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Poly ethylene glycol (PEG) based microgels were synthesized and 

investigated. The PEG microgel has the same phase transition as the 

traditional poly N-isopropylacrylamide (PNIPAM). As a good substitute of 

PNIPAM, PEG microgel exhibits many advantages: it is easier to control the 

lower critical solution temperature (LCST) of the microgel by changing the 

component of copolymers; it has a more solid spherical core-shell structure to 

have a double thermo sensitivity; it is straightforward to add other sensitivities 

such as pH, magnetic field or organic functional groups; it readily forms a 

photonic crystal structure exhibiting Bragg diffraction; and, most importantly,  

the PEG microgel is biocompatible with human body and has been approved 

by FDA while PNIPAM has not. 

PEG microgels with core-shell structure are synthesized with a two-

step free radical polymerization and characterized with DLS, SLS and UV–

Vis. The dynamic mechanics of melting and recrystallizing of the PEG core-

shell microgel are presented and discussed. Photonic crystals of PEG 

microgels were synthesized and characterized. The crystal can be isolated in 

a thin film or a bulk column. The phase transition of PEG microgel was 

simulated with the mean field theory. The enthalpy and entropy of phase 

transition can be estimated from the best fit to theoretical calculation with 

experimental data. 
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CHAPTER 1 

INTRODUCTION 

The focus of this dissertation is on a new thermo sensitive hydro 

microgel and its applications. Polyethyleneglycol (PEG) is a widely used 

material approved by the FDA, which can replace a traditional widely 

researched material—N-isopropylacrylamide (NIPAM), since NIPAM cannot 

be used in the human body due to its carcinogenic properties. Hydro 

microgels have received substantial notice for their applications in biomedical 

technology. For example, as a drug carrier, the microgel plays a major role in 

drug delivery and release. PEG-based microgels have the same phase 

transition properties as NIPAM microgels and, in addition, have the property 

that: the lower critical solution temperature (LCST) can be easily adjusted by 

simply changing the concentration of the copolymer. Because of the unique 

and useful properties of PEG microgels, this dissertation presents a detailed 

study of this gel system and its potential applications. Specifically, there are 

three main research objectives presented in this dissertation. These are: 

• The core-shell structure of PEG microgels. The results of synthesis, 

purification, concentration, and characterization of PEG microgels are 

presented and discussed. There is a new method to derive the 

molecular weight of the microgels from the UV-Vis absorption. The 

kinetics of melting and recrystallizing are also characterized. The 

softer the PEG microgels the slower the kinetics. 
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• Photonic crystal: Since the PEG microgel has a very narrow size 

distribution when synthesized using the free radical polymerization, it 

readily forms a crystal which will exhibit visible light diffraction. This 

diffraction property will alter with environment, such as moisture, 

temperature, pH, or magnetic field. As a result, the PEG photonic 

crystal has the potential of operating as a stimuli responsive sensor. 

• A theoretical simulation of the phase transition in PEG microgels: The 

PEG microgel shows a similar phase transition, from hydrophilic to 

hydrophobic as a NIPAM microgel. Phase changes around LCST 

provide information about the enthalpy and entropy of the PEG 

microgel system. 

1.1 Gel 

A gel is a form of matter intermediate between a liquid and a solid. 

Gels consist of a solid three-dimensional network that spans the volume of a 

liquid medium and ensnares it through surface tension effects. This internal 

network structure may result from physical bonds (physical gels) or chemical 

bonds (chemical gels), or both, as well as crystallites or other junctions that 

remain intact within the extending fluid. Virtually any fluid can be used as an 

extender including water (hydrogels), oil, and air (aerogel). Both by weight 

and volume, gels are mostly liquid in composition and thus exhibit densities 

similar to those of their constituent liquids. Edible jelly is a common example 

of a hydrogel and has approximately the density of water. Gels are also 

differentiated into bulk gels and microgels. A microgel is a gel whose diameter 

is between 10 nanometer and a few micrometers.  

http://en.wikipedia.org/wiki/Aerogel
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Usually a hydrogel dispersion is very similar in density to water, since 

more than 90% by weight is water itself. A thermo responsive hydrogel is a 

gel that will shrink its volume when the temperature increases, unlike common 

materials which expand with increasing temperature. This property has direct 

application for drug delivery and release in the human body. Microgel can 

carry drugs within its membrane into the blood and release the drugs at a 

targeted spot for therapy, without the need to attain a needed or necessary 

concentration of the drugs in the blood. This represents a distinct advantage 

in therapy since, in most cases, drugs are toxic to the normal cells as well as 

cancerous cells. 

Gels can be found everywhere in the nature. In our bodies, the cornea, 

vitreous, and connective tissues are gels; the surface of internal tracts such 

as the stomach and lung are covered with gels. Basement membranes for 

kidney and blood vessels are also gels. These membranes are believed to 

play a fundamental role in the transport of water and solute molecules. Since 

all living things contain mostly water in their bodies, microgels are compatible 

with the human body and thus can be widely used for medical applications. 

Gels are also used in new type of pillows and beds, using highly innovative 

materials that allow a higher comfort performance. Softness, elasticity, and 

capacity to store a fluid make gels unique materials for this application. 

Finally, most pills are covered with a gel, or a gel inside a gel.  

The capacity of hydrogels to absorb water or other solvents is 

substantial, in some cases as much as 500 times its dry weight. [1] This makes 

the hydrogel an ideal absorption material, useful in products such as baby 
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diapers or plant soil. The high swelling ability also makes hydrogels very 

useful in the industrial cosmetic separation technology and biological slurry 

dewatering technology, as well as a plethora of other industrial applications. 

The applications of polymer hydrogel systems for drug delivery devices 

have been a subject of increasing interest. [2] Changes in swelling states of gel 

can influence the diffusion of solutes from within the gels to the outside 

aqueous media and make polymer hydrogel a good material for drug release. 

Also, the addition of functional groups in or on the gels leads to targeted drug 

release within the human body. Thus, a gel is an artificial product that can be 

tailored to perform specific functions in a variety of useful applications.  

1.2 Microgel 

Microgels or nanogels have recently received attention as 

environmentally responsive systems and now are increasingly used in 

applications as carriers for therapeutic drugs and diagnostic agents. Hydro 

microgels or nanogels are crosslinked polymer particles of sub-micrometer 

size made of hydrophilic polymers. They are soluble in water, but have 

properties different from linear macromolecules of similar molecular weight. 

Such structures, along with their bigger analogues - microgels - have a 

number of practical applications, mostly in medicine (for example in 

stomatology) and pharmacology (stimuli-sensitive drug delivery systems). 

They are also being used as nanocatalysts for water purification systems. [3] 

Microgels or nanogels can be synthesized by combined polymerization and 

crosslinking, usually in emulsion. A drawback of this procedure, especially 

when the products are designed for biomedical use, is the presence of 
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monomers and crosslinking agents that are usually toxic and have to be 

removed from the system after the synthesis.  

The uniform size distribution of nano hydrogels provides ability to form 

photonic crystals. The diffraction properties of the resultant photonic crystals 

provide a means to create sensors for detecting small changes of the crystal’s 

environment. For example, since a change of the concentration will lead a 

change of size of the crystal’s unit cell, the color of crystal will change 

depending on the moisture of surrounding environment. Also, because of the 

thermo sensitivity of nanogels, the color also changes with temperature. [4] If 

other sensitive functional groups are added to the nanogels, for example, a 

magnetic functional group, the resultant crystal would be able to detect 

changes of the strength of magnetic fields. [5]  

Nanogels or microgels may be called a “hard material” when the 

sphere gel ball contains little water. Under most conditions they do not exhibit 

thermo sensitivity, but, they provide a good system to simulate the properties 

of a real crystal. For example, polystyrene microgels have been used to 

investigate the melting properties of a crystal. [6] On the other hand, most 

hydro nanogels are called “soft materials” when the sphere ball contain ~90% 

water. They are not easily detected under high energy light or an electron 

beam, but their hydrophilic property is useful as a drug delivery and release 

carrier. The nanogels or microgels with thermo or other sensitivity are known 

as “smart materials”. For example, a microgel with a functional group which is 

highly sensitive to the tumor cells will shrink and release the drug only at the 

position of the tumor cell. How smart is this microgel! 
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1.3 Thermo Gel 

Thermo responsive gels were first discovered in the 1950s. [7] A very 

useful polymer called Poly N-isopropyl acrylamide (PNIPAM) was discovered 

to have the thermo responsive characteristic around the Lower Critical 

Solution Temperature (LCST). PNIPAM’s LCST is about 32oC, which is very 

close to the human body temperature. A little adjustment in its properties has 

led to a wide application in drugs and drug delivery.  

 

Figure 1.1 The molecular structure of NIPAM and PNIPAM. 

Whatever PNIPAM is present in a macromolecule or in a crosslinking 

microgel particle, it shows substantial thermo sensitivity. When a macro linear 

polymer of PNIPAM is dissolved in water below the LCST, the solution is 

transparent to visible light, but once the temperature is greater than the LCST, 

it becomes opaque. The structure of this polymer alters the phase states from 

hydrophilic to hydrophobic as shown in Figure 1.2. The left side is hydrophilic 

and transparent and the right side is hydrophobic and opaque. This process is 

reversible, i.e., when the temperature of the system is lowered, the solution 

will become transparent again. Figure 1.3 shows a dramatic decrease of 

transmittance when the temperature of a PNIPAM polymer system is above 

the LCST. Whatever the wavelength of the visible light is, the hydrophobic 
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state of the thermo polymer is always opaque. The LCST of the PNIPAM 

polymer is between 32oC and 34oC. 

 

Figure 1.2 Demonstration of thermo responsive polymer.  
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Figure 1.3 UV-Vis transmittance of a PNIPAM polymer vs. temperature.  

 
The same phenomenon is also observed in the microgel system. At a 

specific concentration of PNIPM micro gel, a phase transition is observed. 

The results of dynamic light scattering show that the scattered photon count 

increases dramatically when the system temperature is above the LCST. As 
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seen in Figure 1.4, when the PNIPAM microgel transitions from hydrophilic to 

hydrophobic, the sphere-like microgel particle becomes smaller and the 

density of microgel becomes greater. As a result, the scattered light intensity 

will exhibit a substantial increase at the LCST, corresponding to the phase 

transition.  
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Figure 1.4 A PNIPAM microgel hydrodynamic radius (Rh) and scattered 
photon count with temperature. The LCST of the PNIPAM microgel is at 32oC. 
 
 

Usually the backbone of a PNIPAM polymer is hydrophobic, and the 

branch is hydrophilic at room temperature. At room temperature, the 

spreading branches of the PNIPAM polymer attract many water molecules 

around the backbone and branches; as a result, the macromolecules are 

dissolved in water and the solution appears transparent. Above the LCST, the 

branches shrink into a coil-to-globule state. The water molecules are expelled 

away from the branch and backbone, and as a result, the macromolecules 

become insoluble and the solution become opaque. However, the monomer 
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of PNIPAM does not exhibit this thermo sensitivity. And, the PNIPAM 

polymers always exhibit the LCST at 32oC whatever the length of the polymer 

chain. This feature of the PNIPAM polymer in water makes it a very good 

thermo responsive system. As a result, this system is widely researched, with 

hundreds of papers published each year. 

 Figure 1.5 exhibits an ideal microgel system and how to deliver and 

release a drug in a “smart” fashion.  When PNIPAM is made into a microgel, it 

keeps its thermo responsive properties. The microgel contains ~90% water so 

there is substantial volume in which to carry a drug. When a human body 

takes in a hydrophilic drug which is loaded into a microgel with a LCST at 

37oC, the microgel will carry the drug in the blood without releasing the drug 

until the microgel reaches the parts of the body with a temperature above the 

LCST. The temperature of the injured parts of human body is usually higher, 

or localized external heating can be applied, so the drug will be released only 

at those cells. If other functional groups are added into the thermo microgel 

system, it becomes multiple stimuli responsive.  

 

Figure 1.5 How a “smart material” works. 
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Choices may be like pH, optical, magnetic, tailored peptides or proteins, etc. 

As a result, the application of thermo microgels has become a hot topic in 

materials science and medicine.  

 
1.4 Biodegradable Materials 

Although the PNIPAM is a very useful thermo sensitive polymer and is 

widely researched, it has not been approved by the FDA, since it is believed 

to have carcinogenic activity. Recently, a new thermo sensitive polymer based 

on poly ethylene glycol (PEG) has been discovered and researched. This 

polymer has a backbone of polythene and a branch with various lengths of the 

oligo PEG. The number of the ethylene glycol (-CH2CH2O-) group is between 

3 and 7. PEG is an approved polymer by the FDA, and widely used in food 

and drug manufacture. If two different molecular weight monomers are 

copolymerized, a polymer with a LCST is obtained. By adjusting the ratio of 

the two monomers, the LCST can be altered. The PEG polymer can easily 

degrade inside the human body and the size of microgel is small enough to be 

easily expelled from the body. 

Long chain polymers of PEG and NIPA have almost the same LCST [8]. 

However, unlike PNIPAM, the LCST of PEG polymer can be easily adjusted 

to match a desired application. The microgel of PEG is more solid than that of 

PNIPAM, so PEG is potentially a better carrier of drugs. Since most PEG 

microgel contains ~90% water, they are very biocompatible with the human 

body.  
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In summary, a background of gel, microgel and thermo gel is 

introduced in this chapter. A new thermo microgel based on PEG exhibits 

advantages such as biocompatibility and easy adjustment of LCST, compared 

with the traditional PNIPAM. 

