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Abstract 

In this thesis, thermoresponsive poly(N-acryloyl glycinamide-co-methacrylic acid) (P(NAGA-co-

MAA)) microgels were synthesized via surfactant stabilized free radical precipitation 

polymerization. Also, PNAGA microgel was synthesized as reference. The upper critical solution 

temperature (UCST) behavior of the microgels was tuned by changing the molar ratio of the 

monomers in the copolymer. The phase transition behavior of the formed microgel particles 

were characterized with NMR spectroscopy, microcalorimetry, turbidimetry and light scattering. 

It was observed that both PNAGA and P(NAGA-co-MAA) microgels display UCST type 

temperature response. However, in neutral pH, the phase transition of the copolymer gels was 

prevented due to the deprotonated acid groups of MAA. Hence, all the measurements were 

made in pH 3, below the pKa of MAA. The phase transition became sharper when the amount 

of MAA repeating units was increased in the copolymer. Also, the phase transition temperature 

of the copolymer gels increased when the amount of MAA was increased. In addition to phase 

transition behavior studies, the reactivity ratios of the monomers were studied during 

polymerization to analyze the structure of the forming copolymer gels. It was concluded that, 

as the both monomers had similar reactivity rates, statistical random copolymer gels are 

formed. 
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PNAGA Poly(N-acryloyl glycinamide) 
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Tm Melting temperature 
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TEMED N,N,N’,N’-tetramethylethylenediamine 

UCST Upper critical solution temperature 

VPTT Volume phase transition temperature 
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Introduction 

The aim of this thesis was to synthesize and characterize thermoresponsive poly(N-acryloyl 

glycinamide-co-methacrylic acid) (P(NAGA-co-MAA)) microgels. In the literature part the reader is 

introduced with concepts such as thermally responsive polymers, upper and lower critical solution 

temperature (UCST and LCST, respectively), N-acryloyl glycinamide (NAGA) and its polymer PNAGA, 

methacrylic acid (MAA), microgels and surfactant stabilized free radical precipitation 

polymerization. The aim of the literature part is to familiarize the reader to the topic 

“thermoresponsive microgels”, by starting with the basics of responsive polymers and moving to 

monomers that can be used in the synthesis. After that, the basics of microgels and surfactant 

stabilized precipitation polymerization, which is a commonly used method to synthesize 

thermoresponsive microgels, are introduced. In the end of the literature part, all the concepts are 

combined to explain the theory behind the synthesis of thermoresponsive P(NAGA-co-MAA) 

microgels. 

In the experimental part, the synthesis of NAGA monomer and the synthesis of both PNAGA and 

P(NAGA-co-MAA) microgels are presented. A variety of characterization methods, including NMR-

spectroscopy, microcalorimetry, dynamic light scattering and turbidimetry, were employed in the 

characterization. The results are compared and analyzed together to achieve a deeper 

understanding of the microgel systems. It is concluded that the UCST temperature can be tuned by 

incorporation of MAA. It is also noted that increasing the amount of MAA in the copolymer increases 

the UCST and sharpens the phase transition of the microgels. In the end of the experimental part, a 

short overview of interesting future studies is made.   
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I. LITERATURE PART 

 

1. Responsive polymers 

Smart or environmentally responsive polymers are materials which properties can be tuned by 

different external stimuli. These stimuli can be for example temperature1, mechanical stress2, pH3, 

magnetic field4 and light5. Typically just a small change in the environment causes a sharp change in 

the properties of the polymer.6 The response can either be reversible, which means that the 

response can be achieved repeatedly, or irreversible which means that the polymer can be activated 

only once.7 Responsive polymers are used in many applications such as catalysts8 or use in drug 

delivery9 and medical applications10. 

 

1.1. Thermally responsive polymers 

Properties of thermoresponsive polymers can be changed by adjusting the temperature. Especially 

water-soluble thermally responsive polymers have gained interest as water is an environmentally 

friendly solvent and solvent of living systems. Water-soluble polymers must have polar groups in 

their structure so that they can interact with water and form dipole-dipole and hydrogen bonds. 

Usually a small change in temperature causes a huge change in the solubility properties of the 

polymer.1 This can be used in smart applications including drug delivery and release applications11, 

switchable hydrophilic-hydrophobic surfaces12 and catalysts13. In this thesis only water-soluble 

polymers, which phase behavior is based on hydrogen bonding, are studied in detail. These are 

chosen as they are usually thermally responsive in aqueous solutions under physiological conditions. 

Also, the synthesis and tuning the phase transition temperature should be rather easy.1 If the phase 

behavior isn’t based on the hydrogen bonding it is usually based on ionic interactions. The ionic 

interactions are, however, sensitive to salt which makes them difficult under physiological 

conditions.14 Hence, the polymers based on hydrogen bonding are focused in this thesis.  

Two main categories are defined based on the behavior of polymer upon change in the temperature. 

Polymers which phase separate upon heating display lower critical solution temperature (LCST) and 

polymers which phase separate upon cooling display upper critical solution temperature (UCST) in 

their phase diagram.1 The simplified phase diagram of LCST and UCST polymers is presented in 

Figure 1a. In the Figure 1a, the phase diagram is sketched so that the temperature is plotted as a 



 
 

3 
 

function of solute concentration. The definition of LCST and UCST states that the polymer is miscible 

with the solvent in all concentrations below the LCST and above the UCST. Therefore, the LCST and 

UCST are the exact points in the phase diagram where the curves reach to their minimum or 

maximum, respectively. The other points on the curves are usually called transition temperatures, 

and for microgels volume phase transition temperatures (VPTT). These points are concentration 

dependent and express the boundaries of the phases in equilibrium.1 The Figure 1a only presents 

the ideal, symmetrical, phase diagram. In real cases nonsymmetrical, as for example in case of 

polystyrene in cyclohexane15, bimodal, as in case of polystyrene in acetaldehyde16, almost flat 

curves, as in case of poly(methyl methacrylate) in n-butanol17  or PNIPAM in water18, or closed phase 

separation loops called miscibility loops, as in case of polyethylene glycol in water19, can exist. A 

schematic presentation of different phase diagrams is presented in Figure 1b.  

 

 

 

Figure 1. a.) The ideal phase diagram of LCST and UCST polymers. LCST polymers phase separate 

upon heating and UCST polymers phase separate upon cooling. b.) Schematic presentation of some 

possible phase diagrams including asymmetrical, bimodal, flat and loop.  
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Polymers with lower critical solution temperature behavior have been studied widely. Between 

2010-2018, an average of 460 publications per year involved “LCST” (Scifinder, word search, 2010-

2018, 28.8.2019). On the other hand, polymers with upper critical solution temperature behavior 

have not been studied as extensively as LCST polymers. Between 2010-2018, an average of 82 

publications per year involved “UCST” (Scifinder, word search, 2010-2018, 28.8.2019). As seen from 

Figure 2, the amount of LCST containing publications has been rather stable during the 2010s but 

the amount of publications containing UCST has increased significantly. Indeed, UCST polymers are 

an interesting topic having still much to research.  

 

Figure 2. The number of publications containing topic “LCST” or “UCST” between the years 2010-

2018 (Scifinder, word search, 2010-2018, 28.8.2019). Note the difference in y-axis. The amount of 

LCST publications has been quite stable but the amount of UCST publications has increased 

significantly.     

 

 

1.1.1. Poly(N-isopropylacrylamide) 

Polymers which precipitate upon heating have lower critical solution temperature (LCST) behavior.1  

The most commonly studied LCST polymer is poly(N-isopropylacrylamide) (PNIPAM), Figure 3.20 

PNIPAM was first synthesized in 1956 by Sprecht et al.21 A bit over ten years later, in 1968, Henskin 

et al. published the paper focusing on the phase behavior of the PNIPAM. In this publication they 

found out that the LCST temperature of PNIPAM in aqueous solutions is around 31 °C.22 Nowadays 

the LCST temperature of PNIPAM is usually cited to be 32 °C.20 In the case of PNIPAM in aqueous 
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solution, the LCST behavior is based on hydrogen bonding between the amide group and water. The 

amide group is protected by hydrophobic isopropyl group. When the amide group forms hydrogen 

bond with water molecule a small displacement in the isopropyl group occurs allowing more water 

molecule bonding which eventually causes the water solubility of the polymer. Heating of the 

solution causes dehydration and collapses the chain to globule. The hydrogen bonding also causes 

the flat shape of the phase diagram as mentioned in section 1.1.18 Even the polymer is known for a 

quite a long time it is still studied extensively in these days. An average of 1052 publications per year 

have been dealing the topic “poly(N-isopropylacrylamide)” in the 2010s (scifinder, word search, 

2010-2018, 19.11.2019). This indicates the importance of thermoresponsive polymers and the 

interest towards the topic.      

 

 

 

 

 

 

 

Figure 3. Structure of poly(N-isopropylacrylamide) (PNIPAM), the most commonly studied LCST 

polymer. 

  

 

2. Upper critical solution temperature (UCST) 

Upper critical solution temperature (UCST) polymers precipitate upon cooling. Polymers having 

UCST behavior in water are known but many do not have the behavior in saline solution or 

physiological conditions.1 To be usable for applications, the phase transition should be stable and 

sharp and only slightly dependent on external stimulations, as for example concentration and pH. 

For these requirements, hydrogen bonding UCST (HB-UCST) polymers have been noted to be 

promising candidates.23 It has been also shown that if the UCST behavior is based on hydrogen 

bonding the VPTT is less sensitive to the presence of electrolytes or the changes in solution 

concentration.24 Hence, this thesis focuses on the HB-UCST polymers. In theory, to create a HB-UCST 
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polymer that has a UCST behavior which fulfills all the requirements mentioned above, a list of 

functions should be incorporated to the polymer. First, the hydrogen bonding should be strong, 

which could be achieved by incorporating strong hydrogen bond donors and acceptors.23 A primary 

amide group can act as a hydrogen bond donor and it seems to appear in all known UCST polymers. 

Hence, it is often thought to be the most relevant functionality to create reversible hydrogen 

bonding.24 Second, there should be no ionic groups in the polymer as they can prevent the UCST 

behavior. Third, the polymer should be stable in water solutions so that the phase transition would 

be sharp and reversible. And fourth, if copolymerization is used, the composition of the copolymers 

should be rather similar in all chains.23 A polymer consisting all these functions has been synthesized 

by Seuring et al. by copolymerizing acrylamide and acrylonitrile.24 The structure of acrylamide is 

presented in Figure 4. Acrylamide was used as it is a simple monomer having the primary amide 

group and acrylonitrile was used as a comonomer to modify the hydrophilicity of the polymer. It 

was found out that the copolymer indeed showed sharp UCST behavior and that the VPTT of the 

copolymer could be tuned by changing the copolymer composition.24 In this case the primary amide 

group acts as a hydrogen bond donor and the carbonyl group acts as a hydrogen bond acceptor. 

