
 

Novel Thermoresponsive Homopolymers and 

Amphiphilic Diblock Copolymers 
 

Neuartige thermoresponsive Homopolymere und  

amphiphile Diblockcopolymere 

 
 
 

Dissertation of 

Chia-Hsin Ko 

 
 
 

 

Technische Universität München 

Physik-Department 

Fachgebiet Physik weicher Materie 

 
 

 
 

Supervised by 

Prof. Christine M. Papadakis, Ph.D. 



 

TECHNISCHE UNIVERSITÄ T MÜ NCHEN 

Physik-Department 

Fachgebiet Physik weicher Materie 

 

Novel Thermoresponsive Homopolymers and  

Amphiphilic Diblock Copolymers 

 

 

Chia-Hsin Ko 

 

 

Vollständiger Abdruck der von der Fakultät für Physik der Technischen Universität München zur 

Erlangung des akademischen Grades eines  

Doktors der Naturwissenschaften (Dr. rer. nat.) 

genehmigten Dissertation. 

 

 

Vorsitzende:             Prof. Dr. Karen Alim 

Prüfer der Dissertation:  1. Prof. Christine M. Papadakis, Ph.D. 

                               2. Prof. Dr. Friedrich Simmel 

 

 

Die Dissertation wurde am 31.05.2021 bei der Technischen Universität München eingereicht und 

durch die Fakultät für Physik am 19.07.2021 angenommen. 

 



 
 

 



 

i 

 

Preface 

The research presented in this thesis was performed under the supervision of Prof. Christine M. 

Papadakis in the Soft Matter Physics Group, Physics Department, Technical University of Munich, 

Germany. 

The research was carried out in close collaboration with Prof. Dr. André Laschewsky, Institute of 

Chemistry, University of Potsdam, Germany, and Prof. Dr. Peter Müller-Buschbaum, Chair of 

Functional Materials, Physics Department, Technical University of Munich, Germany. The polymer 

synthesis and preliminary molecular characterization was conducted by Dr. Dirk Schanzenbach and 

Cristiane Henschel, Institute of Chemistry, University of Potsdam, Germany. 

The Raman spectroscopy and optical microscopy investigations were performed in the lab of Prof. Dr. 

Alfons Schulte, Department of Physics and College of Optics and Photonics, University of Central 

Florida, U.S.A. 

The small-angle neutron scattering (SANS) studies were carried out with the support of instrument 

scientists Dr. Henrich Frielinghaus and Dr. Lester C. Barnsley at the instrument KWS-1 at the Heinz 

Maier-Leibnitz Zentrum (MLZ) in Garching, Germany. 

The very small-angle neutron scattering experiments were conducted with the support of instrument 

scientists Dr. Vitaliy Pipich and Dr. Baohu Wu at the instrument KWS-3 at the Heinz Maier-Leibnitz 

Zentrum (MLZ) in Garching, Germany. 

The small-angle X-ray scattering (SAXS) experiments were performed in cooperation with instrument 

scientists Dr. Martin A. Schroer, Dr. Dmitry Molodenskiy and Dr. Stefano Da Vela at the high brilliance 

synchrotron beamline P12 at the European Molecular Biology Laboratory (EMBL) at DESY, Hamburg, 

Germany.  

 

 

 

 

 

 

 

 

 

 

 

 



ii 

 

  



 

iii 

 

 

Abstract 

Novel thermoresponsive homopolymers and amphiphilic diblock copolymers show intriguing 

switching behavior. The present thesis investigates the temperature-dependent phase behavior and 

structural transition of poly(N-isopropylmethacrylamide) (PNIPMAM) in aqueous solution. The 

influence of the additional methyl group in PNIPMAM on the phase transition behavior is examined 

by comparison with poly(N‑isopropylacrylamide) (PNIPAM). The self-assembly behavior of 

poly(methylmethacrylate)‑b‑poly(N‑isopropylacrylamide) diblock copolymers is studied in aqueous 

solution and in mixtures of water and methanol. By means of scattering methods, the self-assembled 

micelles are investigated in dependence on temperature and solvent composition. The influence of the 

co-nonsolvency effect on the morphological transition of the micelles is determined as well. 

 

 

 

 

Zusammenfassung 

Neuartige thermoresponsive Homopolymere und amphiphile Diblockcopolymere zeigen ein 

faszinierendes Schaltverhalten. In dieser Arbeit wird das temperaturabhängige Phasenverhalten und 

der strukturelle Übergang von Poly (N-isopropylmethacrylamid) (PNIPMAM) in wässriger Lösung 

untersucht. Der Einfluss der zusätzlichen Methylgruppe von PNIPMAM auf das 

Phasenübergangsverhalten wird durch Vergleich mit Poly(N-isopropylacrylamid) (PNIPAM) bestimmt. 