1.5  Chapter References 

1. K. Kabiri, European Polymer, 2003, 39 (7): 1341–1348. 

2. J. M. Steven, M. W. Saltzman, J. Controlled Release, 2009, 
134(1), 26-34. 

3. J.M.Rosiak, P. Ulański, S. Kadłubowski, Eurasian ChemTech 
Journal, 2007, 9, 9-28. 

4. C. Chi, T. Cai, Z. Hu, Langmuir, 2009, 25 (6), 3814-3819. 

5. J. Ge and Y. Yin, J. Mater. Chem., 2008, 18, 1724. 

6. A. M. Alsayed, M. F. Islam, J. Zhang, P. J. Collings, A. G. Yodh, 
Science, 2005, 309, 1207-1210. 

7. H. G. Schild, Progress in Polymer Science, 1992, 17 (2), 163–
249. 

8. J-F.Lutz, A. Hoth, Macromolecules, 2006, 39, 893-896. 

 



12 

CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

2.1 Polymerization 

There are a few methods to synthesize hydro microgels. [1-3] Atom 

transfer radical polymerization (ATRP) is a method which provides better 

control of the length of the polymer. [1] However, ATRP is carried out in an 

organic solvent and using a bromine catalyst, resulting in a difficulty to purify 

the product. Reversible addition-fragmentation chain transfer polymerization 

(RAFT) is a method to synthesize microgels which contain metal 

nanoparticles like silver and gold. [2] However, RAFT is carried out with an 

expensive catalyst, alkyl iodide. 

Free radical polymerization is a common technique which provides a 

narrow distribution of the size of the microgels without the use of a poisonous 

catalyst. [3] In this dissertation, all the PEG microgels are synthesized using 

this method. The polymerization is carried in a water solvent and an 

inexpensive catalyst, potassium persulfate (KPS). However, oxygen is a very 

strong radical annihilator, so the polymerization has to be carried out in a 

nitrogen atmosphere. 

2.2 Purification Methods 

The separation and purification methods of microgel are dialysis, 

filtration and centrifuge. The polymerization of a thermo microgel is 

accomplished using an inorganic catalyst. The dialysis film will let anions and 

cations pass through quickly while the relatively large microgel particles are 
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blocked. High purity water (18.2 MΩ, deionized) is used extensively to wash 

all ions from the system. A specific filter piston is employed to let microgels 

with a fixed size to go through, so that the relatively larger or smaller 

microgels are removed. An ultra-high-speed refrigerated centrifuge is used to 

remove most of water in the solution.  

2.3 Characterization Methods 

2.3.1  Light Scattering 

Laser light scattering is a powerful method to detect microgels. There 

are many types of light scattering. The choice of light scattering technique 

depends on the result desired, i.e., to determine the size distribution or 

molecular weight. 

Rayleigh scattering is an elastic scattering of light by molecules 

and particulate matter much smaller than the wavelength of the incident light. 

It occurs when light penetrates gaseous, liquid, or solid phases of matter. The 

Rayleigh scattering intensity has a very strong dependence on the size of the 

particles (proportional to the sixth power of their diameter). It is inversely 

proportional to the fourth power of the wavelength of light. This type of 

scattering is responsible for the blue color of the sky during the day and the 

orange colors during sunrise and sunset. Rayleigh scattering is also the main 

cause of signal loss in optical fibers. [4] 

Mie scattering is a broad class of scattering of light by spherical 

particles of any diameter. The scattering intensity is generally not strongly 

dependent on the wavelength, but is sensitive to the particle size. Mie 

scattering coincides with Rayleigh scattering in the special case where the 

http://en.wikipedia.org/wiki/Rayleigh_scattering
http://en.wikipedia.org/wiki/Elasticity_(physics)
http://en.wikipedia.org/wiki/Particulate_matter
http://en.wikipedia.org/wiki/Optical_fiber
http://en.wikipedia.org/wiki/Mie_theory
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diameter of the particles is much smaller than the wavelength of the light; in 

this limit, however, the shape of the particles no longer matters. The Mie 

scattering intensity for large particles is proportional to the square of the 

particle diameter. 

Tyndall scattering is similar to Mie scattering without the restriction to 

spherical geometry of the particles. It is particularly applicable 

to colloidal mixtures and suspensions. 

Brillouin scattering occurs from the interaction of photons with 

acoustic phonons in solids, or with elastic waves in liquids. The scattering 

is inelastic, meaning it is shifted in energy from the Rayleigh line frequency by 

an amount that corresponds to the energy of the elastic wave or phonon, and 

it occurs on the higher and lower energy side of the Rayleigh line, is 

associated with the creation or annihilation of a phonon. [5] The light wave is 

considered to be scattered by the density maximum or amplitude of the 

acoustic phonon, in the same manner that X-ray are scattered by the crystal 

planes in a solid.[6] In solids, the role of the crystal planes in this process is 

analogous to the planes of the sound waves or density fluctuations. Brillouin 

scattering measurements require the use of a high-contrast Fabry–Pérot 

interferometer to resolve the Brillouin lines from the elastic scattering, 

because the energy shifts are very small (< 100 cm−1) and very weak in 

intensity. Brillouin scattering measurements yield the sound velocities in a 

material, which may be used to calculate the elastic constants of the sample. 

Raman scattering is another form of inelastic light scattering, but 

instead of scattering from acoustic phonons, as in Brillouin scattering, the light 

http://en.wikipedia.org/wiki/Tyndall_scattering
http://en.wikipedia.org/wiki/Suspension_(chemistry)
http://en.wikipedia.org/wiki/Brillouin_scattering
http://en.wikipedia.org/wiki/Phonon
http://en.wikipedia.org/wiki/Inelastic
http://en.wikipedia.org/wiki/Light_scattering#cite_note-12
http://en.wikipedia.org/wiki/Light_scattering#cite_note-13
http://en.wikipedia.org/wiki/Fabry%E2%80%93P%C3%A9rot_interferometer
http://en.wikipedia.org/wiki/Fabry%E2%80%93P%C3%A9rot_interferometer
http://en.wikipedia.org/wiki/Raman_scattering
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interacts with optical phonons, which are predominantly intra-molecular 

vibrations and rotations with energies larger than acoustic phonons. Raman 

scattering may therefore be used to determine chemical composition and 

molecular structure. [7] Since most Raman lines are stronger than Brillouin 

lines, and have higher energies, standard spectrometers using 

scanning monochromators may be used to measure them. Raman 

spectrometers are standard equipment in many chemical laboratories. 

Dynamic light scattering (DLS) is a technique in physics that can be 

used to determine the size distribution of microgels in a suspension. When 

light hits small particles, the light scatters in all directions (Rayleigh scattering) 

as long as the particles are small compared to the wavelength. If the light 

source is a laser, and thus is monochromatic and coherent, then one 

observes a time-dependent fluctuation in the scattering intensity (as seen in 

Figure 2.1). This fluctuation is due to the fact that the small molecules in 

solutions are undergoing Brownian motion, and so the distance between the 

scatterers in the solution is constantly changing with time. This scattered light 

then undergoes either constructive or destructive interference with light 

scattered from the surrounding particles, and within this intensity fluctuation, 

information is contained about the time scale of the movement of the 

scatterers. Sample preparation either by filtration or centrifugation is critical to 

remove dust and artifacts from the solution. 

http://en.wikipedia.org/wiki/Light_scattering#cite_note-14
http://en.wikipedia.org/wiki/Monochromator
http://en.wikipedia.org/wiki/Rayleigh_scattering
http://en.wikipedia.org/wiki/Monochrome
http://en.wikipedia.org/wiki/Coherence_(physics)
http://en.wikipedia.org/wiki/Brownian_motion
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Figure 2.1 Different size particles have different scattering light intensity. 

DLS is a relative fast measurement that provides the size information 

about the microgels in the solvent. There is no need to dye the microgels or to 

measure the concentration of the solution.  All PEG microgels in this 

dissertation are characterized by DLS. The following is the background theory 

in detail. 

In DLS, the information about the particles is derived from an 

autocorrelation of the intensity trace recorded during the experiment. The 

second order autocorrelation curve is generated from the intensity trace as 

follows: 

                                          

(1) 

where  is the autocorrelation function at a particular wave vector, q, 

and delay time, , and  is the intensity. At short time delays, the correlation 

http://en.wikipedia.org/wiki/Autocorrelation
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is high because the particles do not have a chance to move to a great extent 

from the initial state that they were in. The two signals are thus essentially 

unchanged when compared after a short time interval. As the time delays 

become longer, the correlation decays exponentially, meaning that, after a 

long time period has elapsed, there is no correlation between the scattered 

intensity of the initial and final states. This exponential decay is related to the 

motion of the particles, specifically to the diffusion coefficient. To fit the decay 

(i.e., the autocorrelation function), numerical methods are used, based on 

calculations of assumed distributions. If the sample is monodisperse then the 

decay is simply a single exponential. The Siegert equation relates the second-

order autocorrelation function with the first-order autocorrelation 

function 𝑔1(𝑞;  𝜏) as follows: 

𝑔2(𝑞; 𝜏) = 1 +  𝛽[𝑞1(𝑞;  𝜏)]2             (2) 

where the parameter 𝜷 is a correction factor that depends on the geometry 

and alignment of the laser beam in the light scattering setup. It is roughly 

equal to the inverse of the number of speckles from which light is collected. 

The most important use of the autocorrelation function is its use for size 

determination. 

Once the autocorrelation data have been generated, different 

mathematical approaches can be employed to analyze the results. Analysis of 

the scattering is facilitated when particles do not interact through collisions or 

electrostatic forces between ions. Particle-particle collisions can be 

suppressed by dilution, and charge effects are reduced by the use of salts to 

collapse the electrical double layer. 

http://en.wikipedia.org/wiki/Exponential_decay
http://en.wikipedia.org/wiki/Monodisperse
http://en.wikipedia.org/wiki/Electrical_double_layer
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The simplest approach is to treat the first order autocorrelation function 

as a single exponential decay. This is appropriate for a monodisperse 

population. 

𝑔1(𝑞;  𝜏) = exp (−𝛤𝜏)             

(3) 

where 𝛤  is the decay rate. The translational diffusion coefficient Dt may be 

derived at a single angle or at a range of angles depending on the wave 

vector q. 

𝛤 =  𝑞2𝐷𝑡 , 𝑞 =  4𝜋𝑛0
𝜆

sin 𝜃
2
                      (4) 

where λ is the incident laser wavelength, n0 is the refractive index of the 

sample and θ is angle at which the detector is located with respect to the 

sample cell. 

The coefficient Dt is often used to calculate the hydrodynamic 

radius (Rh) of a sphere through the Stokes–Einstein equation 𝑅ℎ = 𝑘𝐵𝑇
6𝜋𝜂𝐷𝑡

  [8] . 

Different particle sizes will provide a different Dt, so most microgels will show 

a size distribution that is Gaussian. Figure 2.2 shows the size distribution of a 

batch of PEG microgels. The peak corresponds statistically to the largest 

population of microgels. 

It is important to note that the size determined by dynamic light 

scattering is the size of a sphere that moves in the same manner as the 

scatterer. For example, if the scatterer is a random coil polymer, the size 

determined is not the same as the radius of gyration determined by static light 

scattering. It is also important to point out that the size obtained will include 

http://en.wikipedia.org/wiki/Refractive_index
http://en.wikipedia.org/wiki/Hydrodynamic_radius
http://en.wikipedia.org/wiki/Hydrodynamic_radius
http://en.wikipedia.org/wiki/Stokes%E2%80%93Einstein_equation
http://en.wikipedia.org/wiki/Radius_of_gyration
http://en.wikipedia.org/wiki/Static_light_scattering
http://en.wikipedia.org/wiki/Static_light_scattering
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any other molecules or solvent molecules that move with the particle. For 

example, colloidal gold with a layer of surfactant will appear larger by dynamic 

light scattering (which includes the surfactant layer) than by transmission 

electron microscopy (which does not "see" the layer due to poor contrast). 
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Figure 2.2 Hydrodynamic radius of PEG measurement with dynamic light 
scattering. 
 
 

DLS provides insight into the dynamic properties of soft materials by 

measuring single scattering events. For best results the sample needs to be a 

very dilute dispersion or suspension to allow detected photon has only been 

scattered by the sample exactly once and the size cannot be too large in 

comparison with wavelength of the laser source. 

Static light scattering (SLS) is a quantitive measurement. A batch of 

quantitive concentrations of microgel solution is needed. Some PEG 

microgels in this dissertation are measured using SLS.  

http://en.wikipedia.org/wiki/Colloidal_gold
http://en.wikipedia.org/wiki/Transmission_electron_microscopy
http://en.wikipedia.org/wiki/Transmission_electron_microscopy
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SLS is a technique in physical chemistry that measures the intensity of 

the scattered light to obtain the average molecular weight Mw of a 

macromolecule like a polymer or a protein or hydro microgel. Measurement of 

the scattering intensity at many angles allows calculation of the root mean 

square radius, also called the radius of gyration Rg. By measuring the 

scattering intensity for many samples of various concentrations, the second 

virial coefficient,  A2, can be calculated.[9-12]  

For SLS experiments, a laser is transmitted through a solution 

containing the macromolecules. Detectors are used to measure the scattering 

intensity at multiple angles. In order to measure the average molecular weight 

directly, without calibration, from the light scattering intensity, the laser 

intensity, quantum efficiency of the detector, and the full scattering volume 

and solid angle of the detector needs to be known. Since such conditions are 

impractical to achieve, all commercial instruments are calibrated using a 

known scatterer that has been characterized using an absolute light scattering 

instrument. 