Other polymers having similar structures can also have UCST behavior. From these, the best 

example is one of the most studied UCST polymer called PNAGA.23 The monomer NAGA and the 

polymer PNAGA are introduced thoroughly in the following sections.   

 

 

 

 

  

 

 

Figure 4. Structure of acrylamide. The primary amide group, marked with red circle, acts as a 

hydrogen bond donor and the carbonyl group, marked as a blue circle, acts as a hydrogen bond 

acceptor.  
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2.1. N-acryloyl glycinamide and poly(N-acryloyl glycinamide) 

Synthesis of N-acryloyl glycinamide (NAGA) was first published in 1964.25 Hence, the monomer and 

its polymer (PNAGA) are known already for fifty-five years. PNAGA is a non-ionic polymer which has 

two amide groups which can act as hydrogen bond donors and two carbonyl groups which can act 

as hydrogen bond acceptors. The structures of the NAGA and the PNAGA are presented in Figure 

5.14 PNAGA has an upper critical solution temperature (UCST) behavior in water. The hydrogen 

bonds cause the UCST behavior of the PNAGA in an aqueous solution.14 When the phase transition 

happens and the polymer precipitates, the polymer-polymer hydrogen bonds form and polymer-

water hydrogen bonds break. Inversely when the polymer dissolves the polymer-polymer and 

water-water hydrogen bonds brake and polymer-water hydrogen bonds form.1 The phase transition 

of PNAGA happens in wide temperature range as the phase transition depends on many parameters 

such as ionic end groups, concentration and molar mass. Phase transition values from 0 °C to 30 °C 

are reported at different conditions.26 For example a phase transition temperature of a 1.0 w% 

solution of carefully purified PNAGA is reported to be 22-23 °C.14 Even a small amount of ionic groups 

can prevent the UCST behavior of PNAGA and hence the preparation, and especially the purification 

of the monomer, should be done carefully.14 The purity of the monomer can be verified by 

determination of melting point. The melting point can be determined by using differential scanning 

calorimetry. The previously reported melting points for the NAGA monomer are 129 °C25, 136-136.5 

°C27, 137-139 °C26 and 143 °C14 depending on the amount of impurities.  

 

 
 

Figure 5. The structures of NAGA and PNAGA. The two amide groups can act as hydrogen bond 

donors and the two carbonyl groups can act as hydrogen bond acceptors.14  
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2.1.1. Synthesis of N-acryloyl glycinamide monomer 

The synthesis of NAGA, according to Haas et al., is presented in Figure 6.25 The mechanism they 

proposed for the synthesis is later modified to minimize the formation of potassium acrylate as a 

side product. If potassium acrylate is present during polymerization, acrylic acid will be incorporated 

to the polymer. The carboxyl groups in the polymer backbone suppress or even prevent the UCST 

behavior. In the modified synthesis the amount of acryloyl chloride is reduced as it was used in 

excess in the original synthesis. Also, in the original synthesis the potassium carbonate solution was 

added to the mixture of glycinamide hydrochloride and acryloyl chloride, which causes the acryloyl 

chloride to hydrolyze to potassium acrylate. In the modified synthesis the acryloyl chloride is slowly 

added to the glycinamide solution to minimize the formation of potassium acrylate. The purification 

of the product is highly important to achieve both potassium salt and acrylate free monomer.14 

 

 

 

Figure 6. Synthesis of N-acryloyl glycinamide according to Haas et al.25   

 

 

2.2. Modification of the UCST 

So, the reported phase transition temperatures of PNAGA vary from 0 °C to 30 °C depending on the 

amount of impurities and the properties of the polymer including for example the molar mass.26 As 

for example the normal temperature of the human body is usually thought to be around 37 °C, the 

listed phase transition temperatures of PNAGA are rather low for biological applications. Hence, the 

modification of the UCST of the PNAGA has been studied. As the phase transition behavior of the 

PNAGA is based on hydrogen bonding, strengthening the hydrogen bonding could be used to 

increase the UCST. It is noted, that copolymerization with proper comonomer, that bears a 
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hydrogen bond donor or acceptor in its structure, can be used to increase the UCST.28 According to 

reported results, copolymerization of NAGA with acrylonitrile29 or methacrylic acid28 increases the 

UCST up to 40 °C. In case of acrylonitrile copolymerization it was noted that acrylonitrile sharpened 

and increased the UCST of the copolymer compared to PNAGA polymer. Also, the hysteresis 

between heating and cooling decreased and the copolymer was found out to be more resistant to 

changes in solution and electrolyte concentrations.29 However, due to the toxicity of the 

acrylonitrile, other comonomers have also been studied. Wenhui et al. synthesized P(NAGA-co-

MAA) copolymer by reversible addition-fragmentation chain transfer (RAFT) polymerization of 

methacrylic acid (MAA) and NAGA. The molar fraction of MAA was from 1 % to 59% and the 

copolymers were studied in aqueous solutions at pH 4 and at pH 1. They concluded that MAA 

increased the UCST of the copolymer compared to homopolymer. The UCST increased from 10 °C 

up to 65 °C when the amount of MAA increased from 1 % to 59 % when measurements were made 

in pH 1. When the similar measurements were made in pH 4 the UCST increased from 4 °C to 38 

°C.28 As MAA seems a good candidate to increase the UCST of linear PNAGA, it was used in this thesis 

for preparation of microgels. 

 

2.2.1. Methacrylic acid 

Methacrylic acid (MAA) is an anionic monomer due to a carboxylic acid group in the structure and 

therefore poly(methacrylic acid) (PMAA) is an anionic polyelectrolyte.30 PMAA is weakly acidic with 

the pKa value of approximately 4.7.31 Hence, the polymer is mainly in the anionic form in a neutral 

pH. The structures of both MAA and PMAA are presented in Figure 7. Due to the methyl group in 

the polymer backbone the PMAA is more hydrophobic than for example poly(acrylic acid) (PAA) and 

it forms complexes with the polymers that have hydrogen bond acceptors in their structure.30 

Hence, MAA can be used as a comonomer in copolymer synthesis to modify the hydrophilicity of an 

UCST polymer.28 When the pH of the polymer solution is lowered below the pKa value, PMAA is 

rather hydrophobic as the acid groups are protonated and there are no charges present. Conversely, 

when the pH is above the pKa value, the acid groups are deprotonated, and the hydrophilicity of the 

polymer is increased. Also, the anionic groups create repulsive forces which increase the swelling of 

the polymer.32 Thus, by changing the pH, the hydrophilicity and therefore the UCST of the copolymer 

can be tuned. 
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Figure 7. Structures of methacrylic acid and poly(methacrylic acid). The carboxylic acid group makes 

the compounds anionic in neutral pH.28  

 

 

3. Microgels 

Microgels in aqueous solutions are usually spherical particles with a diameter from 20 nm to 50 µm. 

The particles are constructed by crosslinked polymer chains and the polymer network is swollen by 

solvent.9 However, the definition of microgel is not universal and for example the definition of the 

size of the microgel varies in literature.9,33,34 Still, some characteristic properties can be listed. First, 

microgel particles have particle size distribution. Second, the particles form stable dispersion in 

aqueous solution as they are stabilized by the hydrogen bonding with water. Third, microgels have 

an average crosslinking density, which depends on the used amount of crosslinking agent. And 

fourth, microgels degree of swelling depends on the interactions between polymer-polymer and 

polymer-water and the conditions of the surrounding medium, including for example pH and 

temperature. By concluding all these properties, microgels in aqueous solutions can be thought to 

be spherical solvent swollen polymer networks in a microscopic scale that changes their properties, 

including size and density, when the surrounding conditions are changed.33 So, in a way, microgels 

combine properties which are usually known as properties of aqueous polymers, aqueous 

macrogels and hydrophobic latex-particles, as the properties of the microgel depend on polymer-

polymer and polymer-water interactions as in case of aqueous polymers, and, they are defined by 

the degree of swelling and crosslinking density as in case of macrogels. As the microgels have the 

particle size distribution in colloidal domain they can be studied by light scattering methods and 

rheology.34 As the microgels combine properties of so many different systems, they are indeed very 

interesting subject to research.  

One important class of microgels are thermally responsive microgels. They are interesting as they 

combine the versatile properties of both thermoresponsive polymers and microgels. Usually, if a 
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linear polymer is thermally responsive it can be crosslinked to achieve thermoresponsive microgel.34 

Different ways to crosslink a polymer are introduced next.   

 

3.1. Crosslinking 

A first study about the gelation of polymers was done by Carothers already in the 1931. In his work, 

he did polycondensation reactions with multifunctional monomers and resulted three-dimensional 

networks.35 Since that, many methods have been developed to create polymer gels including not 

only reactions with different multifunctional crosslinkers but also many novel methods including 

both chemical and physical crosslinking.36 The chemically crosslinked gels are usually more stable 

than physically crosslinked due to the stability created by covalent bonds.32 Overall, chemical 

crosslinking, done in radical polymerization by crosslinking agent, is a commonly used method to 

synthesize microgels.36 Hence, this method is discussed in more detail. 

 

3.1.1. Chemical crosslinking in radical polymerization 

One method to synthesize chemically crosslinked microgels is radical polymerization in the presence 

of crosslinker.36 Often used crosslinking agent is N,N,-methylenebis(acrylamide) (BIS), Figure 8.33  

 

 

 

 

 

 

Figure 8. The structure of N,N,-methylenebis(acrylamide) (BIS).8     
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During radical polymerization, the carbon-carbon double bonds from the BIS react in the same way 

as the double bond from the monomer, resulting in crosslinked structure between the polymer 

chains. However, according to the studies by Wu et al. done already in the 1994, BIS crosslinker 

reacts faster than the commonly used LCST polymer PNIPAM.37 This causes an uneven density of the 

formed microgel particles in the swollen state, where the core is denser due to higher amount of 

crosslinker and the density decreases when the distance from the core increases.38 Hence, the 

microgel particles usually show fuzzy structure in the swollen state as the highest polymer density 

is located in the core. The overall density of the particles in tuned by changing the amount of 

crosslinking agent in the synthesis. A schematic presentation of fuzzy microgel particle in the swollen 

state is presented in Figure 9.39  

 

 

 

 

Figure 9. A schematic presentation of microgel particle in a.) collapsed state and b.) swollen state. 

