state [1-6]. Ordered structures of colloids, popularly known 



2 | P a g e  
 

as colloidal crystals exhibit iridescence due to Bragg diffraction of visible light [7]. 

Colloidal particles are three orders of magnitude larger in size as compared to atoms. 

Due to the large structural length, the number density,    
 

 
 (where N is the number 

of particles in volume, V) of colloidal suspension is roughly 10
12

 times smaller than in 

atomic systems. It is reflected in the elastic constant of the system being 10
12

 weaker 

than atomic systems despite the fact that free energy per particle of atomic and 

colloidal systems are comparable [8,9]. Therefore, colloidal crystals are extremely 

soft where the ordering can be disturbed easily. Colloidal particles exhibit slow 

dynamics typically between microseconds to hundreds of seconds which facilitate to 

study the structure and dynamics of metastable phases. Hence, colloidal systems serve 

as model condensed matter system to explore non-equilibrium processes like crystal 

nucleation and growth [10-14] and the glass transition [15,16] which are found 

common with atomic or molecular systems. In addition specific to colloidal system 

are, various kinds of interaction potentials ranging from highly repulsive to weak 

attractive, create more interest in probing the system. Ordered structures of 

monodisperse colloids are found to have several high tech applications viz., sensors 

[17-20], Bragg filters [21,22], optical switches [23,24], display devices [25], photonic 

crystals [26,27], template for the growth of novel materials [28,29], etc.  

1.2 Hard sphere colloidal suspensions 

 Hard sphere colloidal suspensions are the simplest systems investigated for its 

phase behaviour as they exhibit fluid and solid phase and the phase behaviour of hard 

sphere suspensions can be predicted by a single parameter, the volume fraction of the 

suspension,   (=        ) and d is the hard sphere diameter. The interaction 

potential between hard spheres,    ( ) can be expressed as 
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    ( )  2
       
       

 (1.1) 

where   is inter-particle distance. Crystallization in hard spheres is driven by entropy 

as there are no other interactions responsible for structural ordering. Equilibrium 

crystal structure of hard spheres was reported to be face centered cubic (FCC) 

structure [11,30]. Sterically stabilized poly methyl methacrylate (PMMA) suspensions 

constitute the best example for hard sphere suspensions [31-33]. The phase diagram 

of monodisperse hard sphere colloidal suspension is shown in Fig. 1.1 [34].  

 

 

 

 

Figure 1.1 Phase diagram of monodisperse hard sphere suspensions. 

 Monodisperse suspenion of hard spheres exhibit fluid phase below        

and upon increasing   beyond 0.49 exhibit crystalline order which coexists with fluid 

phase. Hard sphere suspension form entropically driven colloidal crystals above 

         and sample becomes completely crystalline above         . The 

crystal structure of hard sphere suspension is FCC structure [35-37]. However, 

hexagonal close packed structure (HCP), FCC-HCP coexistence and random 

hexagonal close packed structure (RHCP) are also observed due to free energy 

difference between FCC and HCP structure being less than         per particle 

[38,39]. Here    is the Boltzmann constant and   is the temperature. Further increase 

in   beyond 0.58, hard sphere suspensions were found to freeze into kinetically 

arrested non-equilibrium glassy phase.         is known as a hard-sphere glass 

transition volume fraction. A disordered phase prepared at this concentration will 
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remain in the same state due to lack of particle mobility, which frustrates the system 

evolving from glassy state to equilibrium crystalline state. The glassy phase of hard 

sphere system continues upto        where randomly organized particles touch 

each other to exhibit random close packed structure (RCP). Regularly packed 

monodisperse spheres form FCC or HCP structures which are different in the stacking 

sequence, can have a maximum volumefraction,          . Particles arranged in 

ABCABC…. stacking gives rise to FCC structure and with ABABAB… stacking 

gives HCP structure (Fig. 1.2). However, size polydispersity (SPD) which is 

inevitable to colloids results in different phase behaviour [40]. SPD is known to shift 

the freezing point to a shift to higher volume fraction. Suspensions with SPD < 11 % 

were observed to show crystallization and SPD > 11 % showed glassy (disordered) 

state.   

 

 

 

 

Figure 1.2 Hexagonally packed planes of spheres with particles in this planes are denoted by a circle 

and denoted by A. Particle positions in the two possible subsequent planes are denoted by 

B and C with each plane displaced by a distance of √
 

 
   along the orthogonal direction 

to this plane.     is the distance between the nearest neighbours.  
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1.3 Charge stabilized colloidal suspensions 

 Unlike hard sphere suspenions, charged stabilized suspensions freeze into a 

crystalline state due to electrostatic interactions which are predominantly repulsive 

and described by Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [2,41,42]. As 

per the DLVO theory, the interaction potential between charged colloidal particles is 

the sum of screened Coulombic repulsion,   ( ) plus short range van der Waals 

attraction,     ( ).  

  ( )    ( )       ( ) (1.2) 

The screen Coulomb interaction [8] between charged collodial particles is given by, 

   ( )  
  

  
*

    

    
+
    

 
 (1.3) 

where   is the charge of an electron,    is the dielectric constant of the medium,   is 

surface charge on the particle,   is the radius of the particle,   is the centre to centre 

distance between particles and   is the inverse Debye screening length given by, 

    
    

    
(      ) (1.4) 

where    is the Boltzmann constant, T  is the temperature,     is the number of 

counterions and    is the salt concentration, in the suspension. 

The van der Waals attraction,     ( ) is given by, 

   ( )    
  

 
*

   

      
 

   

  
   (

      

  
)+ (1.5) 
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where    is the Hamaker constant. In the case of hard spheres,   is the only 

parameter to study the phase behaviour, in charged colloids one can vary  ,    in 

addition to volume fraction,   and realize various phases. Deionized suspensions of 

charged colloids exhibit crystalline ordering at a volume fraction as low as 0.005 due 

to long range screened Coulomb interaction. Addition of salt decreases the strength 

and range of screened coulomb interaction results in the melting of crystalline order. 

A typical phase diagram of charged colloid system is shown in Fig. 1.3 [4].  

 

 

 

 

 

 

 

 

Figure 1.3 Phase diagram of charged polystyrene colloidal suspensions reported in Ref. [4]. Open 

circles indicate Liquid, open triangle : fcc, closed square : bcc, open square : bcc-fcc 

coexistence, closed circles : glass. The continuous lines are guide to eye. Dashed line is 

fcc-liquid phase boundary for a similar point charge Yukawa system.  

 It can be seen from the phase diagram that charge colloids exhibit not only 

FCC ordering but also BCC (body centered cubic) at lower volume fraction,   and 

low salt concentration [43]. During this transition, the suspension also exhibited BCC-

FCC coexistence for a range of   and charge density. At higher  , the suspension 

becomes glassy. Since the interactions are purely repulsive, the phase diagram 

contains fluid-solid phase but not a gas-liquid or gas-solid phase. 
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Charged colloids with high charge density particle suspensions was found to 

turn inhomogeneous (in the form of gas-solid and gas-liquid coexistence) [2]. The 

transition from homogeneous phase (observed in low charge density particles) to 

inhomogeneous phases (observed in high charge density particles) was understood to 

arise from to long-range attraction between like charged colloids mediated by counter 

ions, in addition to usual screened coulomb repulsion [44,45]. Confocal microscopy 

experiments on dilute suspensions of highly charged polystyrene particles showed 

bound pairs, which constitute the direct evidence for the existence of long range 

attractive interaction between charged colloidal particles mediated counter by ions 

[46]. In the case of charged colloids not only size polydispersity (SPD) but also 

charge polydispersity (CPD) plays an important role in determining the phase 

behaviour. 26% of CPD was shown to disrupt the crystalline order in charged 

colloidal crystals. Deionised charged colloids with CPD up to 26% exhibit crystalline 

order whereas hard sphere suspensions are known to freeze into crystalline order 

when SPD < 11% [47]. 

1.4 Stimuli responsive microgel suspensions 

 In the case of hard spheres and charged colloids, the size of the particle as well 

as size polydispersity is fixed during the synthesis of these particles in a suspension. 

Hence, phase behaviour of these suspensions can be varied only by changing the 

number density,    but not by particle size. Stimuli responsive microgel suspensions 

are free from such limitation as their particle size can be varied by varying the 

external stimuli like temperature, pH, ionic strength, pressure etc. These microgel 

particles swell/deswell in size in response to the external stimuli. Microgel particles 

have core-shell structure, with a dense core of cross-linked polymer chains and a thin 
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shell (~ 20 nm to 30 nm) of dangling polymer chains. When microgel particles are 

suspended in a polar solvent such as water, polymer networks expand/contract with 

respect to external stimuli which manifests in swelling/deswelling of microgel 

particles. Stimuli responsive microgel particles are of considerable interest in view of 

their numerous practical applications based on property changes (e.g. particle size, 

refractive index, swelling/ deswelling etc.) across VPT [48]. Among several stimuli 

responsive microgels, Poly (N-isopropyl acrylamide) (PNIPAM) microgel system is 

one among the mostly studied stimuli responsive microgel system, as it is 

thermoresponsive and undergo swelling/deswelling upon decreasing/increasing the 

temperature [49,50]. The response is reversible. PNIPAM microgel particles, when 

functionalized with acrylic acid groups (Aac) respond to pH and are referred to as 

poly (N-isopropyl acrylamide-co-acrylic acid) (PNIPAM-co-Aac) microgel particles 

[51]. Because of their unique reversible stimuli response, PNIPAM and PNIPAM-co-

Aac microgel particles have emerged as important materials for practical applications 

such as sensors, chemical separation and drug delivery [52,53].   

1.4.1 Thermo responsive behaviour of PNIPAM microgel particles 

 PNIPAM microgel particles suspended in water respond by deswelling 

(swelling) with increase (decrease) in temperature, T. PNIPAM microgel particles 

undergo sudden decrease in the diameter of the particle at around 34 ºC (Fig. 1.4(a)). 

Upon increasing the temperature, this sudden collapse in volume of PNIPAM 

particles is termed as volume phase transition (VPT) and the corresponding 

temperatuare as volume phase transition temperature [54,55]. The breadth of the VPT 

and temperature at which it occurs can be manipulated with the addition of co-

monomers and cross-linker‟s concentratoin during the synthesis of microgel particles 
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[56]. Below VPT, microgel particles are in swollen state (hydrophilic state). Water 

molecules around the polymer chains form a structure surrounding the polymer and 

forms hydrogen bond with the amide groups which keep the particle in its swollen 

state. As temperature is increased, hydrogen bond between amide groups and water 

molecules gets broken and water molecules are expelled from the polymer chains. 

This results in the deswelling of microgel particles (Fig. 1.4(b)) [57,58]. PNIPAM 

microgel particle contain ~2-3% polymer and the rest is water (solvent) in the swollen 

state in contrast to the deswollen state where microgel contain about 60% of polymer 

and 40% of water [59]. Since microgel particles are rich in water content in their 

swollen state, the suspension appears transperent below VPT due to close refractive 

index matching of microgel particles with that of the surrounding solvent (water). The 

increase in the polymer content inside the particle above VPT turns the suspension 

turbid because of increased refractive index of the particles leading to poor index 

matching between the particle and the solvent. Beyond VPT, the diameter of the 

particle is found not to change significantly (Fig. 1.4(a)).  

 

 

 

 

 

 

Figure 1.4 (a) Variation of hydrodynamic diameter, d of PNIPAM microgel particles with temperature, 

T. Inset shows schematic showing transition of PNIPAM microgel from swollen 

(hydrophilic) to deswollen (hydrophobic) state. (b) Schematic diagram of the structural 

change occurring across the volume phase transition for the PNIPAM microgel. (c) 

Photograph of PNIPAM microgel suspension before and after VPT with respect to 

temperature, T. 
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(a) (b) 

 Schematic diagram in Fig. 1.4(b) shows the changes observed in the 

chemical structure of PNIPAM microgel particles below and above VPT. Below VPT, 

water molecules solvate the polymer chains and forms hydrogen bond with the amide 

groups. As the temperature increases, the bond between water molecules and amide 

groups break and water molecules are expelled from the microgel particles. At VPT, 

most of the water molecules are expelled from the particle resulting in the sudden 

decrease in the diameter of the particle. Fig. 1.4(c) shows the photograph of PNIPAM 

microgel suspension below and above VPT. The sample turns turbid above VPT due 

to increased refractive index of PNIPAM microgel particles leading to increase in 

multiple scattering.  

1.4.2 pH responsive behaviour of PNIPAM-co-Aac microgel particles 

  

 

 

 

 

 

Fig.1.5 (a) Schematic diagram of the chemical structure of PNIPAM-co-Aac microgel particle (b) 

Protonation and deprotonation of acrylic acid group at low and high pH.  

 PNIPAM microgel particles functionalized with acrylic acid moieties (Aac) 

are termed as PNIPAM-co-Aac microgels and respond to pH apart from being thermo 

responsive [48]. Fig. 1.5(a) shows the chemical structure of PNIPAM-co-Aac 

microgel particle. Microgel particles swell as the pH of the suspension is increased. 

The dissociation constant of acrylic acid, pKa is ~ 4.25. Below pKa, acrylic acid 
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groups remain protonated, hence the microgel particles remain in the deswollen state. 

Above pKa, acrylic acid groups deprotonate and residual carboxylate ions remain 

attached to the polymer chain (Fig. 1.5(b)). As a result, microgel particles as well as 

polymer chains within the microgel particle acquire charge. Microgel particles swell 

due to electrostatic repulsion between the polymer chains. At pH 4.25, most of the 

acrylic acid groups undergo deprotonation resulting in sudden swelling of microgel 

particle at pH 4.25 is identified as VPT and the pH at which it happens is VPT-pH. 

This transition is also known as neutral to charged transition of PNIPAM-co-Aac 

microgels. 

1.4.3 Core-shell structure of PNIPAM microgel particles 

 PNIPAM microgel particles consist of roughly about 2-3 % of polymer and 

the rest is water (solvent) [59]. Microgel particles have network structure due to cross-

linked polymer chains and also due to self cross-linking of polymers chains [60,61]. 

These polymer chains span the entire volume of the particle. PNIPAM microgel 

particles are soft, porous, compressible and permeable to solvent in nature. Small 

angle neutron scattering (SANS) studies on the internal structure of PNIPAM 

microgels as a function of temperature have revealed that microgel particles has core-

shell structure (Fig. 1.6(a)) [59,62]. The polymer concentration at the central part of 

the spherical particles is reported to be almost constant and decreases rapidly towards 

the periphery (Fig. 1.6 (b)) [63]. SANS showed that microgel particles are core-shell 

structure with dense core and a thin shell of thickness ~ 20-30 nm [58,59]. The 

polymer density in the core is found to increase with increase in temperature, T. 

However, the thickness of the shell is found to remain almost constant with increase 

in temperature [59]. The concentration of the cross-linker (BIS) decides the size of the 
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(a) (b) 

core and shell thickness [61]. Increase in cross-linker concentration, the particles 

morphology is shown to transform from branching chains to a more compact particle. 

 

 

 

 

 

 

 

Fig. 1.6 (a) Schematic of core-shell structure of PNIPAM microgel particle in swollen state, with core 

of radius ac and shell of thickness ρ. a = d/2, is the hydrodynamic radius and (b) Radial 

polymer density profiles of PNIPAM microgel particle at various temperatures measured 

using small angle neutron scattering, (Adapted from Stieger et al.[62]). 

1.4.4 Interparticle interaction between neutral and ionic Microgel particles 

Neutral thermo-responsive microgel particles are soft and deformable spheres 

and exhibit deswelling upon increasing the temperature. The size variation and 

associated increase in polymer content within the microgel particle effect in the 

interparticle interaction between microgels. In the swollen state (i.e., T << VPT) the 

van der Waals attraction between neutral microgels (e.g, PNIPAM) is negligible as 

the microgel contains almost 97% water, hence the Hamaker constant is same as that 

of solvent (water) [40]. Hence in the swollen state neutral microgel spheres are stable. 

As de-swelling occurs (while increasing temperature) so the van der Waals forces 

become increasingly more significant. Thus nature of interaction between microgel 

particles depends on temperature and exhibit phase behavior different from Hard-

sphere suspensions. Further, neutral microgel particles are also known to have dense 
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polymer core and hairy shell. There have been several propositions for their effective 

interparticle interaction [41,43,57]. Modelling the microgel particles as hard spheres 

dressed with additional power-law interactions, Wu et al., proposed the following 

function [57] for the interparticle interaction between PNIPAM thermo-responsive 

microgels, 

 
 ( )

   
 {

                                                                  

 
  

 
(
  

 
)
   

(
 

 
)
 

                                
 (1.6) 

where    is an empirical proportionality constant that has the unit of 

temperature and    is the particle diameter at the reference temperature where the 

conformation of the network chains is closest to that of unperturbed Gaussian chains. 

The phase diagram calculated using a thermodynamic perturbation theory combined 

with light-scattering and spectroscopic measurements is shown in Fig. 1.7 [57]. At 

low temperature (i.e. below VPT) the phase diagram shows fluid-solid transition 

spanning over a wide range of particle concentration and a phase separated state (i.e. 

metastable fluid-fluid transition) at high temperatures (just above VPT). At low T, 

microgel particles behave like hard spheres as predicted by the theory [57] and 

experiments as well [64,65]. The phase separation arises due to increased van der 

walls attraction due particle deswelling. 

Brijitta et. al.[54], have showen that fluid (liquid-like) to fluid (gas-like) 

transition happens even below VPT without a significant change in number density 

across the transition. This suggest the interparticle interactions is repulsive even close 

to VPT. Further, there is no evidence of aggregation of particles above VPT. These 

deviations suggest that temperature dependent part of the interaction potential of 
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microgels needs to be improved considering the core shell nature and inhomogeneous 

nature of the core to describe the observed phase behaviour of neutral microgels. 

 

 

 

 

 

 

Figure 1.7 Phase diagram of aqueous PNIPAM microgel particles reported in Ref. [57] determined 

from turbidity measurements (symbols) and from the thermodynamic perturbation theory 

with emprical correction to temperature (lines). Inset shows the phase diagram without 

emperical correction to the temperature. 

Gottwald et al. [5], have proposed an effective interaction potentials between 

spherical polyelectrolyte microgels in order to investigate theoretically the structure 

and phase behavior of ionic microgel solutions. By combining a genetic algorithm 

with accurate free energy calculations, they obtained phase diagram for ionic 

microgels consisting of Hexagonal, body-centered orthogonal, and trigonal crystalline 

strctures being stable at high concentrations and charges of the microgels, 

accompanied by re-entrant melting behavior and fluid-fcc-bcc transitions below the 

overlap concentration (Fig. 1.8). Mohnaty and Richtering [3] have investigated pH 

responsive charged microgels using light scattering and verified the preditions of 

Gottwald et. al. simulations. However, experiements could not prove the predition of  

re-entrant transition by Gottwald simulations. 
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Figure 1.8 Phase diagram of ionic microgels with diameter          adopted from [5]. The crosses 

denote calculated phase boundaries, whereas the lines are guides to the eye. Inset shows the 

high-density, high charge in detail. 

1.4.5 Phase behaviour of neutral and ionic microgel suspensions 

 Since PNIPAM microgel particles in their swollen states has close to 97 % 

water [59], the refractive index of the particle is closely matched with that of water. 

Close matching in refractive index of PNPAM microgel particles with that of solvent 

helps to study dense microgel suspension for their structural ordering and dynamics 

using light scattering experiments without the problem of multiple scattering of light. 

PNIPAM microgels are known to exhibit liquid, crystal and glass-like structural 

ordering under appropriate conditions [54,63,65]. The advantage of stimuli responsive 

microgel particles over hard spheres or charged colloids is their response to external 

stimuli like T, pH or ionic strength, hence can be used to study the phase behaviour of 

microgel system. PNIPAM microgel crystals and glasses are shown to melt into 

liquid-like order upon increasing the temperature [54,57]. 
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 PNIPAM microgel particles are soft in nature and their softness have a 

decisive role in determining the phase behaviour of the microgel system [66]. Soft 

nature of PNIPAM microgel particles enables them to be compressed due to osmotic 

pressure. These suspensions can be packed to a volume fraction,        (cubic 

close packed limit) which suggest they are soft and deformable [51]. Particle softness 

can be tweaked by varying the cross-linker concentration. Softness of PNIPAM 

microgel particle is inversely proportional to the coss linker concentartion [54,67]. 

The form of inter-particle potential of PNIPAM microgel system with respect to 

external stimuli is still unknown. The phase behaviour of soft sphere system predicted 

by assuming an inter-particle potential of the form,  ( )  (  ⁄ )  has shown that 

the freezing point shifts to higher volume fraction,   with increase in the degree of 

softness. In addition, the width of liquid-crystal coexistence region decreased 

compared to that of hard sphere system [68,69]. In PNIPAM microgel suspension, the 

freezing point was found to be at higher volume fraction than predicted and 

experimentally observed in case of hard spheres (        ) [54]. This striking 

experimental fact suggests that the soft repulsive potential can explain the phase 

behaviour of PNIPAM microgel suspension at low temperatures, T.  

 1.4.6 Structure of PNIPAM and PNIPAM-co-Aac microgel crystals 

 The structure of PNIPAM microgel crystals is shown to be FCC using 

scattering techniques [65] and also using confocal laser scanning microscopy (CLSM) 

[70]. PNIPAM microgel crystals with        is found to exhibit RHCP structure 

under as prepared conditions. Recrystallized samples, prepared by raising the 

temperature of the sample above VPT and then cooling the sample to room 

temperature at a slower rate, showed FCC structure. Annealing is shown to remove 
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stacking faults in the sample and  change the crystal structure of the sample from 

RHCP to FCC [70]. The crystal structure was determined by calculating the pair 

correlation function, g(r) in real space using confocal images. Brijitta et. al., have 

identified the stacking sequence and stacking fault probability by analyzing the 

stacking sequence of consecutive layers. Fig. 1.9 shows the stacking sequence for 

FCC and HCP structures [70]. PNIPAM microgel crystals with widely different cross-

linker densities investigated using SANS also showed FCC structure. Even at low 

cross-linker density, PNIPAM microgel crystals were found to crystallize much like 

hard sphere system [65]. 

 

 

 

 

 

 

 

Fig. 1.9 Micrograph obtained by merging three consecutive layers of PNIPAM colloidal crystal imaged 

through CLSM. Three psuedocolours Red, Blue, Green were assigned to each layer before 

merging. Micrographs showing (a) ABC stacking and (b) showing AB stacking. (Adapted 

from Brijitta et al. [70]).  

The crystal structure of PNIPAM-co-Aac microgel crystals at volume fraction, 

      , is reported to be random hexagonal close packed (RHCP) structure which 

later transformed into FCC structure [3,71], as predicted by theoretical calculations 

[5,72]. At low concentration fluid-FCC-BCC transition is observed experimentally 

which is consistent with the literature [3]. At high concentrations and charges of the 

microgels,  hexagonal, body centered orthogonal (BCO) and trigonal structures are 
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predicted theoretically [5]. Microgel suspensions with volume fraction,       has 

been reported to crystallize in RHCP structure through SANS and SAXS studies 

[73,74]. 

1.4.7 Swelling and de-swelling of neutral and ionic microgel particles 

Swelling or de-swelling behaviour of microgels with external stimuli can be 

described using Flory-Rehnar theory [75]. The equilibrium size of a microgel particle 

immersed in water (solvent) can be obtained under the condition of osmotic pressure 

inside and outside the gel to be same. The osmotic pressue has contributions from 

mixing of polymer and solvent and elastic contributions. From Flory-Rehner theory, 

osmotic pressure can be written as, 

                 (1.7) 

where      accounts for the free energy change due to mixing of polymer and 

solvent,          results from the deformation of the polymer chains inside the 

microgel particles with respect to their equilibrium contribution. Both contributions 

depend on the swelling ratio and can be estimated using Flory‟s theory [42] with 

corrections incorporated to take into account of inhomogeneities in microgel particles 

[76], 
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where    is the Avogadro number,    is the Boltzmann constant,   is the absolute 

temperature,    is the molar volume of the solvent,   is the Flory polymer-solvent 

interaction parameter   and    are polymer volume fraction within the particle in the 
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swollen and collapsed states respectively.       
    is the volume of the particle in 

the collapsed state with diameter,   . For isotropic swelling, the diameter, d and the 

polymer volume fraction are related by 
 

  
 .

  

 
/
 

.  

In case of ionic microgels, an additional term to describe the osmotic pressure arising 

due to the charges on the polymer network has to be inclued in Eqn. (1.7) and 

becomes, 

                      (1.9) 

where         
 

 
 with   being total number of mobile counterions inside the gel 

and         is the volume of the particle. For the fullfilment of electroneutrality, 

the number of mobile counterions inside the gel,   should be equal to the network 

charge,  . The osmotic pressure due to ions can be written as          
       

    

where     
    is osmotic pressure due to counterions inside the particle and     

    is 

osmotic pressure due to the counterions outised the particle. Eqn.(1.8) becomes[77], 

                   
       

             (1.10) 

Microgel particles swell or deswell depending on the sign of     . The size of 

microgel particle is unchanged if       . It has been shown by Joshi et. al., in 

dense PNIPAM microgel suspension of volume fraction,       , the net osmotic 

pressure experienced by the particle,        is of the order of kPa which is greater 

than the bulk modulus of PNIPAM microgel particles [78] leading to deswelling of 

microgel particles. The temperature dependence of swelling/deswelling of microgels 

is incorporated in Flory parameter,   and is defined as [27], 
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where,      (      )     with H = -12.46 x 10
-21 

J and S = -4.717 x 10
-23

 

J/K. Here    is enthalpy change and    is entropy change per monomeric unit of 

network related to volume phase transition.    is the fitting parameter and depends on 

the cross-linker density. 