For a light scattering instrument composed of many detectors placed at 

various angles, all detectors, in principle, need to exhibit the same response. 

In practice, detectors will have slightly different quantum efficiencies, gains 

and are looking at different geometrical scattering volumes. Thus a 

normalization of the detectors is absolutely needed. To normalize the 

detectors, a measurement of a pure solvent is made first. Then an isotropic 

scatterer is added to the solvent. Since isotropic scatterers scatter the same 

intensity at any angle, the detector efficiency and gain can be normalized 

http://en.wikipedia.org/wiki/Physical_chemistry
http://en.wikipedia.org/wiki/Radius_of_gyration
http://en.wikipedia.org/wiki/Static_light_scattering#cite_note-0
http://en.wikipedia.org/wiki/Quantum_efficiency
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using this procedure. It is convenient to normalize all the detectors to the 90° 

angle detector. 

In static light scattering, the angular dependence of the excess 

Rayleigh ratio Rvv(q) of a dilute microgel dispersion is measured. The 

parameters are defined in the following way: Rvv(q) is related to the weight 

average molar mass Mw, the second virial coefficient A2, and the z-average 

root-mean-square radius of gyration <Rg
2> z 1/2 (or simply <Rg>) by  

𝐾𝐶
𝑅𝑣𝑣(𝑞)

 ≅  1
𝑀𝑤

�1 + 1
3
〈𝑅𝑔2〉𝑞2� +  2𝐴2𝐶                                   (5) 

where K = 4π2n2(dn/dC)2/(NAλ0
4) and q = (4πn/λ0) sin(θ/2) with NA, n, C, λ0, 

and θ being Avogadro’s constant, the solvent refractive index, the solid 

concentration (g/cm3 or g/g), the light wavelength in the vacuum, and the 

scattering angle, respectively. The samples were scanned from 30° to 120° 

with a 5° interval for the hydro microgels shown in Figure 2.3.  

 

 
 
Figure 2.3 Zimm plot of static light scattering for a PEG sample at 20oC. The 
polymer concentrations used were 2.0, 4.0, 6.0, 8.0 and 10.0×10-6 g/ml from 
left to right, respectively. 

Mw(c): 3.2 × 109 g/mol    Mw(𝑞2): 3.2 × 109 g/mol 
𝐴2: 1.4  × 109 𝑑𝑑3/𝑔2       𝑅𝑔 : 87 nm 
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The molecular weight of the PEG microgel is 3.2 x 109 g/mol, A2 = 1.4 x 109 

mol dm3/g2, Rg = 87nm, compared with Rh = 102nm with DLS.  DLS is a fast 

method to get the hydro dynamitic size of a microgel while SLS is a quantitive 

method to get molecular weight of the microgel. 

2.3.2  Ultraviolet-Visible Spectroscopy 

Ultraviolet visible spectroscopy or ultraviolet visible 

spectrophotometry (UV-Vis or UV/Vis) refers to absorption or reflectance 

spectroscopy in the ultraviolet-visible spectral region. In this region of 

the electromagnetic spectrum, molecules undergo electronic transitions. This 

technique is complementary to fluorescence spectroscopy, in 

that fluorescence deals with transitions from the excited state to the ground 

state, while absorption measures transitions from the ground state to the 

excited state.[13] 

UV-Vis spectroscopy is routinely used in analytical chemistry for 

the quantitative determination of different analytes, such as transition 

metal ions, highly conjugated organic compounds, and biological 

macromolecules. Spectroscopic analysis is commonly carried out in solutions 

but solids and gases may also be studied.  Here are some examples: 

• Solutions of transition metal ions can be colored (i.e., absorb visible light) 

because the d electrons within the metal atoms can be excited from one 

electronic state to another. The color of metal ion solutions is strongly 

affected by the presence of other species, such as certain anions 

or ligands. For instance, the color of a dilute solution of copper sulfate is a 

http://en.wikipedia.org/wiki/Absorption_spectroscopy
http://en.wikipedia.org/wiki/Ultraviolet
http://en.wikipedia.org/wiki/Visible_spectrum
http://en.wikipedia.org/wiki/Electromagnetic_spectrum
http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Molecular_electronic_transition
http://en.wikipedia.org/wiki/Fluorescence_spectroscopy
http://en.wikipedia.org/wiki/Fluorescence
http://en.wikipedia.org/wiki/Excited_state
http://en.wikipedia.org/wiki/Ground_state
http://en.wikipedia.org/wiki/Ground_state
http://en.wikipedia.org/wiki/UV_spectroscopy#cite_note-0
http://en.wikipedia.org/wiki/Analytical_chemistry
http://en.wikipedia.org/wiki/Quantitative_analysis_(chemistry)
http://en.wikipedia.org/wiki/Transition_metal
http://en.wikipedia.org/wiki/Transition_metal
http://en.wikipedia.org/wiki/Conjugated_system
http://en.wikipedia.org/wiki/Organic_compound
http://en.wikipedia.org/wiki/Electron_configuration
http://en.wikipedia.org/wiki/Ligand
http://en.wikipedia.org/wiki/Copper_sulfate
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very light blue; adding ammonia intensifies the color and changes the 

wavelength of maximum absorption ( ). 

• Organic compounds, especially those with a high degree 

of conjugation (e.g. DNA, RNA, protein), also absorb light in the UV or 

visible regions of the electromagnetic spectrum. The solvents for these 

determinations are often water for water-soluble compounds, 

or ethanol for organic-soluble compounds. Organic solvents may have 

significant UV-Vis absorption; not all solvents are suitable for use in UV-

Vis spectroscopy. Ethanol absorbs very weakly at most wavelengths. 

Solvent polarity and pH can affect the absorption spectrum of an organic 

compound. Tyrosine, for example, increases in absorption maxima and 

molar extinction coefficient when the pH increases from 6 to 13 or when 

solvent polarity decreases. 

• While charge transfer complexes also give rise to colors, the colors are 

often too intense to be used for quantitative measurement. 

The Beer-Lambert law 𝐴 = 𝛼𝑐𝐿 =  ln 𝐼0
𝐼

 states that the absorbance of a 

solution is directly proportional to the concentration of the absorbing species 

in the solution and the path length.  Thus, for a fixed path length, UV-Vis 

spectroscopy can be used to determine the concentration of the absorber in a 

solution. It is necessary to know how quickly the absorbance changes with 

concentration. This can be taken from references (e.g. tables of molar 

extinction coefficients), or more accurately, determined from a calibration 

curve. 

http://en.wikipedia.org/wiki/Ammonia
http://en.wikipedia.org/wiki/Organic_compound
http://en.wikipedia.org/wiki/Conjugated_system
http://en.wikipedia.org/wiki/Electromagnetic_spectrum
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http://en.wikipedia.org/wiki/Charge_transfer_complexes
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A UV-Vis spectrophotometer may be used as a detector for high 

performance liquid chromatography. (HPLC) The presence of an analyte 

gives a response assumed to be proportional to the concentration. For 

accurate results, the instrument's response to the analyte in the unknown 

should be compared with the response to a standard; this is very similar to the 

use of calibration curves. The response (e.g., peak height) for a particular 

concentration is known as the response factor. 

The wavelengths of absorption peaks can be correlated with the types 

of bonds in a given molecule and are valuable in determining the functional 

groups within a molecule. The Woodward-Fieser rules, [14] for instance, are a 

set of empirical observations used to predict λmax, the wavelength of the most 

intense UV-Vis absorption, for conjugated organic compounds such 

as dienes and ketones. The spectrum alone is not, however, a specific test for 

any given sample. The nature of the solvent, the pH of the solution, 

temperature, high electrolyte concentrations, and the presence of interfering 

substances can influence the absorption spectrum. Experimental variations 

such as the slit width (effective bandwidth) of the spectrophotometer will also 

alter the spectrum. To apply UV-Vis spectroscopy to analysis, these variables 

must be controlled or accounted for in order to identify the substances 

present.  

Other than the compounds with absorption, a photonic crystal is also 

can be measured by UV-Vis. The wavelengths of absorption peaks can be 

used to calculate the crystal constant of a photonic crystal constructed from 

microgels. [3] When the microgel is formed into a crystal, or a crystal-like state, 

http://en.wikipedia.org/wiki/High-performance_liquid_chromatography
http://en.wikipedia.org/wiki/Response_factor
http://en.wikipedia.org/wiki/Woodward-Fieser_rules
http://en.wikipedia.org/wiki/Diene
http://en.wikipedia.org/wiki/Ketone
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in a concentrated dispersion, the evidence of Bragg diffraction is evidence 

that the microgel is assemble into a crystal structure. The reflected wave 

satisfies the Bragg’s condition:  mλ = 2nd sinθ, where n is the mean refractive 

index of the dispersion, θ is the diffraction angle, d is the lattice spacing, m is 

the diffraction order, and λ is the wavelength of diffracted light. Unlike the 

chemical bonds in the excited state, the diffraction of the crystal also 

generates an absorption peak in UV-Vis spectroscopy. Figure 2.4 shows UV-

Vis absorption peaks of a PEG photonic crystal at different incident angles. 
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Figure 2.4 UV-Vis absorption peaks shift vs. incident angles. The angle is 
between incident light and the normal. 
 
 

The reflected light resulting from constructive interference exhibits a 

strong color at the wavelength that satisfies the Bragg’s condition. As the 

incident angle changes, the reflected color changes, and the corresponding 

UV-Vis absorption peak shifts. There is a very good linear relation between 

peak wavelength and incident angle in the Figure 2.4 using a modified Bragg 
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condition  𝜆 =  2𝑑
𝑚

 �𝑛𝑒𝑓𝑓2 − 𝑠𝑖𝑛2𝜃  [15] (As shown in Figure2.5). The slope 

provides the crystal unit constant d = 182nm, which can be used to calculate 

the radius of the microgel 223nm, comparable with hydrodynamic radius 

230nm obtained from DLS. 

2.0 2.1 2.2 2.3 2.4

525

550

575

600

W
av

el
en

gt
h(

nm
)

X

 Linear fit slope = 182

 
Figure 2.5 Linear relationship between the wavelength of the UV-Vis 

absorbance peak and X = 2
𝑚

 �𝑛𝑒𝑓𝑓2 − 𝑠𝑖𝑛2𝜃. 

 
 

In summary, the main characterization methods in this dissertation are 

introduced and the background theories are discussed in detail. The 

advantages and disadvantages of these methods are also represented and 

discussed. 
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CHAPTER 3 

THERMO SENSITIVE HYDRO MICROGEL 

3.1 Background* 

Recently, PEG based polymers have been found to have thermo-

responsive properties. Specifically, anionic polymerization of 2-(2-

methoxyethoxy) ethyl methacrylate results in a polymer with an LCST at 26oC, 

while polymer of  Oligo(ethylene glycol) Methacrylate (OEGMA) with PEG 

side chains with less than 10 ethylene oxide units has an LCST of 90oC. [1]   

Lutz, et al. have prepared copolymers P(MEO2MA-co-OEGMA) via atom 

transfer radical polymerization (ATRP) and made detailed comparison 

between P(MEO2MA-co-OEGMA) and PNIPAM. [2-4] They concluded that the 

copolymers P(MEO2MA-co-OEGMA) possessing an average 5% of OEGMA 

per chain exhibit a thermoresponsive behavior generally comparable, and in 

some cases, superior to poly-N-isopropylacrylamide (PNIPAM).  Considering 

that PEG is nontoxic and anti-immunogenic and has been approved by the 

FDA for biomedical applications, Lutz’s polymer represents a breakthrough 

that has a thermo-response similar to PNIPAM but is based on FDA approved 

materials.  

Stimuli responsive polymers and polymer gels have been used as 

models for fundamental investigations in phase transitions [5-7] and for 

technological applications. [8-12]The combination of the sharp transition, easily 

                                            
* Parts of this section has been previously published, from Z. Hu, T. Cai, C. Chi, Soft Matter, 
2010 (6) 2010. Reproduced with permission from Royal of Society of Chemistry. 
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accessible, tunable LCST near the body temperature and monodisperse size 

distribution has made PNIPAM very attractive for both scientific studies and 

technological applications.  Specially, PNIPAM gels and their derivatives have 

been intensively studied and were found very promising for pulsatile drug 

delivery. [13-18] However, the extraordinary thermo-sensitive properties of 

PNIPAM have not been transferred into a technology breakthrough in 

controlled drug delivery devices for the human body. The major hurdle is that 

the PNIPAM monomer is suspected to be carcinogenic. [19] Finding a polymer 

replacement for PNIPAM is one of the major research thrusts that have 

resulted in intensive studies on the natural polymer hydropropylcellulose 

(HPC) [20-22] and elastic-like polypeptides. [23] In this chapter the potential 

applications of these polymer systems will be detailed and new results will be 

presented and discussed. 