The particle is in collapsed state below the VPTT of UCST behaving polymer and in swollen state 

above the VPTT. As the crosslinking agent, BIS, reacts faster than the monomer, the particle density 

decreases when the distance from the core increases. This causes a fuzzy structure in the swollen 

state.39  

 

 

If persulfate initiation system is used, crosslinks can be formed even in the absence of crosslinking 

agent.40 This is called peroxide crosslinking and it is caused by chain transfer reactions which can 

happen during the polymerization.41 Both peroxide crosslinking and BIS crosslinking can happen at 

the same time.42 When a radical is transferred to a polymer chain, it creates a radical site that can 
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react with the monomers in the solution. A network structure can be formed if a coupling 

termination between formed side chain and another chain occurs. The formation of self-crosslinks 

is presented in Figure 10a. However, if redox initiation system is used, instead of peroxide initiation, 

no peroxide crosslinking occurs. One well known redox system is ammonium persulfate (APS) and 

N,N,N’,N’-tetramethylethylenediamine (TEMED).42 In redox system, TEMED acts as a transfer 

reagent and diminishes peroxide crosslinking as chain transfer with TEMED is preferable.43 The chain 

transfer with TEMED is presented in Figure 10b. So, different network structures are formed 

depending on the initiation system.  

  

 

Figure 10. Schematic presentation of the self-crosslinking and how TEMED prevents it. a.) Step 1: 

chain transfer reactions, where radical sites are created. Step 2: Chains grow to radical sites due to 

addition of monomers. If termination happens by coupling, network is created. b) Chain transfer 

reactions with TEMED prevents the chain transfer between polymers and no network is formed.  
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4. Free radical precipitation polymerization 

Free radical precipitation polymerization is a widely used method to synthesize water dispersible 

thermoresponsive microgels. In this method, microgels are formed by vinyl addition 

copolymerization reaction of monomers and crosslinking agents. The reaction is initiated by a 

system that creates free radicals. The reaction takes place in heterogeneous phase as all the 

ingredients are soluble in water at the beginning of the reaction, but as the reaction proceeds the 

polymers precipitate due to the thermoresponsive behavior. The precipitation is achieved when the 

polymerization temperature of the UCST polymer is kept below the UCST. This causes the polymer 

precipitation due to strong hydrogen bonding between polymers.32 In precipitation polymerization, 

many properties of the microgel particles can be controlled. These are for example the size and the 

size distribution, the surface properties and the architecture of the particles.33 For PNIPAM it has 

been shown that the size of the microgel particles can be tuned from tens of nanometers to few 

micrometers by addition of surfactant.44 Also, particles with narrow size distributions can be 

created. The architecture of the particles can be tuned by for example copolymerization or 

incorporation of nanoparticles. Another advantage is that different polymerization processes can 

be used, including for example batch, semi-batch and continuous feeding. This allows the tuning of 

the reaction and hence more precise formation of particles.33 It is known that all conditions, 

including temperature, choice of initiator, concentration of the different ingredients and rate of 

stirring, affect to both to the volume and aggregation of the created particles.40  

 

4.1. Initiation 

In the beginning of the precipitation polymerization all ingredients are soluble in water. Many water-

soluble initiators can be used including peroxide and azo-based initiators.33 In many cases the redox 

initiation is used. One redox initiating system is ammonium persulfate (APS) and N,N,N’,N’-

tetramethylethylenediamine (TEMED), which is commonly used in low temperature 

polymerizations.45 When TEMED and APS are mixed together the tertiary amine group from TEMED 

reacts with APS and creates radicals which then initiate the polymerization reaction. The reaction 

between APS and TEMED is presented in Figure 11. At high temperatures or long reaction times the 

peroxydisulfate can also dissociate itself into free radicals and thus initiate the reaction.46  
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Figure 11. APS and TEMED redox initiation system mechanism. Tertiary amine group from TEMED 

catalyzes the reaction in low temperatures.46     

 

 

4.2. Propagation 

In free radical precipitation polymerization for thermally responsive polymers the formation of 

particles starts with the formation of precursor particles. When the reaction proceeds and the chain 

length increases to critical length, the chain collapses and forms the precursor particle. This is due 

to the precipitation as the polymerization is done below the phase transition temperature of the 

UCST polymer. The formed precursor particles can grow in different ways. Addition of monomers 

grows the particle, but the particles can also aggregate and form larger polymer particles. In addition 

to aggregation by themselves, the precursor particles can also attach to the surfaces of polymer 

particles that are already existing in the solution. After the microgel particles have reached to the 

critical size, the electrostatic forces stabilize them to colloidal stable particles. The electrostatic 

forces are based on the sulfate groups from the persulfate initiator or surfactant. The sulfate groups 

are associated in the polymer while the microgel particles form and grow.33,34 If microgel particles 

with small size are wanted, more efficient stabilization is needed. This can be achieved by addition 

of ionic surfactant which stabilizes the formed precursor particles and hence smaller particles are 

formed. Inversely, decreasing the amount of added surfactant leads to the formation of bigger 
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particles as the precursor particles are not stabilized well.47 The effect of surfactant is discussed 

more detailed in the next section. The stabilized particles have a large amount of water in their 

structure even in the collapsed form. Microgel particles are collapsed below the VPTT. When 

temperature is increased over the VPTT of the UCST behaving polymer, the polymer network swells. 

In the swollen state the particles are stabilized by hydrogen bonds between water and the polymer. 

The precipitation mechanism is presented in Figure 12.33,34   

 

 

 

Figure 12. Mechanism for precipitation polymerization. a.) Monomers (grey dots) and initiator (black 

dots) are freely in the solution b.) Chains grow c.) Precursor particle is formed when the chain reaches 

the critical length d.) Precursor particles can grow in different ways, as for example by addition of 

monomers, aggregation with other precursor particles or aggregation with already existing polymer 

particle e.) Formed microgel particles adopt swollen morphology above the VPTT of the UCST 

behaving polymers.33,34  
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4.3. Surfactant stabilized microgels 

During the precipitation polymerization the electrostatic forces, created by the ionic initiators, 

stabilize the precursor particles. However, the stabilization efficiency of the ionic initiator residuals 

is not strong. Hence, microgel particles, created by surfactant free method, are usually large and 

show wide variation of particle sizes. In surfactant stabilization, surfactant is added to the solution. 

One widely used surfactant is sodium dodecyl sulfate (SDS). The surfactant stabilizes the formed 

precursor particles and prevents them from aggregating, which leads to the formation of smaller 

particles with narrower size distribution.33 More precise formation of particles is needed when 

particles are created for some specific application. For example, it has been noted that 

nanoparticles, which have a size smaller than 100 nm, are more potential candidates for drug 

delivery systems than bigger ones due to the extendable circulation time.48 Hence, controlling the 

particle size is an important thing to be considered.   

Pelton et al. studied the effect of surfactant stabilization already in 1993.44 In their work, they 

synthesized PNIPAM microgels with the presence of SDS. They noted that the size of the microgels 

at 25 °C decreased by a factor of 10 when SDS was used in the synthesis. They showed that already 

low concentration of SDS stabilizes particles effectively, as they used SDS with the concentration 

range from 0.2 mmol to 4 mmol. They also noticed that above the concentration of 2 mmol of SDS, 

the hydrodynamic diameter of the particles stays constant.44 Since that, many have been studied 

the stabilization effect of surfactants. For example, Arleth et al. synthesized PNIPAM nanogels with 

high concentration of SDS. They used 5.3 mmol of SDS in their synthesis and got homogeneous 

nanogel particles with the radius less than 50 nm at 25 °C.49 Also Andersson et al. have studied the 

stabilization effect of SDS to the PNIPAM microgels. They used SDS with the concentration range of 

0.4-6.7 mmol. They concluded, similarly as Arleth et al., that when the concentration of SDS is 

increased the hydrodynamic size of the microgel particles decreases and the homogeneity of the 

particles increases. They also concluded that high concentration of SDS affects to the structure of 

the microgel as the surfactant prevents the PNIPAM to aggregate tightly. If PNIPAM would be able 

to pack during the precipitation, it could eventually lead to formation of solid, crosslinked, PNIPAM 

particles. But as the large amount of SDS prevents the packing, it changes the system to resemble 

more of a good solvent conditions and hence, prevents the solid PNIPAM particle formation. This 

leads to the decrease in turbidity in good solvent conditions when the amount of SDS is increased.50 

The stabilization can be also achieved by addition of other surfactants, including for example cetyl 
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trimethyl ammonium bromide (CTAB)51, or by changing the ionic strength of the reaction solution52. 

Also, for example copolymerization with monomers bearing ionic groups can be used to stabilize 

the particles.53 As the stabilization is based on addition of ionic charges, changing the charge density 

of the particles in any way should affect to the final size of the particles.40        

 

5. Synthesis of USCT type microgels 

PNAGA is a thermoresponsive UCST type polymer. According to literature, also NAGA microgels can 

be synthesized. Yang et al. synthesized PNAGA microgels via precipitation polymerization. They used 

BIS as a crosslinker, SDS as a surfactant and APS and TEMED initiation system and did the 

polymerization in 0 °C, which is below the UCST of PNAGA, to achieve the precipitation. They got 

thermoresponsive aqueous microgels and successfully showed that silver nanoparticles can be 

loaded inside the microgel particles and released by changing the temperature. Hence, PNAGA 

microgels can be used as catalysts.8 Sun et al. synthesized thermoresponsive linear P(NAGA-co-

MAA). They copolymerized NAGA and MAA via RAFT polymerization and noted that by increasing 

the amount of MAA in the copolymer the UCST of the copolymer can be increased.28 As the PNAGA 

microgels can be used in catalysis and MAA have been noted to increase the UCST of the linear 

PNAGA, it would be interesting to combine these properties by synthesizing and characterizing the 

copolymer microgels. Overall, as thermoresponsive microgels can be used in many applications, as 

biosensors54, emulsion stabilizers55, drug delivery9 and nanocatalysis8, they are an interesting and 

important topic to be studied.   
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II. EXPERIMENTAL PART 

 

6. Introduction 

The aim of this research was to synthesize poly(N-acryloyl glycinamide) (PNAGA) UCST 

micro/nanogels with tunable phase transition temperature. The phase transition temperature was 

tuned by using methacrylic acid (MAA) as a comonomer in the polymerization. P(NAGA-co-MAA) 

microgels were prepared by surfactant stabilized free radical precipitation polymerization. The 

polymerization was initiated by APS and TEMED redox system in the presence of surfactant (SDS) 

and crosslinker (BIS) to achieve stabilized particles and crosslinked structure. The APS+TEMED redox 

system was used as TEMED initiates the reaction in low temperatures, prevents the self-crosslinking 

and stabilizes the particle volume when temperature is changed.40 The polymerization temperature 

was kept below the VPTT of the PNAGA to achieve the precipitation. The main mechanism of the 

formation of P(NAGA-co-MAA) microgels is presented in Figure 13. As seen already in the Figure 11, 

APS decomposes and forms radicals. These sulfate radicals react with water-soluble monomers 

which leads to radical propagation and chain growth. Reaction with two functional crosslinking 

agent causes the crosslinked structure.33  

 

 

Figure 13. The formation of P(NAGA-co-MAA) microgels. The sulfate radical from APS reacts with the 

double bonds from monomers and crosslinking agent creating a crosslinked structure during the 

precipitation polymerization which is done below the VPTT of the UCST type polymer.   