1.5 Immobilization of colloidal crystals 

 Colloidal crystals grown in aqueous medium are fragile and relatively unstable 

against shear and hence are not widely used for the fabrication of devices [7,79]. In 

order to improve the mechanical stability, colloidal crystals have been locked in solid 

matrix. It is important to immobilize these crystals to retain their periodic 

arrangement in a matrix to prolong their utility. This has been achieved by introducing 

polymerizable monomers in colloidal crystals which can form hydrogel network 

around colloidal spheres. Colloidal crystals immobilized in a solid matrix is known as 

portable photonic crystals [24]. Immobilization of these crystals in hydrogel matrix 

have provided mechanical strength needed for colloidal crystals [17]. Hard sphere 

crystals, charged colloidal crystals and microgel crytals are immobilized and well-

studied for their applications [79,80]. Immobilized colloidal crystals have been used 

for controlled uptake and release of drugs [81,82], Bragg filters [83], tunable photonic 

crystals [26,84], non-linear optical switches [23,24], chemical sensors [85], etc. 

Crystals of stimuli responsive microgel particles is known as tunable photonic crystals 

[52]. 

1.6 Dynamics in colloidal suspensions 

 Monodisperse colloidal systems, though they mimic atomic systems in 

structural ordering and phase behaviour, they differ in dynamics due to presence of 
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solvent. Colloidal particles suspended in a solvent exhibit brownian motion. The 

motion of the colloidal particles disperesed in a solvent is described by Langevin 

equation of motion, given as [86], 

  
  ( )

  
     ( )   ( ) (1.11) 

Here  ( ) is the velocity of the colloidal particle with mass  . The frictional force 

(   ( )) opposes the motion of the particle and  ( ) is a random force. The 

frictional force is velocity dependent with   being the frictional co-efficient and it 

slows down the colloidal particle. The motion of colloial particle is overdamped due 

to viscous drag. For a spherical particle with sticky boundary conditions in newtonian 

fluid,   is given by the stokes expression,        , where a is the radius of the 

particle and    being the viscosity of the solvent [87]. The random force,  ( ) arises 

due to the fluctuations in the solvent molecules which accelerate or decelerate the 

colloidal particle due to collisions. The velocity of colloidal particles in the solvent 

undergoing brownian was obtained by solving Eqn. 1.11 and given by, 

  ( )   ( )   ( 
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The velocity correlation function averaged over maxwellian distribution is given by, 

 〈 ( ) ( )〉   〈 ( )〉    ( 
 

 
 )  

    

 
   ( 

 

 
 ) (1.13) 

Since the random force is uncorrelated with the initial velocity,  ( ), the correlation 

term 〈 ( ) ( )〉 is zero and the second term in Eqn. 1.12 vanishes. The displacement 

of colloidal particles vary for different particle for the given interval of time. Hence to 
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characterize the motion of the Brownian particle which is randomly moving, mean 

square displacement (MSD) is the better quantity to characterize the motion. MSD 

〈  ( )〉 of colloidal particle was obtained from velocity correlation function using the 

expression [86],  

 〈  ( )〉   ∫  

 

 

 (   )〈 ( ) ( )〉 (1.14) 

As a consequence of large mass and size difference between colloidal particles 

and solvent molecules, particles behaviour expressed as an averaged quantity over 

different time scales is sufficient to understand their dynamics. Towards that, MSD of 

the particle at three different times scales viz., short time, intermediate time and long-

time are used to investigate the dynamics of the colloidal particles. The time to which 

an impact from solvent molecules to colloidal particles exists is in the range of 10
-13

 

to 10
-12

 s for low viscosity liquids, known as impact time. Any notable change in the 

momentum of Brownian particle needs numerous collisions with the solvent 

molecules. The time scale in which the velocity of Brownian particles fluctuates is 

much longer than the impact time. These time regimes are classified based on two 

characteristics time scales, i.e., Brownian time (  ) and cage rearrangement time (  ). 

   
 

 
 is the time required to decouple the momentum of the solvent molecules and 

colloidal particle.    
  

  
 is the time required for the particle to diffuse over a 

distance equal to its own diameter, where a is the radius of the particle and    is the 

free diffusion coefficient. The time between         is  termed as short time, 

     as intermediate time and      as long time [88]. MSD data as a function of 

time was analysed for characterizing the particle dynamics and classified to be 

diffusive (   ) or sub-diffusive (   ) [86], by fitting to the power law, 
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Here   is the time exponent. 

 

 

 

 

 

 

 

Fig. 1.10 Schematic showing MSD (〈  ( )〉) of colloidal particles as a function of time, t in suspension 

with different structural ordering. Line indicates (i) gas-like, (ii) liquid-like (iii) supercooled 

liquid and (iv) crystalline or glass-like ordering.   

 MSD of particles at different particle densities are shown in Fig. 1.10. In dilute 

condition (gaseous state), colloidal particles exhibit free diffusive motion (〈  ( )〉  

 ) at all times and characterized by a single diffusion coefficient,    (Fig. 1.10(i)). 

MSD of suspension exhibiting liquid-like ordering is shown in Fig. 1.10(ii). The short 

time diffusion coefficient,    is slower than the free diffusion co-efficient,    due to 

hydrodynamic interactions. At longer times along with hydrodynamic interactions, 

colloidal particles experiences direct interparticle interaction which slows down the 

particle and is characterised by long time diffusion coefficient,    [89]. The change in 

the slope of the curve (ii) in Fig. 1.10 indicates the diffusion coefficient has changed 

from    to   . The MSD of supercooled liquid was altogether different. The particle 

exhibits diffusive motion at short times whereas it is sub-diffusive (〈  ( )〉  

  ,         ) at intermediate times due to the cage effect from the neighbouring 

particles. At long time, motion of the particle has become diffusive as the cage around 
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the particle changes dynamically (Fig. 1.10 (iii)). In the case of crystal or gas, the long 

time diffusion coefficient becomes zero while the short time diffusion co-efficent 

remains to exist (Fig. 1.10(iv)) [15,87].  

1.7 Motivation for the thesis 

 Poly (N-isopropyl acrylamide) (PNIPAM) microgel particles are temperature 

sensitive which show variation in particle size with respect to temperature [54]. Upon 

increasing the temperature, PNIPAM microgel particles undergo a sudden transition 

from swollen to collapsed state at around 34 °C, which is known as volume phase 

transition (VPT), which is reversible. With the incorporation of acrylic acid groups 

(Aac) during polymerization, PNIPAM-co-Aac microgels also respond to pH and 

ionic strength in addition to the temperature [90]. These microgel particles are soft, 

deformable, inhomogeneous (core-shell structured) having densely crosslinked core 

and a thin shell (~ 20 – 30 nm) which is loosely cross linked and has dangling 

polymer chains (hairs) [59,62]. In swollen state, PNIPAM microgel particles contain 

2-3% of polymer and the rest is water [59]. Hence, they are closely refractive index 

matched with water (solvent) which makes them ideal for investigating using light 

scattering technique, as they are free from multiple scattering of light even under 

dense conditions. Across VPT, microgel suspensions turn turbid due to increase in 

refractive index of the particle leading to multiple scattering of light. 3D DLS, which 

employs cross correlation technique, helps in investigating turbid samples for their 

structural ordering and dynamics. Dense suspensions of monodisperse microgel 

spheres exhibit structural ordering (liquid-like, crystalline and glass-like) similar to 

that observed in other colloidal systems as well as in  atomic systems [24] which 

hence serve as a model condensed matter sytem [91]. 



25 | P a g e  
 

 Applications of microgels in sensors and site specific drug delivery requires 

accurate determination of VPT of these particles induced by external stimuli. DLS is 

used to identify the VPT of these microgel particles with respect to either T, pH or 

ionic strength [54,88,92]. Using DLS, hydrodynamic diameter, d of these microgel 

particles is measured as a function of external stimuli and sudden increase or decrease 

in the particle diameter at a critical value is identified as the VPT of these microgel 

paticles. The particle diameter is obtained from the DLS measurement using Siegert‟s 

relation which in turn requires atleast 10
7
 particles/cm

3
 for the measurement to satisfy 

the Gaussian approximation used in the derivation [86]. Polydispersity in microgel 

particles is inevitable and interpreting DLS data of polydisperse sample is 

complicated [93]. Since VPT is the property of polymer itself and hence, 

measurement on a single particle will determine the VPT unambigiously. Towards 

this, we have developed an alternative tool to investigate VPT using optical tweezers 

[94]. Using the home built optical tweezers, the VPT of PNIPAM-co-Aac microgel 

particles with respect to pH was identified using trap stiffness,   as order parameter. 

Numerical calculation of trap stiffness was used to validate the experimental results.  

 Microgel particles in suspension with volume fraction greater than random 

close packed limit are shown to experience deswelling due to the osmotic pressure 

[77,88]. As the concentration of the microgel suspension was increased, the soft and 

core-shell nature of PNIPAM microgel particles are expected to affect the structure 

and dynamics of these microgel system. In this thesis, we have reported the structure 

of PNIPAM microgel crytals with volume fraction greater than 0.74 using static light 

scattering and UV-visible spectroscopy. The structure of PNIPAM microgels at a 

volume fraction greater than 0.74 is found to FCC-HCP coexistence. These microgel 

crystals are melted by raising the temperature to 35 ºC and slowly cooled at the rate of 
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0.1 ºC/hour to room temperature to identify their equilibrium structure. The structure 

of these crystals is found to be FCC-HCP coexistence even after annealing and cooled 

at slow rate. The sub-diffusive behaviour at short times exhibited by these microgel 

particles, due to entanglement of dangling polymer chains of neighbouring polymer 

chains, is argued to be the reason for the stabilization of FCC-HCP coexistence 

structure.  

 PNIPAM-co-Aac microgel particles are pH-responsive as well as 

thermoresponsive [48]. These microgel at pH > 4.25 are ionic in nature.  The crystal 

structure of PNIPAM-co-Aac microgel suspensions prepared at different pH from 

3.00 to 5.00, with same number density,    is investigated under as prepared and after 

recrystallization. All the samples under as prepared condition exhibited FCC-HCP 

coexistence structure. Upon recrystallization, by melting the sample and cooling at the 

rate of 0.1 ºC/hour to room temperature, the sample at pH 3.40 has crystallized in 

FCC structure, rest of the samples at other pH values exhibited FCC-HCP 

coexistence. The entanglement between neighbouring polymer chains is found to be 

the reason for the observed FCC-HCP coexistence in the samples. The sub-diffusive 

behaviour at short times exhibited by these particles provides the evidence for the 

entanglement of dangling polymer chains. PNIPAM-co-Aac microgel particles exhibit 

the same behaviour as that of neutral PNIPAM microgel particles at volume fraction 

greater than 0.74. 

 Colloidal crystals are fragile and highly unstable against even small shear and 

are limited for device fabrication [7,79]. These microgel crystals are immobilized in 

hydrogel matrix to provide sufficient mechanical strength and stability against shear 

[79,95,96]. Immobilization of these microgel crystals in hydrogel is carried out in a 
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controlled environment with temperature was maintained around 15 ºC, until the 

polymerization was completed. Though, there are plenty of applications for microgel 

crystals immobilized in hydrogels, the reports of detailed studies on the structure and 

dynamics of these crystals before and after immobilization is seldom present. In this 

thesis we have reported the structure and dynamics of gel immobilized microgel 

crystals. The temperature response of these immobilized crystal was understood in 

terms of particle size, particle form factor and refractive index of the particle.  

 Towards all the above mentioned studies, nearly monodisperse PNIPAM and 

PNIPAM-co-Aac microgel particles of different size have been synthesized. At higher 

temperatures PNIPAM microgel suspension turns turbid due to multiple scattering of 

light [97]. Investigations at high temperatures have been carried out using 3D DLS 

technique which uses cross-correlation method to pick-up single scattered light in the 

presence of multiple scattering. The thesis is organized as follows. The details of 

synthesis of microgel particle and their characterization and also the details of home 

built optical tweezers set-up are discussed in Chapter 2. Chapter 3 reports the 

identification of VPT of a single microgel particle using optical tweezers. Numerical 

calculations to understand optical tweezers data is also presented. Chapter 4 reports 

the crystal structure of thermo responsive PNIPAM microgel crystals with volume 

fraction greater than 0.74 using SLS and UV-visible spectroscopy. The crystal 

structure of pH responsive PNIPAM-co-Aac microgel crystals as a function of pH 

with volume fraction greater than 0.74 is presented in chapter 5. Chapter 6 reports the 

immobilization of microgel crystals in PAAm hydrogel and their structure and 

dynamics using light scattering techniques. Chapter 7 discusses the summary and 

conclusions of the investigations carried out using Optical tweezers, SLS, DLS and 
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UV-Vis spectroscopy, important findings of the thesis and directions for the future 

work.  

1.8 Key findings of the thesis 

i. Indigenously designed and developed an optical tweezers set-up. Using which 

for the first time, we have shown that VPT can be identified on a single 

microgel particle and shown that it gives a sharp transition as compared to that 

of conventional method of identifying VPT using DLS. VPT manifests as a 

sudden jump in the trap stiffness and is understood to arise from sudden 

decrease in the particle size with concomitant increase in the refractive index 

of the particle.  

ii. For the first time FCC-HCP coexistence is shown to be the stable state for 

dense PNIPAM microgel crystals with volume fraction,              by 

performing detailed annealing studies.  It is also shown that PNIPAM 

microgel crystals with volume fractions,              crystallize into 

FCC structure. Entanglement of dangling polymer chains between shells of 

neighboring microgel spheres is shown to occur in PNIPAM microgel crystals 

with      ,        and is evidenced by observing sub-diffusive 

behavior at short times. The entanglement is shown to disappear upon heating 

the crystals well about their melting temperature. 

iii. Through detailed annealing studies, it is shown that overlap of dangling 

polymer chains between the shells of neighbouring spheres is responsible for 

the stability of FCC-HCP coexistence observed in microgel crystals with 

      .  
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iv. In dense pH responsive microgel crystals, as prepared samples in the pH range 

3.00 to 5.00 crystallized in FCC-HCP coexisting structure. At pH = 3.40 

(     ), the sample upon recrystallization was found to crystallize into FCC 

structure whereas the samples at other pH (3.7, 4.0, 4.35, 4.7, 5.0) with 

       has remained in the FCC-HCP state. Dynamics of PNIPAM-co-Aac 

microgel particles at short times in dense suspensions is found to be diffusive 

in sample with        and is sub-diffusive in sample with       . The 

phase behaviour of ionic microgel crystals with        was found to be 

similar to that of dense microgel crystals of uncharged PNIPAM spheres. Our 

results suggested that Coulombic interaction between PNIPAM-co-Aac 

microgel particles is not dominant under dense conditions and does not play a 

major role in stabilizing the crystal structure.  

v. Stimuli responsive PNIPAM-co-Aac microgel crystals are successfully 

immobilized in poly-acrylamide hydrogel (PAAm) matrix. The structure of 

stimuli responsive microgel crystal is shown to remain unaltered before and 

after the immobilization. Immobilization of microgel crystals is shown to 

extend the stability of microgel crystals against melting beyond VPT. Bragg 

peak intensity as a function of temperature from immobilized microgel 

crystals is found to vary non-monotonically. That non-monotonic behaviour is 

shown to arise from the simultaneous decrease of particle diameter with 

concomitant increase in the refractive index of the microgel particle with 

increasing temperature. 
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CHAPTER 2 

SAMPLE SYNTHESIS AND EXPERIMENTAL TECHNIQUES 

This chapter deals with synthesis of PNIPAM microgels in aqueous medium 

through free radical precipitation polymerization and characterization of these 

suspensions for their average particle size, size polydispersity, effective surface 

charge and structural ordering. Initial part of the chapter discusses details about the 

chemicals used and experimental conditions maintained during the synthesis of 

PNIPAM microgel particles. Later part of the chapter describes experimental 

techniques that have been employed to investigate the particle size and size 

polydispersity, volume phase transition (VPT) of synthesized particles. Static and 

Dynamic light scattering (DLS) have been used to study particle size, size 

polydispersity, VPT and dynamics of microgel particles. A home built optical 

tweezers (OT) has been used to identify the VPT of a single microgel particle. UV-

visible spectroscopy technique has been employed to record the Bragg diffraction 

pattern and dynamics in dense microgel crystals is investigated using 3D- DLS.  

2.1 Synthesis of thermo-responsive and pH-responsive microgel particles 

 Poly (N-isopropyl acrylamide) (PNIPAM) microgel particles are synthesized 

by free radical precipitation polymerization of N-isopropyl acrylamide (NIPAM) 

monomer with cross linker N, N‟-Methelenebisacrylamide (BIS), surfactant sodium 

dodecyl sulfate (SDS) and initiator potassium persulfate (KPS) [3,54,70,75]. For 

synthesizing Poly (N-isopropyl acrylamide)-co-acrylic acid (PNIPAM-co-Aac) 

microgel particles, acrylic acid (Aac) co-monomer is added to the solution before 

initiating the polymerization. All chemicals used in the synthesis are of analytical 
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grade reagents and used as supplied. NIPAM, Aac, SDS and BIS are dissolved in 

Millipore water (resistivity 18.2 MΩ-cm) and the solution is filtered to remove any 

particulate and dust using 0.1 µm syringe filter (Milex). Filtered solution is 

transferred to a round bottom flask and purged with argon gas to remove any 

dissolved oxygen for one hour under rigorous stirring at 70C. In aqueous solution, 

above critical micelle concentration (CMC), SDS forms spherical micelles which 

contain monomer units and act as monomer droplets. The size of the microgel 

particles is tuned by varying the concentration of surfactant. Variation of SDS amount 

leads to the variation of size of micelle formed and hence that of microgel particle. 

The initiator (KPS) is dissolved separately in Millipore water and added to the 

solution in the round bottom flask shown in Fig. 2.1. KPS dissociates at 70 C to give 

free radicals which initiates the polymerization reaction. Beyond a critical chain 

length, the growing chain collapses to form unstable precursor particles. The 

precursor particles grow by adding onto other precursor particles. During the 

polymerization process, BIS cross links polymer chains creating network structure in 

a microgel particle. Polymerization is allowed to continue for 6 hours while 

maintaining the temperature of the solution at 70 ± 0.5 C. Throughout the 

polymerization reaction argon gas was purged continuously and rigorously by stirring 

the solution. The solution is cooled down to room temperature after 6 hours to 

terminate the polymerization reaction. In the absence of the SDS, monomers 

themselves form droplets. On the other hand, increase in cross linker concentration 

makes polymer network more compact, resulting in decrease in the size of the 

particles.  At higher concentration of cross linker, due to compaction of polymer 

network, PNIPAM microgel particles become more rigid than those formed under 
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lesser cross linker concentration. In the absence of the cross linker, polymer chains 

forms network structure via self-cross linking. 

 

 

 

 

 

Figure 2.1 Schematic diagram of the experimental set-up used for synthesizing the PNIPAM microgel 

particles. 

Monodisperse PNIPAM microgel particles of various sizes have been 

synthesized by varying SDS and BIS. Chemical compositions used for synthesis of 

microgel particles with different diameters, d and size polydispersity, SPD are 

summarized in Table 2.1.  

Table 2.1 Concentration of chemicals used in the synthesis of PNIPAM and PNIPAM-co-Aac 

microgels and the mean diameter, d and size polydispersity (SPD) of microgel particles 

measured at 22 °C, using DLS technique. 

Label NIPAM 

(mM) 

BIS 

(mM) 

SDS 

(mM) 

Acrylic 

acid 

(mM) 

KPS 

(mM) 

Diameter, d 

at (22 °C) 

(nm) 

SPD 

(%) 

P1 139 1.96 1.05 - 2.22 235 4.5 

P2 139 1.96 - - 2.22 633 8.0 

P3 103 1.6 - 9.25 2.22 930 4.0 

P4 103 1.6 - 18.5 2.22 1100 5.5 
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2.2 Purification of PNIPAM and PNIPAM-co-Aac microgel particles 

 Synthesized PNIPAM microgel suspensions are purified for unreacted 

monomers and other ionic impurities by dialysis using cellulose tubing‟s (Himedia, 

India) with molecular weight cut off 10,000 g/mol against Millipore water (resistivity 

18.2 MΩ-cm) for 2 weeks till the dialyze water conductivity goes below 1 µS/cm. 

After the dialysis, purified microgel suspensions are concentrated by ultrafiltration 

technique (Fig. 2.2) using a stirred cell equipped with Amicon regenerated cellulose 

membrane (Millipore, MA, USA) with nominal molecular weight limit (NMWL) 

10,000 kDa. Further purification for removing ionic impurities was carried out by 

keeping the microgel suspensions with mixed bed of ion-exchange resins (Ag501-X8, 

Bio-Rad laboratories, USA).  

 

 

 

 

 

Figure 2.2 Schematic of stirred cell used for purification/concentration of the microgel suspension 

using ultrafiltration membrane. 

2.3 Determination of surface charge density on PNIPAM -co-Aac microgel 

particles 

 PNIPAM microgel particles acquire charge from the initiator used during 

polymerization reaction and due to the addition of ionic co-monomer in the case of 

ionic microgels. The surface charge density on the PNIPAM-co-Aac microgel 
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particles suspension is determined by conductivity method [43,98]. Deionized 

suspensions of PNIPAM-co-Aac particles of known particle number density,    was 

prepared by diluting the concentrated suspension with deionised water whose 

conductivity is ~ 0.6 S/cm. The conductivity,   of microgel suspension as a function 

number density,    is measured using conductivity meter. The conductivity of 

suspension at each concentration is measured using bench pH/Conductivity meter (PC 

510, M/s EUTECH INSTURMENTS).  

 

 

 

 

 

 

Figure 2.3 Conductivity,   of microgel suspension as a function of particle number density,    for 930 

nm PNIPAM-co-Aac microgel particles. Continuous line is linear fit to the data.  

Conductivity,   of the microgel suspension varied linearly with   . 

Conductivity as a function of number density,    is fitted with a linear fit. The slope 

of the fit is used to calculate surface charge density of the particle and the intercept 

gives the conductivity of the Millipore water used for diluting of the microgel 

suspension. Fig. 2.3 shows the plot of    verses conductivity for the 930 nm 

PNIPAM-co-Aac microgel suspension.  
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The effective charge density,    is obtained using the expression, 

          
  

   
 

  

     (2.1) 

where   is Avagardo number,     is the equivalent conductance of    at infinite 

dilution (=349.8 S/cm
2
 at 25 

o
C),   is charge of an electron and   is the diameter of 

the particle.   ions contributes to the conductivity in deionized suspension. Table 2.2 

shows the surface charge densities determined by conductivity method for the 

PNIPAM-co-Aac suspensions.  

Table 2.2 Effective surface charge densities on the PNIPAM-co-Aac microgel particles. 