3.1.1 Novel Structures of PEG Based Polymers 

PEG polymers with various structures have been synthesized including 

poly[oligo(ethylene glycol) alkyl ether methacrylate]s with well-defined chain 

structures via the anionic polymerization process.  The LCST values of these 

polymers in water are found to increases with the side chain length of the 

PEG unit. [24] Self-assembly of brush-like PEG homopolymers were 

investigated in aqueous solution by employing dynamic/static light scattering 

(DLS/SLS) and transmission electron microscopy (TEM). [25] To add more 

functionality to a material, poly oligo(ethylene glycol) methacrylate (PEOGMA) 

has been used to copolymerize with other polymers such as methacrylic acid 

[26] and ethyl cellulose. [27] Ion-sensitive responsive polymers allow a phase 
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transition to be triggered without a temperature change. [28] Copolymers with 

both thermoresponsive and photocrosslinkable properties have been 

prepared using atom transfer radical polymerization (ATRP). [29] These 

copolymers can be cross-linked by photopolymerization through their 

multivinyl functional groups.  

Lutz and coworkers have synthesized linear triblock copolymers and 4-

arm star-block copolymers, based on permanently hydrophilic PEG inner 

blocks and thermoresponsive P(MEO2MA-co-OEGMA) outer blocks.[30-31] The 

aqueous solution of the star-block copolymers exhibits a thermothickening 

effect.  At 25oC, the viscosity of the solution is low but increases and reaches 

the maximum at 38oC.   This occurs because, above the LCST (31°C) of the 

outer blocks, P(MEO2MA-CO-OEGMA) precipitates and the hydrophobic 

interaction between neighboring outer blocks causes an increase of the 

viscosity.  Below the LCST, both the inner block and the outer blocks are 

hydrophilic, resulting in low viscosity.  Thermogelling or thermothicking 

solutions are useful for controlled drug release because the drug can be 

thoroughly mixed with the polymer solution at room temperature.  After 

injection into the body, the solution becomes a gel resulting in a slow release 

of the drug.     

3.1.2 Responsive Polymers Grafted to Flat Surfaces 

PEG polymers have been grafted to various flat surfaces using surface 

initiated polymerization.  PEG chain polymers, or brushes on an Au surface 

are found to be exceptionally resistant to protein adsorption and cell adhesion. 

[32-33]  
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Biological active molecules are attached onto non-fouling PEOGMA surfaces 

using click chemistry. [34] Fundamental studies of chain conformation of 

PEOGMA polymer brushes grafted on silicon or on polystyrene were 

performed by neutron reflectometry [35] and by small angle neutron scattering 

techniques, [36] respectively. 

Recently, Huck’s group has updated their previous studies of 

responsive surfaces [37] by combining electron-beam lithography and atom-

transfer radical polymerization techniques to create patterned PMEO2MA 

brushes from silicon wafers. [38] Starting with arrays of circular holes in PMMA 

films spin-coated on silicon wafers, the wafers were exposed to an ATRP 

silane initiator in a gas phase silanation reactor.  The PMEO2MA brush was 

then grown from the ATRP initiator-covered regions. As the grafting diameters 

ranged from a few micrometers down to 35 nm, the nanopatterned brushes of 

PMEO2MA exhibited an LCST temperature in the physiological range from 

25oC to 38oC. The confinement of nanopatterned brushes results in a 

considerable broadening of the collapse transition and in an increase in the 

degree of vertical swelling. [38] As a result, the nanopatterned brushes open a 

door for the new design of thermo responsive surfaces.  

3.1.3 Surface-Engineered Particles 

PEG thermoresponsive polymers are promising materials for coating 

various particles.  In one representative study, copolymers of poly(ethylene 

glycol) methacrylate (PEGMA) and poly (propylene glycol) methacrylate 

(PPGMA) were prepared via free-radical or controlled radical polymerization 

(ATRP) techniques. [39] Co-monomer ratios were determined such that the 
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copolymers were water soluble below body temperature, but insoluble above 

37oC. These polymers have been used to coat the surface of microparticles of 

poly(lactic acid-co-glycolic acid) (PLGA). The dispersion of surface-coated 

microparticles has been mixed with C2C12 myoblasts providing a model cell 

line.  At room temperature, the polymers at the particle surfaces are 

hydrophilic and can thus act to stabilize the mixture of colloids and cells. At 

the body temperature, the polymers at the microparticle surfaces become 

hydrophobic, leading to colloidal aggregation, entrapping cells. The authors 

found that the overall viability of the C2C12 cells was as good in the gels as it 

was for the same cells attached to the surface of a preformed PPGMA-co-

PEGMA-coated PLGA-particle gel matrix. [39] These surface engineered 

microgels are promising for biomedical applications including the ability to 

deliver cells to a target site and to support cell growth.  

Superparamagnetic iron oxide nanoparticles were also coated with 

copolymers of poly(oligo ethylene glycol) methacrylate and methacrylic acid, 

that is, P(OEGMA-co-MAA).  They were found to exhibit a long-term colloidal 

stability in a physiological buffer. [40] This occurs because coating with non-

linear PEG polymer prevents the adsorption of plasma proteins similar to the 

linear PEG polymer.   Maximum liver accumulation was found after 6 hours, 

suggesting a prolonged circulation of the nanoparticles in the bloodstream 

when compared to conventional MR imaging contrast agents.  Iron oxide 

nanoparticles were also grafted with polymer brushes of random copolymers 

of 2-(2-methoxyethoxy) ethyl methacrylate (MEO2MA) and oligo(ethylene 

glycol) methacrylate (OEGMA) using atom transfer radical polymerization 
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(ATRP). [40] The LCST of the nanoparticles is comparable to that of the 

polymer brushes coated on the nanoparticles. These new nanoparticles can 

reversibly change from dis-agglomeration at room temperature at which the 

coating polymer is hydrophilic to agglomeration at body temperature, at which 

the coating polymer becomes hydrophobic in both buffer and physiological 

solution.  This reversible and thermosensitive agglomeration was also 

observed within red blood cells, which can enhance magnetic resonance 

imaging. 

Gold nanoparticles (GNP) were grafted with copolymers of poly(OEG-

acrylate) and di(ethylene glycol) ethyl ether acrylate that were prepared using 

reversible addition-fragmentation chain transfer polymerization (RAFT). [41] It 

is found that bovine serum albumin (BSA) absorption on GNP/PEG copolymer 

nanoparticles is much smaller than that on “naked” GNPs and GNPs/PNIPAM 

at temperatures below and above the LCST. Thus, the presence of a PEG 

layer on the GNP provided resistance to protein adsorption.  

3.1.4 Degradable Nanogels 

In addition to biocompatibility, biodegradation is another desired 

property for the biomedical application of a material.  Recently, biodegradable, 

cross-linked POEOMA nanoparticles were prepared using an ATRP of 

OEOMA in inverse miniemulsion at ambient temperature (30°C).[42-43] A 

disulfide-functionalized dimethacrylate (DMA) cross-linker was used.  The 

resulting particles were not soluble in any solvents, including THF and water, 

indicating that the particles were cross-linked during the polymerization. 

However, disulfide-containing polymers can degrade to the corresponding 

http://www.friedli.com/research/PhD/chapter5a.html
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thiols in the presence of glutathione. The degradation rate of nanogels 

increased with the amount of glutathione. The biodegradation of nanogels can 

trigger the release of encapsulated molecules including rhodamine 6G, a 

fluorescent dye, and Doxorubicin (Dox), an anticancer drug. 

These nanogels have been used for bioconjugation by first preparing 

OH-functionalized nanogels.  Here 2-hydroxyethyl acrylate (HEA) was 

introduced during inverse miniemulsion ATRP of OEOMA. After purification, 

the facile functionalization of the OH-nanogels was demonstrated by reaction 

with biotin (Vitamin H) using a carbodiimide coupling reaction, where the 

pendent OH groups on the nanogels were reacted with the carboxylic acid 

groups of biotins. The biodegradable nanogels can enhance circulation time in 

the blood, because they can consist of POEOMA, an analogue of linear 

poly(ethylene oxide) (PEO) that can prevent nanoparticle uptake by the 

reticuloendothelial system (RES). 

In summary, the study and application of thermo sensitive polymers 

based on PEG have grown into a rapidly researched field. The stimuli 

responsive microgel has a wide application on drug delivery and release. In 

what follows, it will be shown that the core-shell structure of the PEG microgel 

has more advantages than a normal microgel. Specifically, the core-shell PEG 

microgels not only exhibit a double thermo response but also exhibit other 

new characteristics which have potential in a number of medical applications 
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3.2 Core-Shell Microgels† 

3.2.1 Introduction  

To obtain multi-responsive properties and advanced architectures, 

microgels have been prepared to possess core-shell structures. [7, 45-46] By 

incorporating responsive polymers for the core and/or the shell, a variety of 

core-shell particles have been prepared.  Most current work has focused on 

poly-N-isopropylacrylamide (PNIPAM) polymer as the main component in 

constructing core-shell microgels.  The PNIPAM can be applied to both core 

and shell.  For example, temperature and pH responsive core-shell microgels 

were composed of PNIPAM as a core and PNIPAM-acrylic acid (AAc) as a 

shell. [45] Microgels consisting of a PMIPAM core and a PNIPAM shell had 

doubly thermo-sensitive properties. [46] On the other hand, the PNIPAM-AAc 

or PNIPAM [47-48] was only applied to the shell, while the core of the particles 

was solid polystyrene. Some core-shell microgels were further incorporated 

with inorganic materials.  Specifically, gold nanoparticles were synthesized in 

situ, using the cationic sites in the inner shell as the nuclei for particle growth. 

[49]  

Core-shell structure microgels have many applications due to their 

unique structures.  For example, proteins can filter through the shell to tie with 

the core-bound ligand. [11] Using degradable PNIPAM as the core and 

nondegradable phenylboronic acid (PBA)-conjugated P(NIPAM-PBA) as the 

shell, a dispersion of microgels may be used for glucose detection. [50] 

Furthermore, microgels with a pH-responsive core (polyvinylpyridine) and a 
                                            
† Parts of this section has been previously published, from C. Chi, T. Cai, Z. Hu, Langmuir, 
2009 (25) 3814. Reproduced with permission from American Chemical Society. 
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temperature-responsive shell (PNIPAM) have been used for the uptake and 

release of an anionic surfactant. [51] 

In this chapter, the results from PEG core-shell microgels are 

presented and discussed. PEG microgels with core-shell structure are 

synthesized with a two-step free radical polymerization and characterized with 

DLS, SLS and UV–Vis. The dynamic mechanics of melting and recrystallizing 

of the PEG microgel are also presented and discussed. The melting results 

show that before the temperature reaches the melting point the microgel 

particles are still in the crystal structure although the volume of the microgel 

shrinks. The softer the microgel, the slower the kinetics. 

3.2.2 Experiments 

Materials. Poly(ethylene glycol) ethyl ether methacrylate, (PEGEEMA 

Mn~246 g mol-1,   Aldrich), poly(ethylene glycol) methyl ether methacrylate 

(PEGMEMA Mn~300 g mol-1, Aldrich), glycerol 1, 3-diglycerolate diacrylate 

(G13, crosslinker, Aldrich), acrylic acid (AA, 99%, Aldrich), sodium dodecyl 

sulfate (SDS, ultrapure bio-reagent, J.T. Baker) and potassium persulfate 

(KPS, >99%, Aldrich,) were used as received. Water for sample preparation 

was distilled and deionized to a resistance of 18.2 MΩ by a MILLIPORE 

system, and filtered through a 0.22µm filter to remove particulate matter. 

Preparation of core microgels. The core microgels were synthesized 

using a precipitation polymerization method. [44, 52] The components 

PEGEEMA, PEGMEMA, AA, and G13 in Table 3.1 and 0.03 g SDS were 

added into a reactor with 195 ml deionized water and the solution was heated 

up at 70oC under nitrogen gas bubbling for about 40 min. 0.07 g KPS 
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dissolved in 5 ml of deionized water was added to initiate the reaction. The 

reaction was carried out at 70oC for more than 6 hours. After cooling the 

solution to room temperature, the final dispersion was exhaustively dialyzed in 

a dialysis tube for over seven days while the deionized water was exchanged 

twice a day. 

Preparation of core-shell microgels. The shell prepolymer solution was 

prepared first. Various molar ratios of PEGEEMA, PEGMEMA, AA, G13 in 

Table 3.1, 0.03g SDS and 0.07g KPS were added into a beaker with 200 ml 

deionized water and the solution was bubbling with nitrogen gas for about 30 

min. The core particle dispersion above was put into a reactor and heated up 

to 70oC under nitrogen environment for 40 min. upon completion this step, the 

shell solution was dripped into the reactor. The reaction was carried out at 

70oC for more than 6 hours. After cooling the solution to room temperature, 

the final reaction dispersion was exhaustively dialyzed in a dialysis tube for 

over seven days while the deionized water was exchanged twice a day.  

Figure 3.1 shows the synthesis processes. 

 

Figure 3.1 Synthesis of core-shell microgels. 

 

 

Core at 20 oC
core at 70oC

core-shell at 70 oC
core-shell at 20 oC
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 Core(g) Shell solution(g) Core-
shell 

 PEG
246 

PEG
300 AA G13 R(nm) PEG

246 
PEG
M300 AA G13 R(nm) 

CS1 3.65   0.23 60 1.36 1.62  0.23 114 
CS2 3.27 0.44  0.26 65 1.38 1.98 0.15 0.20 145 
CS4 2.07 2.98 0.25 0.27 198 
CS3 3.62  0.1 0.23 80 2.07 2.50 0.25 0.35 167 
CS5 2.07 3.50 0.25 0.28 229 

Table 3.1 Core and shell compositions. 