 

 

In case of P(NAGA-co-MAA) polymer the modification of the UCST is done by strengthening the 

hydrogen bonding.28 As the MAA is a hydrophilic monomer, the amount of MAA could be limited so 
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that an effective precipitation is achieved during the copolymerization. This is because the 

precipitation of the copolymer during the polymerization depends on the hydrophilicity of the 

formed copolymer. If the forming precursor particle is too hydrophilic, it will not undergo effective 

precipitation which can lead to the formation of uneven dispersion or even no particle formation.47 

So, synthetization of P(NAGA-co-MAA) microgels poses many interesting aspects and questions to 

be studied.  

First N-acryloyl glycinamide (NAGA) monomer was synthesized and then the PNAGA microgel was 

prepared. The PNAGA microgel was used as a reference for the copolymer gels. The copolymer gels 

P(NAGA-co-MAA) were made with different monomer ratios. The amount of MAA in the monomer 

feed was tuned to be 10 %, 30 %, 50 % and 70 %. In this thesis, following naming is used: “10 % 

product” refers to the copolymer sample with the molar ratio of 10 % of MAA, “30% product” to the 

copolymer with 30% of MAA etc.  

Many methods were used to analyze the products. DSC measurement was used to define the purity 

of the synthesized NAGA monomer. NMR measurements were made to determine the conversions. 

Also, the purity of the microgels were determined via NMR measurements. NMR measurements 

with multiple temperatures were used to follow the phase transition behavior of the microgels as a 

function of temperature. The multiple temperature NMR measurements were also made at pH 3 to 

study how the pH affects to the phase transition behavior. The results were compared with 

calorimetric data. Reaction kinetics were followed with NMR measurements to predict if random 

copolymers are formed. Light scattering measurements were made to determine the size of the 

prepared microgel particles and to follow the size as a function of temperature. Turbidity 

measurements were made to determine the temperature where the visual change happens.  

 

7. Materials 

Glycinamide hydrochloride (Bachem), potassium carbonate (Fischer Scientific), acryloyl chloride 

(Sigma Aldrich), anhydrous diethyl ether (J.T. Baker), acetone and methanol (both from Sigma 

Aldrich) were all used as received to prepare N-acryloyl glycinamide (NAGA) monomer according to 

the procedure described in the literature.26 N,N,N’,N’-tetramethylethylenediamine (TEMED) and 

sodium dodecyl sulfate (SDS) (both from Sigma) were used as received. Recrystallized ammonium 

persulfate (APS) and N,N’-methylenebis(acrylamide) (BIS) and distilled methacrylic acid (MAA) were 
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used in the polymerization. Deionized water was used in the syntheses and in purifications of the 

products. A dialysis membrane with a molecular weight cutoff of 12-14 kD was used for the 

purification.  

 

8. Syntheses 

8.1. Synthesis of N-acryloyl glycinamide 

The monomer N-acryloyl glycinamide (NAGA) was synthesized according to the literature.26 First 

glycinamide hydrochloride (3 g, 27.14 mmol) and potassium carbonate, K2CO3, (7.5 g, 54.26 mmol) 

were dissolved together in 50 ml of deionized water in a 250 ml three-necked round bottomed flask. 

The solution was cooled down in an ice bath. Acryloyl chloride (2 ml, 24.73 mmol) was diluted with 

100 ml of an anhydrous diethyl ether and added dropwise to the cooled solution within 30 minutes 

under vigorous stirring. After the addition, the ice bath was removed, and the stirring was continued 

at room temperature for two hours. After two hours the ether phase was separated from the water 

phase and the remaining water solution was freeze dried. The synthesis of crude NAGA was 

repeated ten times. All the crude products were added to a 1000 ml beaker with 900 ml of acetone 

and stirred at 40 °C for eight minutes. The mixture was filtered to separate the non-soluble 

potassium salts. The extraction with acetone was repeated six times. Most of the acetone was 

removed by rotary evaporator at 40 °C. The precipitated crude NAGA was filtered and then dissolved 

to 1750 ml of acetone in 2000 ml beaker at 55 °C. The dissolved solution was filtered and placed 

into a freezer (-30 °C) overnight. The crystallized product was filtered and dissolved to 170 ml of 

methanol:acetone (1:2) mixture at 55 °C. The product was recrystallized in freezer and filtered. The 

recrystallization was repeated to increase the purity: the product was added to the 400 ml beaker 

and 140 ml of methanol:acetone (1:2) mixture was added at 55 °C to obtain a full dissolution. The 

solution was then placed at -30°C and the formed crystals were filtered and dried under vacuum 

overnight to achieve the pure NAGA monomer.  
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8.2. Synthesis of poly(N-acryloyl glycinamide) microgel 

The synthesis of poly(N-acryloyl glycinamide) (PNAGA) microgel adopted from the literature8 was 

used for all the microgels prepared in this project. The amount of BIS was 3% of the amount of 

monomer.  

First NAGA (449.09 mg, 3.50 mmol), BIS (16.27 mg, 0.11 mmol) and SDS (57.61 mg, 0.20 mmol) were 

added to a 100 ml round bottomed flask with magnetic stirrer bar and the flask was purged with 

nitrogen for 40 minutes. 50 ml of deionized water was added to another flask and purged also with 

nitrogen. After 40 minutes, the purged water was transformed to the 100 ml round bottomed flask 

and the flask was placed in an ice bath. The purging was continued for another 40 minutes. An NMR 

sample was taken after a full dissolution of the solid materials. The reaction was initiated by addition 

of APS (11.41 mg, 0.05 mmol) and TEMED (11.62 mg, 0.1 mmol) to the cooled solution. The reaction 

was allowed to proceed at 8 °C under 500 rpm stirring overnight. After 23 hours the reaction was 

stopped by opening the flask and exposing the solution to air. The solution was purified by dialyzing 

against deionized water. Approximately half of the purified product was isolated from the water by 

freeze-drying to calculate the yield and to achieve some dry product for future analyses. The yield 

of the product was 386 mg (83 %).    

 

8.3. Synthesis of poly(methacrylic acid-co-N-acryloyl glycinamide) microgels 

The same synthesis method was used in the syntheses of poly(methacrylic acid-co-N-acryloyl 

glycinamide) (P(MAA-co-NAGA)) microgels which was used in the synthesis of PNAGA microgel. The 

reaction conditions were tuned slightly as the temperature and the amounts of initiators were 

increased. Methacrylic acid has a melting point of 15 °C and it is soluble in water above the 

temperature of 16 °C. Hence the reaction temperatures of the syntheses were increased above the 

melting point but kept below the assumed VPTT’s of the polymers adopted from the literature28. 

The reaction temperature was 16 °C for 10 %, 30 % and 70 % products and 25 °C for 50 % product. 

The amounts of initiators were increased to achieve an effective polymerization. All other reactions 

were allowed to proceed overnight but the 70 % gel, which required two nights to achieve high 

enough conversion. The volume of each copolymer reaction solution was 25 ml.  

Unlike in case of PNAGA gel, where a dialysis was effective enough to purify the product, the P(MAA-

co-NAGA) copolymer gels needed more purification. The NMR spectra of dialyzed copolymer gels 
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showed some water insoluble impurities and hence all the copolymer products were purified more 

by washing with methanol. The washing was performed by dispersing the dry product to methanol 

and stirred overnight. The mixture was sonicated for ten minutes before collecting the product by 

centrifuging and removing the methanol layer. Washing procedure was repeated three times to 

achieve a pure product. The pure product was dispersed in deionized water and collected by freeze 

drying. Amounts of starting materials and yields for the copolymer gels are presented in Table 1. 

 

 

 

 

 

 

 

 

 

Table 1. Starting materials and yields of copolymers P(MAA-co-NAGA). The volume of each reaction 

solution was 25 ml.  

 

 

 

 NAGA MAA SDS BIS APS TEMED 

P(MAA-co-NAGA) 
10% 

202.34 
mg, 1.58 

mmol 

15.59 mg, 
0.18 mmol 

28.98 mg, 
0.10 mmol 

8.11 mg, 
0.05 mmol 

34.41 mg, 
0.15 mmol 

33.75 mg, 
0.29 mmol 

P(MAA-co-NAGA) 
30% 

156.84 
mg, 1.22 

mmol 

44.29 mg, 
0.51 mmol 

28.98 mg, 
0.10 mmol 

8.11 mg, 
0.05 mmol 

34.41 mg, 
0.15 mmol 

33.75 mg, 
0.29 mmol 

P(MAA-co-NAGA) 
50% 

112.26 
mg, 0.88 

mmol 

75.74 mg, 
0.88 mmol 

28.86 mg, 
0.10 mmol 

8.09 mg, 
0.05 mmol 

35.86 mg, 
0.16 mmol 

34.90 mg, 
0.30 mmol 

P(MAA-co-NAGA) 
70% 

67.59 mg, 
0.53 mmol 

103.77 
mg, 1.21 

mmol 

28.72 mg, 
0.10 mmol 

8.21 mg, 
0.05 mmol 

33.90 mg, 
0.15 mmol 

34.49 mg, 
0.30 mmol 

Yield After dialysis After methanol washes 
(pure product) 

P(MAA-co-NAGA) 
10% 

203 mg (90%) 167 mg (74%) 

P(MAA-co-NAGA) 
30% 

194 mg (93%) 144 mg (69%) 

P(MAA-co-NAGA) 
50% 

170 mg (87%) 164 mg (84%) 

P(MAA-co-NAGA) 
70% 

175 mg (97 %) 117 mg (65 %) 
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8.4. Reaction kinetics 

Reaction kinetics were followed by 1H NMR measurements to determine the reactivity of the two 

monomers. The reactions were made in an NMR tube in D2O and the spectra were recorded in every 

20 minutes for the first reaction and in every ten minutes for the second reaction as it was noticed 

that the reaction proceeds quite quickly.   

To follow the kinetics of P(MAA-co-NAGA) with 30 % of MAA, the following procedure was used. 