Label 
Diameter 

(nm) 

Effective Surface Charge Density ( ) 

(µC/cm
2
) 

P3 930 12.01 

P4 1100 11.95 

 

2.4 Preparation of pH buffers 

Buffers are prepared by selecting buffering ion with a suitable disassociation 

constant (pKa) value such that it lies within the range ±1of desired pH value. To start 

with, 90 ml solution of weak acid (citric acid or acetic acid) is titrated against 100 

mM of sodium hydroxide (NaOH) (strong base) to obtain specific pH values. pH 

values of all the buffer solutions are confirmed by measuring pH many times over a 

period of 2 days at constant temperature. Those values are used in the estimation of 

error in pH values. The ionic strength of all the pH buffers is maintained constant at 

15 mM, by adding required amount of NaCl, in order to avoid deswelling of 

microgels due to variation in ionic strength [99] and the uncertainty in the 
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measurement of pH is  ± 0.03. Ionic strength ( ) of each buffer is calculated using the 

expression, 

   
 

 
∑                            (                 )  (2.2) 

The conductivity of the buffer solution is measured using conductivity meter and is 

used in the calculation of ionic strength, ( ) using the expression 

                                                (      ) (2.3) 

Russel factor for electrolytes is 1.6 Χ 10
-5

. The pH value of each buffer is measured 

using bench pH/Conductivity meter (PC 510, M/s EUTECH INSTURMENTS). The 

chemicals used in the preparation of pH buffer solutions are listed in Table 2.3.  
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Table 2.3 Details of chemical ingredients used in the preparation of pH buffers at an ionic strength of 

15 mM. 

pH 

value 

Acidic component Vol. of 10 mM 

acid component 

Vol. of 100 

mM NaOH 

Amount of 

NaCl (g) 

3.00 
Citric acid 

monohydrate 
90 ml 7.0 ml 0.061 

3.25 
Citric acid 

monohydrate 
90 ml 9.5 ml 0.053 

3.50 
Citric acid 

monohydrate 
90 ml 10.5 ml 0.045 

3.75 
Citric acid 

monohydrate 
90 ml 14.0 ml 0.039 

3.90 
Citric acid 

monohydrate 
90 ml 15.5 ml 0.03 

4.0 Acetic acid 90 ml 4.4 ml 0.078 

4.10 Acetic acid 90 ml 5.0 ml 0.075 

4.20 Acetic acid 90 ml 6.2 ml 0.072 

4.35 Acetic acid 90 ml 9.0 ml 0.065 

4.70 Acetic acid 90 ml 11.0 ml 0.057 

5.00 Acetic acid 90 ml 11.6 ml 0.48 

 

2.5 Experimental techniques 

2.5.1 Light scattering technique 

Static light scattering (SLS) and dynamic light scattering (DLS) are two 

branches of light scattering techniques, which are complementary in the sense that 

they take advantage of two different and completely independent features of scattered 

light. SLS utilizes average intensity of scattered light at different angles to obtain 

molecular weight, particle size, particle shape and interactions. DLS uses the temporal 
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fluctuations of scattered light at a given angle to derive information like diffusion co-

efficient of the particle, etc. [8]. 

a) Dynamic light scattering 

 The synthesized PNIPAM microgel suspension was characterized for its size 

and polydispersity using dynamic light scattering (DLS) technique and it is also 

known as quasi elastic light scattering (QELS) or photon correlation spectroscopy 

(PCS). DLS is a well-known technique for characterization of sub-micron sized 

particles or macromolecules. Colloidal particles in a suspension exhibit random 

motion which includes translational, rotational motion due to non-compensated 

momentum transfer from the solvent molecules upon collision. Because of this, the 

light scattered by these particles fluctuates in time around an average value. These 

fluctuations carry information regarding ordering and dynamics of the particles. Time 

averaged correlation function offers concise way of obtaining physically meaningful 

information from these fluctuations which resemble a noise-like signal. 

 Any physical property,  ( ) fluctuating in time, can have two different values 

at times   and     if   (time lag) is large. For very small values of  ,  (   )  

 ( ). As the value of   increases, the deviation of  (   ) from  ( ) increases. In 

other words, at short  ,  (   ) and  ( ) are correlated and this correlation is lost as 

  becomes large compared with the period of the fluctuations. A measure of this 

correlation is the auto-correlation function of the physical property,   and is defined 

as [8,100], 
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( ) (   ) (2.4) 

with the assumption that the infinite time average is independent of the starting time. 

And the average of the physical property,  ( ) is  

 〈 〉      
   

 

 
∫    ( )

 

 

 (2.5) 

These equations are written in discrete form as 

 〈 ( ) ( )〉     
   

 

 
∑       

 

   

 (2.6) 

with the average of the property is given as 

 〈 〉      
   

 

 
∑   

 

   

 (2.7) 

where    is the value of the property at the     interval and      ,       and 

     . The auto correlation function varies as a function of time and it can be 

shown that it decays from a maximum value of 〈  〉 to a minimum value of 〈 〉  and 

this variation, in many cases, is single exponential decay in nature and is given by, 

 〈 ( ) ( )〉  〈 〉  *〈  〉  〈 〉 +    (
  

  
) (2.8) 

where    is the characteristic decay time of the property, also known as “relaxation time” or 

“correlation time”. Working with auto correlation function of fluctuations in   is much 

simpler than working with auto correlation function of   itself, as the time invariant part 

〈 〉  is discarded in the former case and is given by, 
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 〈  ( )  ( )〉   〈   〉    (
  

  
) (2.9) 

In laser light scattering experiments, a laser beam is focused onto a region of a 

fluid and is scattered into a detector. From each scattering centres light gets scattered 

and the superposition of all these scattered light is denoted as the instantaneous 

scattered field. The scattered electric field at a given scattering wave vector,   

    

 
   

 

 
 is given by   ( ,  ), where    is the refractive index of the medium,   is 

the wavelength of incident light and   is the scattering angle The intensity of the 

scattered electric field detected by the detector at any instance is   ( ,  )   |  ( ,  )|  

and is fed to a digital correlator for calculating intensity auto correlation function 

(homodyne correlation function) which is defined as 

 〈  ( ,  )  ( ,  )〉   〈|  ( ,  )| |  ( ,  )| 〉 (2.16) 

where B is the proportionality constant and the normalized intensity auto correlation 

function  ( )( ,  ) is defined as 

  ( )( ,  )  
〈  ( ,  )  ( ,  )〉

〈  ( )〉 
 (2.11) 

and the normalized electric field auto correlation function  ( )( ,  ) or  ( ,  ) is 

defined as 

  ( )( ,  )   ( ,  )  
〈  ( ,  )  ( ,  )〉

〈  ( )〉 
 (2.12) 

Normalized intensity auto correlation function, ( ( )( ,  )) and normalized electric 

field auto correlation function, . ( )( ,  )/ is related through Siegert‟s relations given 

by [86],  
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  ( )( ,  )     | ( )( ,  )|
 
 (2.13) 

with the following assumptions: 

1. Particle motions in the suspension are stochastically independent. 

2. The amplitude of the scattered electric field is a Gaussian distribution. 

here   is the coherence factor and ideally equal to 1.  value depends on the size of 

the aperture placed before the detector. Any deviation in aperture size lead to decrease 

in the value of .  In order to maintain the  value close to 1, the aperture size is 

generally chosen as 100 m or less, the beam exactly focuses at the centre of the 

scattering volume and the power of the laser is maintained at a constant value. 

Upon assuming the instantaneous displacement of colloidal particle,  ⃗( ) is 

Gaussian distributed,  ( ,  ) can be related to mean square displacement (MSD), 

〈  ( )〉 through the relation, 

  ( ,  )     ( 
  〈  ( )〉

 
) (2.14) 

MSD obtained using this relation is used to characterize the dynamics of colloidal 

suspensions. In dilute, non-interacting suspension, a colloidal particle diffuses freely 

due to Brownian motion with a free diffusion co-efficient    and it is related to MSD 

by the relation, 〈  ( )〉      . Then eqn. 2.14 becomes, 

  ( ,  )     (      )     (   ) (2.15) 

where        is the decay constant.    is related to the hydrodynamic diameter, d 

through Stokes-Einstein relation by           ⁄  where    is Boltzmann 
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constant, T is temperature and   is the viscosity of the solvent. For suspension with 

polydispersity,  ( ,  ) is related to line width distribution,  ( ) by 

  ( ,  )  ∫  ( )

 

 

   (   )     (2.16) 

 ( ) can be calculated by Laplace inverse of  ( ,  ) and the particle size distribution 

can be derived from it. Deriving precise functional form of  ( ) is rigorous and time 

consuming. Alternatively, cumulant expansion method is used to obtain the basic 

information about size and size polydispersity of the suspension from  ( ,  ). In 

method of cumulants,   , ( ,  )- is expanded in power series expansion as [93], 

   , ( ,  )-    ̅  
  

  
     

  

  
    , (2.17) 

here,  ̅ is the average decay rate related to average diffusion constant,   ̅ by  ̅   ̅   

and is used to determine the average size of colloidal particles using Stokes-Einstein 

equation. The size polydispersity (SPD) is obtained using second cumulant,    using 

the expression      
√  

 ̅
 

MSD data as a function of time, determined using Eqn. (2.14) can be fitted to power 

law [86],  

 〈  ( )〉     (2.18) 

Here, t is time and   is the time exponent. If    , the particle dynamics is said to be 

diffusive and    , the dynamics is sub-diffusive. If    , then the dynamics is 

termed as super-diffusive [86]. In dense suspensions, multiple scattering of light [101] 

poses formidable problem in obtaining particle dynamics. The use of 3D DLS 
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technique which employs cross-correlation technology helps in measuring  ( )( ,  ) 

of single scattered light even in turbid suspension. The 3D DLS set-up has the 

provision for reducing the path length [102], thus minimizing the multiple scattering 

of light in the samples which are too turbid. 

b) Static light scattering  

 The structural ordering in dense suspensions is characterized using static light 

scattering (SLS). Since the interparticle separation in colloidal suspensions is of the 

order of the wavelength of visible light, static light scattering technique is the 

appropriate tool to characterize the structural ordering in colloidal suspension. Light 

incident on colloidal suspension is scattered in all directions by the density 

fluctuations in the scattering volume of the sample. Scattering volume, Vs is defined 

as the volume at the intersection of the detector cross-section and the incident beam 

(Fig. 2.4). The detector position which makes an angle with the incident beam defines 

the scattering angle,  . In SLS, the elastically scattered light is collected at different 

scattering angles for a specific time (~ 10 sec). The change in momentum of the 

photon is given as, 

   ⃗     ⃗⃗     ⃗⃗  (2.19) 

where ħ = h/2  and h is Planck‟s constant.  ⃗⃗  is wave vector of incident light,  ⃗⃗  is 

wave vector of scattered light and  ⃗   ⃗⃗   ⃗⃗   is known as scattering wave vector 

(Fig. 2.4). For elastic scattering process | ⃗⃗ |  | ⃗⃗ |, and the amplitude of scattering 

wave vector is given by, 
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 (2.20) 

Here, m is refractive index of the solvent and   is wavelength of the incident light. 

 For a suspension containing N monodisperse colloidal particles of radius, a 

having refractive index,    dispersed in the scattering volume, Vs, the scattered 

electric field,   ( ⃗,  ), is given by [100], 

   ( ⃗,  )    ∑∑    (  ⃗  ⃗ ,  
( ))

 

  

 

   

 (2.21) 

where   is the number of scattering centres in a colloidal particle with a scattering 

amplitude of   for each scattering centre,  ⃗ ,  
( ) is the position vector of the 

scattering center with respect to an arbitrary origin, O,    in the j
th 

particle at time, t 

and can be expressed as 

  ⃗ ,  
( )   ⃗⃗ ( )   ⃗⃗  

( ) (2.22) 

where  ⃗⃗ ( ) is the position vector of center of mass of particle j with respect to origin 

O and  ⃗⃗  
( ) is the position vector of scattering center with respect to the center of 

mass of the particle j at time t (Fig. 2.5). The time averaged scattered intensity, 〈 ( ⃗)〉 

is given by, 

 
〈 ( )〉  〈|  ( ⃗)| 〉     〈 ∑    0  ⃗ . ⃗ ,  

  ⃗ ,  
/1  

 , ,  ,  

〉 (2.23) 

Upon substituting equation (2.22) in equation (2.23) and rearranging yields, 
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Figure 2.4 The geometrical representation of scattering wave vector,  ⃗ with respect to incident wave 

vector,   
⃗⃗⃗⃗  and scattered wave vector,   

⃗⃗ ⃗⃗  with scattering angle,  .  

 

 

 

 

 

Figure 2.5 Two spheres having position vector of centre of mass at  ⃗⃗  and  ⃗⃗   with respect to origin, O 

and separated by a distance,  ⃗⃗   ⃗⃗ .   ⃗ ,  
 and   ⃗⃗  

 are the distances of the α
th

 scatterer 

from O and center of the j
th 

 sphere, respectively. 
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 Under Rayleigh-Gans-Debye (RGD) approximation, the interparticle 

contributions and intraparticle contributions to the scattered intensity are separated 

and written as [37,103], 

 〈 ( )〉    ( ) ( ) (2.25) 

where   
        

  .
    

    
/
 

  

   is due to Rayleigh scattering from N particles of size a 

dispersed in a medium of refractive index   , relative refractive index,   
  

  
, 

refractive index of the particle,       is the intensity of incident radiation of 

wavelength,  .   is the distance between the sample and the detector.  ( ) is the 

particle form factor or intra-particle structure factor and is given by 

  ( )  〈
 

  
∑    (  ⃗ . ⃗⃗  

  ⃗⃗  
/)

 

  ,  

〉 (2.26) 

and for a homogeneous spherical particle of radius, a the particle form factor is given by 

[104], 

  ( )  ,
 ,   (  )  (  )   (  )-

(  ) 
-

 

 (2.27) 

The interparticle structure factor,  ( ) is given by, 

  ( )  
 

 
〈∑   [  ⃗ ( ⃗⃗   ⃗⃗ )]

 , 

〉 (2.28) 

For a dilute suspension,  ( )   . In order to characterize structural ordering in 

microgel suspensions, SLS has been used to measure the scattered intensity   ( ) as a 

function of q. The recorded diffraction pattern is analysed to identify the crystal 
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structure of PNIPAM microgel crystals which are known to exhibit face centred cubic 

(FCC) or hexagonal close packed (HCP) or random hexagonal close packed (RHCP) 

structure [70]. For an FCC structure, the first Bragg peak in the diffraction pattern is 

from (111) planes. Other allowed Bragg peak positions for FCC structure have been 

calculated using the position of      peak  and using inter-planar distance      of 

planes with miller indices (hkl), given by, 

      
  

√        
 (2.29) 

where    is lattice constant of FCC structure and related to the Bragg‟s law by, 

                 (  ) (2.30) 

where n is order of diffraction and    is the glancing angle. By combining Eqns. 2.29 

and 2.30, the subsequent peak position was determined using, 

    (
  

 
)  

√  
    

    
 

√  
    

    
 
   (

  

 
) (2.31) 

Similarly, for HCP structure the first peak corresponds to the Bragg reflection from 

(100) planes and other allowed peak positions for the HCP structure are calculated 

using the position of       peak and inter-planar distance      given by 

 

     
 

√
 

   
 (        )  

  

  
 

 

(2.32) 

where    and    are lattice constants of HCP structure. The structure of PNIPAM 

microgel crystals is identified to be FCC/HCP or FCC-HCP coexistence by 

calculating all the Bragg peak positions for the structure and matching with that 
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measured experimentally. The first peak position,      of FCC structure is related to 

the number density,   by, 

    
 

 √ 
.
    

  
/
 

 (2.33) 

and to the nearest-neighbour distance,     by, 

     (
√ 

  
)

 
 

 (2.34) 

Similarly, the first peak position,      of HCP structure is related to number density, 

  by, 

    
 

 
.
    

  
/
 

 (2.35) 

The    value determined using SLS and the d value determined using DLS were used 

to determine the volume fraction using the relation, 

     

   

 
 (2.36) 

c) Light scattering set-up 

 Static and dynamic light scattering measurements have carried out using light 

scattering set up (M/s Malvern, UK, model 4700). Schematic of the light scattering 

set-up (top view) is shown in Fig. 2.6. The light scattering set-up is equipped with a 

linearly polarized He-Ne laser operating at a wavelength,         , lenses, neutral 

density filter, vat, analyser, detector and a multi tau correlator. The set-up consists of 

a goniometer with an arm to mount the detector (Photo multiplier tube, (PMT)), to 

collect the scattered light at different angles (between 10° to 150°) with an angular 
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resolution of 0.1. A pin hole with an adjustable aperture placed before the PMT is 

used for varying the detector exposed to the scattered light. In order to enhance the 

coherence factor, β scattering volume is reduced by focusing the incident light at the 

centre of the vat and by decreasing the pinhole size placed before the detector.  

 

 

 

 

 

Figure 2.6 Schematic diagram of light scattering set up.  

Vat contains index matching liquid (toluene) which also serves as temperature 

bath. Temperature of the vat, hence the sample temperature is varied from 10 C to 60 

C with temperature stability of ± 0.1 C, using a heating coil attached to it. XY plane 

is the scattering plane in which laser is placed along x-direction and the detector in y-

direction. Vertical polarization of the incident light is achieved by aligning the 

polarization of the laser parallel to z-direction. The analyser is used to select the 

scattering geometries i.e., V-V (vertical-vertical) or V-H (vertical-horizontal). In V-V 

geometry, vertically polarized light is incident on sample and the analyser is aligned 

in such an orientation that only vertical component of the scattered light is allowed to 

reach the detector. In V-H geometry, vertically polarized light is incident on sample 

and horizontal component of the scattered light is detected. This geometry is also 
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known as depolarized light scattering geometry. Digital correlator processes the signal 

from PMT to compute the correlation function using multi-tau correlator. The 

correlator signal is then passed on to the computer for determining the correlation 

function and for further analysis. Correlator of model 7132 is used in our set-up for 

computing the correlation function. 

d) Alignment procedure 

a) Laser beam is made to pass through the crosswire placed on the goniometer using 

the translational, horizontal and vertical screws. The laser is ensured to be 

parallel to the plane of the table. 

b) The beam is made to pass through the centre of the flat portion of the VAT, 

which is placed in the ring and exits out through the other end. Finally the three 

levelling screws are tightened. 

c) The vat is covered on the top with its cover lid and tightened. The vat is filled 

with toluene from top and simultaneously ensured that the beam should pass 

through the pinhole, crosswire as in the first step. 

d) The focusing lens is tightened in its position. Using the fine screw on the 

focusing lens assembly, the lens is adjusted to a position such that the beam is 

passing through the pinhole and crosswire.  

e) To ensure complete alignment, a thin platinum wire is inserted at the sample 

position perpendicular to the beam and the diffraction fringes are verified. The 

diffraction fringes will be symmetric on both sides of the centre if the beam is in 

a straight line. With this, the alignment gets completed. Then the cross wire in the 

goniometer meter is replaced with PMT and tightened.  
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Figure 2.7 Scattered intensity, Is(θ) as a function of scattering angle,   measured for toluene.  

The alignment of the instrument is cross checked by measuring the scattered 

intensity at different angles with toluene placed at the sample position. The count rate 

from the toluene sample at scattering angles of 30
o
, 90

o
 and 150

o 
are compared with 

each other. The scattering volume is different at oblique scattering angles, which 

means the observed count rate is expected to go proportional to    ( ) where   is the 

scattering angle. A correction for this effect is automatically made in angular scan 

measurement provided the alignment is made to satisfy, Count rate at 30 = Count 

rate at 150 = 2(Count rate at 90). This relation holds well within 5% for a good 

alignment. Figure 2.7 shows the scattered intensity as a function of scattering angle 

for toluene in 10 mm cell. The scattered intensity corrected for its angle dependence 

remains constant from 20 to 150 which represent good alignment for the instrument. 

e) 3D dynamic light scattering technique 

 The light scattering theory mentioned above is valid only for single scattering 

events. Single scattering of light refers to the light scattered by the particles once and 
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reaches the detector without getting scattered from other particles. Light scattered 

many times by particles before reaching the detector is termed as multiple scattering 

of light [97]. Multiple scattering of light occurs in dense suspensions or suspension 

with high refractive index contrast. In the event of multiple scattering of light, all the 

formalisms discussed in the previous section doesn‟t hold good.  

 

 

 

 

 

Figure 2.8 Photograph of cross-correlation light scattering setup. 

Singly scattered light amidst multiply scattered light can be measured using 

cross-correlation technique and used to characterize turbid colloidal suspensions 

[102,105]. Cross-correlation light scattering technique is also known as 3D light 

scattering (3D DLS and 3D SLS) (Fig. 2.8). In 3D light scattering technique, two light 

scattering experiments are performed, simultaneously, using two laser beams having 

wave vectors  ̅  ,  ̅   which cross each other at an angle, ψ at the centre of the vat and 

scattered light from corresponding beams is detected at wave vectors  ̅  ,  ̅  , 

respectively using two detectors, at two different planes. To facilitate this, two 

detectors are placed on the goniometer such that both detectors see same scattering 

wave vector with respect to the singly scattered light, | ̅|   | ̅     ̅  |  
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(a) (b) 

| ̅     ̅  | (Fig. 2.9).Normalized intensity cross-correlation function,    
( )( ,  ) is 

calculated using the intensities obtained through two detectors,   ( ,   ) and   ( ,    

 ) is given by  

      
( )( ,  )  

〈  ( ,   )  ( ,     )〉

  〈  ( )〉〈  ( )〉
 (2.37) 

Both detectors detect both singly scattered and multiply scattered light. Light 

scattered upon many times will reach the detector with different  ⃗. Intensity of light 

scattered at same  ⃗ is temporally correlated, whereas that for different  ⃗ is temporally 

uncorrelated. Hence, upon cross-correlating the intensities from two detectors, 

multiple scattered component of light gives rise to constant background and single 

scattered component of light contributes to the correlation. Using Siegert‟s relation, 

 ( ,  ) is obtained from    
( )( ,  )    |  ( ,  )| , with           where   , 

    and    are factors due to multiple scattering, commonality to two laser beams and 

alignment of the instrument. Time averaged intensity due to singly scattered light 

alone from turbid suspension is given by  ( )   √  
   

             ⁄  where   
  and 

  
  are the intensity detected by two detectors, respectively. 

 

 

 

 

 

 

 

 

 

Figure 2.9 (a) Ray diagram showing scattering geometry of 3D light scattering setup, (b) Schematic of 

the cross-correlation light scattering setup 
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For probing turbid suspension, we have used 3D DLS setup (LS Instruments 

AG, Fribourg, Switzerland) which is equipped with He-Ne laser (632 nm), vat (with 

decalin as index matching liquid), two Avalanche photo diodes (APD) as detectors, 

and multi tau correlator. Sample temperature is controlled to accuracy of  0.1 C by 

circulating heat exchanger fluid around the VAT. The scattered intensity   ( ) 

observed for toluene in 10 mm cell is constant over the scattering wave vector range 

from q = 0.68 x 10
5
 cm

-1
 to 2.54 x 10

5
 cm

-1 
indicating the alignment of the system 

(Fig. 2.10(a)). Due to overlap of two laser beams at the centre of the scattering cell, 

the intensity cross-correlation function‟s intercept decreases to 0.25 from its ideal 

value of 1. In order to increase the intercept of intensity cross-correlation function, 

acousto-optic modulators (AOMs) are used, which periodically allows one of the two 

beams by diffracting the other beam out of the scattering cell. By this way, overlap of 

two beams is avoided. The time period of this switching of beams is 3 µs. With 

AOMs,     
( )( ,  ) is observed to increase up to 0.74. Fig. 2.10(b) shows the Intensity 

correlations measured in auto and cross-correlation mode for dilute suspension of 

polystyrene particles of size 70 nm. 

 

 

 

 

Figure 2.10 (a) Scattered intensity,   ( ) as a function of scattering angle,   measured for toluene, (b) 

Intensity cross-correlation functions measured in auto and cross-correlation mode on 

dilute polystyrene (70 nm diameter) suspension. 
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f) Non-ergodic analysis 

A dynamical system is termed as non-ergodic when the time averaged 

property is different as that averaged over all the phase space of the system. In non-

ergodic colloidal suspensions, time averaged,  ( )( ,  ) measured at different sample 

locations are different and true  ensemble average of  ( )( ,  ) is obtained by 

averaging the correlation function at different sample locations, in order to obtain 

 ( ,  ). A simple method was proposed by Pusey and Van magen [106] and 

Furukawa [107] to get  ( ,  ) for non-ergodic samples. Just by measuring time 

averaged  ( )( ,  ) at single sample location,  ( ,  ) using their method. According 

to their method, 

  ( ,  )  
   

 
 

√ ( )( ,  )      
  

 
 (2.38) 

By measuring, ensemble averaged scattered intensity, 〈 ( )〉  and time averaged 

scattered intensity, 〈 ( )〉  and the ratio of them gives the non-ergodicity factor, Y. 

  
〈 ( )〉 
〈 ( )〉 

                           
  

〈  ( )〉  〈 ( )〉 

〈 ( )〉 
    ( )( ,  )    

where   
  is mean square fluctuation of the scattered intensity. The average of the 

scattered intensity obtained by rotating the sample or translating the sample which 

exposed different locations in the sample will give 〈 ( )〉  and time averaged 

measurement of scattered intensity at one location in sample will give 〈 ( )〉 .  ( ,  ) 

for turbid non-ergodic samples using cross-correlation technique is given by 

  ( ,  )    
 

 
{[

   
( )( ,  )     

( )( ,  )

       
  ]

   

  } (2.39) 
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where   √.
〈  ( )〉 〈  ( )〉 

〈  ( )〉 〈  ( )〉 
/ and the sub-script E denotes ensemble averaged and 

sub-script t denotes the time averaged scattered intensities and 1and 2 refers to the 

detector 1 and detector 2.  

 

 

 

 

Figure 2.11 (a) Intensity auto correlation function at different sample position of a non-ergodic system 

(b) Field auto correlation function obtained through the method mentioned in [106] from 

intensity auto correlation function. 

2.5.2 UV-Visible spectroscopy 

The structural ordering in dense microgel crystals is recorded using JASCO 

650 UV-Visible spectrophotometer. Figure 2.12 shows the schematic of UV-Visible 

spectrophotometer. The light incident on the sample is attenuated due to scattering 

and absorption, a part is reflected and the remaining gets transmitted. For a medium of 

uniform absorption,  

    
  
  

     (2.17) 

where    is transmitted intensity and    is incident intensity and absorbance in the sample, 

    is given by, 

          (  ) (2.41) 
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Beer-Lambert law says that, absorption is proportional to the concentration and 

         (2.42) 

where   is molar extinction co-efficient for the absorbing material at wavelength in 

units of (        )  ,   is the molar concentration of the absorbing molecules and 

  is the optical path length in the material. Beer-Lambert‟s law is valid between the 

absorbance values of 0.05 to 0.70.  Combing Eqn. 2.40, 2.41 & 2.42, we get 

    (
  
 
)      (2.43) 

 

 

Figure 2.12 Schematic diagram of UV-Vis Spectrometer. 