Light scattering characterization. A laser light scattering (LLS) 

spectrometer (ALV, Germany) equipped with an ALV-5000 digital time 

correlator was used with a helium-neon laser (Uniphase 1145P, output power 

of 22 mW and wavelength of 632.8 nm) as the light source. The incident light 

was vertically polarized with respect to the scattering plane, and the light 

intensity was regulated with a beam attenuator (Newport M-925B). The 

scattered light was conducted through a thin optic fiber leading to an active 

quenched avalanche photodiode (APD) detector.   

UV-visible spectroscopy measurements. The Bragg diffraction turbidity 

of the microgels were measured as a function of wavelength using a diode 

array UV-Visible spectrometer (Agilent 8453) by calculating the ratio of the 

transmitted light intensity (It) to the incident intensity (I0): A= -(1/d) ln(It/I0), 

where d is the thickness (1 mm) of the sampling cuvette. The polymer 

concentration of microgel dispersion was obtained by completely drying the 

dispersion at 60 C and weighing it. 

3.2.3 Results and Discussion 

Two monomers of PEG were used to copolymerize together to control 

the LCST. Poly (ethylene glycol) ethyl ether methacrylate, (simplified as 
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PEG246, Mn~246 g mol-1) and poly (ethylene glycol) methyl ether 

methacrylate (simplified as PEG300, Mn~300 g mol-1) are the monomers. As 

can be seen in Figure 3.2, there is a very good linear relation between the 

LCST and the percentage of PEG300 in the long chain polymer. 
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Figure 3.2 The increase in LCST vs. increase of  PEG300 component. 

The average hydrodynamic radius distribution function f(Rh) of PEG 

derivative microgels was characterized using a laser light scattering 

spectrometer. The PEG core and PEG core-shell microgels (CS3) were 

compared as shown in Figure 3.3a. Both the core and the core-shell particles 

were diluted to 1.0x 10-5 g/mL with distilled deionized water.  The core 

particles were seen to be narrowly distributed with an Rh around 80 nm, while 

the core-shell particles had an Rh around 167 nm. Increased particle size and 

their narrow distribution demonstrate that the shell was successfully added 

onto the core particles.  Using TEM imaging, Lyon et al. [11] have shown that 

synthesis for the shell at 70oC has two advantages: First, the collapsed core 

particles serve as nuclei for further polymerization of the shell so that the 
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formation of new particles can be avoided. Second, the collapsed core 

particles hinder the shell polymer from penetrating into the core volume so 

that there is a clear boundary between the core and the shell. The zero 

baseline in Figure 3.3a also shows that the formation of new homo-shell 

particles during core-shell synthesis was negligible.  
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Figure 3.3 (a) Hydrodynamic radius distributions (f(Rh)) of CS3 core and core-
shell microgels in deionized water at pH 5.0 at 20oC. (b) Comparison of 
particle radii at pH = 3.5, 5.0, and 6.5 for the dispersion of CS3 core-shell 
microgels at 20oC.   
 
 

Figure 3.3b compares the core-shell particle sizes at various pH 

values.  Upon increasing the pH value, the particle size increases.  It results 

because a significant amount of acrylic acid (AA) has been incorporated into 

the core-shell particles.  As the pH value increases, the Poly acrylic acid 

(PAA) becomes ionized, making the microgel swell more in water.  In the 

following discussion, the pH value of the dispersions of the PEG core-shell 

microgels was adjusted to 5.0.  

Figure 3.4 shows typical results of the hydrodynamic radius distribution 

of PEG core-shell microgels prepared with different chemical compositions. 

(As shown in Table 3.1) All core-shell microgel particles have a narrow size 
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distribution. As the oligomer concentrations increase, both core and core-shell 

microgel sizes increase. Adding a small amount of AA, compared to PEG 

oligomers, increases the size of the shell significantly as shown in Table 3.1. 
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Figure 3.4 Hydrodynamic radius distributions (f(Rh)) of PEG derivative core-
shell microgels in deionized water at a pH of 5.0 at 20oC. The average core 
radii for CS1, CS2, CS3, CS4 and CS5 are 60, 65, 80, 65, and 80 nm, 
respectively.   
 

The temperature dependent hydrodynamic radii (Rh) of the core-shell 

microgels with DLS are shown in Figure 3.5.  The oligomers of PEG246 and 

PEG300 were chosen because their lower critical solution temperatures 

(LCST) were at 24 and 61oC, respectively.  Properly mixing these two 

oligomers can lead to the LCST that is close to the physiological temperature. 

[2] Samples CS3 and CS5 show two transition regions. 
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Figure 3.5 Temperature dependence of hydrodynamic radii (Rh) of PEG 
derivative core-shell microgels with various chemical compositions. 
 
 

In order to understand these two transition regions, hydrodynamic radii 

of the core and the core-shell microgels for the sample CS3 are plotted as a 

function of temperature as shown in Figure 3.6.  The left dashed line relates 

the first decrease in size for the core-shell particles to the volume phase 

transition of the core near 23oC, while the right dashed line indicates the 

second decrease in size due to the volume transition of the shell near 42oC.   

For samples with smaller core size (CS1, CS2 and CS4 in Figure 3.5), the 

core size decrease is not apparent.  The volume phase transition of PEG 

core-shell microgels is not as sharp as PNIPAM microgels. [45] 
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Figure 3.6 Hydrodynamic radii of the core and the core-shell microgels for the 
sample CS3 are plotted as a function of temperature at a pH of 5.0.  The left 
dashed line relates the first decrease in size for the core-shell particles to the 
volume phase transition of the core near 23oC, while the right dashed line 
points the second decrease in size due to the volume transition of the shell 
near 42oC.    
 
 

Static light scattering was carried out for dilute CS3 microgel 

dispersions.  Figure 3.7 shows the Zimm plot at 20oC, where dn/dC =0.134 

cm3/g for PEG was used.[67]   From the extrapolation of 𝐾𝐶)
𝑅𝑣𝑣(𝑞)

 in the Equation 

 𝐾𝐶
𝑅𝑣𝑣(𝑞)

 ≅  1
𝑀𝑤

�1 +  1
3
〈𝑅𝑔2〉𝑞2� +  2𝐴2𝐶           to q=0 and C=0, Mw, A2, and 

<Rg> were obtained to be 3.15x108 g/mol, 1.93x10-9 mol dm³/g² and 156 nm, 

respectively.  The small positive A2 value indicates that water is a good 

solvent for the PEG analogue microgels at 20 °C.  By combining DLS and 

SLS results, we obtained Rg/Rh =0.93 (Rh from sample CS3 in Table 3.1) for 

PEG analogue core-shell microgels at 20 °C.  This value is slightly higher than 

the theoretical value of (3/5)1/2 for uniform hard spheres.  
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Figure 3.7 Zimm plot of static light scattering for CS3 at 20oC. The polymer 
concentrations used were 2.0, 4.0, 6.0, 8.0 and 10.0×10-6 g/ml from left to 
right, respectively. Mw, A2, and 〈Rg〉 were obtained to be 3.15 × 108 g/mol, 
1.93 × 10-9 mol dm3/g2, and 156 nm, respectively. 
 
 

The core-shell microgels have been concentrated by using 

ultracentrifugation at a speed of 10000 rpm for two hours. The microgel 

dispersion was then diluted to different concentrations. These dispersions 

were heated above LCST and then cooled slowly to 20oC.  These core-shell 

particles can form colloidal crystals quickly.  The crystalline phase of core-

shell particles (CS3) shows iridescent colors as shown in Figure 3.8 at 20oC 

for the polymer concentrations between 3.8 and 6.3 wt%.  In this range, 

microgel spheres not only have sufficient interaction but also have enough 

freedom to form colloidal crystals. Iridescent colors of the core-shell microgel 

dispersions are the result of Bragg diffraction from differently oriented 

crystalline planes. 
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Figure 3.8 The colloidal crystals of CS3 core-shell microgels in water.  The 
polymer concentrations are 6.3, 5.9 5.5 5.3 4.6 4.3 and 3.8 wt % from left to 
right.  
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Figure 3.9 (a) UV-Visible spectra for CS3 sample at various polymer 
concentrations: from left to right: 6.3, 5.9, 5.5, 5.3, 4.6, 4.3, and 3.8 wt %. (b) 
Linear relationship between wavelength of Bragg peak and the polymer 
concentration of the microgel dispersions.  The dash line is the best fit to the 
data. 
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Figure 3.9a shows UV-Vis spectra of the PEG analogue core-shell 

microgel (CS3) dispersions at various polymer concentrations.  The Bragg 

peak wavelength decreases from 625 to 530 nm as the polymer concentration 

increases from 3.8 to 6.3 wt %. The diffraction wavelength is related to 

interplane spacing according to the Bragg equation, mλ = 2nd sinθ, where n is 

the mean refractive index of the dispersion, θ is the diffraction angle, d is the 

lattice spacing, m is the diffraction order, and λ is the wavelength of diffracted 

light. 

Considering the polymer concentration in the dispersion as C = m/V, 

𝐶 = 𝑚
𝑉

= 4𝑚𝑝

𝑎3
,  𝑑111 = 𝑎

√3
                                                        (1) 

           𝜆 = 2𝑛
√3

(4𝑑𝑝)1/3𝐶−1/3                                                            (2) 

where C is the polymer concentration, mp is the mass of one particle, m is 

total mass of all particles, V is the total volume and 'a' is the crystal cell size. 

From the structure characterization of PNIPAM microgels by neutron 

scattering [48] and of PEG derivative microgels by AFM, [52]  the current core-

shell microgels form an fcc structure with 4 particles per unit cell and they 

align with the (111) plane to parallel with the surface of the glass cell.  From 

Equation (2), one can see that the Bragg diffraction wavelength λ is 

proportional to C-1/3. The value of λ is plotted as a function of C-1/3 as shown in 

Figure 3.9b. The dash line in Figure 3.9b is the best fit to the data with the 

relationship of λ = 54 + 192* C-1/3.  

Comparing the slope with the prediction of Equation (2), we have 

obtained the mass for single microgel particle mp = 2.9×108 g/mol, which is 
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very close to the value (3.15x108 g/mol) obtained by static light scattering. 

Thus, we have developed a new method for measuring the mass of a 

microgel particle using UV-Visible spectroscopy.  In a dilute dispersion at 

20oC, the density of the CS3 particle is estimated to be mp/[(4/3)πRh
3] = 

4.8x10-16g/[(4/3)π(167nm)3]=0.025 g/cm3. This value of the core-shell CS3 is 

very close to that 0.026 g/cm3 for a PNIPAM particle, obtained by light 

scattering method. [22] 

The UV-Visible Bragg peak can provide the distance between two 

particles.  Consider the first order Bragg diffraction, an incident angle θ = 90o, 

and the index of refraction n = 1.33, the corresponding interparticle distances 

from right to left from the Bragg peak positions in Figure 3.9a have been 

calculated to be 286nm, 279nm, 271nm, 261nm, 260nm, 253nm, and 245 nm, 

respectively.  Compared with 334nm, the diameter of a microgel in a very 

dilute dispersion, the size of the particles in a concentrated dispersion 

becomes smaller. This suggests an increasing compression of the particles 

with increasing polymer concentration, similar to that seen in PNIPAM 

microgels. [53] 

The formation of colloidal crystals is not only dependent on polymer 

concentration but also on temperature.  Figure 3.10a-A shows the iridescent 

patterns when PEG derivative core-shell particles with the polymer 

concentration of 6.5 wt % self-assemble into a crystalline phase at 20oC. At 

30oC, the iridescent grains disappear completely and the dispersion becomes 

a homogeneous liquid with small turbidity (Figure 3.10a-B). When the 

temperature is raised further to 42oC, the sample becomes more turbid, 
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indicating a phase separation (Figure 3.10a-C) above the LCST.  When the 

sample is cooled back to 20oC, the microgels form colloidal crystalline 

structure again (Figure 3.10a-D).  
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Figure 3.10 (a) The dispersion of PEG derivative core-shell particles (CS3) 
with polymer concentration of 6.5 wt% at various temperatures: (A) 20 (the 
crystalline phase), (B) 30 (melting), (C) 42 (above the LCST) and (D) 20oC 
(re-crystallization).   (b) Progressive appearances of the UV-Visible spectrum 
of CS3 sample at 6.5 wt% polymer concentration. From 18 to 30oC, the peak 
intensity increases due to the increase of refractive index.  At 30oC, the peak 
height increases and the peak wavelength decreases with time, indicating 
melting of crystalline structures. 
 
  

The melting kinetics were further investigated using UV-Vis 

spectroscopy.  As the sample (CS3 with polymer concentration of 6.5wt%) in 

a glass cuvette was heated up from 18 to 30oC, the Bragg peak height 

 D A B C 

A B D C 
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gradually increased (Figure 3.9 (b)). This increase is due to the increase of 

refractive index that is caused by thermally responsive shrinkage of microgels. 