First NAGA (6.28 mg, 0.049 mmol), MAA (1.81 mg, 0.021 mmol), BIS (0.32 mg, 2.08 µmol) and SDS 

(1.15 mg, 3.99 µmol) were added to 5 ml vial and dissolved in 0.75 ml of D2O. The solution was 

purged with nitrogen for fifteen minutes. An empty NMR tube, closed with a septum, was also 

purged. After purging, the solution was transferred from the vial to the tube. The reaction was 

initiated by addition of nitrogen purged APS (1.37 mg, 6.00 µmol) and TEMED (1.39 mg, 11.96 µmol) 

solutions so that the final volume of the reaction solution was 1 ml. The reaction was allowed to 

proceed overnight at 16 °C during which the reaction was followed by NMR measurements. The 

same procedure was used for 50 % product. The amounts are presented in Table 2.  

 

   

 

Table 2. Starting materials for the kinetics reaction of P(MAA-co-NAGA) with 50 % of MAA. The 

volume of the reaction solution was 1 ml.   

 

 

9. Characterization 

9.1. Differential scanning calorimetry (DSC) 

DSC measurements were performed using TA Instrument DSC Q2000, using Tzero aluminum pans. 

Nitrogen flow was 50 ml/min and the heating range was from 20 °C to 170 °C with heating rate of 

 NAGA MAA SDS BIS APS TEMED 

P(MAA-co-NAGA) 
50% 

4.48 mg, 
0.035 
mmol 

3.01 mg, 
0.035 
mmol 

1.15 mg, 
3.99 µmol 

0.32 mg, 
2.08 µmol 

1.37 mg, 
6.00 µmol 

1.39 mg, 
11.96 
µmol 
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10 °C/min. Sample size was around 2 mg. The results were plotted and analyzed by using OriginPro 

software. 

 

9.2. Visual observation 

Visual observations were made with a 1 w% (10 mg/ml) polymer dispersions in D2O. Dispersions 

were first observed at room temperature and then cooled to 4 °C to determine the phase transition 

behavior. After that, the pH of the copolymer dispersions was lowered to 3 by addition of HCl at 

room temperature and observations were made again at 23 °C and at 4 °C. The samples at pH 3 

were also observed in 40 °C. The pH of the dispersions was determined by VWR pHenomenal IS 

2100L pH-meter. The meter was calibrated with three standards prior to use. 

 

9.3. Nuclear magnetic resonance spectroscopy (NMR) 

1H NMR measurements in varied temperatures were made by using 500 MHz Bruker Avance III 

spectrometer. Concentrations of the samples were 10 mg/ml and the used solvent was deuterium 

oxide (D2O). Conversion samples were prepared by mixing 0.1 ml of reaction solution and 0.5 ml of 

D2O. In multi temperature measurements the temperature was increased from 5 °C to 60 °C and 

the spectra were measured in every 5 °C. Stabilization time before measurement was 600 s. In other 

measurements the used temperature was 23 °C, if not mentioned otherwise. TopSpin software was 

used to process the data and the spectra were plotted using OriginPro software.  

 

9.4. Microcalorimetry 

Microcalorimetry measurements were made by using Malvern Microcal PEAQ-DSC. Before 

measurements the samples were degassed by ThermoVac Sample Degassing and Thermostat 

instrument from MicroCal. 1 w% dispersions in D2O were used with the sample size of 250 µl. The 

temperature range was from 5 °C to 60 °C and the rate was 1 °C/min in both heating and cooling. 

D2O was used as a baseline. The data were exported by using MicroCal PEAQ-DSC software and 

analyzed by using OriginPro software.  
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9.5. Dynamic light scattering (DLS) 

DLS measurements were performed using Brookhaven Instrument BI-200SM goniometer, BIC-

TurboCorr digital pseudo-cross-correlator and a BI-CrossCorr detector. The used light source was 

Sapphire 488-100 CDRH from Coherent GmbH. The laser was operated at 488 nm (blue light) 30 mW 

power. A pinhole of 400 µm was used and measurements were made at 90° angle. Measurements 

were made in three temperatures: 15 °C, 25 °C and 40 °C using LAUDA RC 6 CP thermostat to control 

the temperature. 1 mg/ml dispersions in deionized water at pH=3 were used. Scattering data was 

collected for three minutes.  

A Malvern Zetasizer Nano ZS instrument was used for variable temperature DLS. 1 mg/ml 

dispersions in deionized water at pH=3 were used. The temperature range was from 5 °C to 70 °C. 

The data was exported by using Zetasizer software and processed with OriginPro software.   

 

9.6. Turbidimetry 

Transmittance of the dispersions was studied by using Jasco V-750 UV-Visible spectrophotometer 

with Jasco CTU-100 circulating thermostat unit. The data was collected with Spectra Manager 

software and exported with Spectra Analysis software. The analysis of the spectra was made with 

OriginPro software. The concentration of the samples were 10 mg/ml and the solvent was D2O. The 

temperature range was from 5 °C to 60 °C and the rate was 1 °C/min in both heating and cooling.  

 

10. Results and discussion 

10.1. DSC measurements 

10.1.1. Purity of N-acryloyl glycinamide 

The purity of the synthesized NAGA was determined by DSC measurement. The result of the DSC 

measurement is presented in the Figure 14, where the black line presents the heat flow of the twice 

recrystallized NAGA. The Tm was detected to be 137.8 °C for the pure product. Earlier reported 

values for the melting point of NAGA are 129 °C25, 136-136.5 °C27  and 137-139 °C26 but also melting 

points up to 143 °C14 and 145 °C11 are reported. As the melting temperature of the synthesized NAGA 

was close to 138 °C the monomer was concluded to be pure.  
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Figure 14. The heat flow curve as a function of temperature for twice recrystallized NAGA. An 

exothermic heat flow after melting is caused by the polymerization of the monomer. 

 

 

10.2. Visual observation of the prepared microgels 

1 w% PNAGA dispersion in D2O was observed at room temperature and after cooling to 4 °C. The 

dispersion was slightly turbid already in 23 °C but turned more turbid upon cooling, Figure 15. The 

pH of the PNAGA dispersion was lowered to 3 and same observations were made. The pH values 

are presented in Table 3. No clear difference was observed at room temperature after the addition 

of HCl but a huge difference was observed when the dispersion was cooled to 4 °C. The dispersion 

where the pH is 3 turned much more turbid than the original dispersion. This can be explained by 

the acrylate impurities in the NAGA monomer. When the NAGA monomer is prepared a small 

amount of acrylate impurities easily stay in the product. When the slightly impure monomer is 

polymerized the acrylic acid units can be incorporated to the polymer. These can suppress the UCST 

behavior. The pH of the PNAGA dispersion in D2O was 5.4, Table 3, which also leads to the conclusion 

that small amount of AA units could be incorporated to the polymer. When the pH is lowered to 3 

the acrylic acid units are screened and the polymer phase transition takes place more effectively.  
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Figure 15. 1 w% PNAGA dispersion in D2O in a) 23 °C and b) 4 °C and 1 w% PNAGA dispersion where 

the pH is 3 in c) 23 °C and d) 4 °C.  

 

 

The 1 w% P(MAA-co-NAGA) copolymer dispersions in D2O were observed at room temperature and 

after cooling to 4 °C. All dispersions apart the 70 % dispersion were clear at both temperatures, 

Figure 16. The P(MAA-co-NAGA) copolymer with 70 % of MAA didn’t disperse in D2O completely and 

the dispersion was slightly turbid through studied temperatures. The effect of MAA is clearly seen 

when the samples are compared to the pure PNAGA sample presented in Figure 15. The PNAGA gel 

dispersion is turbid in both 23 °C and in 4 °C whereas the P(MAA-co-NAGA) dispersions will not turn 

turbid even upon cooling. This behavior was not expected because according to literature28 the 

linear MAA-NAGA copolymers can show phase transition in water also. The reason for the lack of 

phase transition behavior in water dispersion could probably be due to the deprotonated 

methacrylic acid groups from MAA, which prevent the phase transition. 
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Figure 16. P(MAA-co-NAGA) 1 w% dispersions in D2O. 1a) 10 % product in 23 °C, 1b) 10 % product in 

4 °C, 2a) 30 % product in 23 °C, 2b) 30 % product in 4 °C, 3a) 50 % product in 23 °C, 3b) 50 % product 

in 4 °C, 4a) 70 % product in 23 °C and 4b) 70 % product in 4 °C. 

 

 

The pH of the prepared 1 w% polymer dispersions in D2O were determined before and after the 

addition of HCl and the results are presented in the Table 3. Before the addition of HCl all the 

copolymer dispersions, except the poorly dispersing 70 % dispersion, were clear at both 23 °C and 

4°C, Figure 16. The lowering of the pH was done at room temperature.  
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Sample Start pH End pH 

PNAGA 5.4 3.0 

10 % P(MAA-co-NAGA) 4.3 3.0 

30 % P(MAA-co-NAGA) 4.4 3.0 

50 % P(MAA-co-NAGA) 4.5 3.0 

70 % P(MAA-co-NAGA) 4.3 3.0 

 

Table 3. pH of the 1 w% polymer dispersions before and after the addition of HCl.  

 

 

Already during the addition of HCl at room temperature the 30 %, 50 % and 70 % products started 

to turn turbid and after reaching to pH 3, all of them were turbid. The 50 % product precipitated a 

little and the 70 % product precipitated strongly during the addition of HCl. The 10 % product stayed 

almost clear at room temperature showing only very slight turbidity. PNAGA dispersion didn’t 

change at all. At 4 °C all the P(MAA-co-NAGA) copolymer dispersions turned turbid and all the 

dispersions turned clear upon heating to 40 °C, Figure 17. Only the 70 % sample had still some 

precipitated copolymer in the dispersion. Clearly the pH affects the phase transition behavior of the 

prepared copolymers, as at pH 4.5 the dispersions didn’t undergo visual phase transition but at pH 

3 the phase transitions were very clear in all the samples upon cooling to 4 °C and upon heating to 

40 °C. Also, the bigger the amount of MAA in the copolymer the higher the phase transition 

temperature seem to be as the 50 % dispersion turned strongly turbid already at the room 

temperature, but 10 % dispersion needed the cooling to undergo the phase transition. This means 

that the UCST of the dispersion is increasing when the amount of MAA is increasing as was expected 

based on the literature28. The amount of MAA also affects to the dispersibility of the product as the 

30 % and 50 % products dispersed to water very easily whereas the 10 % product needed more 

stirring and the 70 % product didn’t disperse completely. Compared to the dispersibility of pure 

PNAGA gel, the dispersibility of 30 % and 50 % products are much better but the dispersibility of 70 

% product is poorer. Due to the poor dispersibility, the 70% product was left out on further analyses 

as the concentration of the dispersion affects to the phase transition behavior of the polymer. As 

the polymer never dispersed completely, despite the repeated heating and stirring procedures, the 

concentration of the dispersion wasn’t known, and the results wouldn’t have been comparable with 

the other samples. 
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Figure 17. P(MAA-co-NAGA) 1 w% dispersions in D2O at pH 3. 1a) 10 % product in 23 °C, 1b) 10 % 

product in 4 °C, 1c) 10 % product in 40 °C, 2a) 30 % product in 23 °C, 2b) 30 % product in 4 °C, 2c) 30 

% product in 40 °C, 3a) 50 % product in 23 °C, 3b) 50 % product in 4 °C, 3c) 50 % product in 40 °C, 4a) 

70 % product in 23 °C, 4b) 70 % product in 4 °C and 4c) 70 % product in 40 °C. 