The spectrophotometer used was having double beam setup with a wavelength 

range between 900 nm to 200 nm, which is achieved using deuterium lamp and a 

halogen lamp as the sources covering ultraviolet region and visible region 

respectively. The minimum wavelength resolution attainable in our setup is 0.1 nm. A 

double monochromator is used to disperse the composite light into different 

component of wavelengths. The incident beam is split into two beams, viz., reference 

and sample beam using a chopper mirror. The reference beam is used to neutralize the 

effect of sample cell and solvent. Two PMT‟s are employed for detecting beam 

through reference cell and sample cell. All spectra reported in thesis are recorded in 

normal incidence mode with the sample being sandwiched between two quartz plates 

with a groove of 100 µm.  
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UV-Visible spectroscopy is known to be useful tool to characterize structural 

ordering [56,108,109] and for studying crystallization and melting kinetics [110,111] 

in colloidal crystals. Peaks observed in absorption spectrum of PNIPAM microgel 

crystals are due to Bragg diffraction of λ that satisfy Bragg condition,    

          (  ). Here    is the glancing angle which is 90º,      is the interplanar 

distance between crystal planes with (hkl) miller indices and n is the order of 

diffraction [112]. Under normal incidence, the Bragg‟s condition reduces to, 

               (2.44) 

and subsequent peaks occur at λ values satisfying the condition, 

         
√  

    
    

 

√  
    

    
 
        (2.45) 

The dense plane, (111) of the FCC structure and (002) of HCP structure are 

known to grow parallel to the walls of the sample cell [70,113]. Prominent peaks in 

absorption spectra correspond to (111) peak of FCC structure or (002) peak of HCP 

structure. 

2.5.3 Optical tweezers 

 Volume phase transition (VPT) of microgels is a property of polymer. 

Investigation on a single particle should enable us in identifying the VPT. Optical 

tweezers (OT) is a non-invasive technique which allows trapping a single microgel 

particle and identifies the VPT with respect to external stimuli. The trap stiffness   is 

used to identify the transition precisely. Light has energy, linear momentum and 

angular momentum which are used to heat or cut materials, to move or trap the 

particles and to rotate or twist the particles, respectively. A highly focused laser beam, 
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capable of holding microscopic objects stable in three dimensions, is known as optical 

trap (Fig. 2.13) [94]. 

 

 

 

 

 

Figure 2.13 Schematic of optical trap and sample cell containing colloidal particles suspended in a 

medium. 

Optical tweezers (OT) uses linear momentum and angular momentum of light 

to exert force and torque on microscopic objects, respectively to manipulate them. 

Using a high numerical aperture (NA) microscopic objective lens, the laser beam is 

focused down to a diffraction limited spot which is capable of trapping microscopic 

particles in its focus. Lower NA objectives will confine the particles on the optic axis 

of the beam but will not trap the particle at the focus because of intensity gradient 

being low [114]. At the focus, laser beam creates a potential well strong enough to 

trap a particle with refractive index greater than that of the surrounding medium. OT 

is a non-invasive tool to generate Pico-Newton force to manipulate and track 

microscopic objects with nanometer and microsecond resolution [115,116]. Because 

of its versatile nature, OT has found application in physics, biology and material 

science [117]. With the advent of OT, investigation of a  single particle has become a 

reality and has been used in investigating the refractive index [118], rigidity [119], 
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electrophoretic forces [120] and local pH measurement in a microchip [121]. The 

basic principle of optical tweezers can be explained using Newton‟s third law. The 

change in momentum of light due to refraction, reflection or absorption is imparted 

onto the particle. Rate of change of momentum suffered by laser light generates force 

on the particle. The forces acting on the trapped particle can be decomposed into (a) 

“scattering force” and (b) “gradient force”. (a) Scattering force arises as a 

consequence of the momentum delivered to the particle by the scattered photons. It is 

proportional to the intensity of the laser beam and it pushes the particle in the 

direction of propagation of light. (b) Gradient force is due to the spatial gradient in 

light intensity and acts in the direction of that gradient. It is responsible for three 

dimensional trapping of particles. The particle gets trapped at a point where scattering 

force and gradient force balances each other and capable of overcoming the thermal 

fluctuations of the particle. The action of these forces on the particles in three 

different regimes which is classified based on the diameter of the trapped particle (d) 

and the wavelength of the trapping laser (λ) are discussed in the subsequent section. 

a) Ray optics regime (     ) 

In ray optics regime, behaviour of the light incident on the particle is 

understood using laws of reflection, scattering and Snell‟s law [122]. Light upon 

incident on a particle, a fraction of light gets reflected, a fraction gets absorbed and a 

fraction of light gets refracted. In these processes, there is a change in the momentum 

of incident light and this net change in the momentum of light is imparted onto the 

particle, to conserve the momentum of the incident light. The change in momentum 

generates a force at the interface between particle and solvent. To simplify the 

calculation of the total optical force acting on the particle, effect of individual ray on 
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the particle is calculated and then summed up with a weightage according to the 

intensity. 

 

 

 

 

 

Figure 2.14 Illustration of scattering and gradient forces acting on the trapped particle in an optical 

trap. 

Let us consider a particle of refractive index,    immersed in a medium of 

refractive index,    is illuminated by a pair of rays “a” and “b” which are focused 

inside the particle (Fig. 2.11). The momentum change suffered by the ray of light 

which is reflected from the interface, generates scattering force. The scattered ray, a’ 

gives rise to a force Fa’ and b’ gives rise to Fb’ and their sum is denoted as scattering 

force, Fscat which acts along the direction of the incident light. The momentum change 

between incident and refracted beam gives rise to gradient force. Refracted ray, a” 

and b” generates force Fa” and Fb” respectively and their vector summation is 

gradient force, Fgrad, which is acting towards the focus of the laser beam (Fig. 2.14).  

The gradient force should be greater than or equal to scattering force for the 

particle to get trapped. The maximum of gradient force is at the point where the 

intensity gradient is maximum (at the focus of the objective). For generating such a 
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gradient in the intensity, cone angle of the focused light should be more, hence the 

need of high numerical aperture (NA) microscope objective lens. Also note that, 

gradient force always takes the particle to the focus of the laser beam as shown in Fig. 

2.15. The magnitude of scattering force,       and gradient force,       are given by 

[122], 

 

 

 

 

 

 

Figure 2.15 Illustration showing gradient force always drives the trapped particle towards the focus of 

laser. Only refracted ray has been taken into account as it is the only component 

contributing for the gradient force. (i) shows particle trapped downstream of the laser 

focus and gradient force, Fgrad pulls the particle towards laser focus, (ii) shows particle 

trapped to right side of the laser focus and Fgrad pulls the particle towards left (laser 

focus), (iii) shows particle trapped above laser focus and Fgrad pulls the particle 

downwards towards laser focus. 
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where the reflection coefficient, R is given by 

   (
      √         

      √         

)

 

 (2.48) 

and the transmission coefficient,      . Here,   is the relative refractive index 

defined as   
  

  
 and    is the refractive index of the particle and    is the 

refractive index of the medium. P is the laser power, c is the velocity of light in 

vacuum,    is the angle of incidence,    is the angle of refraction as shown in Fig. 

2.16. Note that in ray optics limit (     ), the forces acting on the particle do not 

depend on particle diameter, d. 

 

 

 

 

 

Figure 2.16 Illustration showing the angle of incidence,    and angle of refraction,    with respect to 

the surface normal of the particle in the optical trap. 

b) Rayleigh regime (     ) 

In the Rayleigh limit (     ), the optical forces on the particle are calculated 

by treating the particle as an induced dipole and the forces arise from dipole-field 

interactions [94]. The scattering force exerted on the particle is given by,  
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 ̂ (2.49) 

where    is the intensity of the field,  ̂ is the unit vector along the propagation 

direction. The scattering force tends to push the particle along the optic axis. It 

depends on the diameter of the particle (d) and wavelength of the trapping laser (λ). 

The induced dipole experiences a force (Lorentz force) upon exposed to 

inhomogeneous electric field termed as gradient force and is given by, 

  ⃗      
  

   

  
(
    

    
)  ⃗⃗   (2.50) 

Since, gradient force is conservative in nature; the trapping potential,   is given by, 

                   ,    
  

   

  
(
    

    
)    (2.51) 

The gradient force is proportional to the gradient of intensity and is 

responsible for the lateral and axial trapping of the particle. In Rayleigh limit, 

scattering force,       is proportional to    whereas the gradient force,       is 

proportional to   , which implies that       decreases faster than       as size 

decreases. For smaller particles, the velocity distribution is Maxwellian in nature. At 

any point of time, there exists a non-zero probability for the particle to have instant 

velocity greater than average velocity. Hence, it‟s important to create a potential well 

depth roughly 10 times more than the kinetic energy of the particle. Since the well 

depth decreases with decrease in d, it is difficult to trap a particle which is too small in 

size and sets the lower limit for the particle diameter that can be trapped using optical 

tweezers. 
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c) Intermediate regime (     ) 

In the intermediate regime (     ), optical forces experienced by the particle 

is calculted using Mie theory [123]. Under dipole approximation for a spherical 

particle under highly localized beam, the phase of the field doesn‟t vary significantly 

over the spot size, ω of the focussed laser beam. Hence the interference effects can be 

neglected. Under this approximation, the expression for the gradient force is  with ω 

as the relevant parameter than the diameter of the particle, d [123]. 

      ( )       
  ( )  (   )  

    (   ) (2.52) 

with   is the relative difference of the dielectric constants of the particle,    and the 

medium,    and given by   
  

  
  ,     is the intensity of the laser beam, ω is the 

dimensions of the beam waist in the transverse direction and 

 ( )         .
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/    .

 

√  
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/
(   )

 and   
 

 
 and   being 

the eccentricity.  

2.5.4 Trap stiffness measurement 

Optical tweezers are ideally suited to exert forces of the order of picoNewton 

in the system and for that accurate calibration of the the system is essential. Instead of 

measuring forces in optical traps directly, trap stiffness is first determined, which is a 

quantitative measure of trap strength. Trap stiffness is used to determine the force 

exerted on the trapped particle. For small displacements from the equilibrium position 

of the trap, the restoring force along x direction, Fx and the displacement, x is related 

through Hooke‟s law,        , where    is the trap stiffness along x direction. 

There are different methods to measure trap stiffness,   [124]. Here, equipartition 

method and optical potential analysis methods are described in detail. 
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a) Equipartition method 

A particle suspended in a fluid undergoes random motion by virtue of the 

momentum transferred by the surrounding fluid molecules, known as Brownian 

motion. Its significance in calibrating optical tweezers is well known, as it drives the 

particle to explore the optical potential landscape created by an optical trap. 

Equipartition theorem states that the energy associated with each degree of freedom is 

 
 ⁄    . For a particle bound in a harmonic trap with stiffness,    along x direction is 

related by [124], 

 
 

 
    

 

 
  〈 

 〉 (2.53) 

where    is the Boltzmann constant, T is the absolute temperatuare and 〈  〉 is the 

variance in displacement of the particle from its equilibrium position.  

 

 

 

 

 

 

Figure 2.17 Displacement of the trapped particle as a function of time extracted from the position of 

the particle in the optical trap. 
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Similarly, the trap stiffness along y-direction,    can be obtained from the 

variance in displacement of the particle along y direction. Thus, measuring the 

positional variance of the trapped particle will enable us to determine the trap 

stiffness. Advantages of this method are fast determination of trap stiffness and 

apriori knowledge of the viscosity of the medium is not required. It requires well 

calibrated position detection system. Any error in determining the position of the 

trapped particle will only increase 〈  〉 artificially and underestimate the trap 

stiffness. The position of trapped particle as a function of time is recorded as video 

using a CCD camera. Using the position of the trapped particle as a function of time, 

displacement of the trapped particle from the trap center is calculated (Fig. 2.17). 

From the displacement data, the variance in the position is obtained and using Eqn. 

(2.53), the trap stiffness,    was obtained. 

b) Optical potential analysis method 

Optical potential analysis method rests on the Boltzmann statistics of position 

fluctuations of optically trapped particle. The position histogram of the particle 

trapped by a Gaussian laser beam is assumed to have normal distribution. The 

probability density function,  ( ) of the displacement of a trapped particle in a 

potential U(x) under thermal equilibrium along x is given by Boltzmann 

statistics[125], 

  ( )       ( 
 ( )

   
) (2.54) 

where   is normalization constant. Inverting Eqn. 2.54 yields the expression for 

optical potential, U(x) experienced by the trapped particle. 
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) (2.55) 

U(x) is harmonic at the vicinity of the minima of the potential well [125,126], hence can be 

fitted with harmonic oscillator potential given by, 

 
 ( )

   
 

   
 

    
 (2.56) 

The trap stiffness along y direction is also calculated in the same way. The 

advantage of this method is, it requires only temperature as input for stiffness 

calculation and allows to measure energy landscapes with high spatial and temporal 

resolution. The accuracy of this method is better than equipartition theorem [125]. 

The spatial resolution is restricted by the sensitivity of the position detectors. 

Combined with other methods, it can be used in measuring local viscosity, pH etc. 

 

 

 

 

 

 

Figure 2.18 Probability distribution, P(x) constructed using position coordinates of the trapped 

particles as a function of displacement x. 
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Figure 2.19 U(x)/kBT versus displacement x from the mean position of the trap. Continuous line is fit  

to Eqn. 2.56. 

Using the displacement data of the trapped particle, position histogram as a 

function of displacement, x from the centre of the trap is constructed, which is 

analogous to probability distribution, P(x) as shown in Fig. 2.18. The displacement of 

the trapped particle is expected to have normal distribution resulting from the 

Gaussian nature of the intensity distribution in the laser beam. The probability of 

locating the particle is maximum at the trap center where the potential energy is 

minimum. From the probability distribution function, P(x) optical potential 

experienced by the trapped particle, U(x) is obtained using Eqn. (2.55). Potential 

created by optical tweezers is harmonic near the center of the trap [126] as shown in 

Fig. 2.19. The optical potential data is fitted with Eqn. 2.56 to extract the trap 

stiffness,   . 

2.5.5 Factors influencing trap stiffness 

There are many factors influencing the trap stiffness and are to be taken care 

during experiments.  
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i. Laser power 

 Laser power at the focal spot will determine the trap stiffness and force 

exerted on the particle. Laser, typically with Gaussian TEM00 mode which can be 

focussed to smallest beam waist is preferred as it produces the most efficient 

harmonic trap. The trap stiffness increases linearly with the laser power [124].  

ii. Polarization of the laser 

For systems with high numerical aperture objectives, the lateral trap stiffness 

along two orthogonal directions (x and y) in the trapping plane are different [127] if 

linearly polarized laser is used for trapping experiment. The difference between the 

lateral trap stiffness value in two orthogonal directions depends on the size of the 

particle [128]. In presence of spherical abberations in the system, the difference 

between them decreases [129]. This problem is avoided by employing circularly 

polarized laser for trapping experiment.  

iii. Axial trapping distance 

The effect of spherical aberration increases with distance from the glass-water 

interface, due to the refractive index mismatch between the immersion oil and cover 

slip. It greatly influences the trap stiffness and decreases it roughly to half of its 

maximum value without spherical aberrations. It is overcome by using immersion oil 

with different refractive index to reduce the mismatch [130]. It improves the trapping 

efficiency and with less laser power, efficient trapping is feasible.  
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2.5.6 Optical tweezers set-up 

  

 

 

 

 

 

Figure 2.20 Schematic of optical lay out of the optical tweezers set-up.  

We have designed and assembled an optical tweezers set-up for trapping 

experiments using a linearly polarized, TEM00 mode, 1064 nm wavelength Nd-YAG 

fibre coupled laser. The schematic of the indigenously developed OT set-up is shown 

in Fig. 2.20. The laser beam of 1mm diameter is expanded to a beam of diameter of 6 

mm ( ~ 1.2 times the diameter of the back aperture of 100X / 1.4 oil immersion 

microscope objective lens used for trapping experiments) using a beam expander 

which consists of a set of Plano convex lens, L1 (f = 75 mm) and L2 (f = 500 mm). 

The expanded beam is coupled to an Olympus IX-81 inverted microscope through a 

set of steering mirrors, M1 and M2 and a 850 short pass dichroic mirror which reflects 

radiations with wavelength greater than 850 nm and transmits radiations of 

wavelength below 850 nm. This optical alignment produces a tightly focused laser 

beam at the focal point of the objective in the sample plane, capable of trapping 

dielectric colloidal particles in three dimensions. The polarization axis of the laser is 
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(a) (b) 

made to coincide with the x-axis of the trapping plane. The trapped particles are 

imaged using a white light illumination source and a CCD camera placed at the 

trinocular port of the microscope.  

 

 

 

 

 

Figure 2.21 (a) Photograph of home built optical tweezers set-up. (b) Image of the trapped polystyrene 

particle with d = 600 nm. 

The dichroic mirror placed between microscope objective lens and CCD 

camera (Basler scout, scA640-120fm) transmits the white light while reflects the laser 

beam which prevents the CCD camera from being exposed to the laser. Fig. 2.21(a) 

shows the designed and home built optical tweezers set up and Fig. 2.21(b) shows the 

image of 600 nm polystyrene particles trapped in optical trap. 

2.5.7 Calibration of optical tweezers set-up  

Optical tweezers set-up described above is calibrated by trapping polystyrene 

particles of size 600 nm dispersed in water at different laser power. The laser power is 

measured in the sample plane without the sample cell in place. The detector head of 

the laser power meter being larger than the thickness of the sample cell prevents us to 

make measurement of the laser power in the trapping plane. The position of trapped 

particle as a function of time, has been recorded as a video using CCD camera at 100 



74 | P a g e  
 

0 2000 4000 6000 8000 10000
5.0

5.5

6.0

 kx


x
 (


N
/m

)

No. of frames

fps. The CCD camera was calibrated by imaging standard TEM grid (M/s. PELCO, 

US, 500 mesh grids) and 1 pixel is calibrated to be equal to 0.123 µm. The integration 

time (exposure time) of our CCD camera is 16 µs which is two orders less than the 

characteristic time scale or trap relaxation time of the trapped particle. This ensures 

measurement of position of the trapped particle is unbiased [131]. The mismatch of 

refractive index between the immersion oil and the cover slip while using oil 

immersion microscope objective was known to introduce spherical aberration in the 

system which affects trapping efficiency as a function of axial distance [130]. Hence 

all the measurements are performed at a distance of 20 µm from the glass water 

interface so as to keep the trapping efficiency constant throughout the measurements. 

The recorded videos are processed using image processing software and particle 

tracking algorithm is used to get the co-ordinates of the particle positions in the trap. 

Having the position data of a trapped particle, there are several ways to characterize 

the optical potential well, U(x) and deduce the optical trap stiffness,    [124]. The 

trap stiffness,    is determined using (a) equipartition method and (b) optical potential 

analysis. 

 

 

 

 

 

 

 

 

Figure 2.22 Variation of trap stiffness,    with number of frames. Solid line indicates the value of trap 

stiffness determined using the particle positions detected over 10000 frames. 
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The number of frames that to be required to determine trap stiffness,   was 

determined by trapping polystyrene particle of 600 nm and recording different 

number of frames at the rate of 100 fps at constant laser power (9 mW) at the same 

trapping plane. The experiment is repeated 10 times for obtaining each data point and 

trap stiffness is determined using the position data of a trapped particles using optical 

potential analysis method and is shown in Fig. 2.22. Notice that error in determining 

   decreases with increasing the number of frames and beyond 8000 frames the error 

in determining the    does not reduce the error significantly. The trap stiffness,    

values reported in this thesis corresponds to the data analyzed from 10000 frames. 

The trap stiffness for different laser powers determined using equipartition and optical 

potential analysis methods are given in Table 2.4. It can be seen form table 2.4 that 

trap stiffness increases with increase in the laser power. 

Table 2.4 Trap stiffness values for polystyrene particle of size 600 nm suspended in water and trapped 

using 1064 nm laser for different laser power. 

Laser power 

(mW) 

Trap stiffness (µN/m) 

Equipartition method 
Optical potential analysis 

method 

5.5 4.5 ± 0.14 4.50 ± 0.07 

9 5.8 ± 0.18 5.75 ± 0.05 

11.25 7.5 ± 0.12 7.65 ± 0.05 

13.5 9.1 ± 0.15 9.15 ± 0.08 

15.75 10.9 ± 0.19 11.05 ± 0.05 

22.5 15.4 ± 0.13 15.45 ± 0.05 
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Figure 2.23 (a) Optical potential U(x)/kBT versus displacement, x at various laser powers for 600 nm 

polystyrene particle dispersed in water. Continuous lines are fit to Eqn. (2.56). (b) 

Variation of trap stiffness, κx with laser power, P. 

The optical potential,  ( ) traced by the trapped particles obtained using 

optical potential analysis method is shown in Fig. 2.23(a). The potential well becomes 

steeper and deeper with increase in the laser power used for trapping the particle. The 

trap stiffness increases linearly with laser power (Fig. 2.23(b)). Data presented in 

Table 2.4 and Fig. 2.23 summarizes that the optical alignment of the tweezers set-up 

is proper and its functioning is normal.  
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CHAPTER 3 

IDENTIFICATION OF VOLUME PHASE TRANSITION OF A 

SINGLE MICROGEL PARTICLE USING OPTICAL TWEEZERS 

This chapter deals with the identification of volume phase transition in 

PNIPAM microgels using DLS and successful implementation of optical tweezers 

(OT) in the identification of VPT on a single microgel particle. Trap stiffness as an 

order parameter was used to the identify VPT on a single microgel particle. The 

numerical computation of trap stiffness with respect to the factors responsible for the 

identification of VPT using OT is discussed in the second part of the chapter.  

3.1 Introduction 

PNIPAM microgel particles undergo sudden change in size upon varying the 

temperature is known as volume phase transition (VPT). These microgel particles 

become pH responsive upon functionalization with acrylic acids (Aac) during 

synthesis and are referred to as poly (N-isopropyl acrylamide-co-acrylic acid) 

(PNIPAM-co-Aac) microgel particles. The disassociation constant, pKa of acrylic acid 

group (Aac) is ~ 4.25 [48]. At pH > 4.25, acrylic acid groups are in deprotonated 

condition and the residual carboxylate ion gives negative charge to PNIPAM-co-Aac 

particles. At pH < 4.25, Aac groups are in protonated state and particles are neutral 

(initiator added during synthesis gives microgel a slight negative charge). As a result, 

PNIPAM-co-Aac microgels are not completely thermo responsive at pH > 4.25, due 

to electrostatic repulsion between the deprotonated acrylic acid groups in the microgel 

structure. At pH < 4.25, these particles are fully thermo responsive. Because of their 

unique reversible thermo responsive property, PNIPAM microgel particles have 
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emerged as an important building blocks for studying basic phenomena like 

crystallization, glass transition [132], sensing [52], chemical separation and drug 

delivery [53]. Monodisperse PNIPAM microgel particles self-assemble into ordered 

structures and are popularly known as tunable photonic crystals as their lattice 

constant is tunable using stimuli such as temperature and pH [24]. 

Many of the above mentioned applications require knowledge about VPT 

induced either by varying temperature (T) or pH. Dynamic light scattering (DLS) is 

the conventional technique to determine VPT of the microgel particles [54,88]. Using 

DLS, particle diameter (also known as hydrodynamic diameter), d as a function of T 

or pH is measured and the large change in d occurring due to sudden deswelling of 

microgel particles at a critical T or pH is identified as VPT. However the 

identification of VPT using DLS requires dilute (non-interacting) suspensions with 

particle concentrations ~ 10
7
 particles/cm

3
 to satisfy the Gaussian approximation 

underlying the Siegert‟s relation [86]. Using Siegert‟s relation, electric field 

autocorrelation function is obtained from the measured intensity autocorrelation 

function in a DLS experiment [92]. Further, DLS measurement and its analysis 

become complicated if samples are highly polydisperse in size [93]. The limitation in 

identifying the VPT accurately using DLS can be eliminated by employing optical 

tweezers (OT) [94,117]. It allows trapping of a single microgel particle. Optical 

tweezers employs tightly focused laser beam to hold microscopic particles stable in 

three dimensions. OT have become an indispensable tool in investigating single 

particle‟s property like refractive index [118], rigidity [119], electrophoretic forces 

[120] and local pH measurement in a microchip [121]. It is a non-contact and non-

invasive technique and has found applications in biology [133,134] and material 

science. In this chapter, we report the identification of VPT of pH responsive 
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PNIPAM-co-Aac microgel particles using indigenously developed optical tweezers 

set-up, equipped with 1064 nm wavelength laser. 