Once the temperature reached 30oC for CS3, melting started. It is seen that 

the peak height decreases with time as shown in Figure 3.10 (b).  The peak 

height is related to the volume fraction of crystallites in the sample.  The 

decrease of the peak height corresponds to the reduction of crystallites in the 

sample.  During the melting process, it is apparent that the Bragg peak 

position shifts toward shorter wavelengths.  The shift for sample CS3 is about 

7 nm.  The blue shift of the Bragg peak is attributed to the decrease of the 

lattice spacing induced by the shrinking particles. In order to retain the 

osmotic pressure of the crystalline phase in balance with the liquid phase in 

the suspension, the reduction of the particle size must be compensated by the 

decreasing of the lattice spacing. [54] 
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Figure 3.11 Progressive appearances of the UV-Visible spectrum of CS5 
sample at 5.1wt% polymer concentration. At 31.5oC, the peak height 
increases and the peak wavelength decreases with time, indicating melting of 
crystalline structures. 
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Similar melting kinetics have been observed for sample CS5 as shown 

in Figure 3.11.  The polymer concentration for CS5 is about 5.1wt%.  For 

sample CS5, the melting temperature is slightly higher at 31.5oC.  The melting 

kinetics for samples CS3 and CS5 are compared in Figure 3.12a for the 

Bragg peak height and Figure 3.12b for the Bragg peak position.  It takes 

about 55 seconds for CS3 sample to completely melt while takes about 80 

seconds for CS5. The core size and compositions for CS3 and the CS5 are 

the same.  But the crosslinker density of CS5 is about 0.28g which is smaller 

than 0.35g for CS3 sample.  The radius of CS5 is about 229 nm and is larger 

than 167 nm for CS3, so, the CS5 sample has a much thicker and looser shell 

than CS3 sample.  Thus, the CS5 core-shell is softer than the CS3 particle.  

The softness of the CS5 particles results in slower kinetics, compared with the 

CS3 sample, increasing the melting time. 
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Figure 3.12 (a) Comparison melting kinetics for CS3 and CS5 samples as 
presented in Figure 2.9 and 2.10. (b) The Bragg peak height as a function of 
time.  
 
 

The formation of crystalline structures from these core-shell microgels 

is observed to be somewhat faster than the melting process.  A typical 

crystallization process was recorded using UV-Visible spectroscopy for CS5 
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core-shell particles in water in Figure 3.13.  The measurement was started 

with a shear-melted dispersion of microgel particles with a polymer 

concentration equal to 5.1%. Because of the Bragg diffraction, the UV-Visible 

spectrum exhibits a sharp attenuation peak in the crystalline phase.  At 20oC, a 

weak Bragg peak appeared about 30 seconds after the shear-melting was 

stopped. The peak intensity increased with time and reached a maximum at 

around 45 seconds.  
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Figure 3.13 UV-Visible spectrums of the CS5 core-shell microgels at 20oC.  
The polymer concentration of the microgel dispersion is 5.1%. The Bragg 
peak arises with the formation of crystalline structure.  
 
 
3.3 Conclusion 

Core-shell microgels based on oligomers composed of the backbone of 

a meth acrylate connected to a poly ethylene glycol (PEG) chain have been 

synthesized by a two-step polymerization method.  The core particles mainly 

consist of poly (ethylene glycol) ethyl ether methacrylate (PEGEEMA, 

PEG246), while the shell mainly consists of copolymer of PEG246, poly 
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(ethylene glycol) methyl ether methacrylate (PEGMEMA, PEG300) and poly 

acrylic acid (PAA). The copolymerization of the shell results in a higher 

volume phase transition temperature than that of the core.  The average 

hydrodynamic radius distribution function f(Rh) of these microgels was 

characterized using a laser light scattering spectrometer. All core-shell 

microgel particles have a narrow size distribution. As the oligomer 

concentrations increase, both core and core-shell microgels sizes increase. 

Adding a small amount of AA, compared to PEG oligomers, increases the size 

of the shell significantly. Sample CS3 and CS5 show two transition regions.  

The first size decrease is due to the shrinkage of the core and the second size 

decrease near 40oC is due to the shrinkage of the shell.   

The core-shell microgels self-assemble into a colloidal crystalline 

phase at 20oC for the polymer concentrations between 3.8 and 6.3 wt%. UV-

Vis spectra of the PEG analogue core-shell microgel dispersions at various 

polymer concentrations have been measured.  The sharp peak, due to Bragg 

diffraction, shifts from 625 to 530 nm as the polymer concentration increases 

from 3.8 to 6.3 wt%. The diffraction wavelength has been found to scale as C-

1/3, where C is the polymer concentration. From the slope of the 𝜆 versus C 

straight line, the mass for single microgel particle is about 2.9×108 g/mol has 

been obtained. This value is very close to the value (3.15x108 g/mol) obtained 

by static light scattering. This experiment represents a new method for 

measuring the mass of a microgel particle using UV-Visible spectroscopy.  

Analysis of the UV-Visible spectra also shows that the size of the particles in a 
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concentrated dispersion becomes smaller, indicating increasing compression 

of the particles with increasing the microgel concentration. 

The formation of colloidal crystals is not only dependent on polymer 

concentration but also on temperature.  The core shell microgel crystals melt 

around 30oC. The core shell particles with lower crosslinker density melt more 

slowly than the ones with higher crosslinker density.   From this result, it is 

concluded that increasing the softness of the core-shell particles results in the 

slower melting kinetics.   
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CHAPTER 4 

PHOTONIC CRYSTAL 

4.1 Introduction 

Since the PEG microgel is much harder than a PNIPAM microgel, the 

spherical particles more readily from an orderly structure representing a lower 

system energy. As a result, it is easier to form a crystal-like structure. Since 

the size of unit cell is very close to that of visible light, such a crystal is 

considered to be a photonic crystal. However, for the PEG microgel, each 

point in the photonic crystal will not be exactly identical, since there is a small 

size distribution of particles. When a visible light beam is incident on the PEG 

photonic crystal, constructive interference is possible. When white light is 

incident on a photonic crystal, (shown in figure 4.1) the reflected rays will 

satisfy the Bragg’s condition and constructively interfere and the crystal will 

show  scatter light at specific wavelengths, given by the Bragg condition: 

2𝑛𝑑 sin𝜃 =  𝑑𝜆 , where n is index of refraction of the photonic crystal and m is 

an integer. 

 
Figure 4.1 Demonstration of reflective Bragg’s condition. 
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Figure 4.2 shows an SEM image of the PEG photonic crystal and a visible 

image of light scattered from the PEG photonic crystal. The color variance 

across the PEG photonic crystal stems from slight differences in the spacing 

of the microgels in the crystal. However, even when the distance between two 

microgels changes, the photonic crystal structure remains. 

 

Figure 4.2 SEM image and a visible image of a PEG photonic crystal. 

The distance between microgels will also change when the 

concentration of the dispersion changes. As a result, different colors will 

appear when there is a change in the moisture of the environment of the 

photonic crystal. As shown previously in Chapter 3, Figure 3.7 shows the 

color changes with concentration and Figure 3.8a shows the corresponding 

shift in the UV-Vis absorbance. Since the UV-Vis absorption detector was in 

the back of the sample, the constructive interference at the Bragg condition on 

the reflective plane leads a lower transmittance. As the result, a peak appears 

in the UV-Vis absorption. 
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Since the reflective light follows the Bragg condition,  2𝑛𝑑 sin𝜃 =  𝑑𝜆  

as the incident angle changes, the wavelength that satisfies the Bragg 

condition also changes.  Figure 4.3 shows a color change with an incident 

angle change. Figure 4.4 shows the corresponding UV-Vis absorption at the 

different incident angles.  It should be noticed that the wavelength of UV-Vis 

absorption peak does not correspond precisely to the color displayed from the 

PEG photonic crystal. This is because the PEG photonic crystal is not a single 

crystal, there is a size distribution of the PEG microgels and there are many 

randomly oriented small crystals in the surface plane. The color observed 

from the surface is an average result of diffraction, reflection and scattering, 

described by a modified Bragg’s condition:  2𝑑 �𝑛𝑒𝑓𝑓2 − 𝑠𝑖𝑛2𝜃 = 𝑑𝜆 [1, 2] Even 

when the surface plane is not perfect, however the ratio of angle function and 

that of wavelength should be consistent since d is fixed. The results are 

shown in the Table 4.1. As seen earlier in Figure 2.4 and Figure 2.5 there is a 

linear relation between the angle function and the wavelength in the 

constructive interference. 

 

 

 

 

 

Figure 4.3 The PEG microgel crystal displays different colors under the 
different incident angles using white light source. 
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Figure 4.4 The corresponding UV-Vis absorption peaks in Figure 4.3. 

Incident angle wavelength 
 �𝑛𝑒𝑓𝑓2 − 𝑠𝑖𝑛2𝜃1

/ �𝑛𝑒𝑓𝑓2 − 𝑠𝑖𝑛2𝜃2 

𝜆1 𝜆2⁄  

0, 20 632, 600 1.052 1.053 
20, 40 600, 558 1.067 1.075 
Table 4.1 Incident angle ratio vs. the wavelength ratio. 

As will be shown, the shift in the reflected wavelength of light of a PEG 

photonic crystal can also result from the change of the concentration, 

temperature and magnetic field. [3-5] Thus, the PEG microgel has potential 

applications as a sensor to detect changes in the humidity, temperature and 

magnetic field. 

4.2 Experiments 

Preparation of PEG microgels. The core microgels were synthesized 

using a precipitation polymerization method. [5-7] First, PEGE246, PEG300, 

AA, and G13 and 0.03 g SDS were added into a reactor with 195 ml deionized 

water and the solution was heated up at 70oC under nitrogen gas bubbling for 
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about 40 min. Next, 0.07 g KPS dissolved in 5 ml of deionized water was 

added to initiate the reaction. The reaction was carried out at 70oC for more 

than 6 hours. After cooling the solution to room temperature, the final 

dispersion was exhaustively dialyzed in a dialysis tube for over seven days 

while the deionized water was exchanged twice a day. 

Preparation of a thin film of photonic crystal. Each concentration of the 

PEG microgel dispersion was loaded into separate thin (<1mm) containers. A 

small amount of photochemical polymerization monomers containing an 

initiator mixture was slowly dispersed into the microgel, and the mixture was 

exposed to UV light for half an hour. Then the thin film was transferred into a 

bath of DI water for 24hours to remove unreacted monomers. 

Preparation of a bulk gel of photonic crystal. Each concentration of 

PEG microgel dispersion was first separated according to the crystallizing 

range. The dispersion was combined with a monomer of PEG, an initiator and 

an accelerator to copolymerize in the presence of nitrogen. The reaction 

proceeded in an ice bath for half an hour. The resulting bulk gel of the 

photonic crystal was transferred into a bath of DI water for 24 hours to remove 

unreacted monomers. 

4.3 Results and Discussion 

Photonic PEG microgel crystals were prepared with a concentrated mono 

dispersed microgel in water, or a slow vaporization of the solvent of PEG 

dispersion in a container, or a polymerization to trap the crystalized PEG 

microgel into a thin film or a bulk gel. 
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  Visible diffraction, similar to that seen in X-ray diffraction from a crystalline 

solid can be obtained by the interaction of visible laser light with a thin PEG 

microgel photonic crystal. If the distance between the screen and sample are 

fixed, light from lasers of different wavelengths yield diffraction patterns with 

different spacing. Figure 4.5 shows the visible light transmission diffraction 

patterns obtained using red and blue laser light. Table 4.2 shows results for 

the photonic crystal structure obtained from the diffraction patterns. The 

higher orders of diffraction from the red laser are weak and not visible in the 

diffraction pattern. Since all microgel particles are spherical, it is expected that 

structure is face centered cubic (FCC). Figure 4.5 shows a characteristic FCC 

diffraction pattern. The spacing of the 1st order is d111, the radius of microgel, 

R = √6 4⁄  d111; From the analysis, the radius is 390 nm and 380 nm, 

respectively, from the blue and red diffraction patterns. The size of microgel 

from diffraction is consistent with the size from SEM. (Diameter is about 

800nm from Figure 4.2) 

 
Figure 4.5 Blue and Red laser diffraction pattern on PEG photonic crystal. 
The sample is about 1mm thick.  
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Blue Laser    
Order 1st 2nd 3rd 
d1(cm) 4.7 4.7 4.7 
d2 (cm) 2.47 6.13 9.60 
tan(2ө) 0.52 1.30 2.04 
sin(ө) 0.24 0.44 0.53 
mλ / 2sin(ө) (nm) 880 920 1140 
d(nm) 630 690 850 
Radius of microgel (nm) 390 420 520 
Red Laser    
Order 1st 1st 1st 
d1 (cm) 4.7 6.2 9.8 
d2 (cm) 4.65 6.18 10.08 
tan(2ө) 0.99 1.00 1.03 
sin(ө) 0.38 0.38 0.39 
mλ / sin(ө) (nm) 830 830 810 
d(nm) 620 620 610 
Radius of microgel (nm) 380 380 370 
Table 4.2 The data and results of laser light diffraction on a PEG photonic 
crystal. d1 is the distance between the sample and the screen; d2 is the 
average distance between diffraction pattern spot and the center spot;  𝜃 is 
the diffraction angle.  
 
 

Figure 4.6a shows a mono dispersed PEG microgel in water that was 

recrystallized 3 times. The recrystallization is accomplished by quickly heating 

the crystal over the melting point and then slowly cooling the microgel to room 

temperature. This process allows the PEG microgel particles to rearrange into 

the lower energy state since the viscosity of the system is high at room 

temperature. Figure 4.6b shows the UV-Vis absorption peaks of the first and 

the third recrystallization. The UV-Vis absorption peak is getting higher when 

the time of recrystallization is increased. The hydro radius of the PEG 

microgel is 245nm. The bright green spots in Figure 4.6a are the fine crystals 

while the bright blue spot in Figure 4.6a results from the incident angle of the 

crystal varying across the surface.  
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Figure 4.6 A PEG photonic crystal with Rh = 245nm (a) and the UV-Vis 
absorption of the crystal (b). The green circles represent the absorption after 
the first crystallization and the red circles represent the absorption after the 
third recrystallization. The more the crystal is recrystallized, the better the 
crystal is ordered. 
 