 

 

10.3. Polymerization and microgel characterization 

10.3.1. Monomer conversions 

The monomer conversions were determined by comparing the sample taken before initiation to the 

sample taken after the reaction. The conversions were calculated by comparing the monomer peaks 

to the D2O peak in an NMR spectrum as the samples were prepared so that the ratio between the 

sample and the D2O was kept constant. The conversions are listed in Table 4.  
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Sample Conversion 

PNAGA 87 % 

P(MAA-co-NAGA) 10% 79 % 

P(MAA-co-NAGA) 30% 83 % 

P(MAA-co-NAGA) 50% 67 % 

P(MAA-co-NAGA) 70%   75 % 

 

Table 4. Monomer conversions. The conversions were calculated by comparing the monomer peaks 

to the D2O peak in an NMR spectrum.  

 

 

10.3.2. Reactivity ratios 

NMR measurements were also made to study the reaction rates of the two monomers. The 

reactions were made in an NMR tube and the spectra were recorded in every ten minutes. The 

decrease of monomer peaks as a function of time was used to analyze the structure of the forming 

polymer: if both monomers have equal rate of polymerization a random copolymer can be expected. 

According to the literature, NAGA and MAA have similar reactivities and hence they should form 

statistical random copolymers.28 Similar behavior was proved in this project as the MAA seem to 

react as fast as the NAGA. The reactivity of the monomers is presented in the Figure 18, where the 

intensities of the monomer peaks are plotted as a function of time. The intensities were detected 

by comparing the intensities of the monomer peaks to the intensity of D2O peak, which doesn’t 

change during the reaction. In the Figure 18 both original data and normalized data are presented. 

From the normalized data it’s very easy to see that the reactivities of the monomers are very similar. 

Hence, statistical random copolymer can be thought to form as was expected based on the 

literature. It would also seem that the overall reactivity is faster in the 30% product than in the 50% 

product. However, clear conclusions on how the amount of MAA affects to the reaction kinetics 

can’t be done based on only these two measurements.  
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Figure 18. Reaction kinetics results for the P(MAA-co-NAGA) microgels with 30% and 50% of MAA. 

The intensities of the monomer peaks are presented as a function of time. Original data is stacked. 

Normalized intensities clearly show the similar reactivities of the two monomers.  

 

 

10.3.3. PNAGA and P(MAA-co-NAGA) microgels 

The structures of PNAGA and PMAA are presented in the Figure 19 with the spectra of PNAGA and 

P(MAA-co-NAGA). The signals coming from PNAGA and P(MAA-co-NAGA) are marked with numbers 

from 1 to 5. The methyl group signal from PMAA, marked with number 5, can be only found in the 

copolymer spectrum. The methylene group signals from polymer backbones, marked with 1 and 4, 

are overlapping in the copolymer spectrum. As only the signals 1 and 4 are overlapping, the analysis 

for example for the composition of the copolymer is easy to make, by analyzing the signals marked 

with 3 and 5. It also gives an opportunity to compare the possible differences in thermal behavior 

of the polymers in the copolymer.  
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Figure 19. Structures of PNAGA and PMAA repeating units and the spectra of PNAGA and P(MAA-

co-NAGA) with 50 % of MAA at 23 °C.  

 

 

10.3.3.1. Composition of P(MAA-co-NAGA) microgels 

The 1H NMR spectra of PNAGA and all P(MAA-co-NAGA) microgels are presented in Figure 20. The 

MAA peak around 1 ppm appears already in 10 % sample and becomes stronger when the amount 

of MAA is increased. Inversely, the amount of NAGA repeating units decreases when the amount of 

MAA repeating units is increased in the copolymer. This is seen as a change of shape and intensities 

of the PNAGA peaks. Hence, from the Figure 20 it can be clearly seen that the ratio of the polymers 

in the copolymer are changing between samples as was wanted. 
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Figure 20. 1H NMR spectra of PNAGA and P(MAA-co-NAGA) microgels at 23 °C. The PMAA peak, 

which cannot be seen in PNAGA gel, appears stronger around 1 ppm when the amount of MAA 

increases.  

 

The ratio of polymers in the copolymer was determined by comparing the methylene group signal 

of PNAGA to the methyl group signal of PMAA in the copolymer spectrum. The integrated areas 

were normalized by dividing the area by the number of protons in the structure. The calculated 

amounts are presented in the Table 5. The ratios correlate extremely well with the amount of 

monomers in the feed. 

 

Sample Monomer ratio 
(MAA:NAGA) 

Repeating unit ratio 
(MAA:NAGA) 

P(MAA-co-NAGA) 10% 10:90 11:89 

P(MAA-co-NAGA) 30% 29:71 30:70 

P(MAA-co-NAGA) 50% 50:50 51:49 

P(MAA-co-NAGA) 70% 70:30 68:32 

 

Table 5. Monomer ratios in the feed and ratios in the copolymer gels calculated from the NMR 

spectra. 
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10.3.3.1.1. Purity of P(MAA-co-NAGA) microgels  

P(MAA-co-NAGA) microgels were purified first by dialyzing against deionized water. The dialyzed 

products were collected by freeze drying and the dried products were analyzed by 1H NMR 

measurements. The NMR-spectra showed some small molecular weight impurities. The impurities 

were determined to be small molecular weight products by DOSY measurement, which showed that 

the diffusion of the impurities was much faster than the diffusion of the polymer. Also, the 

sharpness of the impurity lines in the 1H NMR spectra indicate the small size. The impure spectra of 

the P(MAA-co-NAGA) 10 % product and the pure PNAGA spectrum are presented in Figure 21 for 

comparison. The origin of the impurities was assumed to be some side reaction between some of 

the starting material and MAA. This was assumed because the impurities were no present in the 

pure PNAGA microgel, as seen from Figure 21, and because the amount of the impurities increased 

when the amount of MAA was increased.  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 21. Spectra of P(MAA-co-NAGA) with 10 % of MAA and PNAGA gel as reference. Both spectra 

are recorded after dialysis. The P(MAA-co-NAGA) gels had some small molecular weight impurities 

which were not observed in PNAGA gel. 
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To remove the impurities, the samples were extensively washed with acetone, ethanol and 

methanol. Only the washing with methanol decreased the amount of impurities in the samples and 

hence all the P(MAA-co-NAGA) copolymer microgel samples were washed three times with 

methanol. The washing was done by mixing the product with methanol overnight followed by a 

heating and a ten minutes sonication and then centrifuging to collect the solid sample. After three 

washing cycles the products were allowed to dry and then dispersed in deionized water and 

collected by freeze drying. Dispersing in water and freeze drying was done because after the 

centrifuging and drying from methanol the product was very dense. After freeze drying the product 

turned back to light and fluffy as it was before the washing. The spectra for the P(MAA-co-NAGA) 

10 % sample before and after the three washing cycles are presented in the Figure 22. The amount 

of impurities decreased significantly. However, the amount of impurities left in the product 

increased when the amount of MAA increased. Therefore, for example the 50 % product contained 

much more impurities than the 10 % product after washing cycles. This can be either due to the 

overall bigger amount of impurities in the sample or due some effect of MAA as it can probably bind 

the impurities stronger to the structure when the amount of MAA is bigger. After all, the washings 

were concluded to be effective enough as the amount of impurities in all the samples decreased 

considerably. As every washing cycle decreases the amount of the final product the amount of 

washing cycles was kept moderate and three was concluded to be enough.  

 

 

 

 

 

 

 

 

 

Figure 22. Spectra of P(MAA-co-NAGA) including 10 % of MAA before and after three washing cycles. 

The amount of impurities decreased considerably.  
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10.3.4. Variable temperature measurements  

Multiple temperature NMR measurements were made for all the samples to follow their thermal 

behavior. The temperature range was from 5 °C to 60 °C and the spectra were recorded every five 

degrees. The multitemperature measurements were made for samples dispersed in D2O and for D2O 

with pH adjusted to 3. The spectra of PNAGA, P(MAA-co-NAGA) 10%, 30% and 50%, all in D2O and 

also at pH=3, are presented in Figures 24, 25, 26 and 27, respectively. Due to poor dispersibility the 

70% product was left out of these studies. 

According to Figure 24 PNAGA seems to behave quite similarly in D2O and at pH 3. This was expected 

as PNAGA itself shouldn’t have pH sensitivity. When the temperature is 5 °C, the intensity of the 

signals is very weak indicating that the polymer has strong hydrogen bonding with itself and the 

chain mobility is collapsed. When the temperature is increased the hydrogen bonds dissociate 

gradually and the gel swells as seen in stronger intensity of the peaks. The intensities of the peaks 

are also presented as a function of temperature. The intensity vs. temperature curves are 

constructed so that the integrated areas of the polymer peaks are compared to the integrated area 

of D2O peak in every temperature as the integral of D2O shouldn’t change as a function of 

temperature. NAGA repeating unit peak around 4 ppm (black circle) and MAA repeating unit peak 

around 1 ppm (red circle) were used to construct the intensity vs. temperature curves, Figure 23. 

 

 

 

 

 

 

 

 

 

Figure 23. NAGA repeating unit peak around 4 ppm (black circle) was used to construct the intensity 

vs. temperature curves for PNAGA and P(MAA-co-NAGA) microgels. Similarly, MAA repeating unit 

peak around 1 ppm (red circle) was used to follow the intensity as a function of temperature for 

copolymer P(MAA-co-NAGA) microgels.   
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From the intensity curve of PNAGA in D2O it can be seen that there are two areas were the intensity 

of the PNAGA increases faster, approximately at 15 °C and 40 °C, indicating that at these points the 

swelling is faster. When the pH is 3 similar faster swelling is detected at 20 °C but not so clearly in 

40 °C. This indicates that there are indeed some differences between the samples in D2O and at pH 

3 as was also already seen in visual observations. The differences can be possibly explained by small 

acrylic acid impurities which could be from the synthesis of NAGA. Acrylic acid is strongly pH 

sensitive and it could explain changes in behavior of PNAGA upon the change of pH. Overall no sharp 

VPTT is observed in either of the samples. 

 

 

 

 

Figure 24. 1H NMR multitemperature measurements of PNAGA in D2O and at pH 3. The results are 

also presented in intensity as a function of temperature, where intensity means the integral of 

sample signals vs. solvent signal.  