3.2. Experimental Methods 

3.2.1. Sample preparation 

 Purified suspension of PNIPAM-co-Aac microgel particles is concentrated 

using stirred cell and allowed to crystallize. The Bragg reflection from microgel 

crystals is recorded using static light scattering (SLS) technique. The first Bragg peak 

position     is used to estimate the particle concentration,    and volume fraction,   

of the microgel crystals as described in section 2.5.1 [88]. The concentrated sample is 

diluted to a concentration of 2.8 ×10
7
 particles/cm

3
 by adding required amount of 

deionized water. From DLS, the hydrodynamic diameter, d and polydispersity of 

these microgel particles suspended in deionized water is measured to be 930 nm and 

4% at 23 °C respectively. For trapping experiments, the concentrated suspension is 

diluted to a concentration of 3 ×10
6
 particles/cm

3
 by adding required amount of pH 

buffers of ionic strength 15 mM. 

3.2.2 Optical trapping and trap stiffness analysis of PNIPAM-co-Aac microgel 

particles 

The home built optical tweezers set-up is calibrated and tested for its 

functioning as described in section 2.5.7. After calibration, optical tweezers is 

employed to identify the VPT of a single pH responsive microgel particle as a 

function of pH. PNIPAM-co-Aac microgel suspension of very low concentration (~ 3 

х 10
6
 particles/cm

3
) is prepared in solutions of different pH values with constant ionic 

strength, is placed in a thin sample cell made up of a standard microscope glass slide 
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and a cover slip with a spacer of thickness about 100 µm. Synthesis and 

characterization of PNIPAM-co-Aac microgel particles for their average size and size 

distribution is described in section 2.1. The laser power used for trapping the 

PNIPAM-co-Aac particles of size 930 nm is kept constant at 22.5 mW at the trapping 

plane. The laser power is optimized such that the minimum laser power at which 

microgel particles in swollen state can get trapped. A single PNIPAM-co-Aac 

microgel particle is trapped at the focus of the laser beam and position of the trapped 

particle as a function of time is recorded. The trap stiffness value along x-direction 

was determined using equipartition theorem from the position data of the trapped 

microgel particle at pH values ranging from 3.00 to 5.00. The κx value, thus 

determined using Eqn. (2.53), for microgel particles dispersed in pH = 3.00 solution is 

1.1 ± 0.1 µN/m and that dispersed in pH = 5.00 solution is 0.5 ± 0.1 µN/m at 

temperature, T = 23 °C. 

 

 

 

 

 

 

 

Figure 3.1  ( )     versus displacement x from the mean position of the microgel particle in the 

optical trap at pH 3.00 and pH 5.00 at T = 23 °C. Continuous lines are fit to Eqn. (2.56) for 

the microgel particle suspended in pH buffer solution. 
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The potential data  ( ) obtained using Eqn. (2.55) from the position data is 

found to fit well to Eqn. (2.56) for the range of x from -0.25 µm to 0.25 µm. The fit of 

U(x) data to Eqn. (2.56) is shown in Fig. 3.1, for two extreme values of pH. This 

implied that the potential is harmonic within the x-range. The stiffness constant,    

determined from the fit is 1.14 ± 0.08 µN/m for the particle dispersed in buffer pH 

3.00. At pH 5.00,    is determined to be 0.51 ± 0 .05 µN/m. Notice that the    values 

determined using optical potential analysis method agrees well with that obtained 

using equipartition method. At a given pH, the experiment is repeated five times, by 

trapping each time another microgel particle of same size (i.e., same pixel area) from 

the same sample and the standard deviation in    is denoted as error bars. 

3.2.3 Computation of trap stiffness 

 The trap stiffness constant,    was computed using the “Optical tweezers 

computational toolbox (OTCT)” software developed by Nieminen et. al., [135]. 

OTCT is used for computing optical forces and torques for both spherical and non-

spherical particles. OTCT software computes optical trapping efficiency, Q based on 

T-matrix method. T-matrix relates the incident and scattered fields and it depends 

only on the properties of the particle and the wavelength of the laser. Here, we assume 

the microgel particle to be homogeneous with refractive index,    which is expected 

to vary with particle size. This assumption is reasonable for PNIPAM-co-Aac 

particles, as the hairy shell is much smaller (< 3%) than the size of the core [59]. The 

computation of    using OTCT requires inputs such as refractive index of the particle, 

   size of the particle, d refractive index of the medium,    wavelength of incident 

radiation, λ and laser power, P. The refractive index,    of the microgel particles has 

been determined by measuring the refractive index of the suspension,    and the 
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refractive index of the medium,    at each value of pH using Abbe‟s refractometer at 

a fixed temperature, 23 °C. Since the volume fraction,   (Eqn. 2.36) is known at each 

value of pH, we could estimate    using the relation, 

        (     )  (3.1) 

and F is related to van de Hulst [136] complex forward scattering amplitude  ( ) and 

can be approximated to the empirical expression of the form        [137]. Here, x is 

the size parameter and is given by   (    (     )   )  . Refractive index 

contrast (     ) for PNIPAM-co-Aac microgel dispersions in their swollen as well 

as in their deswollen state is smaller than 0.025. The value of size parameter, x is at 

most 0.09 for the particle sizes reported here and hence sin x ⁄x can be approximated 

to 1. Hence equation (3.1) reduces to 

        (     ) (3.2) 

and has been used to calculate the refractive index of the particle,   . 

3.3 Results and Discussion 

3.3.1 VPT using DLS 

In order to study the pH response of PNIPAM-co-Aac particles, we carried out 

DLS studies on these particles in dilute conditions (  ~10
7
 particles/cm

3
) and 

measured hydrodynamic diameter, d as a function of pH, is shown in Fig. 3.2. Figure 

3.2 shows increase of d below and above pH ~ 4.25 with a sudden increase in d at pH 

≈ 4.25. The sudden rise in d at pH ~ 4.25 is identified as VPT. PNIPAM-co-Aac 

microgel particles will be in their deswollen state at low pH due to complete 

protonation of acrylic acid groups on the polymer chains. At high pH, acrylic acid 
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groups get deprotonated and it leads to the electrostatic repulsion between polymer 

chains in the microgel particles [48]. The electrostatic repulsion between charged 

polymer chains leads to swelling (i.e., increase in size) of the particles. Most of the 

Aac groups on the polymer chains undergoes deprotonation at pH ≥ 4.25, leading to 

increased electrostatic repulsion between negatively charged polymer chains. The 

increased repulsion results in sudden increase in particle swelling. The pH response of 

these microgel particles (reported in Fig. 3.2) is consistent with the results reported in 

the literature [3]. 

 

 

 

 

 

 

 

Figure 3.2 Hydrodynamic diameter, d of microgel particles versus pH measured using DLS. Inset 

shows schematic of de-swollen and swollen microgel particles at pH below and above 

VPT, respectively. Dashed line is the guide to the eye. 

Refractive index of the particle,    is estimated as a function of pH using Eqn. 

(3.2). Figure 3.3 shows the variation of    as a function of pH. Notice that,    shows 

a sudden decrease at VPT, where particle undergoes sudden swelling at pH ≥ 4.25. In 

the swollen state, PNIPAM-co-Aac microgel particles contain more than 97% water 

[59,62]. Hence the refractive index of the particle,    is close to that of water.  
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Figure 3.3 Measured microgel particle refractive index,    as a function of pH. Dashed line is guide to 

the eye. 

3.3.2 Trap stiffness: Experiment and computation 

We employed the following methodology, to ensure a single particle alone 

was there in the trap. We have taken suspension with very low concentration of 

microgel particles (i.e. particle concentration of ~ 3 х 10
6
 particles/cm

3
). After 

completing the experiment at a given pH, we de-trap the particle(s) by blocking 

trapping beam and monitored carefully the particles diffusing from the trap is single 

or not. In measurements reported here we never observed more than one particle 

diffusing out from the trap. We numerically computed (using OTCT software) trap 

stiffness value for a single particle and compare with that measured using optical 

tweezers. This is described in the later part of this chapter. 

Notice in Fig. 3.4,    showing a sharp change at pH ~ 4.25, as compared to 

DLS data (Fig. 3.2), suggesting that the VPT in pH responsive microgel particle is a 

first order transition, in accordance with predictions of extended Flory-Huggins 

swelling theory [138]. 
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Figure 3.4 Trap stiffness,    measured as a function of pH on a single microgel particle using optical 

tweezers. Continuous line denotes the numerically computed,    using OTCT. Dashed line 

represents sudden change in    occurring at VPT. 

Though DLS also shows sudden change in particle size at VPT ~ pH = 4.25 

(Fig. 3.2), there exists smearing in DLS data and is attributed to large number of 

particles with different sizes (size polydispersity 4%) involved in the measurement 

[138].  Since optical tweezers facilitate the measurement of    on a single trapped 

particle, identification of VPT is unambiguous even if suspensions are highly 

polydisperse in size.  With an aim to understand the observed    dependence on pH 

and to identify the particle parameters that are responsible for a sharp change in    at 

VPT, we have numerically computed optical trap stiffness constant,    for different 

values of pH. Particle diameter, d (Fig. 3.2) and refractive index of the particle,    

(Fig. 3.3) measured as a function of pH are given as inputs for computing   . The 

continuous line in Fig. 3.4 shows the computed    as a function of pH. There is an 

excellent agreement between computed    and that measured using optical tweezers. 

The agreement is obtained by scaling the computed    by a factor of 0.65 to match 
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with the experiment. OTCT computes trapping efficiency, Q and when multiplied 

with   P/c (   denotes the refractive index of the medium and c is velocity of light) 

gives trap stiffness    in units of N/m [135]. Here the difficulty to measure the laser 

power, P at the focal spot with the sample in place, necessitates scaling of computed 

data to match with the experimental data [124]. 

 

 

 

 

 

 

 

Figure 3.5 Computed    as a function of refractive index of the particle,    with d = 1 µm (black line) 

and size of the particle, d with    = 1.35 (red line). 

We have computed    by varying particle diameter, d keeping the refractive 

index,    fixed and vice versa, and it is shown in Fig. 3.5. Notice that    shows a 

linear increase with d as well as   . The OTCT software developed by Niemann et. 

al., for computing the trapping forces is mainly for the sizes lying within the gap 

between region of applicability of small particle approximation (Rayleigh limit, EM 

model) and large particle approximation (RO limit). Thus, the linear dependence of 
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trap stiffness with size is in accordance with expected scaling [123]. We have 

calculated (using OTCT software), change in     due to change (increase) in size 

          (occurring at VPT) (keeping refractive index fixed) and change in     

due to change in (decrease) refractive index,                (keeping size fixed) 

and found to be               (increases) and           (decreases) 

respectively. 

 The variation in    with    is much steeper than with d (Fig. 3.5). It is clear 

that the changes in trap stiffness due to changes in size and refractive index are not 

compensated by each other. In fact the change in trap stiffness occurring due to 

change in refractive index is ~ 3.3 times more than that occurring due to change in 

size. Upon increasing pH, at VPT PNIPAM-co-Aac particles not only undergo size 

increase (swelling)             (Fig. 3.2) but also sudden change in refractive 

index (                (Fig. 3.3). As a consequence of these changes, trap 

stiffness shows a sudden change of                (Fig. 3.4). The numerically 

computed change               across VPT is found to exactly 0.65 times than 

that of measured experimentally. Thus, calculations reproduce the observed jump in 

trap stiffness at VPT. The reason for scaling factor is essentially due to lack of direct 

measurement of laser power of the tightly focused beam at the focal point of the 

objective. Numerically computed trap stiffness, κx  as a function of pH is found to 

show linear dependence on d and    (Fig. 3.5) whereas experimentally measured    

shows sharp decrease (Fig. 3.4) at pH = 4.25 and is understood to arise from the 

sudden increase in the particle diameter (Fig. 3.2) with a concomitant decrease in 

refractive index of the particle. When pH is varied, PNIPAM-co-Aac microgel 

particles not only undergo sudden swelling in size at VPT but also undergo sudden 
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decrease in refractive index at VPT (Fig. 3.3). This concomitant change results in 

sudden change in    at VPT.  

3.4 Conclusion 

 In conclusion, we have designed and developed an optical tweezers set-up and 

successfully trapped pH responsive PNIPAM-co-Aac microgel particles. The 

synthesized microgel particles were characterized for their VPT induced by pH using 

a DLS set-up which requires particle concentration of the order of 10
7
 particles/cm

3
. It 

is also shown for the first time that VPT of a single PNIPAM-co-Aac particle can be 

identified unambiguously by using optical tweezers. Measured optical trap stiffness 

constant    showed a sharp change at VPT (pH = 4.25) as compared to size change 

measured by DLS. Optical tweezers measurements are in accordance with the model 

predictions [138]. Thus, optical tweezers serves as an appropriate research tool to 

study phase transitions in stimuli responsive microgels and also offer additional 

advantage of using samples of particles even with wide size distribution. We have 

also shown a good agreement between numerically computed trap stiffness constant 

with that measured by optical tweezers. By analyzing the computed optical trap 

stiffness data for particles of varying size and refractive index, we concluded that the 

sharp change in lateral trap stiffness at VPT is due to the sudden swelling of microgel 

particle with concomitant sharp decrease in refractive index occurring at pH = 4.25.  
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CHAPTER 4 

FCC-HCP COEXISTENCE IN DENSE THERMO-RESPONSIVE 

MICROGEL CRYSTALS  

 This chapter deals with the determination of crystal structure of osmotically 

compressed microgel crystals using SLS and UV-Vis spectroscopy. The influence of 

entanglement of dangling polymer chains on the structure of microgel crystals is 

discussed. The effect of cooling rate on the structure of microgel crystals is studied 

and reported here.  

4.1 Introduction 

Colloidal crystals of hard spheres often co-exist in closely related polymorphs 

(FCC and HCP structures) due to free energy difference between these structures 

being less than thermal energy [35,36,139],    . FCC-HCP coexistence in hard 

sphere colloidal crystals at a volume fraction,   greater than 0.5 has been reported and 

well-studied [38]. Computer simulations have predicted that these coexisting 

structures transform to their equilibrium structure, i.e., FCC structure on time scales 

of months [39]. Crystal growth rate [37,140] and slow dynamics [141] are also known 

to influence the structure formation in colloidal crystals. Unlike hard spheres, stimuli 

responsive microgels are soft and respond to external stimuli like temperature, pH, 

ionic strength, etc., by undergoing swelling/de-swelling. This results in not only size 

change but also change in the interaction potential [56,57], hence their phase 

behaviour [54]. Among several stimuli responsive microgel systems, poly(N-

isopropyl acrylamide) (PNIPAM) microgel particles in aqueous medium is well-

studied for its phase behaviour as a function of temperature (T) and volume fraction 
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( ) [92]. PNIPAM microgel particles are known to have dense core and a thin shell (~ 

20 to 30 nm) in the form of dangling chains (hairs) [59,62]. Upon increasing the 

temperature, core undergoes more de-swelling than the shell [59] and exhibit a sudden 

collapse in size at 34 °C, which is known as volume phase transition (VPT) [54,92]. 

This variation in size and associated change in the interparticle interaction are 

responsible for the rich phase behaviour of PNIPAM microgel suspension [57].  

Soft and deformable nature of PNIPAM microgels enable them to pack to a 

volume fraction greater than cubic closed packed limit (      ) [56]. Upon 

packing them beyond 0.74, these particles are known to undergo de-swelling due to 

osmotic pressure exerted by surrounding particles in an ordered state [78,142]. 

Hereafter, these PNIPAM microgel crystals with de-swollen particles due to osmotic 

compression by surrounding particles are referred as osmotically compressed crystals. 

Dense suspensions of PNIPAM microgel particles with low cross-linker density are 

known to freeze into an FCC structure at       , [54,57,110,113,143] analogous to 

that of hard spheres. However, crystal structure of PNIPAM microgels with volume 

fraction,        has not been well studied.  

Here, we report the structure of dense microgel crystals with PNIPAM 

particles in their swollen state (      , referred to as low volume fraction sample) 

and osmotically compressed state (      , referred to as high volume fraction 

sample), as probed by light scattering and UV-Visible spectroscopy technique. Under 

as prepared conditions, low volume fraction samples showed FCC-HCP coexistence 

whereas the high volume fraction sample showed glass-like disorder. In order to find 

the equilibrium structure of these PNIPAM samples, detailed annealing studies with 

different cooling rates have been carried out and the results are reported in this 
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chapter. Upon annealing, recrystallized sample with        showed FCC structure, 

whereas sample with        showed stable FCC-HCP co-existence. FCC-HCP 

coexistence in PNIPAM microgel crystal with        is due to the overlap 

(entanglement) of dangling chains between shells of neighbouring PNIPAM microgel 

particles and is confirmed through the analysis of dynamic light scattering data and 

annealing studies. 

4.2 Experimental methods 

4.2.1 Sample preparation 

PNIPAM microgel suspensions of particle size 235 nm (small size) and 633 

nm (large size) synthesized as described in section 2.1 are used for the current study. 

Purified PNIPAM microgel suspensions are concentrated using a stirred cell. During 

the course of concentration, samples with different concentrations have been 

collected. For the present investigations, four samples of PNIPAM microgel 

suspensions with different volume fractions (two samples of small sized particle and 

two samples of large sized particle) have been used. Low volume fraction sample of 

large size particles is labeled as „LB‟ and high volume fraction sample of large size 

particles is labeled as „HB‟. Similarly, low volume fraction suspension of small 

particles is labeled as „LS‟ and that with high volume fraction as „HS‟. The 

crystallization procedure for the four samples is described in the later part of this 

chapter and further details about these samples are listed in Table 4.1.  

4.2.2 Dynamic light scattering 

 Particle size measurement in dilute suspension and dynamics of particles in 

dense suspension are measured using dynamic light scattering technique. In turbid 
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samples, 3D-DLS is used to measure dynamics of particles to avoid the influence of 

multiple scattering of light. Dynamics in glass-like sample is measured by non-

ergodic analysis method as proposed by Pusey and Van megan [106]. The variation of 

hydrodynamic diameter, d as a function of temperature, T for both PNIPAM 

suspensions is shown in Fig. 4.1. Both samples showed sudden collapse in particle 

size at 34 °C and is identified as volume phase transition (VPT) [92].  

 

 

 

 

 

 

 

 

 

Figure 4.1 Hydrodynamic diameter (d) versus temperature (T) measured on dilute PNIPAM microgel 

suspension of two different sizes using DLS. Continuous lines are guide to eye. 

4.2.3 Static light scattering 

In order to characterize structural ordering in PNIPAM microgel suspensions, 

SLS has been used to measure the scattered intensity   ( ) as a function of q. To 

record Bragg peaks from crystallites with different orientations in the sample, the 

cylindrical sample cell is rotated about its vertical axis at a slow speed (0.6 rotations 

per minute) [103]. The recorded diffraction pattern is analyzed to identify the crystal 

structure of PNIPAM microgel crystals which are known to exhibit FCC or HCP or 

RHCP structure [70]. For an FCC structure, the first Bragg peak in the diffraction 
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pattern is from (111) planes and other allowed Bragg peak positions for FCC structure 

have been calculated using the position of       peak as described in section 2.5.1. 

Similarly, for HCP structure the first peak corresponds to Bragg reflection from (100) 

planes and other allowed peak positions for the HCP structure are calculated using the 

position of       peak. The structure of PNIPAM microgel crystal is identified to be 

FCC/HCP or FCC-HCP coexistence by calculating all the Bragg peak position for the 

structure and matching with that measured experimentally. 

4.2.4 UV-Visible spectroscopy 

Concentration (i.e., particle number density, np) of sample LS and HS are 

more as compared to that of sample LB and HB. The first diffraction peak from 

sample LS and HS lies outside the scattering wave vector range, i.e., q-range of our 

static light scattering (SLS) setup. Hence, the diffraction pattern of these crystals 

could not be recorded using SLS. However, UV-Visible spectroscopy has been used 

to identify the crystal structure of sample LS and HS by recording the absorption 

spectra and the details are given below. All UV-Visible measurements have been 

carried out in transmission geometry under normal incidence mode. Sample is heated 

to required temperature with an accuracy of ± 0.1 °C using a peltier element attached 

to the sample. The dense plane, (111) of the FCC structure and (002) of HCP structure 

are known to grow parallel to the walls of the sample cell [70,113]. Prominent peaks 

in absorption spectra correspond to (111) peak of FCC structure or (002) peak of HCP 

structure. Volume fraction,   and nearest-neighbour separation,     values of sample 

LS and HS have been determined using the λ values correspond to Bragg peaks in the 

absorption spectra. Table 4.1 summarizes sample details, equilibrium structure of 
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PNIPAM microgel suspension determined using UV-Visible and SLS techniques 

before and after annealing. 

Table 4.1 Sample details and the crystal structure of PNIPAM microgel crystals before and after 

annealing. 

Samp

le 

label 

d(nm) 

at 22 
o
C 

  
   

 
 

Structure at 

22 
o
C 

(As 

prepared) 

Cooling 

rate  

(
o
C/hour) 

Stable structure 

at 22 
o
C 

LS 235  0.54 1.10 FCC-HCP 0.5 FCC 

HS 235  0.89 0.93 
Disordered 

(glass like) 

1 FCC-HCP 

0.3 FCC-HCP 

0.1 FCC-HCP 

LB 633  0.47 1.16 FCC-HCP 0.5 FCC 

HB 633  0.79 0.97 
Disordered 

(glass like) 

0.5 FCC-HCP 

0.3 FCC-HCP 

0.1 FCC-HCP 

 

4.3 Results and discussion 

4.3.1 Structural ordering of low volume fraction sample 

Two samples with volume fraction close to 0.5 using large (d = 633 nm) and 

small (d = 235 nm) size PNIPAM microgel particles, by loading the suspensions into 

cylindrical light scattering cell of diameter 5 mm and into a thin UV-Vis cuvette with 

100 µm groove, respectively were prepared for investigating the structural ordering. 

The samples were left undisturbed for over 24 hours. These samples are referred to, as 

prepared samples and showed iridescence suggesting the crystallization of PNIPAM 

microgel spheres in the sample cells. Bragg diffraction from these PNIPAM microgel 
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crystals were recorded using light scattering and UV-Vis spectrometer and are shown 

in Fig. 4.2(a) and Fig. 4.3(a), respectively. Notice in Fig. 4.2(a), that the measured 

diffraction pattern for sample LB agree well with that calculated for an FCC and HCP 

coexisting structure. Sheer presence of peaks which are inherent to FCC ((200)) and 

HCP ((100), (101), (103)) structures confirm that the structure is FCC-HCP 

coexistence [144,145]. The volume fraction,   and nearest-neighbour distance,     

determined using the first peak position for sample LB are 0.47 and 737 nm 

respectively. Note that       is greater than 1 (see Table 4.1) which suggests that 

PNIPAM microgel particles are in their swollen state at       . 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Bragg diffraction pattern of sample LB (a) as prepared (b) recrystallized (upon annealing 

with a cooling rate of 0.5 °C/hour) recorded using SLS at 22 °C. Vertical lines indicate the 

Bragg peak positions corresponding to ideal FCC and HCP structure with        (c) 

photograph showing iridescence in sample LB after annealing. 

FCC-HCP coexistence observed in sample LB is consistent with earlier report 

by Brijitta et. al., [70] using confocal microscopy. As prepared sample was annealed 
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by raising the sample temperature to 35 ºC (above VPT) and keeping it at that 

temperature for 1 hour and then slowly cooling it to room temperature (22 ºC) with a 

cooling rate of 0.5 ºC/hour. The sample was recrystallized and exhibited iridescence. 

Bragg diffraction pattern of the re-crystallized sample is shown in Fig. 4.2(b). Notice 

the absence of prominent diffraction peaks ((100), (002), (101), (103)) of HCP. The 

presence of ((111), (200), (311)) peaks of FCC (Fig. 4.2(b)), confirm that FCC-HCP 

coexistence observed under as prepared conditions has transformed to FCC structure 

upon annealing. 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Absorbance spectra of (a) as prepared and (b) recrystallized (upon annealing with a cooling 

rate 0.5 °C/hour) sample LS recorded at 22 °C. Vertical lines indicate Bragg peak positions 

corresponding to (002) and (111) reflection from HCP and FCC structure respectively (c) 

photograph of crystallized sample of LS showing iridescence after annealing.  

UV-Visible spectrometer, where we sweep λ, keeping the glancing angle fixed 

at       , have been used to record the absorption spectra from sample LS and are 

shown in Fig. 4.3. Absorption peaks at 514.5 nm and 562.5 nm (Fig. 4.3(a)) are 
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identified as (002) and (111) Bragg reflections from PNIPAM microgel crystals with 

HCP and FCC structures respectively. The volume fraction,   determined from these 

peak positions is found to be 0   . The sample upon annealing at 35 ºC and cooled to 

22 ºC with a cooling rate of 0.5 ºC/hour showed a single Bragg peak correspond to 

(111) peak of FCC structure. Thus, PNIPAM microgel crystals with volume fraction, 

      , exist in FCC-HCP coexistence structure under as prepared condition and 

transformed to FCC structure upon annealing. Thus, equilibrium structure of 

PNIPAM microgel crystals with volume fraction,        is observed to be FCC 

and is consistent with results reported earlier [70] and also similar to that reported on 

hard sphere colloidal crystals [37]. 