 

The photonic crystal can be preserved in a thin glass container as 

shown in Figure 4.7a, it also can be preserved inside another polymer as 

shown in Figure 4.8a, Figure 4.9 and figure 4.10. The key to create a thin film 

or a bulk gel of the photonic crystal is to polymerize the support monomer at 

lower temperature, that is, keep the reaction below the melting point of the 

photonic crystal. Also, the reaction cannot be allowed to rapidly release the 

heat. Photochemical polymerization usually yields a small amount of heat and 

the process can be controlled.  

Figure 4.7a shows a PEG photonic crystal in a poly acrylamide film. 

The hydrodynamic radius of the PEG crystal is 245 nm. Since the incident 

angles are different, the different parts of the film display different colors. The 

left side is close to the blue, the middle is close to green and the right side is 

close to red. There is a blue shift of the UV-Vis absorption when the 

temperature of the photonic crystal is increased. The normal incident angle is 
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used for all the measurements.  The volume of a microgel in the film will 

shrink when the temperature is increased, and the distance between two 

microgels will become smaller. The distance between the layers of the crystal 

will also become smaller. The corresponding UV-Vis absorption peak will shift 

to blue as shown in Figure 4.7b. 
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Figure 4.7 PEG photonic crystal in a PNIPAM film (a). The shift of the UV-Vis 
absorption with the temperature (b). 
 
 

Figure 4.8 shows two PEG photonic crystals in a poly acrylamide film. 

The hydrodynamic radius of the left PEG microgel is 245 nm and that of the 

right is 198 nm at room temperature. The thickness of the film is only 0.5 mm. 

As expected, the larger the microgel, the longer the observed reflection 

wavelength.  

  
Figure 4.8 Two PEG photonic crystals with different sizes in a poly 
acrylamide film. 
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Figure 4.9 shows a PEG bulk gel of the PEG photonic crystal at 

different temperatures. The hydrodynamic radius of the PEG microgel is 

245nm and the diameter of the column is 1 cm. When the bulk gel is broken 

into small pieces, the small pieces still show the crystal structure, as 

evidenced by the observed reflected colors. That is to say, the crystal 

structure is not only at the surface but also inside the bulk gel. Not only the 

microgel but also the supporting polymers are thermo responsive: when the 

temperature is over the LCST, the whole bulk gel become more hydrophobic 

and less light is transmitted. As a result shown in Figure 4.9b, the bulk gel 

becomes completely opaque. After the temperature is decreased to 20oC, the 

bulk gel changes back to a transparent green. The process is completely 

reversible and repeatable; however the color change in heating is much 

quicker than in cooling. The shrinking of the microgel involves the branch 

chains of microgel tangling into each other when the temperature is over the 

LCST, while swelling of the microgel needs more time to untangle these 

chains when the temperature is below the LCST. 

 
Figure 4.9 PEG bulk gel of the PEG photonic crystal at room temperature (a), 
the same gel at 40oC (b). 
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When the photonic crystal is vaporized slowly in the air, even when the 

solvent outside the microgel is gone, the crystal structure remains, as seen in 

Figure 4.9. The grey part still contains much solvent, while the blue part 

shows that the microgel has become smaller since the solvent inside the 

microgel is partly vaporized. Because the moisture differs in the different parts 

of the container, the differing parts of the photonic crystal scatter different 

colors. However, when the solvent inside the microgel is completely gone, the 

crystal structure is destroyed and the colors disappear. The completely dry 

microgel becomes a thin film of transparent colorless plastic. This result 

supports the conclusion that the color of the photonic crystal is from the 

interference effects but not from the microgel itself. 

 

Figure 4.10 PEG photonic crystal with solvent vaporized slowly. 

4.4  Conclusion 

Different types of PEG photonic crystals are presented and studied. 

The color of the PEG photonic crystal results from the diffraction following 

Bragg’s law. Since the microgel has the thermo sensitivity, temperature 
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changes also lead a shift in the UV-Vis absorption. Such properties suggest 

that the PEG photonic crystal system could potentially have a wide range of 

applications as a sensor for temperature or humidity. 
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CHAPTER 5  

PHASE TRANSITION SIMULATION 

5.1  Introduction 

Recently the phase transition of PNIPAM gels has been widely 

researched, [1, 2] but for new thermo-responsive microgels based on PEG, 

there is no work reported in the literature. Unlike PNIPAM [1], the microgel 

based on PEG shows that the coil-to-globule transition does not involve 

strong hydrogen bonds. In PNIPAM, the physical cross-linking is induced by 

the collapse of the PNIPAM chain above LCST. Lutz [3, 4] showed the structure 

of a PEG polymer manifests a new phenomenon at the phase transition, and 

that process is considered to be completely reversible [5] and relatively 

insensitive to the important parameters of concentration of the copolymer in 

water, ionic strength and chain length. Thus, microgels based on PEG have 

more applications when temperature cycling is required, and therefore are 

potential candidates for drug intake and release.  

The enthalpy and entropy of phase transitions are important physical 

parameters for gels. A mean field theory [1] of swelling equilibrium for gels can 

describe such polymers and make predications of these thermodynamic 

variables at the phase transition. The volume fraction of polymers of gels is a 

key parameter which characterizes the volume changes at LCST. It is well 

known that the phase transition is critically dependent on the gel composition, 

the ionic concentration, temperature, PH, and solvent composition [1]. The 

interaction is weaker between the PG microgel molecules and water 
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molecules than that of PNIPAM, because there is no hydrogen bonding above 

the LCST.  Here, the characteristic feature of the novel microgel based on 

PEG has been studied in a pure water system. The best fit curve of theory 

can be used to estimate the enthalpy and entropy of the phase transition 

around LCST. 

5.2  Experiments 

PEG based gels were prepared by a precipitation polymerization 

method [6, 8]. Varying quantities of PEG246, PEG300, the crosslinker G13 

and SDS (See Table 5.1) were added into a reactor with 195 ml deionized 

water and the solution was heated to 70oC under bubbling nitrogen gas for 

about 40 min. Next, 0.07 g of KPS dissolved in 5 ml of deionized water, was 

added to initiate the reaction. The reaction was carried out at 70oC for more 

than 6 hours. After cooling the solution to room temperature, the final 

dispersion was exhaustively dialyzed in a dialysis tube for over seven days 

while the deionized water was exchanged twice a day. 

Sample PEG246 
(%) 

PEG300 (%) Crosslinker 
(%) 

Rh at 20oC (nm) 

PEG#1 65 35 0.5 126 
PEG#2 70 30 0.5 121 
PEG#3 75 25 0.5 115 
PEG#4 80 20 0.5 119 
PEG#5 85 15 0.5 123 

Table 5.1 Components of PEG samples. 

The dynamic radius of the gels was measured by a zetasizer (NANO-

ZS90) in the temperature range of 20oC to 65oC. The static radius of 

microgels was measured by laser light scattering (LLS) using with a helium-

neon laser as the light source.  
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The Bragg diffraction turbidity of the microgels was measured as a 

function of wavelength using a diode array UV-Vis spectrometer by calculating 

the ratio of the transmitted light intensity (It) to the incident intensity (I0). 

5.3  Theoretical Model 

The phase transitions of gels may be described by a mean field theory 

of swelling equilibrium of gels [2, 6, 7]. The Gibbs free energy of a gel can be 

expressed as  

   ∆𝐺 = 𝐺 − 𝐺0 = 𝑘𝑇[𝑛 𝑙𝑛(1 −  𝜑) +  𝜒𝑛𝜑] +  3𝑣𝑘𝑇
2

 (𝛼2 −  1 − 𝑙𝑛𝛼)                 (1) 

where G0 is the sum of free energies of a pure solvent and a polymer network, 

n is the molar number of solvent molecules in the gel, 𝜑 is the volume fraction 

of polymer network, χ is the polymer-solvent interaction parameter, ν is the 

molar number of chains in the gel, α is the linear swelling ratio, k is the 

Boltzmann constant, T is the absolute temperature. For an ionized gel, there 

is additional term for the ionization free energy. Since the experiments are 

used pure water as the solvent, this term has no effects. 

   For  𝜑 =  𝑉𝑝
𝑉𝑝+ 𝑛 V𝑠

 , and 𝛼 =  (𝑉
𝑉0

)1/3 where Vs is the molar volume of the 

solvent, Vp is the molar volume of polymer gel, V0 is the molar volume of the 

gel at random walk at the phase transition temperature, at the condition of 

zero osmotic pressure,  

  П =  П𝑚𝑖𝑥𝑖𝑛𝑔 +  П𝑒𝑙𝑎𝑠𝑡𝑖𝑐 =  − 1
Vs

 �𝜕∆𝐺
𝜕𝑛
�
𝑇,𝑃

= 0                        (2) 



72 

Differentiating equation (1) with respect to n, and, recalling that 𝜑,𝛼 are 

also a function of n, and using the relation 𝜑
𝜑0

=  
𝑉𝑝

𝑉𝑝+ 𝑛 𝑉𝑠
𝑉𝑝

𝑉𝑝+ 𝑛0𝑉𝑠

=  𝑉𝑝+ 𝑛0𝑉𝑠
𝑉𝑝+ 𝑛 𝑉𝑠

=  𝑉0
𝑉

=

 (1
𝛼

)3,    and taking V0 at LCST:  

Let ΔG = ΔG1 + ΔG2, ΔG1 = 𝑘𝑇[𝑛 𝑙𝑛(1 −  𝜑) +  𝜒𝑛𝜑] and ΔG2 = 3𝑣𝑘𝑇
2

 (𝛼2 −

 1 − 𝑙𝑛𝛼) 

Since  𝑑𝜑
𝑑𝑛

=  
𝑑

𝑉𝑝
𝑉𝑝+ 𝑛 V𝑠

𝑑𝑛
=  −  𝑉𝑝𝑉𝑠

(𝑉𝑝+ 𝑛 V𝑠)2
=  −𝜑(1− 𝜑)

𝑛
=  𝜑

2− 𝜑
𝑛

 then 

𝑑∆𝐺1
𝑑𝑛

=  𝑘𝑇 𝑑[𝑛 𝑙𝑛(1− 𝜑)+ 𝜒𝑛𝜑]
𝑑𝑛

= 𝑘𝑇[ln(1 − 𝜑) +  𝜒𝜑 + � 𝑛
𝜑−1

+  𝜒𝑛� 𝑑𝜑
𝑑𝑛

]  

= 𝑘𝑇 �ln(1 −  𝜑) +  𝜒𝜑 + � 𝑛
𝜑−1

+  𝜒𝑛� �𝜑
2− 𝜑
𝑛

�� =   

= 𝑘𝑇[ln(1 −  𝜑) +  𝜒𝜑 +  𝜑 +  𝜒(𝜑2 −  𝜑)] =  𝑘𝑇[𝜑 +  𝜒𝜑2 + ln(1 −  𝜑)]       (3) 

and, 

𝑑𝛼
𝑑𝑛

=  
𝑑(𝑉𝑉0

)1/3

𝑑𝑛
=  𝑉0−1/3 𝑑(𝑉𝑝 + 𝑛𝑉𝑠)1/3

𝑑𝑛
 

=  
1
3
𝑉0−1/3𝑉𝑠 (𝑉𝑝 + 𝑛𝑉𝑠)−2/3 =

1
3

 
𝑉𝑠
𝑉0

(
(𝑉𝑝 + 𝑛𝑉𝑠

𝑉0
)−

2
3  =  

1
3

 
𝑉𝑠
𝑉0

(
𝑉
𝑉0

)−
2
3 =  

1
3

 
𝑉𝑠
𝑉0

(𝛼)−2  

𝑑Δ𝐺2
𝑑𝑛

=  
𝑑 3ν𝑘𝑇

2  (𝛼2 −  1 − 𝑙𝑛𝛼)
𝑑𝑛

=  
3ν𝑘𝑇

2
�2𝛼 −  

1
𝛼
�
𝑑𝛼
𝑑𝑛

=  
3ν𝑘𝑇

2
�2𝛼 −  

1
𝛼
�

1
3

 
𝑉𝑠
𝑉0

(𝛼)−2  

= ν𝑘𝑇 �1
𝛼
−  1

2𝛼3
 � 𝑉𝑠
𝑉0

=  ν
𝑉0
𝑘𝑇 �1

𝛼
−  1

2𝛼3
 �  𝑉𝑠                               (4) 

In the last step of equation (4), a new 𝑣 = ν/V0 is defined,  𝑣 is now the 

molar density of number of chains at that temperature such that V =  𝑉0, 𝜑 =

 𝜑0.  
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Then 𝑑Δ𝐺2
𝑑𝑛

=  𝑣𝑘𝑇 �1
𝛼
−  1

2𝛼3
 �  𝑉𝑠 

Since    𝜑
𝜑0

=  
𝑉𝑝

𝑉𝑝+ 𝑛 𝑉𝑠
𝑉𝑝

𝑉𝑝+ 𝑛0𝑉𝑠

=  𝑉𝑝+ 𝑛0𝑉𝑠
𝑉𝑝+ 𝑛 𝑉𝑠

=  𝑉0
𝑉

,    𝛼 =  (𝑉
𝑉0

)1/3 =  ( 𝜑
𝜑0

)−1/3, then 

𝑑Δ𝐺2
𝑑𝑛

= =  𝑣𝑘𝑇 �( 𝜑
𝜑0

)−1/3 −  𝜑
2𝜑0

 �  𝑉𝑠                (5) 

Combining the results above: 

П =  −  𝑘𝑇
V𝑠

[𝜑 +  𝜒𝜑2 + ln(1 −  𝜑)] +  𝑣kT[ φ
 2φ0

− � φ
φ0
�
1/3

 ]                              (6) 

Here 𝜑0 is the volume fraction of polymers when the gel has a random walk 

configuration. If the temperature dependence of χ is explicitly expressed by: 

𝜒 =  ∆𝐹
2𝑘𝑇

=  ∆𝐻− 𝑇∆𝑆
2𝑘𝑇

                                                                                          (7) 

Substitute equation (7) into equation (6), 

П =  −  𝑘𝑇
V𝑠

[𝜑 +  ∆𝐻− 𝑇∆𝑆
2𝑘𝑇

𝜑2 + ln(1 −  𝜑)] +  𝑣kT[ φ
 2φ0

− � φ
φ0
�
1/3

 ]    (8) 

using the condition of П = 0 at of zero osmotic pressure, the temperature 

dependence of volume fraction is found to be: 

1
T

=  ΔS
ΔH

+  k
ΔH
�  𝑉𝑠𝜈

𝜑2
 � 𝜑
𝜑0
− 2 � φ

φ0
�
1/3

 � − 2
φ
−  2 ln(1−𝜑)

𝜑2
�                                        (9) 

5.4  Results and Discussion 

Figure 5.1 shows the dynamic radius distribution at room temperature. 