 



 
 

40 
 

In P(MAA-co-NAGA) 10 % sample the difference is huge between D2O and at pH 3, Figure 25. No 

change is seen in D2O as the spectra are almost identical at all temperatures. This correlates nicely 

with the visual observations as there was no visible change. At pH 3 the change can be seen clearly 

as in low temperatures the intensities are very low and when the temperature is increased also the 

intensities increase. However, the growth of the polymer peaks ends around 30 °C which didn’t 

happen in the case of pure PNAGA where the intensities of the peaks increased through the whole 

temperature range. This indicates that the MAA sharpens the thermal behavior of the polymer in 

the molecular level as the hydrogen bonds between the polymer break easier and the hydrogen 

bonds between the polymer and the water form easier. In D2O the thermal swelling is not seen as 

the MAA units are deprotonated and hence the hydrogen bonds between the polymers are broken. 

Therefore, the polymer doesn’t show changes even in molecular level.  

Overall, some interesting observations can be made. First is that the signal to noise ratio of the 

sample in D2O is quite different compared to the sample at pH 3. It is somehow surprising that the 

spectrum at pH 3 shows sharper signals than the spectrum in D2O. Another interesting observation 

is that in D2O the signals around 4 ppm shifts, but others do not. This behavior is also observed in 

other copolymer microgels, as is seen later in figures 26 and 27. The reasons for these behaviors are 

not known. 
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Figure 25. The 1H NMR multitemperature measurements of P(MAA-co-NAGA) 10% in D2O and at pH 

3. The results at pH 3 are also presented in intensity as a function of temperature, where intensity 

means the integral of sample signals vs. solvent signal. 

 

 

The multitemperature NMR spectra for the P(MAA-co-NAGA) 30 % product in D2O and at pH 3 are 

presented in Figure 26. When compared to 10 % product the results in D2O look very similar as there 

is no change in molecular level in different temperatures. At pH 3 a few differences can be noticed. 

The first is that already at low temperatures the molecules are more mobile than in 10 % sample or 

pure PNAGA sample. This is seen as a larger intensity of the peaks in low temperatures. For the pure 

PNAGA sample in 5 °C the movement of the polymer was completely suppressed as the polymer 

had so strong hydrogen bonding with itself. When the amount of MAA increases the hydrogen 

bonds between polymer units seem to decrease as the movement of the polymer is freer even in 

lowest temperatures. Also, the increase in the intensities seem to end at approximately 25 °C which 

also indicates looser hydrogen bonds between polymers and stronger hydrogen bonds between 

polymer and water. 
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Figure 26. The 1H NMR multitemperature measurements of P(MAA-co-NAGA) 30% in D2O and at pH 

3. The results at pH 3 are also presented in intensity as a function of temperature, where intensity 

means the integral of sample signals vs. solvent signal. 

 

 

The results for the P(MAA-co-NAGA) 50 % sample go well in line with the other NMR measurements, 

Figure 27. There is no change in the spectra which were recorded in different temperatures for the 

sample in D2O. At pH 3 the change is seen but it is much more suppressed compared to the pure 

PNAGA sample. The molecules seem to move quite freely already at 5 °C and no changes in 

intensities are observed above 25 °C. So, hydrogen bonds between polymer and water seem to 

increase as the amount of MAA units increase in the polymer. This enables chains to move freely at 

low temperatures and changes the temperature range where the change happens in molecular 

level. This means that increased amount of MAA sharpens the UCST behavior of the polymer which 

could be useful for example in release applications.  
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Figure 27. 1H NMR multitemperature measurements of P(MAA-co-NAGA) 50% in D2O and at pH 3. 

The results at pH 3 are also presented in intensity as a function of temperature, where intensity 

means the integral of sample signals vs. solvent signal. 

 

 

10.4. Microcalorimetry 

Microcalorimetry experiments were made to determine the heat flow of the samples as a function 

of temperature. Before adding the sample, the solvent, D2O, was measured twice to get reliable 

baseline. The second cycle was used as the baseline. The results of microgel runs are presented in 

Figure 28. PNAGA microgel in D2O and in pH 3 show two peaks, the first peak around 15 °C and the 

second around 40 °C. This indicates that the expansion of the microgel particles happen in two steps 

or that there are particles with different sizes and that these particles expand at different 

temperatures. As the crosslinker reacts faster than the monomer the crosslinker concentration is 

bigger in the core than in the corona causing the core to be denser than the corona. Therefore, the 

two-step expansion could be due to the density differences of the particles as the lower 
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temperature could cause the looser corona to expand but the denser core could require higher 

temperatures. More studies should be made to find out the exact reason for the behavior. The pH 

has an effect as the enthalpy is much larger at pH 3 compared to D2O. This correlates to the visual 

change as it was also much bigger in pH 3. In NMR results, no big difference was observed between 

the PNAGA in D2O and at pH 3, so microcalorimetry measurements and NMR measurements doesn’t 

correlate well.   

For P(MAA-co-NAGA) microgels the enthalpy is smaller compared to pure PNAGA gel. The bigger 

the amount of MAA in the polymer, the smaller the observed enthalpy. This is understandable as 

the NAGA is the thermoresponsive part in the polymer and when the amount is lowered the thermal 

response is smaller. In P(MAA-co-NAGA) 10% product clear peaks are seen around 15 °C and around 

35 °C. These correspond quite nicely to the peaks seen for PNAGA gel. In P(MAA-co-NAGA) 30% 

product a small peak is detected around 15 °C and very broad peak around 30 °C. The peak around 

15 °C is observed in all samples but the peak at higher temperature, around 35 °C, moves to lower 

temperature when the amount of MAA increases. In P(MAA-co-NAGA) 50% product only a very 

broad peak is detected around 25 °C. However, the peaks are so broad that no clear conclusions can 

be made based on them. What is clear is that the enthalpy of the transitions decreases as the 

amount of MAA repeating units increases in the copolymer microgels.  

 

 

 

Figure 28. Heat flow of the microgels as a function of temperature. As the amount of PNAGA 

decreases in the product the amount of released heat decreases.  
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Enthalpy of the transitions were calculated by integrating the heat flow as a function of temperature 

curves, straight lines in Figure 28. Enthalpies were calculated using the integrated areas and known 

parameters of the measurements: concentration of the sample was 10 mg/ml, sample size was 250 

µl of which 130 µl was measured and the heating rate was 1°C/min. Results are presented in Table 

6. 

 

Sample Peak number Temperature (°C) Area (mJ) Enthalpy (J/kg) 

PNAGA 1 15 2.57 1970 

 2 40 2.64 2030 

PNAGA pH3 1 15 1.50 1160 

 2 40 12.76 9820 

P(MAA-co-NAGA) 10% pH3 1 15 0.90 690 

 2 35 1.07 820 

P(MAA-co-NAGA) 30% pH3 1 15 0.16 120 

 2 30 0.70 540 

P(MAA-co-NAGA) 50% pH3 1 25 1.81 1390 

 

Table 6. Integration results and calculated values for enthalpy of the transitions.  

   

10.5. Dynamic light scattering (DLS) 

Dynamic light scattering was used to study the size of the microgel particles. The measurements 

were made at three temperatures, 15 °C, 25 °C and 40 °C to see if the size of the particles change as 

a function of temperature, Table 7. As can be seen from the Table 7, the size of the PNAGA microgel 

particles does not change when the temperature changes. This would indicate that the phase 

transition of the PNAGA happens at lower temperature. In P(MAA-co-NAGA) 10% and 30% samples 

a clear increase in size is seen between the 15 °C and 40 °C. The large size of P(MAA-co-NAGA) 50% 

sample indicate that the microgel particles have aggregated at low temperatures and that the 

aggregates partly break when temperature is increased. 
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Sample Diameter in 15 °C (nm) Diameter in 25 °C (nm) Diameter in 40 °C (nm) 

PNAGA  79 83 80 

P(MAA-co-NAGA) 10% 44 50 63 

P(MAA-co-NAGA) 30% 47 57 80 

P(MAA-co-NAGA) 50% 404 240 116 

 

Table 7. Diameters of the microgel particles according to DLS measurements. 

 

 

Zeta sizer instrument was used to study the size of the particles as a function of temperature. The 

same samples were used as in DLS studies, but the temperature range was from 5 °C to 70 °C and 

the heating and cooling cycles were done multiple times to determine if the changes in the sizes are 

repeatable. It was noticed that in all cases the heating and the cooling cycles were repeatable after 

the first heating. As can be seen from the Figure 29 the size of the particles increases in all cases 

when the temperature is increased above room temperature. In PNAGA the size decreases quickly 

after 20 °C upon heating and the size starts to increase below 10 °C upon cooling. This indicates that 

the particles aggregate at low temperatures and that energy is needed to break the aggregates 

during the heating whereas during the cooling the particles seem to be stable and aggregate only at 

the lowest temperatures. The dynamic light scattering results do not correlate with those measured 

with the zeta sizer, as according to DLS the particles are much bigger and no clear increase in size is 

seen. The reason for the difference is not clear. In the P(MAA-co-NAGA) 10% sample a clear increase 

in size is seen during the heating and clear decrease in size during cooling. The change is also very 

similar in both directions. The results go in line with both instruments. No aggregation is seen at low 

temperatures which indicates that the particles should be quite stable. The P(MAA-co-NAGA) 30 % 

results show increase in size upon heating and decrease in size upon cooling. The change seems 

quite similar in both directions. The trend is similar with the DLS results but according to DLS the 

particles should be much smaller. Hence, these results shouldn’t be completely trusted. In the 

P(MAA-co-NAGA) 50 % sample the behavior is different upon heating as the size first strongly 

decrease up to 40 °C and then starts to increase. Similar behavior is seen upon cooling but here the 

turning point is at 25 °C. This could indicate that the particles are aggregated at low temperatures 

and that the aggregates slowly break up to 40 °C which causes the decrease in the size. After the 

disaggregation the particles continue swelling which is seen as the increase in size. This behavior is 

supported by the DLS results which go well in line with the zeta sizer results. In this case also the 
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derived count rate, representing the scattering intensity, are presented. As can be seen, the derived 

count rate is large at low temperatures and decreases when temperature is increased. This suggests 

that the aggregates, which scatter strongly, disaggregate to looser particles upon heating. Similar 

diverse behavior is also seen upon cooling. These support the theory of aggregation and swelling. 

The increasing trend in size as a function of temperature indicates that the particles truly respond 

to the changes of temperature and hence behave as was expected and wanted. 