4.3.2 Melting of low volume fraction sample 

 

 

 

 

 

 

 

 

Figure 4.4 Bragg peak intensity, Imax of sample LB as a function of T. Continuous lines are guide to the 

eye. Dotted line indicates the melting temperature of microgel crystals. 
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Melting of PNIPAM microgel crystals was identified by monitoring Bragg 

peak intensity,      at q = 1.04   10
5
 cm

-1
 as a function of temperature as shown in 

Fig. 4.4 using SLS. Bragg peak intensity,      decreased as the temperature was 

increased. At each temperature, the sample was equilibrated for 10 mins and the 

Bragg peak intensity,      was measured. At  = 28.5 °C sudden decrease in      is 

identified to be the melting temperature, Tm of sample LB [54].  Beyond this 

temperature, measured I(q) as a function of q showed a broad peak indicating the 

liquid like ordering in the sample. The peak position shifts by 0.4 degree upon melting 

which is negligible. 

 

 

 

 

 

 

Figure 4.5 Bragg peak position as a function of T recorded for sample LS. Dotted lines are guide to the 

eye. 

 In order to identify the melting temperature of sample LS, absorbance spectra 

of sample LS as a function of temperature, T was measured. Wavelength of peak 

position as a function of T was shown in Fig. 4.5. Notice at T = 25.4 °C, large 

deviation in the peak position is identified as the melting point, Tm of sample LS 

[109]. The change in the peak position is ascribed to the fact that as the temperature of 
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the suspension is increased, size of the PNIPAM particles decreases and in order to 

maintain the osmotic pressure of the crystallites, interplanar distance decreases which 

results in change in the peak position [109].  

4.3.3 Structural ordering of high volume fraction sample 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Bragg diffraction pattern of sample HB recorded using SLS. (a) As prepared, and 

recrystallized sample cooled at the rate of (b) 0.5°C/hour (c) 0.1°C/hour. Inset in (a) is the 

mean square displacement of these particles as a function of time. (Vertical lines indicate 

the Bragg peak positions corresponding to ideal FCC and HCP structures) (d) Photograph 

recrystallized of sample HB showing iridescence.  

Unlike hard spheres, PNIPAM microgel particles are soft and deformable. 

Hence, the suspension can be concentrated to a volume fraction greater than 0.74 [56]. 

Light scattering [3], small angle neutron scattering [73] and UV-visible spectroscopy 

[56] techniques have been used in the past to study the structure of dense microgel 

suspensions, which are concentrated to a volume fraction beyond 0.74. These studies 
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have provided evidence that PNIPAM particles undergo de-swelling (compression) 

due to osmotic pressure exerted by surrounding PNIPAM spheres [78,142].The 

nearest-neighbour separation, (   ) measured in the crystalline state is reported to be 

less than the hydrodynamic diameter, (d) measured using DLS under dilute conditions 

[146]. Further, from our own group, Joshi & co-workers have reported existence of 

overlap of dangling polymer chains between neighbouring particles leading to sub-

diffusive behavior at short times [88] in osmotically compressed microgel crystals 

(i.e.,       ). Thus, there exists enough evidence in the literature, for deswelling of 

PNIPAM microgel spheres under osmotic compression and for existence of 

entanglement (overlap) of dangling polymer chains between neighbouring spheres. 

However, the equilibrium structure of osmotically compressed PNIPAM microgel 

crystals with        has not been well studied.  

Here, we report light scattering and UV-Visible spectroscopy studies on 

osmotically compressed PNIPAM microgel crystals and show that FCC-HCP 

coexistence is their stable structure. Towards that two samples, HB and HS with 

       were prepared in light scattering cell and UV-Vis cuvette, respectively. As 

prepared sample HB showed no iridescence. Scattering profile measured using SLS 

showed a broad peak which is shown in Fig. 4.6(a). These observations suggest that 

structural ordering of PNIPAM spheres in sample HB is disordered (i.e., liquid-like or 

glass-like). The mean squared displacement (MSD vs t) obtained from ensemble 

averaged  ( ,  ) showed saturation at long times (inset Fig. 4(a)) which confirms that 

the disorder is glass-like. Thus, sample HB under as prepared conditions exists in a 

glassy state. Upon annealing at 35 °C and cooled to room temperature (22 °C) with a 

cooling rate of 0.5 °C/hour, sample showed iridescence under white light illumination 

which suggest that sample HB has transformed from glass-like to crystalline upon 
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annealing. Diffraction pattern measured using SLS is shown in Fig. 4.6(b). It can be 

seen from Fig. 4.6(b) that measured diffraction peaks match well with that calculated 

for a FCC-HCP coexistence with volume fraction,       . The corresponding 

nearest-neighbour separation,     is found to be 620 nm which is smaller than the 

hydrodynamic diameter d = 633 nm. This clearly shows PNIPAM particles undergo 

osmotic compression upon concentrating the sample beyond cubic closed pack limit, 

      . The sample was annealed further with slow cooling rate of 0.1 °C/hour and 

found that the sample remain in FCC-HCP coexistence (Fig. 4.6(c)).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Absorbance spectra of high volume fraction sample HS cooled at (a) 0.5°C/ hour (b) 

0.1°C/hour. Vertical lines indicate Bragg peak positions corresponding to (002) and (111) 

reflection from HCP and FCC structure respectively. 

As prepared sample, HS also showed glass-like disorder similar to that of 

sample HB. When annealed with a cooling rate of 0.5 °C/hour, the recrystallized 

sample at 22 °C showed iridescence. Absorption spectra of recrystallized sample 



102 | P a g e  
 

29 30 31 32 33
1000

2000

3000

4000

 

T
melting

= 31.0 
o
C

T (
o
C)

I m
a
x
 (

a
rb

. 
u

n
it

s
)

 

 

 B

Crystal

Liquid

showed Bragg peaks at λ = 460.5 nm and 477.5 nm (Fig. 4.7(a)) correspond to (002) 

and (111) Bragg reflections of HCP and FCC structure, respectively. The volume 

fraction,   and nearest-neighbour distance,     determined using these Bragg peak 

positions are given in Table 4.1. Notice that        , suggesting that particles have 

undergone osmotic compression when concentrated to       . The melting point 

of these crystals is found to be 31 ºC [109]. The sample when annealed once again 

with a cooling rate of 0.1 °C/hour was found to recrystallize into an FCC-HCP co-

existence with increased intensity of (111) peak (Fig. 4.7(b)) as compared to that 

corresponding to a cooing rate 0.5 °C/hour. Hence, we conclude that osmotically 

compressed PNIPAM microgel crystals with        crystallizes into a stable FCC-

HCP coexistence state. 

4.3.4 Melting of high volume fraction sample 

 

 

 

 

 

 

 

Figure 4.8 Bragg peak intensity, Imax of sample HB as a function of T. Continuous lines are guide to the 

eye. Dotted line indicates the melting temperature of microgel crystals. 
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 The melting temperature, Tm of sample HB is identified by monitoring Bragg 

peak intensity at q = 1.24   10
5
 cm

-1 
as a function of temperature, T. At T = 31 °C, 

sudden decrease in Imax is identified as melting temperature of HB sample as shown in 

Fig. 4.8. Melting of sample HS is identified by monitoring the absorbance spectra as a 

function of T. 

 

 

 

 

 

 

Figure 4.9 Bragg peak position as a function of T recorded for sample, HS. Dotted lines are guide to 

the eye.  

Bragg peak position as a function of T is plotted and the temperature where 

large deviation in peak position was observed is identified as the melting temperature, 

Tm of sample HS (Fig. 4.9). Notice in Fig. 4.9, the peak corresponding to HCP 

structure started to melt at 29.6 °C whereas the peak corresponding to FCC structure 

started to melt at 30 °C suggesting that FCC structure is more stable compared to that 

of HCP structure, consistent with literature [35,36,139]. 

4.3.5 Sub-diffusive behaviour and role of entanglement 

 In order to understand the reason for the observed FCC-HCP coexistence in 

osmotically compressed PNIPAM microgel crystals with       , we carried out 
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detailed DLS studies at room temperature (22 ºC) as well as at temperatures elevated 

above the melting point, Tm. Joshi et. al.,[88] have shown that dynamics in 

osmotically compressed PNIPAM microgel crystals (      ) is sub-diffusive at 

short times and arises due to entanglement of dangling polymer chains between the 

shells of neighbouring microgel spheres. The entanglement is absent in microgel 

crystals with nearest-neighbour separation (dnn) being greater than the hydrodynamic 

diameter (i.e., dnn/d > 1). 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 Mean square displacement in units of average inter-particle separation, l = np
-1/3

 versus time 

in PNIPAM microgel (a) sample LB (b) sample HB before and after melting. Lines 

represent the fit to Eqn. (2.28) at short time regime. Insets in (a) & (b) correspond to 

variation of α as a function of T. Continuous lines drawn in the inset are guide to eye. 

Schematic picture depicting core-shell nature of PNIPAM spheres with entanglement of 

dangling chains between neighbouring spheres (c) and with no entanglement (overlap) (d). 

In order to verify the presence of entanglement in the samples, we carried out 

DLS studies on sample LB as well as on sample HB at two different temperatures and 
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mean square displacement (MSD) as a function of time obtained from DLS 

measurement using Eqn. (2.28) are shown in Fig. 4.10. Notice that dynamics at short 

times [88] is diffusive (α ≈ 1) in sample LB both in the crystalline regime (i.e., before 

melting at T = 22 ºC) as well as in the liquid regime (i.e., after melting, T = 29 ºC). 

The melting temperature of PNIPAM microgel crystal of sample LB and HB are 

identified to be Tm = 28.5 ºC and 31 ºC respectively, by monitoring the Bragg peak as 

a function of temperature [92]. Time exponent, α obtained by fitting the short time 

MSD data to Eqn. (2.28) at different temperatures is shown in inset of Fig. 4.10(a). 

Short time of MSD have been identified using R (cage rearrangement time) as a 

reference point. R, determined from   
 /D0, with D0 is the free diffusion coefficient. 

For sample LB and HB, R is found to be ~ 550 s. It can be seen that short time 

dynamics in sample LB is diffusive (α ≈ 1) at all temperature (i.e., crystalline as well 

as in the liquid regime). In the case of sample HB, which exhibited FCC-HCP 

coexistence after annealing, the dynamics is found to be sub-diffusive (α < 1) at short 

times (Fig. 4.10(b), T = 22 ºC). The observation of sub-diffusive behavior at short 

times in sample HB, confirms the presence of entanglement of dangling polymer 

chains between the shells of neighbouring PNIPAM microgel particles. Thus, the 

entanglement between the neighboring PNIPAM spheres is responsible for FCC-HCP 

coexistence in osmotically compressed PNIPAM microgel crystals.  

With an aim to provide evidence that in crystals, entanglement leads to 

formation of HCP structures, we monitored the evolution of HCP and FCC structures 

upon cooling the liquid like ordered sample from above its melting temperature to 

different temperatures below the melting point of microgel crystals and the results are 

shown in Fig. 4.11. Notice that FCC structure grows in sample LS upon cooling to 

temperature below its Tm (Fig. 4.11(a)) whereas HCP structure grows relative to FCC 
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in the case of HS sample (Fig. 4.11(b)). This suggests that HCP structure competes 

with FCC in the presence of entanglement of dangling polymer chains between shells 

of neighbouring particles. Mahynski et. al.,[147-149] have recently showed that HCP 

structure can be stabilized over FCC in hard sphere colloidal crystals by adding 

interacting polymeric chains. The free energy calculations by Edison et. al.,[150] also 

confirm that HCP phase stabilizes over FCC with the addition of polymers to hard 

sphere colloidal crystals. 

 

 

 

 

 

 

 

 

 

Figure 4.11 Absorbance spectra of sample (a) LS and (b) HS recorded at different temperature while 

cooling at the rate of 0.5 °C per hour. Vertical lines indicate Bragg peak positions. 

In the case of PNIPAM microgel spheres, dangling polymer chains (hairs) in 

the shell region and their entanglement with hairs of neighbouring spheres, mimic the 

role of added interacting polymers to hard sphere colloidal crystals. Hence we believe 
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that entanglement of hairs is responsible for stabilizing FCC-HCP coexistence in 

osmotically compressed PNIPAM microgel crystals. Thus, observation of stable FCC-

HCP coexistence in microgel crystals with        is understandable. Though the 

analogy presented here is qualitative, we believe that present studies pave the way for 

future experiments and numerical studies for understanding the phase behaviour of 

dense PNIPAM microgel spheres with tailored core and hairs. 

4.3.6 Influence of rate of cooling on the fractions of FCC and HCP phases  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 Absorbance spectra of sample HS recorded at different temperature while cooling at the 

rate of (a) 0.1 °C per hour (b) 0.3 °C per hour. Vertical lines indicate Bragg peak 

positions. 
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In order to determine the role of cooling rate on the fraction of FCC and HCP 

phases in FCC-HCP coexisting state, sample HS was cooled at different cooling rates. 

The Bragg diffraction spectra of sample HS, annealed and cooled at 0.1 °C/hour and 

0.3 °C /hour are recorded continuously from 35 °C to 20 °C and spectra recorded at 

35 °C, 30.7 °C, 30 °C and 20 °C, for each rate, are shown in the Fig. 4.12(a) and 

4.12(b). At 35 °C, no peak is observed in the absorption spectra for both samples, 

indicating the absence of structural ordering in the samples. A low intensity peak 

around 470 nm in the spectra recorded at 30.7 °C is observed for both rates. It 

indicates the structural ordering in the sample and the sample is found to be FCC. At 

30.0 °C, a low intensity peak at 456 nm is observed along with a prominent peak 

around 470 nm. The peak around 455 nm corresponds to the reflection from the (002) 

plane of HCP structure and the peak around 470 nm is the reflection from the (111) 

plane of FCC structure. The peak corresponding to HCP structure becomes more 

prominent than FCC structure. Notice that, the peak corresponding to FCC structure is 

more prominent in the sample cooled at 0.1 °C per hour than in the sample cooled at 

0.3 °C whereas the HCP peak is more prominent in the sample cooled at 0.3 °C per 

hour than in the sample cooled at 0.1 °C per hour.  

 

 

 

 

 

 

Figure 4.13 Fraction of FCC component as a function of cooling rate in sample, HS. Continuous lines 

are guide to the eye.  
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Though the sample initially crystallized in FCC, HCP emerges as the 

temperature is further reduced. The fraction of FCC and HCP components in the 

suspension is found to depend on the cooling rate (Fig. 4.13). Note that the fraction of 

FCC in the suspension decreases exponentially with the cooling rate. Thus, it shows 

that changes in cooling rates alter only the relative fractions of FCC and HCP phases 

in the coexistence state in sample, HS. 

4.4 Conclusion 

PNIPAM microgel spheres are known to have a dense core and thin shell of 

dangling polymer chains. These chains are expected to overlap/entangle upon close 

packing to volume fraction ≥ 0.74. With an aim to investigate the influence of these 

dangling polymer chains on the structure of PNIPAM microgel crystals, we prepared 

four samples with two different size microgel particles. Out of the four samples, two 

samples have been prepared with volume fraction less than 0.74 and other two with 

volume fraction,       . In sample with volume fraction < 0.74, PNIPAM particles 

are observed to be in swollen state (i.e., having same diameter as that measured under 

dilute condition). Particles showed reduction in size in the case of samples with 

      . Sample with       , FCC-HCP coexistence is observed under as 

prepared conditions which transforms to stable FCC state upon annealing. This 

behaviour is consistent with results reported on PNIPAM microgel crystals [70] and 

also analogous to that of hard sphere colloidal crystals [37]. 

 Unlike samples of       , sample of        showed glass-like order 

under as prepared condition which transformed to FCC-HCP co-existence upon 

annealing. Even upon annealing with very slow cooling rate (0.1 C/hour), 

recrystallized sample showed FCC-HCP coexistence suggesting FCC-HCP 



110 | P a g e  
 

coexistence is the stable equilibrium state of osmotically compressed PNIPAM 

microgel crystals. Sub-diffusive behaviour at short times in osmotically compressed 

PNIPAM crystals suggests the presence of entanglement of dangling polymer chains 

between the shells of neighbouring PNIPAM microgel spheres. We believe that the 

entanglement of hairs stabilize HCP over competing FCC structure. Sample HS when 

cooled from liquid state to different temperatures below its melting temperature (Tm) 

showed that the sample crystallized with FCC structure grow just below Tm. Upon 

cooling to lower temperatures, crystallites with HCP structure are found to be 

predominant than FCC. From the above mentioned observation, we conclude that 

entanglement between dangling polymer chains (hairs) is responsible for stabilizing 

FCC-HCP coexistence as stable structure in osmotically compressed dense PNIPAM 

microgel crystals. We believe that present work paves way for future experiments and 

simulations on the dynamic stability of colloidal crystal structure of on stimuli 

responsive microgel particles and other soft spheres synthesized with tailored core 

and hairs. 
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CHAPTER 5 

STRUCTURE AND DYNAMICS OF DENSE PNIPAM-CO-AAC 

MICROGEL CRYSTALS 

This chapter deals with the determination of crystal structure of dense 

PNIPAM-co-Aac microgel crystals as a function of pH at a constant number density, 

using SLS. Dynamics of microgel particles in the dense suspension is studied using 

3D DLS and its implication on the structure of these microgel crystals is discussed. 

5.1 Introduction 

In the previous chapter, it is shown that dense suspensions of neutral PNIPAM 

microgel suspension crystallize into FCC-HCP coexistence structure for volume 

fraction,        and FCC structure for        but less than 0.74 [70]. The crystal 

structure of pH responsive PNIPAM microgel suspensions with electrostatic 

interactions at high volume fractions have not been well-studied. Incorporation of co-

monomer like acrylic acid into neutral PNIPAM microgels during synthesis makes 

them charged and hence are known as ionic microgels due to the presence of 

carboxylate ions [55]. In addition to its thermo responsive nature, PNIPAM-co-Aac 

microgels also exhibit pH response, due to the presence of acrylic acid moieties [48]. 

The dissociation constant, pKa of acrylic acid groups is 4.25. Hence, for pH < 4.25, 

carboxylic acid groups are in protonated state leaving the microgel particle in a 

neutral state with a slight negative charge due to the initiator added during 

polymerization. For pH > 4.25, carboxylic acid groups are in deprotonated state 

making microgel particles negatively charged due to the presence of carboxylate ion 

residues in the polymer chains. Diameter of the microgel particles vary as the pH of 
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the suspension is varied. Sudden increase in the particle size at pH ≈ 4.25, when the 

pH of the suspension is increased from 3.00 to 5.00, is identified as VPT. It is also 

known as neutral to charged transition [48]. At pH ≈ 4.25, most of the acrylic acid 

group dissociates into carboxylate ion and hydrogen ion. The electrostatic repulsion 

between the polymer chains, due to the presence of carboxylate ions, leads to sudden 

swelling of microgel particle. PNIPAM-co-Aac microgel suspensions are expected to 

show interesting phase behaviour as a function of pH [51], and the interparticle 

interaction of PNIPAM-co-Aac microgel particles changes from weekly attractive to 

repulsive when pH is varied from pH 3.00 to pH 5.00 [151].  

Unlike neutral PNIPAM microgel particles, monodisperse PNIPAM-co-Aac 

microgel particles crystallize at low volume fraction, less than 0.5 and remain in 

disordered (glassy) state above the close-packed limit [51]. Ionic microgels deswell 

due to steric compression and ion-induced deswelling. In PNIPAM-co-Aac microgel 

suspensions, steric compression happens much below        whereas ion-induced 

deswelling becomes significant only for sample       which is well above the 

close-packed limit [77] and these particles swell in size to occupy the available free 

volume upon aging [51]. All these properties along with the core-shell nature of 

PNIPAM-co-Aac microgel particles make the study of phase behaviour of PNIPAM-

co-Aac microgel suspensions interesting as a function of temperature, pH and salt 

concentration. Dense PNIPAM-co-Aac microgels at volume fraction,       , have 

been reported to crystallize in random hexagonal close packed (RHCP) structure 

initially and transform into an FCC structure upon annealing [3,71] and such 

transformation is in accordance with theoretical calculations [5,72]. Theoretical 

calculations for very soft charged particles have predicted non-cubic structures at high 

concentrations. SANS [73] and SAXS [74] measurements on charged microgel 
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suspensions with       have shown that the suspension has crystallized with RHCP 

structure. In this chapter, we report the crystal structure and dynamics of dense 

PNIPAM-co-Aac microgel suspension as a function of pH using static and dynamic 

light scattering techniques. As prepared suspensions has crystallized into FCC-HCP 

coexistence structure. At low pH, microgel suspension after recrystallization exhibited 

transformation from FCC-HCP coexistence to FCC structure whereas samples at 

higher pH values remained in FCC-HCP coexisting structure. The dynamics of these 

particles is found to be diffusive at short times at low pH and sub-diffusive at higher 

pH values. The reason for the observed sub-diffusive behaviour and its implication on 

the structure of microgel crystals is discussed in this chapter. 

5.2 Experimental methods  

5.2.1 Sample preparation 

 PNIPAM-co-Aac microgel particles of size 1100 nm with size polydispersity 

5.5 % synthesized through free radical precipitation polymerization method as 

described in section 2.1 have been used for the present investigation [3]. These 

suspensions are purified by dialyzing against Millipore water for two weeks to 

remove ionic impurities and unreacted species. Purified suspension is concentrated 

using stirred cell. The concentration,    of the suspension is determined using the 

position of      peak in the Bragg diffraction spectrum of the sample [88]. pH buffers 

ranging from pH 3.00 to 5.00 with constant ionic strength of 15 mM was prepared to 

avoid deswelling of microgel particles across pH due to variation in ionic strength 

[99]. The uncertainty in the pH measurement is about ± 0.03. Microgel crystals at 

each pH are prepared by adding 300 µl of buffer with 700 µl of the suspension. pH of 

each suspension was measured using pH meter. At each pH, required amount of 
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sample is loaded into the light scattering cells and used for the investigation of 

structure and dynamics.  

5.2.2 Dynamic light scattering 

 Hydrodynamic diameter, d and size polydispersity of PNIPAM-co-Aac 

microgel particles as a function of pH is measured using DLS. All the measurement 

has been carried out at temperature 22 °C ± 0.1 °C. The variation of d as a function of 

pH is shown in Fig. 5.1.  

 

 

 

 

 

 

 

Figure 5.1 Hydrodynamic diameter, d of PNIPAM-co-Aac microgel particles as a function of pH. 

Continuous line is guide to the eye. 

Notice that the particle size increases with increase in pH of the suspension 

from pH 3.00 to 5.00. The sudden increase in particle size at pH = 4.25 is identified as 

VPT of microgels with respect to pH. At low pH, microgel particles are in protonated 

state and upon increasing the pH, acrylic acid moieties deprotonate gradually. At pH 
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≈ 4.25, most of the acrylic acid groups deprotonate resulting in sudden swelling of 

microgel particles due to electrostatic repulsion between the polymer chains.  

5.2.3 Static light scattering 

Dense microgel suspensions at different pH with constant number density, np 

= 2.37   10
12 

particles/cm
3
 are prepared. The structure of microgel crystals at each pH 

was determined by measuring scattered intensity,   ( ) as a function of scattering 

vector, q. With an aim to record Bragg reflection from different crystallites in the 

sample, the sample was rotated at a slow speed (0.6 rotations/minute) [103]. All the 

measurements are performed at 22 °C. The diffraction pattern thus recorded using 

SLS is analysed for possible crystal structures as described in section 2.5.1 [70]. 

Using the first peak position, all the other allowed Bragg peak positions for the 

structure is calculated. The structure of PNIPAM-co-Aac microgel crystals is 

identified to be FCC/HCP or FCC-HCP coexistence by matching the calculated peak 

positions with that measured experimentally.  

Table 5.1 Sample details and the crystal structure of PNIPAM-co-Aac microgel crystals before and 

after annealing. 

pH 
Diameter, 

d (nm) 

   

 
 

Volume 

fraction, 

  

Structure at 

22 
o
C 

(As prepared) 

Structure of 

recrystallized 

sample at 22 
o
C  

3.40 772.6 1.09 0.58 FCC-HCP FCC 

3.70 801.3 1.05 0.64 FCC-HCP FCC-HCP 

4.10 853.2 0.99 0.77 FCC-HCP FCC-HCP 

4.35 1021.7 0.82 1.32 FCC-HCP FCC-HCP 

4.7 1045.1 0.80 1.41 FCC-HCP FCC-HCP 

5.00 1088.2 0.78 1.60 FCC-HCP FCC-HCP 
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Sample details and crystal structure under as prepared condition and 

recrystallized samples for different values of pH is given in Table 5.1. As prepared 

samples are recrystallized by increasing the temperature of the sample to 35 °C and 

maintained at that temperature for 1 hour and cooled back to room temperature (22 

°C) at the rate of 0.1 °C/hour. 

5.3 Results and discussion 

5.3.1 Structure of PNIPAM-co-Aac microgel crystals 

 PNIPAM-co-Aac microgel suspensions prepared at pH 3.40, 3.70, 4.10, 4.35, 

4.7, 5.00 are loaded into separate cylindrical glass cells of diameter 5 mm and left 

undisturbed for 24 hours. These samples are referred to “as prepared” samples. 