All samples were polymerized with two monomers, PEG246 and PEG300. All 

samples had the same total moles of monomers, only with different 

components of co-monomers. The microgels are very narrow in size 

distribution and they are also closely spaced. The room temperature size is 

distributed randomly around 120nm. There are no consistent relationship 

between the room temperature size and concentration of co-monomers, but 
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the phase transition of copolymer is consistent with the concentration of co-

monomers.  
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Figure 5.1 Hydro dynamic radius of each PEG microgel at the room 
temperature (20oC). The percentage represents the mole percentage of 
PEG246 in the copolymer. 
 
 

Figure 5.2 shows the relative sizes vs. temperature dependence for 

PEG#4 through a complete temperature cycle. The process is seen to be 

completely reversible and repeatable. The thermodynamic equilibrium of the 

PEG microgels is easily reached in a short time and the volume fraction at 

high temperature is much larger than that of PNIPAM polymers. In addition, 

the state function of the PEG microgel is only a function of the temperature. At 

equilibrium at a given temperature, the state of the microgel is fixed. Thus, 

there is no hysteresis upon temperature cycling. [5]  
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Figure 5.2 Relative sizes of PEG #4 vs. increasing and decreasing 
temperature. The volume fraction of the PEG microgel at high temperature is 
about 0.2, while that of the PNIPAM polymer is about 0.007. [2] 

 

 
Figure 5.3 shows the relative hydro dynamic radius vs. temperature as 

a function of the percentage of PEG246 in the co-monomer. The LCST of 

copolymer microgels is seen to decrease with increasing percentage of 

PEG246 as evidenced by the shift in the curve to the left.  
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Figure 5.3 Relative dynamic radius vs. temperature. With increasing 
percentage of monomer of PEG246, the LCST of the PEG microgel is 
decreasing. 
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Figure 5.4 shows the very good linear relationship between the LCST 

of the PEG microgel and the concentration of co-monomers. The radii of 

microgel particles at room temperature are very close to each other, as seen 

in Table 5.1, however the LCST of the PEG microgel will increase with the 

percentage of PEG300. The best fit straight line yields a linear relationship 

between LCST and percentage of PEG300: T = 0.34C + 23, where T is the 

LCST of copolymer of PEG246 and PEG300, and, C is the mole percentage 

of PEG300 in the total monomers. When C = 0, the LCST of pure PEG246 

microgel is 23oC, when C = 100, the LCST of pure PEG300 microgel is 57oC. 

Compared with Figure 3.1, the LCST of the long chain polymer of PEG246 is 

24oC and the LCST of the long chain polymer of pure PEG300 is 62oC.  The 

linear relationship is consistent for both the PEG microgel and the long chain 

polymer of PEG. 

15 20 25 30 35

28

30

32

34

36

LC
ST

(o C)

PEG300%
 

Figure 5.4 The LCST of microgels vs. the concentration of PEG300 of 
monomers. 
 
 

Another PEG microgel PEG#6 was synthesized using the same the 

ratio of monomers as PEG#2, but the crosslinker was added at 1% of total 
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monomers. The radius of the microgel at room temperature is 165nm while 

the LCST is 33oC. As a result, the crosslinker does not change the LCST, but 

efficiently changes the size of microgel at room temperature. The main reason 

is that the larger the networks structure from the crosslinker, the larger the 

microgel obtained. 
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Figure 5.5 The best linear fit to the experimental data of PEG#4. The slope is 
-4.74×10-5, while the intercept is 3.34×10-3. 
 
 

Figure 5.6 shows the temperature curve versus the ratio of V/V0. The 

dots represent the experimental data and the lines the theoretical fit. The 

parameters ΔH and ΔS can be estimated by using equation (9). The inverse 

of the absolute temperature is considered to be a linear function of X , where  

1
𝑇

 =  𝛥𝑆
𝛥𝐻

 +  𝑘
∆𝐻

 𝑋 , but X may be easily calculated by estimating ν and using the 

experimental value of φ, where k/ΔH is the slope and ΔS/ΔH is the intercept, 

as seen in Figure 5.5.  
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Figure 5.6 Theoretical calculations vs. experimental data. The red circles 
represent the experimental date of sample S1 while the red line represents 
the theoretical curve to be the best fit to the experimental data. When 𝜑 =
 𝑉 𝑉0⁄ = 1, the phase transition occurs at that temperature. The temperatures 
of the phase transition of S1, S3 and S5 are clearly different. 
 
 

Table 5.2 shows results obtained from the theoretical fit of 

experimental data shown in Figure 5.6.  It is seen that a change in the ratio of 

copolymer in the microgel has little impact on ΔS. Since the volume ratio ν 

has been shown to be dependent on the quantity of crosslinker [2], in this study 

the same amount of crosslinker is used. The theoretical v is about 0.005 mol/l 

if only the crosslinker is used as the branch numbers, but since each PEG 

monomer has a quite long branch chain, here the theoretical v is about 

0.1mol/l, Experimentally it is found that 0.09 mol/l is necessary to obtain the 

best fit, close to the expected 0.1 mol/l. Increasing the percentage of PEG246 

copolymer of PEG microgel has little effect on ΔH and ΔS. Since the phase 

transition happens at the LCST, only the branch molecules rearrange into an 

orderly state. The value of ΔS is not expected to change substantially in this 

system because the total number of branches is the same. As a result, it is 



79 

reasonable to expect that increasing the percentage of PEG246 copolymer 

will lower the LCST of PEG microgel system [6-8]. When the phase transition 

occurs at lower temperature, the system releases a little more energy to 

complete the phase transition from hydrophilic to hydrophobic, resulting in an 

increasing of ΔH.  

Sample ΔH(10-19J) ΔS(10-21J∙K-

1) 
ν(mol/l) φ0 LCST(oC) 

PEG#1 -3.0 -1.0 0.09 0.44 35 
PEG#2 -3.3 -1.0 0.09 0.44 33 
PEG#3 -3.6 -1.1 0.09 0.39 32 
PEG#4 -3.8 -1.2  0.09 0.38 30 
PEG#5 -3.8 -1.3  0.09 0.38 28 

Table 5.2 Theoretically calculation of the ΔH and ΔS of phase transitions. 

5.5  Conclusion 

The value of ΔH for the PEG microgel is about 10 times smaller than 

the value for PNIPAM given by Tanaka. [2] The interaction between the PEG 

polymers is considered weaker than that of the PNIPAM polymer, because 

the phase transition of the PEG microgel occurs without involving the 

formation of hydrogen bonds [4]. This leads a smaller change in ΔH and ΔS at 

the phase transition of the PEG molecules is smaller than that seen in 

PNIPAM. Since the volume fraction of the PEG microgel at the phase 

transition temperature (φ0 in Table 5.2) is larger than that of PNIPAM, [2] ΔH is 

theoretically smaller than that found for PNIPAM. The greater the volume 

shrinkage, the greater the amount of water expelled from the microgel, and 

the greater the heat released from the microgel. 
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CHAPTER 6 

CONCLUSION AND FUTURE WORKS 

6.1 Conclusion 

New core-shell and hydro microgels, fabricated using 

Polyethyleneglycol (PEG), have been investigated. The core-shell microgel is 

based on oligomers composed of the backbone of a meth acrylate connected 

to a PEG chain, and has been synthesized by a two-step polymerization 

method.  The copolymerization of the shell results in a higher volume phase 

transition temperature than that of the core.  The core-shell microgels self-

assemble into a colloidal crystalline phase at 20oC for the polymer 

concentrations between 3.8 and 6.3 wt%. The UV-Vis spectra of the PEG 

analogue core-shell microgel dispersions at various polymer concentrations 

exhibit Bragg diffraction, which is seen to shift to lower wavelength as the 

polymer concentration is increased. The diffraction wavelength has been 

found to scale as C-1/3, where C is the polymer concentration, and provides a 

new method for measuring the mass of a microgel particle. The formation of 

colloidal crystals is not only dependent on polymer concentration but also on 

temperature.  The core shell microgel crystals melt around 30oC. The core 

shell particles with lower crosslinker density melt more slowly than those with 

a greater crosslinker density. From this result, it is concluded that increasing 

the softness of the core-shell particles results in the slower melting kinetics.   

A PEG microgel has been found to form a photonic crystal in a number 

of ways. The low temperature polymerization or the photochemical 
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polymerization of other monomers around the crystallized PEG microgel can 

maintain the PEG microgel crystal. This method allows the photonic crystal to 

be isolated in a thin film or a bulk column. If the crystal microgel has thermo 

sensitivity, as evidenced by a temperature-dependent Bragg diffraction. 

The phase transition of PEG microgel from hydrophilic to hydrophobic 

occurs around the LCST. Compared to the PNIPAM microgel, the PEG 

microgel has a smaller volume change and a more solid sphere, so that the 

enthalpy and entropy associated with phase transition is smaller than that of 

PNIPAM. The theoretical simulations support this conclusion for the PEG 

microgel. 

6.2  Suggestions   

6.2.1  Magnetic PEG Microgel 

Initial experiments have been conducted on magnetic PEG microgels, 

and both thermo and magnetic sensitivity has been seen, as shown in Figure 

6.1. Figure 6.1a shows a relative Rh of a magnetic PEG microgel. The 

magnetic microgel has a similar temperature dependence to that of the 

microgel, that is, the magnetic nanoparticles inside or on the surface of the 

microgel do not affect the thermo property of the microgel. However, Figure 

6.1b shows that the radius of magnetic microgel at room temperature is 

almost double that of the normal microgel. Due to the hydrophilicity of the 

magnetic nanoparticles, more water molecules are attracted to the microgel, 

which leads to a substantial increase in the volume of the magnetic microgel. 

Such sensitivity is potentially useful for biomolecular imaging and targeted 

drug delivery and release. 
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Figure 6.1 Relative (a) and absolute (b) hydrodynamic radius vs. 
temperature. 
 
  

  
Figure 6.2 Magnetic microgel dispersion and its accumulation under a 
magnetic field. 
 
 

The action of an external magnetic field on the magnetic microgel is 

shown in Figure 6.2. The dispersion of magnetic microgel exhibits the 

characteristic red color of Fe3O4. However, under a magnetic field, all 

magnetic microgels accumulate in the right side of the tube, which results 

from the magnetic sensitivity of the microgel.  

Future experiments will be to improve the magnetic microgel in a stable 

solution (no self-accumulation) and develop a narrower size distribution of the 
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magnetic microgel so that targeted drug delivery and release can be 

investigated in animal experiments at the University of Texas at Arlington. 

6.2.2  PEG Microgel with Graphene Oxides 

Due to the hydrophobicity of graphene, preparation of a stable and 

highly concentrated graphene dispersion without the assistance of dispersing 

agents has generally been considered a challenge. [1] Graphene Oxide (GO) 

provides an reasonable solution to investigate graphene water dispersions. A 

super capacitor model based on a graphene and a PEG microgel is one 

possible application. [2] 

  

 
Figure 6.3 (a) Raman spectrum shows a graphene layer in a GO dispersion. 
(b) The surface image of the dispersion. The red color curve is on the thick 
region [red square in the image] while the blue on the thin region [dark yellow 
square]. 
 
 

Figure 6.3a shows the Raman spectrum GO dispersion contains 

graphene sheets. The sample size is quite large (0.1-- 10µm2) in Figure 6.3b, 

2d

dg
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so when the sample dries, overlaps and agglomerations occurs mainly 

because of surface tension. This results an uneven sample on the substrate, 

and the thick regions exhibits sharper peak of d and 2d, the characterized 

Raman spectrum of the graphene. [3] In the thin region, the 2d peak 

diminishes but is still present.  

 
Figure 6.4 (a) A GO TEM image. (b) A PEG microgel TEM image on a GO 
substrate.  
 
 

Figure 6.4 shows the TEM images of GO and PEG microgels on a GO 

substrate. The PEG microgels can be directly imaged under high energy 

electron beam by using a GO dispersion.  

Future experiments will be to improve the interaction between a GO 

and a PEG microgel in water solution and remove the oxide function groups 

from the GO using the reduction reactions.  
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