 

 

 

Figure 29. The diameter of the microgel particles as a function of temperature upon heating and 

cooling according to zeta sizer. Also, DLS results are presented in the figures. In P(MAA-co-NAGA) 50 

% sample also the derived count rate is presented. The increase in size as upon heating is seen for all 

the microgels. 
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10.6. Turbidimetry 

Transmittance measurements were made to determine the temperature where the dispersion 

changes from turbid to clear. The turbidity data are presented in Figure 30 and Table 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. Transmittances of the dispersions as a function of temperature for PNAGA and P(MAA-

co-NAGA) in D2O and at pH 3.   
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Sample PNAGA PNAGA pH3 10 % pH3 30 % pH3 50% pH3 

Heating 16°C / 47 °C 27 °C 22 °C 25 °C 42 °C 

Cooling 7 °C 15 °C 11 °C 16 °C 38 °C 

Hysteresis 9 °C 12 °C 11 °C 9 °C 4 °C 

 

Table 8. The clearing and clouding points and the hysteresis of the microgels according to 

turbidimetry measurements.  

 

 

For PNAGA in D2O at 5 °C the transmittance is around 80 % and the transmittance increases in two 

parts when temperature is increased, Figure 30. The first quicker increase is around 15 °C and the 

second is around 45 °C. The transmittance goes almost up to 100 % at 60 °C. These results correlate 

nicely with multitemperature NMR results and with microDSC measurements where similar changes 

were detected. The cooling curve shows only one sharper decrease in transmittance at 10 °C. During 

the cooling, the temperature doesn’t go low enough so that the transition would be complete. 

The dispersions at pH 3 are presented in Figure 30. All the samples show very sharp transmittance 

change in both heating and cooling and all the samples go from 0 % transmittance to 100 % 

transmittance. PNAGA pH 3 has a clearing point in 27 °C upon heating and a clouding point in 15 °C 

upon cooling. The P(MAA-co-NAGA) 10 % sample has a clearing point in 22 °C upon heating and a 

clouding point in 11 °C upon cooling. In P(MAA-co-NAGA) 30 % sample these temperatures are 25 

°C upon heating and 16 °C upon cooling. The P(MAA-co-NAGA) 50 % sample differs from others with 

significantly higher temperatures. The clearing point upon heating is in 42 °C and the clouding point 

upon cooling is 38 °C. From these results it can be seen that the phase transition temperature 

increases in the copolymer samples when the amount of MAA units increase in the polymer. Also, 

when the amount of MAA increases the hysteresis seem to decrease. What was unexpected was 

that the clearing point of the PNAGA microgel was higher than the clearing points of P(MAA-co-

NAGA) microgels with 10 % and 30 % of MAA. However, this could be explained by the bigger size 

of the PNAGA microgels compared to P(MAA-co-NAGA) microgels with 10 % and 30 % of MAA, 

determined in the DLS studies. Overall the turbidity results correlate quite nicely with the earlier 

results. For example, in the multiple temperature NMR measurements 25 °C was the temperature 

where the increase in the intensities ended for the 10 % and 30 % products. In 50 % product the 
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turbidity results correlate with the zeta sizer results where 40 °C was the turning point where the 

size of the particles started to increase which was concluded to be because of the aggregation of 

the particles in low temperatures. The aggregation of the particles could also be one reason for the 

high clearing point of the dispersion in turbidity measurements, as first the aggregates must break 

and then the particles can swell. Also, DLS results show that the size of the particles is much bigger 

than the other particles, which could be an explanation for the high clearing point temperature.  

What should be kept in mind is that the turbidimetry only focuses on the visual change whereas for 

example the microDSC and NMR focus on the changes in molecular level. This can explain the 

differences in the results, where the phase transition temperature would seem to be higher in 

molecular level than in visually observable level. For example, in the case of PNAGA in pH3 the 

multiple temperature NMR shows change in whole temperature range from 5 °C to 60 °C and no 

clear VPTT is observed. However, in turbidimetry a clear VPTT is observed at 27 °C. This is 

understandable as the change doesn’t have to be “complete” in molecular level so that the visual 

observation can be made. So, when the temperature is increased the particles start to swell. At 27 

°C the hydrogen bonds between polymer and water overcome the hydrogen bonds between 

polymers and the particles disperse in water. After that the particles continue swelling which is seen 

in molecular level but not anymore visually. This explains why transition temperatures according to 

molecular level studies can give higher phase transition values than the visual measurements and 

why the different methods are not directly comparable with each other.  

 

11. Conclusions 

In this work thermoresponsive microgels with different ratio of NAGA and MAA monomers were 

successfully prepared by surfactant stabilized free radical precipitation polymerization in presence 

of BIS cross linker. PNAGA microgel was synthesized as reference. D2O dispersions were used in 

characterization. It was observed, that PNAGA microgel behaves differently in D2O and at pH 3. In 

D2O, the turbidity of the dispersion increased only slightly at low temperatures, as transmittance 

decreased to 80 %. Transmittance increased up to 100 % at two temperatures, 15 °C and 40 °C, upon 

heating. At pH 3, the transmittance of the dispersion decreased from 100 % to 0 % at 15 °C upon 

cooling and increased from 0 % to 100 % at 27 °C upon heating. So, at pH 3 the visual change was 

very sharp and strong whereas in D2O the visual change was very small and the transmittance 
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increased gradually at two temperatures. It was concluded that small acrylic acid impurities from 

the monomer synthesis prevented the full phase transition behavior in D2O. At pH 3 the acrylic acid 

groups are protonated enabling phase transition behavior. The different behavior of PNAGA in D2O 

and at pH 3 was also observed in microcalorimetry measurements, where the enthalpy was much 

larger at pH 3 compared to D2O. According to microcalorimetry, the expansion of PNAGA happens 

in two steps, approximately at 15 °C and 40 °C, both in D2O and at pH 3. This result correlates well 

with the transmittance and multitemperature NMR results of PNAGA in D2O, were similar two-step 

expansions were observed. At pH 3, multitemperature NMR didn’t show clear two-step expansion 

as the gel expanded more stable over the whole temperature range, showing slightly faster swelling 

around 20 °C. Dynamic light scattering was used to measure the size of the particles and to study 

their thermal behavior. PNAGA microgel particles had a diameter of approximately 80 nm and the 

size increased and decreased when temperature was increased and decreased, respectively. 

To study the effect of incorporation of MAA, P(MAA-co-NAGA) microgels with 10 %, 30 %, 50 % and 

70 % of MAA were prepared. The products were studied in D2O. It was noticed that all the products 

were strongly pH dependent and no phase transition behavior was observed in D2O because of the 

deprotonated methacrylic acid groups. At pH 3, all samples showed phase transition behavior and 

hence, all measurements were made at pH 3. The P(MAA-co-NAGA) microgel with 70 % of MAA at 

pH 3 turned out to be very poorly dispersible and hence it was not studied thoroughly in this project. 

P(MAA-co-NAGA) 10 %, 30 % and 50 % products showed sharp visual phase transition upon heating 

and cooling. The clearing point of the product increased and the hysteresis between the heating and 

cooling decreased when the amount of MAA increased. Hence, according to turbidimetry, the 

incorporation of MAA changed the VPTT of the microgels and sharpened the phase behavior. Similar 

results were got from multitemperature NMR measurements as the mobility of the polymer chain 

increased already at low temperatures and the expansion of the microgels ended at lower 

temperatures when the amount of MAA increased. Microcalorimetry results showed that the 

enthalpy of the transitions decrease as the amount of MAA increases. This was understandable as 

the PNAGA is the thermoresponsive polymer. DLS measurements showed diameters of 50 nm, 60 

nm and 200 nm at 25 °C for 10 %, 30 % and 50 % products, respectively. It was concluded that the 

50 % product most probably aggregated at low temperatures, which caused the bigger size. Sizes of 

all samples increased and decreased when temperature was increased and decreased, respectively.  
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Overall, P(MAA-co-NAGA) microgel particles showed interesting properties as their phase transition 

was narrower than in case of the homopolymer microgel. Also, the UCST of the copolymer gel could 

be increased by increasing the amount of MAA in the product. Hence, the properties of the gels 

could be tuned by adjusting the monomer ratio of the copolymers. 

 

12. Further work 

Many interesting aspects was still left to study in the future. For example, some small molecular 

weight impurity was noticed to appear during the synthesis of copolymer microgels which didn’t 

appear in PNAGA microgel. Washing with methanol decreased the amount of impurity but it was 

not able to be washed out completely. The origin or the nature of the impurity was not solved during 

this project. However, in the future studies, the origin of the impurity would be good to study. Then, 

the reaction could be modified to prevent the formation of it. 

The project left also other interesting questions still to be examined.  It has been said in the literature 

that only a limited amount of MAA can be incorporated into the copolymer to maintain successful 

precipitation. Loose particles, or even no particle formation, can be observed if the amount of 

hydrophilic substance is too big.47 In this thesis, all the products were assumed to be microgels with 

similar structure. Hence in the future, it would be interesting to study the shape of the particles to 

found out if this indeed is the case. If the different products do not have similar crosslinked structure 

the products might have different properties and hence the products wouldn’t be directly 

comparable. So, more precise analysis of the structure is needed. 

Another interesting point in the synthesis is that during the work it was found out that in neutral pH 

the deprotonated acid groups prevent the phase behavior of the microgels. As the synthesis was 

done in neutral pH one could question if the synthesis method even was a precipitation 

polymerization in the case of copolymer microgels. It would be interesting to study if the reaction 

pH actually affects to the particles final form and, hence, if particles synthesized for example in 

acidic conditions would lead to a different product compared to what was got in this work.  

It would be also interesting to study the microgel particles at different pH values. The particles were 

studied in D2O, where the pH was 5.4 for PNAGA and around 4.4 for copolymer microgels (see Table 

3), and at pH 3. In future studies it would be also interesting to study the properties in very acidic 

conditions, as at pH 1, and possibly also in very basic conditions, as at pH 9, to determine how the 
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behavior changes. In very acidic conditions the UCST temperature would probably be even higher 

than at pH 3, as all the acid groups would be fully protonated. It is indeed possible, that some of the 

acidic groups would still stay deprotonated at pH 3, even it is assumable that most of them are 

protonated as the pKa value of PMAA is 4.731. In basic conditions, it is assumable that no phase 

behavior would be detected as wasn’t even at neutral pH, due to the complete deprotonation of 

acid groups. This would, however, be interesting to prove. 

What would be also interesting to study is the loading and release properties of the particles. 

According to literature, PNAGA microgels can be used as nanocatalyst platforms.8 Hence, it would 

be interesting to compare the loading and release properties of formed particles and to study if the 

MAA increases the particles potential to be used in catalyst applications. If P(MAA-co-NAGA) 

microgels would seem a potential choice for catalyst platforms, it would be also interesting to 

determine the best ratio of the monomer units in the copolymer. By this, the particles could be 

tuned for needed applications. 
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