Undisturbed “as prepared” samples exhibited iridescence indicating the crystalline 

order in the samples. Bragg diffraction pattern of these samples is measured using 

SLS. Fig. 5.2(a) shows the Bragg diffraction pattern of the PNIPAM-co-Aac microgel 

crystals at pH 3.40. The sharp peaks in the Bragg diffraction pattern indicate the 

crystalline nature of the sample. Upon analysis, the experimentally recorded Bragg 

diffraction pattern is found to match well with that of FCC-HCP coexisting structure. 

FCC and HCP structures differ only in the stacking sequence. The Bragg peaks of 

(111), (220), (311) and (222) of FCC structure and (002), (110), (112), (004) of HCP 

structure occur at the same position as they are common to both the structures [145]. 

However (200) and (400) reflections are inherent to FCC structure differ with (100), 

(101) and (103) peaks which are inherent to HCP structure [144]. In crystals with 

stacking faults, the Bragg peaks which are common to both the structures overlap with 

each other [144].  
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Figure 5.2 Bragg diffraction pattern of PNIPAM-co-Aac microgel sample at pH 3.40 (a) as prepared 

(b) recrystallized (upon annealing with a cooling rate of 0.1 °C/hour) recorded using SLS 

at 22 °C. Vertical lines indicate the Bragg peak positions corresponding to ideal FCC and 

HCP structure (c) photograph showing iridescence in the as prepared sample of PNIPAM-

co-Aac microgel crystals at pH 3.40. 

 Notice that in Fig. 5.2(a) peaks corresponding to both FCC and HCP structures 

are clearly resolved and indexed. Observation of multiple peaks which are inherent to 

both the structures confirm FCC-HCP coexistence in the sample at pH 3.40. Volume 

fraction,   and nearest-neighbour distance,     of microgel crystals are determined 

(as described in section 2.5.1) to be 0.58 and 844.7 nm respectively and are given in 

Table 5.1. The ratio 
   

 
   indicated that the particles haven‟t undergone any 

compression due to osmotic pressure exerted by the neighbouring particles at this 

volume fraction [78]. 
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Figure 5.3 Bragg diffraction pattern of PNIPAM-co-Aac microgel sample at pH 3.70 (a) as prepared 

(b) recrystallized (upon annealing with a cooling rate of 0.1 °C/hour) recorded using SLS 

at 22 °C. Vertical lines indicate the Bragg peak positions corresponding to ideal FCC and 

HCP structure. 

At pH 3.40, PNIPAM-co-Aac microgel particles are almost neutral and hence, 

the equilibrium crystal structure is expected to be FCC analogous to that of Hard-

sphere crystals [65]. In order to know whether FCC-HCP coexistence structure is 

stable or FCC structure is stable, the sample is subjected to recrystallization by 

increasing the temperature of the sample to 35 °C. The heated sample was maintained 

at that temperature for one hour and then cooled to room temperature (22 °C) with a 

cooling rate of 0.1 °C /hour. The recrystallized sample showed iridescence. Bragg 

diffraction pattern of the recrystallized sample recorded using SLS was shown in Fig. 

5.2(b). Notice that peaks corresponding to HCP structure i.e., (100), (002), (102), 

(110), etc., were completely absent and peaks corresponding to FCC structure only 
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were present in the Bragg diffraction pattern (Fig. 5.2(b)). This suggests that 

PNIPAM-co-Aac microgel crystals at pH 3.40 with volume fraction,        has 

transform to its equilibrium FCC structure. These observations are consistent with 

recent report on PNIPAM-co-Aac microgel crystals studied using SAXS [71] and 

PNIPAM-co-Aac microgel particles behave like neutral PNIPAM microgels [65]. 

 

 

 

 

 

 

 

 

 

Figure 5.4 Bragg diffraction pattern of PNIPAM-co-Aac microgel sample at pH 4.10 (a) as prepared (b) 

recrystallized (upon annealing with a cooling rate of 0.1 °C/hour) recorded using SLS at 22 

°C. Vertical lines indicate the Bragg peak positions corresponding to ideal FCC and HCP 

structure. 

Bragg diffraction spectrum of PNIPAM-co-Aac microgel crystals at pH 3.70 

in “as prepared” condition is shown in Fig. 5.3(a). Analysis of Bragg diffraction 

pattern shows that the crystal structure of the sample is FCC-HCP coexistence. The 

sample is recrystallized as mentioned earlier. Bragg diffraction spectrum of the 
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recrystallized sample shows FCC-HCP coexisting structure (Fig. 5.3(b)) identical to 

that observed in the “as prepared sample”. The position of peaks observed in the 

Bragg diffraction spectrum was found to agree well with that of calculated one. 

Volume fraction,   of the suspension is calculated using first peak position and found 

to be 0.64 which is less than that of cubic close packed limit (      ).  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 Bragg diffraction pattern of PNIPAM-co-Aac microgel sample at pH 4.35 (a) as prepared 

(b) recrystallized sample. Vertical lines indicate the Bragg peak positions corresponding to 

ideal FCC and HCP structure. 
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Figure 5.6 Bragg diffraction pattern of PNIPAM-co-Aac microgel sample at pH 4.70 (a) as prepared 

(b) recrystallized sample. Vertical lines indicate the Bragg peak positions corresponding to 

ideal FCC and HCP structure. 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 Bragg diffraction pattern of PNIPAM-co-Aac microgel sample at pH 5.00 (a) as prepared 

(b) recrystallized sample. Vertical lines indicate the Bragg peak positions corresponding to 

ideal FCC and HCP structure. 
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 Bragg diffraction pattern of PNIPAM-co-Aac microgel crystals prepared at pH 

4.10, 4.35, 4.70, 5.00 under “as prepared” conditions are shown in Fig. 5.4(a), 5.5(a), 

5.6(a), 5.7(a) respectively. These samples exhibited FCC-HCP coexistence. Volume 

fraction,   and nearest-neighbour distance,     of microgel crystals at each pH are 

determined and listed in Table 5.1. Notice that       and the corresponding 

volume fraction of microgel crystals at pH 4.1, 4.35, 4.70 and 5.00 are greater than 

0.74. The observation that       (
   

 
  ) suggests that microgel particles in 

dense suspensions (      ) gets compressed due to osmotic pressure exerted by the 

surrounding particles [78,142]. The number density, np in all the samples discussed in 

the chapter was kept constant. The volume fraction,        which is unphysical is 

due to the swollen diameter, d measured under dilute conditions using DLS is used for 

its calculation.  

With an objective to identify the equilibrium crystal structure, the samples 

were recrystallized by increasing and maintaining the temperature of the sample at 35 

°C for 1 hour and cooling at 0.1 °C/hour to room temperature (22 °C). Bragg 

diffraction pattern of  these recrystallized samples were shown in Fig. 5.4(b), 5.5(b), 

5.6(b), 5.7(b) respectively. After analyzing the Bragg diffraction pattern, the structure 

of these recrystallized sample were found to be FCC-HCP coexistence structure. At 

concentration,        these change in interactions in microgel particles have 

negligible effect on the phase behaviour of microgel crystals and the crystal structure 

remained to be FCC-HCP coexistence. 

5.3.2 Melting of PNIPAM-co-Aac microgel crystals  

 In order to study the effect of temperature on PNIPAM-co-Aac microgel 

crystals and to identify the melting point of these crystals, the samples are subjected 
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to heating. Upon increasing the temperature, iridescence in the sample is found to 

disappear beyond a certain temperature and suspensions also turned turbid. Melting 

temperature of these crystals is identified by monitoring the Bragg peak intensity, Imax 

as a function of temperature [54]. Variation in Imax measured at Bragg peak position at 

q = 0.91   10
5
 cm

-1
 as a function of temperature, T for sample with pH 3.40 and 5.00 

were shown in Fig. 5.8 and 5.9 respectively. Bragg peak Intensity,  Imax decreased 

monotonically with temperature, T. For sample with pH 3.40 (Fig. 5.8), a sudden 

decrease at T = 24 °C in Bragg peak intensity is observed and it is identified as the 

melting temperature, Tm. The sudden jump in the intensity, Imax is due to the structural 

transition from crytalline state to liquid state. Beyond Tm the intensity Imax decreases 

continuously where the microgel suspension is identified to be in liquid state by 

observing broad peak in its scattering profile.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 Bragg peak intensity, Imax as a function of  T, for PNIPAM-co-Aac microgel crystals at pH 

3.40. Continuous lines are guide to the eye. Dotted line indicates the melting temperature 

of microgel crystals.  
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Figure 5.9 Bragg peak intensity, Imax as a function of  T, for PNIPAM-co-Aac microgel crystals at pH 

5.00. Continuous lines are guide to the eye. Dotted line indicates the melting temperature 

of microgel crystals. 

Similarly, melting temperature of PNIPAM-co-Aac microgel crystals at pH 

5.00 was identified to be 28.5 °C. Variation of Imax (q =0.91 Χ 10
5
 cm

-1
) as a function 

of tempearture, T for microgel crystals at pH 5.00 is shown in Fig. 5.9. At pH 5.00, 

microgel particles are in completely deprotonated state and negatively charged due to 

the presence of carboxylate ions in the polymer chains. Higher melting temperature, 

Tm of microgel crystals at pH 5.00 than that of pH 3.40 is due to the repulsive 

interaction between these microgel particles at pH 5.00. Melting temperature of 

microgel suspension increased as the pH of the suspension was increased from 3.00 to 

5.00.  
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5.3.3 Dynamics in dense PNIPAM-co-Aac microgel crystals 

 In order to understand the reason for observing FCC-HCP coexistence in 

dense PNIPAM-co-Aac microgel crystals, detailed 3D-DLS studies is carried out on 

these samples at room temperature (22 ºC). These particles upon concentration are 

known to undergo osmotic compression. Joshi et. al.,[88] have shown that dynamics 

in osmotically compressed PNIPAM microgel crystals (      ) is sub-diffusive at 

short times and arises due to entanglement of dangling polymer chains between the 

shells of neighbouring microgel spheres. The entanglement is absent microgel crytals 

with volume fraction,       . In order to verify the presence of entanglement in the 

samples, we carried out DLS studies on all the samples. After equilibrating the sample 

at 22 °C, intensity auto-correlation function  ( )( ,  ) was measured for 30 minutes at 

each pH and measurements have been repeated for five times. The field correlation, 

 ( ,  ) obtained from  ( )( ,  ) is used to determine mean square displacement 

(MSD) using Eq. (2.14).  MSD was used to infer the kind of dynamics that these 

particles exhibit in the sample at short times. Short time regime in MSD data was 

identified using cage rearrangement time,    as reference and given by 

    
  

   
 (5.1) 

where d is the size of the microgel particle and D0 is the free diffusion co-efficient. 

For PNIPAM-co-Aac microgel samples used in the investigation of dynamics,    is of 

the order of milli seconds. Fig. 5.10 shows MSD in units of average inter-particle 

separation of PNIPAM-co-Aac microgel particles in dense suspension as a function of 

time. Notice in Fig. 5.9, for all samples MSD at short times increases with time. The 

MSD data was fitted from 10 µs to 1000 µs with the Eqn. 2.18 to extract time 
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exponent, α which was used to classify the dynamics of the particles in the suspension 

[86]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 Mean square displacement in units of average inter-particle separation, l = np
-1/3

 versus 

time in PNIPAM-co-Aac microgel samples at pH 3.40, 3.70, 4.10, 4.35, 4.70 and 5.00. 

Lines represent the fit to Eqn. (2.14) at short times.  

 For sample prepared at pH 3.40, the time exponent, α is found to be 1 which 

suggests that the particle motion is diffusive at short times. For samples prepared at 

pH 3.70, 4.10, 4.35, 4.70, 5.00 the time exponent, α is found to be less than 1 suggests 

that the particle motion becomes sub-diffusive. PNIPAM microgel particles in dense 

suspensions with volume fraction greater than 0.74, were reported to exhibit sub-



127 | P a g e  
 

φ > 0.74 

diffusive motion at short times [88]. The sub-diffusive behaviour arises due to the 

overlap of dangling polymer chains between the shells of neighbouring particles in the 

surrounding as shown in Fig. 5.11. 

 

 

 

Figure 5.11 Schematic picture depicting core-shell nature of PNIPAM spheres with entanglement of 

dangling chains between neighbouring spheres. 

The volume fraction of the sample at pH 3.70 was 0.64 which is less than that 

of cubic close packed limit, α is found to be less than 1. At this volume fraction, the 

nearest-neighbour distance,     is greater than the diameter of microgel particles, d 

hence the overlap of dangling polymer chains between the shells of neighbouring 

particles are not expected to happen. But these particles exhibit sub-diffusive motion 

at short times. Interestingly, PNIPAM-co-Aac microgel particles have been reported 

to swell in size with time to occupy available free volume [51] and experiences steric 

compression well below a volume fraction of 0.64 [77]. Hence, even at volume 

fraction less than 0.74, it is possible for entanglement between the dangling polymer 

chains in the shells of neighbouring particles, which is understood from the sub-

diffusive dynamics of the microgel particles at short times. At pH 4.10, the volume 

fraction of the suspension is greater than 0.74 and the entanglement of dangling 

polymer chains of neighbouring particles leads to sub-diffusive behaviour of microgel 

particles. Though, microgel particles are in charged state with electrostatic repulsion 

between the polymer chains at pH 4.35, 4.70, 5.00, at volume fraction greater than 

0.74, there exists entanglement between the dangling polymer chains in the shells of 
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neighbouring paricles which is evident from the observed sub-diffusive motion of the 

particles at short times. Thus, the entanglement between the neighbouring PNIPAM-

co-Aac microgel spheres stabilizes FCC-HCP coexistence structure in samples similar 

to that observed in case of neutral PNIPAM microgel spheres in chapter 4.  

5.4 Conclusion 

 Monodisperse PNIPAM-co-Aac microgel particles of size 1100 nm are 

synthesized using free radical polymerization. Structure of PNIPAM-co-Aac microgel 

crystals prepared at pH 3.40, 3.70, 4.10, 4.35, 4.70 and 5.00 in “as prepared” 

condition and after recrystallization was investigated using static light scattering 

technique. All the samples exhibited FCC-HCP coexistence in “as prepared” 

condition. These crystals are recrystallized by cooling all the samples at 0.1 °C/hour 

from 35 °C to 22 °C. Upon recrystallization, sample at pH 3.40 is found to crystallize 

in FCC structure consistent with the earlier reports [71]. Microgel crystals at pH 3.70, 

4.10, 4.35, 4.70, 5.00 are found to exhibit FCC-HCP coexistence rather than RHCP 

structure [73,74] even after recrystallization. Clearly resolved peaks corresponding to 

both FCC and HCP structures argue well for FCC-HCP coexistence in the sample. 

The entanglement of dangling polymer chains between the shells of neighbouring 

spheres inferred through the sub-diffusive motion of particles at short times is 

responsible for stabilizing HCP structure in the sample and coexists along with FCC 

structure. The phase behaviour of ionic microgels in dense condition is found to be 

similar to that of neutral microgels at volume fraction greater than cubic close packed 

limit. 
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CHAPTER 6 

LIGHT SCATTERING STUDIES ON GEL IMMOBILIZED 

STIMULI RESPONSIVE MICROGEL CRYSTALS 

This chapter deals with the immobilization of PNIPAM-co-Aac microgel 

crystals in Poly-acrylamide (PAAm) hydrogels by photo polymerization. These 

microgel crystals are investigated for their structural ordering before and after 

immobilization using SLS. The effect of immobilization on the temperature response 

of microgel crystals is investigated and discussed here. 

6.1 Introduction 

Colloidal crystals have been used for several of its applications mentioned in 

chapter 1 such as filters [19], sensors [17], optical switches [24], templates for 

photonic band gap materials [7,152-154], Bragg diffraction devices [155], etc. 

Immobilized colloidal crystals have been used for controlled uptake and release of 

drugs [81,82], Bragg filters [83], tunable photonic crystals [26,84], non-linear optical 

switches [23,24], chemical sensors [85], etc. Colloidal crystals grown in aqueous 

medium are fragile and unstable against shear and hence are not widely used for the 

fabrication of devices [7,79]. This limitation has been overcome by immobilizing 

them in a polymer hydrogel matrix. Immobilization results in retaining periodic 

arrangement of colloidal crystals in a polymer hydrogel matrix, hence provides 

stability against shear, ionic impurity and temperature due to cross-linked network of 

polymer chains [79,95,96,156]. These immobilized colloidal crystals also serve as 

portable photonic crystals [7,157,158]. Hard spheres as well as charged colloidal 

crystals have been immobilized in normal and stimuli responsive hydrogels 
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[19,23,26,83,84,158,159]. Immobilized colloidal crystals are studied for their 

sensitivity and response to external stimuli [80]. Colloidal crystals of stimuli 

responsive microgel particles immobilized in polyacrylamide hydrogels (PAAm) have 

shown better sensitivity and response than immobilized hard sphere crystals. Though 

there have been reports of microgel crystals immobilized in hydrogels for their 

applications, there are no studies on the structure and dynamics of these crystals 

before and after immobilization. This chapter reports investigation on the structure 

and dynamics of microgel crystals before and after immobilization using light 

scattering technique. The thermal response of immobilized microgel crystal is 

investigated and the results are reported.  

6.2 Experimental methods 

6.2.1 Sample preparation 

 PNIPAM-co-Aac microgel suspensions of average size 1100 nm with size 

polydispersity 5.5 % was synthesized as described in section 2.1. These suspensions 

are purified as per the procedure described in section 2.2 and are concentrated to the 

desired volume fraction. The purified suspension is equilibrated for 24 hours in pH 

buffer 5.00 with ionic strength of 15 mM. The concentration of PNIPAM-co-Aac 

microgel suspension is determined to be np = 3.38   10
12 

particles/cm
3
 using SLS as 

described in section 2.5.1. For immobilizing these microgel particles in PAAm 

hydrogels, 5M acrylamide (AAm) monomer solution at pH 5.00, 0.125 M Methelene-

bis-acrylamide (BIS) cross-linker solution at pH 5.00 and photo initiator solution of 

10% DEAP (v/v) in DMSO are prepared. For the present investigation, three samples 

viz., pure hydrogel (PAAm hydrogel without microgel particles), dilute PNIPAM-co-

Aac microgel particles immobilized in PAAm hydrogels, dense PNIPAM-co-Aac 
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microgel crystals immobilized in PAAm hydrogels are prepared by photo-

polymerization method as described in section 6.2.2. Details of chemicals used in 

preparing the samples are given in Table 6.1. 

Table 6.1 Details of chemicals and their quantities used for the preparation of 1 ml PAAm hydrogels 

with and without PNIPAM-co-Aac microgel particles. 

Label 

Acrylamide 

(5M)  

(µL) 

BIS  

(0.125 

M)  

(µL) 

Photo 

initiator  

(µL) 

Microgel 

particles 

 (µL) 

Buffer 

solution, 

pH 5.00  

(µL) 

PAAm 

Hydrogel 
200 40 10 - 750 

Dilute 

sample 
200 40 10 5 745 

Dense 

sample 
200 40 10 700 50 

 

6.2.2 Preparation of PAAm hydrogels 

 Poly-acrylamide (PAAm) hydrogel is prepared by polymerizing 3.5 wt% of 

acrylamide (AAM) solution and 2.1 wt% of BIS (BIS/ (AAM+BIS)) solution using 

photo initiator 2, 2-diethoxyacetophenone (DEAP). 10 µl of 10% DEAP in DMSO 

(dimethyl sulfoxide) is added to acrylamide and BIS solution as mentioned in Table 

6.1. This pregel solution is loaded into a cylindrical glass cell of diameter 5mm which 

is used for light scattering measurement. Polymerization was initiated by irradiating 

the solution with UV light at room temperature (22 °C) and is continued for 2 hours to 

complete the polymerization which yielded poly acrylamide hydrogels (PAAm). 

Hydrogel, thus prepared, was allowed to equilibrate at room temperature for at least 
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24 hours before measurement. Hydrogel sample thus prepared is found to be without 

any air bubble and transparent.  

6.2.3 Immobilization of PNIPAM-co-Aac microgel particles 

 1 ml of pregel solution is prepared by mixing acrylamide and BIS solution 

with photo initiator as mentioned in Table 6.1. 5 µl of concentrated PNIPAM-co-Aac 

microgel suspension is added to the pregel solution placed in 5mm diameter 

cylindrical glass cell, which corresponds to a number density, np = 2.8   10
7 

particles/cm
3
. Pregel solution containing microgel particles is allowed to equilibrate 

for 24 hours before polymerization. PAAm hydrogel immobilized with PNIPAM-co-

Aac microgel particles is prepared by photo polymerization of the mixture by 

irradiating with UV light. Hydrogel consisting of PNIPAM-co-Aac microgel particles 

with np = 2.8   10
7 

particles/cm
3 

is labelled as “dilute sample”. The sample is 

equilibrated for 24 hours at room temperature before making light scattering 

measurements.  

6.2.4 Immobilization of PNIPAM-co-Aac microgel crystals in PAAm hydrogel 

Pregel solution containing acrylamide, BIS and DEAP is added to 700 µl of 

dense PNIPAM-co-Aac microgel suspension (Table 6.1) which corresponds to a 

number density of np = 2.37   10
12 

particles/cm
3
. This mixture is taken in a 5mm 

diameter cylindrical glass cell, and equilibrated for 24 hours at room temperature. 

Microgel suspension in the pregel solution exhibited crystallization and showed 

iridescence upon white light illumination. In order to homogenize the sample, it is 

heated to 35 °C, maintained at that temperature for 1 hour and then cooled back to 

room temperature (22 °C) at the rate of 0.1 °C/hour. Upon cooling, the sample once 
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again crystallized by exhibiting bright iridescence which is shown in Fig. 6.1(c). 

Immobilization of PNIPAM-co-Aac microgel crystals in poly acrylamide hydrogel is 

carried out in a controlled manner to retain the structural ordering in the sample as 

polymerization of acrylamide is an exothermic reaction [160]. As PNIPAM-co-Aac 

microgel particles are thermoresponsive in nature, heat released during 

polymerization of acrylamide decreases the effective volume fraction of the sample 

leading to melting of microgel crystals. Nayak et. al., have reported that microgel 

crystals upon immobilization in PAAm hydrogels, gets disordered [161]. This is 

overcome by photo polymerizing the sample at temperature less than 15 °C which 

facilitated the removal of heat from the sample and retaining the crystalline order in 

the sample.  

6.3 Results and discussion 

6.3.1 Structure of PNIPAM-co-Aac microgel crystals before and after 

immobilization 

  Since the immobilized particle in PAAm hydrogel does not span the 

configuration space due to arrested diffusion, the immobilized suspension is a non-

ergodic system. Hence, instead of time averaged scattered intensity,   ( ) ensemble 

averaged scattered intensity, 〈  ( )〉 is measured at a given q by rotating the sample at 

a constant speed of 0.6 rotations / minute. The structure of PNIPAM-co-Aac microgel 

crystals is determined using SLS. The ensemble averaged scattered intensity, 〈  ( )〉 

from the microgel crystals as a function of scattering wave vector, q is recorded at 

room temperature, 22 °C. The sharp peaks in the Bragg diffraction pattern shown in 

Fig. 6.1 confirm the crystalline nature of the sample. The diffraction pattern is 
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analysed for possible (FCC/ HCP/RHCP) crystal structures [70] as described in 

section 2.5.1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Bragg diffraction pattern of PNIPAM-co-Aac microgel crystals at pH 5.00 (a) 

unimmobilized (b) immobilized recorded using SLS at 22 °C. Vertical lines indicate the 

Bragg peak positions corresponding to ideal FCC and HCP structure with       (c) 

photograph of unimmobilized PNIPAM-co-Aac microgel crystals with iridescence (d) 

photograph of gel immobilized PNIPAM-co-Aac microgel crystals with iridescence. 

The Bragg diffraction pattern (Fig. 6.1) consists of peaks corresponding to 

both FCC and HCP structures. Calculated peak positions corresponding to FCC-HCP 

coexistence structure with np = 2.37   10
12 

particles/cm
3
,
 
match well with that 

measured experimentally. The structure of PNIPAM-co-Aac microgel crystals in 

pregel solution at pH 5.00 is identified to be FCC-HCP coexistence (Fig. 6.1 (a)). 

Bragg diffraction pattern of PNIPAM-co-Aac microgel crystals immobilized in 

PAAm hydrogel is shown in Fig. 6.1(b). The sharp peaks in Fig. 6.1(b) suggest that 
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crystalline order is intact after the immobilization in PAAm hydrogel. The sample 

showed improved transparency after the immobilization and is due to matching of 

refractive index of microgel particles with that of PAAm hydrogel (Fig. 6.1 (c) & (d)). 

Further it can be seen that the structure remains unchanged (i.e., FCC-HCP co-

existence structure) after immobilization (Fig. 6.1(b)). The structure of these microgel 

crystals before and after immobilization in PAAm hydrogels remained same. Each 

peak in the Bragg diffraction spectrum was identified and indexed.  

6.3.2 Temperature response of microgel particles under immobilized conditions 

 

 

 

 

 

 

 

Figure 6.2 Scattered intensity, 〈  (  )〉 at qc = 0.91   10
5
 cm

-1
 as a function of temperature, T for 

PAAm hydrogel, and dilute PNIPAM-co-Aac microgel particles (np = 2.8   10
7 

particles/cm
3
) immobilized in PAAm hydrogel. Laser power was kept constant during the 

measurement for all the samples. Lines are guide to the eye. 

 In order to understand the temperature response of PNIPAM-co-Aac microgel 

particles under immobilized condition, a dilute suspension of PNIPAM-co-Aac 

microgel particles with np = 2.8   10
7 

particles/cm
3
 is dispersed in the pregel solution 
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and immobilized in PAAm hydrogel. Temperature response of microgel particles 

immobilized in PAAm hydrogel is investigated using SLS and DLS by varying the 

temperature in the range of 22 ºC to 35 ºC. The ensemble averaged scattered intensity, 

〈  ( )〉 at a scattering wave vector, qc = 0.91   10
5
 cm

-1 
was monitored as a function 

of temperature and is shown in Fig. 6.2. The choice of scattering wave vector, qc = 

0.91   10
5
 cm

-1
 for monitoring the ensemble averaged scattering intensity, stems from 

our interest in the investigation of temperature response of PNIPAM-co-Aac microgel 

crystals, with (111) Bragg peak occurring at qc = 0.91   10
5
 cm

-1
. The temperature 

response of microgel crystals have been investigated by monitoring the Bragg peak 

intensity at qc = 0.91   10
5
 cm

-1
 which is the (111) peak of FCC structure as a 

function of temperature. Fig. 6.2 shows the variation of scattered intensity, 〈  ( )〉 as 

a function of temperature, T for PAAm hydrogel, dilute suspension of PNIPAM-co-

Aac microgel particles immobilized in PAAm hydrogel. Since PAAm is a non-

thermoresponsive polymer, one does not expect scattered intensity, 〈  ( )〉 to vary 

with T and Fig. 6.2 indeed shows 〈  ( )〉 being independent of T for PAAm hydrogel. 

Notice from Fig. 6.2 that the scattered intensity, 〈  ( )〉 as a function of temperature, 

T from microgel particles immobilized in PAAm hydrogel is higher than that from 

hydrogel without particles. This increase is mainly due to increase in the static 

inhomogeneities in the microgel particles immobilized sample [162]. The sudden 

jump in the scattered intensity observed at 30 °C is due to the VPT of the particle 

(Fig. 6.2). The scattered intensity being higher beyond 30 °C is explained as follows. 

The scattered intensity, 〈  ( )〉 from a dilute suspension as a function of 

scattering wave vector is given by Eqn. 2.25 with  ( )    and can be rewritten as  
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where   
      

  

  

   a constant. Quantities that vary temperature are,   ,    

.
    

    
/
 

and the particle form factor,  ( ). Since we are interested in the variation of 

particle form factor with respect to change in diameter at a fixed q (q = qc), the particle form 

factor,  ( ) for a sphere particle of radius, a was given by, 

  ( )  ,
 ,   (   )  (   )   (   )-

(   ) 
-

 

 (6.2) 

We have calculated each of these factors seperately as a function of temperature to 

understand the variation of scattered intensity, 〈  ( )〉 with temperature, T shown in Fig. 6.2.  

 

 

 

 

 

 

 

Figure 6.3 Hydrodynamic diameter, d of PNIPAM-co-Aac microgel particles at pH 5.00 as a function 

of temperature, T. Continuous lines are guide to the eye. 

 For calculating the size dependence, a
6
 and particle form factor  ( ) with respect to 

T,  PNIPAM-co-Aac microgel particles size, d was measured at pH = 5.00 as a function of T 
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using DLS on a dilute suspension. The variation of d with respect to T is shown in Fig.  6.3. 

Sudden decrease in particle size at T = 30 ºC due to VPT occuring at 30 ºC and is consistent 

with that reported in the literature [92]. Beyond VPT, the diameter remains almost constant 

(Fig. 6.3). Notice that VPT of  microgel particle shifted to lower temperature at pH 5.00 as 

compared to that of PNIPAM microgel particles by ~ 4 ºC. The addition of acrylic acid 

during synthesis of PNIPAM-coAac not only makes the particle charged but also lowered the 

VPT. Using the measured diameter, d, a
6
 is calculated in the temperature region 26 ºC 

to 34 ºC (around VPT) is shown in Fig. 6.4(a).  

 

 

 

 

 

 

 

 

 

 

Figure 6.4 Variation of a
6
,  ( ) and    as a function of temperature, T  calculated using diameter of the 

microgel particle, d and refractive index of the particle,    measured as a function of T. Continuous 

lines are guide to eye.  

 As expected with increase in T, a
6
 also shows a sudden decrease at 30 ºC as a 

result of VPT. The variation in particle form factor,  ( ) due to the variation in a at 

qc = 0.91   10
5
 cm

-1 
is calculated as a function of T using Eqn. 6.2 is shown in Fig. 
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6.4 (b). We assumed that PNIPAM-co-Aac microgel particles are homogeneous for 

calculating  ( ). Notice that  ( ) shows sudden increase at VPT (Fig. 6.4(b)) due to 

variation in particle size, d. Fig. 6.4(c) shows the variation of    .
    

    
/
 

with respect to 

T. Here the refractive index of the particle,    as a function of temperature, T was 

obtained by measuring the refractive index of the suspension,    of known volume 

fraction, and refractive index of the buffer,    as a function of temperature, T using 

Eqn. 3.2 given in chapter 3. The values of    and   were measued using Abbe‟s 

refractometer as a function of T. Notice that (Fig. 6.4(c)) shows sudden increase due 

to sudden increase in the refractive index of the particle as a result of VPT. Though, 

with increase in T, a
6
 decreases, sudden increase in  ( ) and    at VPT compensates 

the decrease in a
6
. Hence the observed sudden increase in the scattered intensity, 

〈  ( )〉 at 30 ºC shown in Fig. 6.2 is essentially due to sudden decrease in the size of the 

particle and the confomitant increase in  ( ) and   . Thus, we conclude that immobilization 

of PNIPAM-co-Aac microgel particles in PAAm hydrogels does not alter significantly the 

VPT of pH responsive microgel particle. 

6.3.3 Thermo response of dense stimuli responsive microgel crystals before and 

after immobilization  

Having studied the temperature response of individual PNIPAM-co-Aac 

microgel particles immobilized in a PAAm hydrogel, it is of interest to know the 

collective behaviour of PNIPAM-co-Aac microgel particles in the ordered state under 

unimmobilized and immobilized conditions. Towards that we recorded Bragg peak 

intensity corresponding to (111) planes of FCC structure of PNIPAM-co-Aac 

microgel crystals as a function of temperature, T using SLS and is shown in Fig. 

6.5(b). The Bragg peak intensity of the (111) peak is identified by recording the Bragg 
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peak as a function of q which is shown in Fig. 6.5(a). Notice the Bragg peak 

corresponding to (111) peak of FCC structure in unimmobilized microgel crystals at T 

= 22 ºC, 29 ºC and 31 ºC. At T = 22 ºC, a sharp peak in the Bragg diffraction 

spectrum indicated the crystalline order in the sample. The intensity of the scattered 

light decreased with the increase in temperature. At T = 29 ºC, a broad peak was 

observed in the diffraction pattern which indicated the liquid like ordering in the 

sample. At T = 31 ºC, 〈  ( )〉 showed no peak as a function of q indicates the structural 

ordering disappeared in the sample at T > 31 ºC. 

 

 

 

 

 

Figure 6.5 (a) Bragg peak corresponding to (111) peak of FCC structure of unimmobilized PNIPAM-

co-Aac microgel crystal as a function of temperature, T. (b) Variation of Bragg peak 

intensity, Imax as a function of temperature. Lines are guide to the eye. Dotted line indicates 

the temperature at which microgel crystals undergo melting.  

 Fig. 6.5(b) shows the variation of Bragg peak intensity, Imax as a fucntion of T. 

With increase in temperature, the Bragg peak intensity continuously decreases and 

show a sudden jump at T = 28.5 ºC. The sudden jump is identified as the melting 

temperature, Tm of the crystal [54] as iridescence disappeared after 28.5 ºC. After 
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melting, no noticable change was observed in the peak position. As the temperature of 

the suspension was increased from 22 ºC to 32 ºC, microgel particles deswells as a 

response to temperature which resulted in the decrease of effective volume fraction of 

the suspension, leading to the melting of microgel crystals.  

 

  

 

 

 

 

 

 

 

 

Figure 6.6 Bragg peak corresponding to (111) peak of FCC structure of immobilized PNIPAM-co-Aac 

microgel crystal as a function of temperature, T. (a) before VPT of microgel particles,  (b) 

after VPT of microgel particles. Continuous lines are guide to the eye.  

PNIPAM-co-Aac microgel crystals are immobilized in PAAm hydrogels as 

described in section 6.2.4. The temperature response of immobilized microgel crystals 

is investigated using SLS. Bragg peak corresponding to (111) plane of FCC structure 

in immobilized PNIPAM-co-Aac microgel crystal is monitored as a function of 

temperature, T. For the sake of clarity, the Bragg diffraction spectra of immobilized 

microgel crystals having different behaviour are given separately (Fig. 6.6). A sharp 

peak around q = 0.91   10
5
 cm

-1 
at T = 22 ºC was observed in the Bragg diffraction 

spectrum corresponding to (111) planes of FCC structure. A peak at q = 0.92   10
5
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cm
-1 

corresponds to (002) planes of HCP structure. The scattered intensity, 〈  ( )〉 is 

recorded as a function of temperature, T. Bragg diffraction spectrum at T = 22, 27, 29 

ºC for the immobilized microgel crystals is shown in Fig. 6.6(a) where the particles 

are in swollen state (before VPT) and the Bragg peak intensity is found to decrease 

with temperature. Fig. 6.6(b) shows the Bragg peak corresponding to (111) planes of 

FCC structure at T = 30, 32, 34 ºC where the particles are in deswollen state as 

elucidated from Fig. 6.3. Unlike unimmobilized microgel crystals which exhibited 

melting at Tm = 28.5 ºC, immobilized microgel doesn‟t undergo melting. Crystalline 

order is preserved in the sample even at 34 ºC, indicated by the sharp peak in the 

Bragg diffraction spectrum (Fig. 6.8(b)). 

Immobilization of microgel crystals in hydrogels has helped in retaining the 

structural ordering in the sample even beyond the VPT of microgel particles. The 

sample has showed iridescence even at 35 ºC. It can be mentioned that immobilization 

of microgel crystals has permanently locked the structural ordering in the sample. 

Even though the effective volume fraction of microgel crystals is decreased due to 

increase in the temperature, hydrogel matrix surrounding these crystals prevents them 

from melting and also acts as water reservoir for the microgel particles to swell back 

upon cooling. Intensity of the Bragg peak was plotted as a function of temperature 

(Fig. 6.7). As the temperature of the sample was increased, Bragg peak intensity, Imax 

varied in a non-monotonous manner.   

With the increase in temperature, the Bragg peak intensity decreases 

continuously up to 29 ºC. At 30 ºC, Imax begins to increase with the temperature and 

increases up to 34 ºC. As the temperature is increased from 25 ºC to 29 ºC, the 

diameter of the particle decreases. Though the increase in refractive index of the 
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particle,    with increase in T, Imax decreases as the diameter of the particle decreases 

with T (Fig. 6.3), as the change in the    is very small (Fig. 6.5). These particles are 

closely index matched with the surrounding hydrogel at T ≤ 29 ºC and its contribution 

to 〈  ( )〉 be very negligible.  The scattered intensity 〈  ( )〉 decreases with 

temperature as it depends on the size of the particle as a
6
 (Eqn. 6.1). At 30 ºC, 

increase in Imax was due to sudden decrease in the diameter of the particle which 

concomitantly increases the refractive index of the particle,    and particle form 

factor,  ( ) due to VPT of the microgel particles (Fig. 6.3). The scattered intensity 

increases with the increase in refractive index of the particle and particle form factor and 

decreases with decrease in the diameter of the particle. Large increase in the refractive index 

of the particle which is caused by the deswelling of the particle has resulted in the increase in 

the scattered intensity, 〈  ( )〉 from the immobilized microgel crystal between 30 ºC to 35 

ºC. 

 

 

 

 

 

 

 

Figure 6.7 Variation of Bragg peak intensity, Imax corresponding to (111) plane of FCC structure as a 

function of temperature, T. Lines are guide to the eye. 
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6.4 Conclusions 

 Stimuli responsive PNIPAM-co-Aac microgel particles of size 1100 nm are 

synthesized and their temperature and pH response is studied. The temperature 

response of dilute PNIPAM-co-Aac microgel suspension in unimmobilized condition 

and in immobilized condition is studied using SLS. For the same laser intensity, the 

scattered intensity from the immobilized sample is found to be higher than that from 

the unimmobilized sample. It is due to the increase in the static inhomogeneity in the 

sample upon immobilization of microgel particles in the hydrogel medium. The 

sudden increase in the scattered intensity around 30 ºC was due to the increase in the 

refractive index of the particle and particle form factor caused by the sudden 

deswelling of microgel particle at VPT. The scattered intensity continued to increase 

up to VPT of the particle and almost remained constant with the temperature. Dense 

PNIPAM-co-Aac microgel sample at pH 5.00 is found to crystallize in the pregel 

solution. The structure of recrystallized PNIPAM-co-Aac microgel crystals was found 

to be FCC-HCP co-existing structure, using SLS. These microgel crystals are 

successfully immobilized in poly acrylamide hydrogel (PAAm) matrix by 

polymerizing the pregel solution with microgel crystals at low temperature (~15 ºC). 

Polymerization carried out at low temperature has prevented the microgel crystals 

from melting upon immobilization. The structure of immobilized microgel crystals 

remained the same as that of unimmobilized microgel crystals. Upon immobilization 

in PAAm hydrogel, the sample has become more transparent due to the index 

matching between the microgel particles and the hydrogel matrix. The temperature 

response of microgel crystals in unimmobilized case and immobilized case was 

studied by monitoring the Bragg peak intensity of (111) peak of FCC structure. 

Unimmobilized microgel crystal, upon increasing the temperature, exhibited crystal to 
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liquid transition consistent with the literature. Immobilization of microgel crystals in 

PAAm hydrogel has prevented melting of microgel crystals. The hydrogel matrix 

around these microgel crystals has prevented them from undergoing melting 

transition. Bragg peak was observed even beyond VPT of microgel particles from the 

immobilized microgel crystals, which indicate the structural ordering in the sample is 

preserved. The variation in the Bragg peak intensity with temperature was non-

monotonous from the immobilized microgel crystals. Non-monotonous variation in 

the Bragg peak intensity was due to factors like diameter of the particle, particle form 

factor and the refractive index of the particle dominating at different range of 

temperature.  
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CHAPTER 7 

SUMMARY AND FUTURE WORK 

 This chapter gives the summary and conclusion of the investigations made 

towards the thesis using PNIPAM microgel particles and their dense suspension.  

7.1 Summary and conclusions 

 This chapter summarizes the investigations carried on stimuli responsive 

microgel suspensions under dilute and dense conditions and also under immobilized 

conditions in polymer hydrogels using experimental techniques viz., optical tweezers, 

static and dynamic light scattering techniques, 3D dynamic light scattering technique 

and UV-Visible spectroscopy.  Stimuli responsive microgels are soft and core-shell 

structured particles with densely cross-linked core and a thin shell (20~30nm) of 

dangling polymer chains. Suspensions of stimuli responsive microgels exhibit liquid, 

crystalline and glassy phases similar to the other colloidal or atomic/molecular 

systems at appropriate conditions. A brief literature review on colloids and stimuli 

responsive microgels, structure and dynamics of microgel suspensions and their 

applications was presented in chapter 1. The motivation and objective for the present 

study on stimuli response microgel particles and their crystalline assemblies under 

unimmobilized and immobilized conditions were discussed in chapter 1.  

 Synthesis of PNIPAM and PNIPAM-co-Aac microgel particles by free radical 

precipitation polymerization was discussed in chapter 2. Theory of light scattering and 

optical tweezers and their instrumentation and calibration procedures were discussed 

in detail. Details of home built optical tweezers set-up were given in this chapter. 

Characterization of microgel particles for their size, size polydispersity, surface 
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charge density and VPT with respect to temperature and pH was given in detail in 

chapter 2. Analysis of light scattering and UV-Visible spectroscopy data to obtain 

structural ordering parameters of microgel crystals was also presented in chapter 2. 

 Dilute PNIPAM-co-Aac microgel suspensions at different pH in the range 

3.00 to 5.00 were prepared for identifying the VPT of microgel particles as a function 

of pH. DLS technique is conventionally used to identify the VPT but it requires 

particle concentration of the order of 10
7
 particles/cm

3
. In chapter 3, we have shown 

that VPT of a single PNIPAM-co-Aac particle can be identified unambiguously by 

using optical tweezers. Towards that we have designed and assembled optical 

tweezers set-up and characterized the trap parameters using established methods. 

Optical tweezers is shown to be an alternate technique to identify VPT of PNIPAM-

co-Aac microgel particles. Trap stiffness was used as the parameter to identify the 

VPT as a function of pH. A sudden jump in the trap stiffness was observed as a 

function of pH. Occurrence of sudden change in trap stiffness was identified as the 

VPT by numerically computing trap stiffness and comparing it with that measured 

experimentally. The jump in the trap stiffness is understood to arise due to the sudden 

increase of microgel particle size with concomitant sharp decrease in the refractive 

index occurring at VPT at pH = 4.25. 

 After investigating the VPT of PNIPAM and PNIPAM-co-Aac microgel 

particles using DLS & optical tweezers, an attempt was made to understand the 

collective behaviour of these microgel particles by assembling them in crystalline 

order. Unlike hard spheres and charged colloid spheres, microgel particles are closely 

index matched with the solvent. This index matching helps in minimizing multiple 

scattering of light, hence facilitates the study of dense suspensions for their structural 
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ordering using light scattering. Towards understanding the equilibrium structure of 

PNIPAM microgel crystals under dense condition, PNIPAM microgel suspension of 

two different sizes (633 nm and 235 nm) with volume fractions above and below the 

cubic close packed limit, 0.74 were prepared by concentrating the samples using ultra-

filtration technique. Dense microgel crystals were subjected to structural investigation 

using static light scattering (SLS) and UV-Vis spectroscopy techniques with volume 

fraction above and below 0.74. As prepared sample of dense PNIPAM microgel 

crystals exhibited FCC-HCP coexistence. Upon recrystallizing them, by rising the 

temperature above 35 ºC and cooling them to room temperature with a cooling rate of 

0.1 ºC/hour, the sample with        was found to transform into an FCC structure. 

Whereas the sample with        was found to remain in FCC-HCP coexistence 

state even upon recrystallization. The study using different cooling rates resulted 

altering the relative fraction of FCC and HCP in the FCC-HCP coexistence state. The 

reason for FCC-HCP coexistence is understood by investigating the dynamics in the 

coexistence state. DLS studies have revealed sub-diffusive dynamics at short times 

due to the entanglement of dangling polymer chains in the shells of neighbouring 

particles. Thus entanglement is responsible for stabilizing the HCP phase over FCC 

resulting in observing FCC-HCP coexistence in dense microgel crystals with   

    . The sub-diffusive behaviour of these microgel particles was found to become 

diffusive upon heating the crystal beyond their melting point. 

 In order to know whether electrostatic interactions between charged microgel 

particles under dense conditions, suspension of PNIPAM-co-Aac microgel particles 

were prepared and assembled them into crystalline order. The crystal structure of 

dense ionic microgel crystals were investigated for their stability at differ pH values 

ranging from 3.00 to 5.00. The disassociation constant of acrylic acid (pKa) is 4.25. 



150 | P a g e  
 

Hence, the microgel particles exhibit neutral to charged transition upon increasing the 

pH of the suspension from 3.00 to 5.00 due to the presence of acrylic acid moieties on 

the polymer. The structure of PNIPAM-co-Aac microgel crystals was found to be 

FCC-HCP coexistence under as prepared conditions for values of pH ranging from 

3.00 to 5.00. Upon recrystallization, the sample with pH 3.40 has transformed to FCC 

structure whereas recrystallized microgel crystals at pH 3.70, 4.10, 4.35, 4.70, and 

5.00 were found to remain in FCC-HCP coexistence state. Samples which exhibited 

FCC-HCP coexistence showed sub-diffusive behaviour at short times similar to that 

of uncharged PNIPAM spheres in PNIPAM microgel crystals. The sub-diffusive 

behaviour of microgel particles at short times was due to the entanglement of 

dangling polymer chains in the shells of neighbouring particles. Thus PNIPAM-co-

Aac microgel particles, though charged at high pH, under dense conditions behave 

like neutral PNIPAM microgel particles.  

 With an aim to understand the effect of immobilization on the VPT of 

individual PNIPAM microgel and on the stability of crystalline order, microgel 

crystals were immobilized in polymer hydrogel medium known as portable photonic 

crystals and also found several applications. PNIPAM microgel suspensions with 

different concentrations were immobilized in poly-acrylamide (PAAm) hydrogels by 

photo polymerization. In order to avoid melting of PNIPAM microgel crystals due to 

the heat liberated during polymerization, immobilization process was carried out at 15 

ºC. The structure of these crystals before and after immobilization was investigated 

using SLS and found to be FCC-HCP coexistence. Microgel crystals under 

unimmobilized condition showed melting at T = 28.5 ºC whereas microgel crystals 

under immobilized condition showed iridescence 35 ºC i.e., even beyond VPT of 

these particles. We have showed that immobilization of microgel crystals in PAAm 
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hydrogel matrix has extended the stability of microgel crystals against melting. Bragg 

peak intensity of microgel crystals in hydrogel matrix was monitored as a function of 

temperature and found to vary non-monotonously. This behaviour is shown to arise 

from the decrease in the particle size and simultaneous increase in the refractive index 

of the microgel particle with temperature.  

Key findings of this thesis are summarized below. 

i. Indigenously designed and developed an optical tweezers set-up. Using which 

for the first time shown that VPT can be identified on a single microgel 

particle and shown that it gives a sharp transition as compared to that of 

conventional method of identifying VPT using DLS. VPT manifests as a 

sudden jump in the trap stiffness and is understood to arise from sudden 

decrease in the particle size with concomitant increase in the refractive index 

of the particle.  

ii. For the first time FCC-HCP coexistence is shown to be the stable state for 

dense PNIPAM microgel crystals with volume fraction,              by 

performing detailed annealing studies.  It is also shown that PNIPAM 

microgel crystals with volume fractions,              crystallize into 

FCC structure. Entanglement of dangling polymer chains between shells of 

neighboring microgel spheres is shown to occur in PNIPAM microgel crystals 

with      ,        and is evidenced by observing sub-diffusive 

behavior at short times. The entanglement is shown to disappear upon heating 

the crystals well about their melting temperature. 

iii. Through detailed annealing studies, it was shown that overlap of dangling 

polymer chains between the shells of neighbouring spheres is responsible for 
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the stability of FCC-HCP coexistence observed in microgel crystals with 

      .  

iv. In dense pH responsive microgel crystals, as prepared samples in the pH range 

3.00 to 5.00 crystallized in FCC-HCP coexisting structure. At pH = 3.40 

(     ), the sample upon recrystallization was found to crystallize into FCC 

structure whereas the samples at other pH (3.7, 4.0, 4.35, 4.7, 5.0) with 

       has remained in the FCC-HCP state. Dynamics of PNIPAM-co-Aac 

microgel particles at short times in dense suspensions is found to be diffusive 

in sample with        and is sub-diffusive in sample with       . The 

phase behaviour of ionic microgel crystals with        was found to be 

similar to that of dense microgel crystals of uncharged PNIPAM spheres. Our 

results suggested that Coulombic interaction between PNIPAM-co-Aac 

microgel particles is not dominant under dense conditions and does not play a 

major role in stabilizing the crystal structure. 

v. Stimuli responsive PNIPAM-co-Aac microgel crystals were successfully 

immobilized in poly-acrylamide hydrogel (PAAm) matrix. The structure of 

stimuli responsive microgel crystal is shown to remain unaltered before and 

after the immobilization. Immobilization of microgel crystals is shown to 

extend the stability of microgel crystals against melting beyond VPT. Bragg 

peak intensity as a function of temperature from immobilized microgel 

crystals was found to vary non-monotonically. That non-monotonic behaviour 

is shown to arise from the simultaneous decrease of particle diameter with 

concomitant increase in the refractive index of the microgel particle with 

increasing temperature.  
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7.2 Scope for the future work 

1. Employing optical tweezers to investigate first order/discontinuous process in 

stimuli responsive microgels with high polydispersity. 

2. Identification of VPT of microgel particles by systematically varying the 

cross-linker, initiator and co-monomer concentration to improve existing 

theories that describe VPT in stimuli responsive  microgels and 

swelling/deswelling behavior of  macrogels. 

3. Investigation of phase behaviour of microgel particles with varying cross-

linker concentration with volume fraction,        to assert the role of 

softness of the particle in determining the crystal structure at higher densities.  

4. Phase behaviour of ionic microgels with different surface charge density on 

microgel particles to validate the theoretical model which predicted non-cubic 

structures for charged microgels at higher densities.  

5. Immobilization of neutral PNIPAM microgel of various sizes and 

investigating the response of these crystals to external stimuli. 
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