Die Selbstassemblierung von Poly(methylmethacrylat)-b-poly(N-isopropylacrylamid) 

Diblockcopolymeren wird in wässrigen Lösungen sowie in Mischungen aus Wasser und Methanol 

untersucht. Mit Streumethoden werden die selbstassemblierten Mizellen in Abhängigkeit von der 

Temperatur und der Lösungsmittelzusammensetzung untersucht. Der Einfluss des Co-nonsolvency-

Effekts auf den morphologischen Übergang der Mizellen wird ebenfalls bestimmt. 

 

 

 

 

 

 

 

 

 

 



iv 

 

  



 

v 
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ATRP    atom transfer radical polymerization 
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RAFT    reversible addition fragmentation chain transfer polymerization 

REPES    regularized positive exponential sum method 

SANS    small-angle neutron scattering 

SAXS    small-angle X-ray scattering 

SDD    sample-to-detector distance  

SEC     size-exclusion chromatography 

SLD     scattering length density 

TGA    thermogravimetric analysis 

UCST    upper critical solution temperature 
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1.  Introduction  

The physical properties of thermoresponsive polymers are sensitive to, and adjustable by, changes 

of the temperature [1]. As a result, they have attracted enormous attention in recent decades for a wide 

range of applications, including drug delivery systems [2-5], sensors [6, 7], catalysis [8, 9], substance 

separation [10], filtration [11], reactors [12], and tissue engineering [13]. However, to maximize the 

performance of such applications, it is essential that the physical behaviors of thermoresponsive 

polymers, and particularly their morphological transitions, are properly understood.  

Among the many thermoresponsive polymers available nowadays, poly(N-isopropylacrylamide) 

(PNIPAM) is the most extensively investigated [14, 15]. PNIPAM in aqueous solution has a lower 

critical solution temperature (LCST) of ~32 °C, which is essentially independent of the molar mass 

and concentration. The LCST behavior of PNIPAM depends on a delicate balance between the 

hydrophilic and hydrophobic interactions [16, 17]. Below the LCST, PNIPAM is soluble in aqueous 

solution, and the water molecules tend to form hydrogen bonds with the hydrophilic amide groups of 

PNIPAM and form a hydration shell around the hydrophobic isopropyl groups [18-21]. As a result, the 

polymer chains are stabilized and hydrated, and their chain conformation has the form of expanded 

coils. Above the LCST, however, the hydrogen bonds between the water molecules and amide groups 

are weakened, while the intra- and intermolecular hydrogen bonds and the hydrophobic interactions 

dominate. Thus, the polymer chains strongly dehydrate and collapse; resulting in a globular 

conformation and the formation of mesoglobules [15, 22-25]. The phase transition of PNIPAM is rapid 

and reversible, and is compatible with many applications, which demand an abrupt change in physical 

properties at the transition temperature. Furthermore, the LCST of PNIPAM is easily tuned by the 

addition of surfactants [26], salts [27], or by copolymerization with hydrophobic/hydrophilic 

comonomers or end-group modification [28, 29]. In general, increasing the hydrophilic nature of 

polymer materials results in a higher transition temperature since the overall ability of the material to 

form hydrogen bonds is enhanced. By contrast, incorporating hydrophobic groups leads to a lower 

transition temperature. Furthermore, the presence of hydrophobic groups tends to disrupt the water 

structure around the polymer, which improves the interactions between the hydrophobic groups and 

further facilitates aggregation [30].  

Poly(N-isopropylmethacrylamide) (PNIPMAM) is another LCST-type thermoresponsive 

polymer. It has a similar chemical structure as PNIPAM, but has the additional methyl groups on its 

backbone. Compared to PNIPAM, the molecular origin of PNIPMAM gives rise to a counterintuitive 

increase of the transition temperature to approximately 43 °C [31-36]. The exact reason for this higher 

transition temperature is still under discussion. However, it seems to be associated with the steric 

hindrance effect originating from the additional methyl groups, which changes both the chain 

conformation and the hydration behavior [37, 38]. Moreover, the intermolecular and intramolecular 

interactions among the amide groups of PNIPMAM are weaker than the ones of PNIPAM [39, 40]; 
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possibly due to the presence of the additional methyl groups. As a result, even small changes in the 

molecular structure can significantly alter the phase behavior around the transition temperature. Even 

though aqueous PNIPMAM solutions have been studied intensively by turbidimetry [32-36], 

differential scanning calorimetry (DSC) [36, 38, 41], Fourier transform infrared spectroscopy (FTIR) 

[39, 42, 43], nuclear magnetic resonance (NMR) [43], Raman spectroscopy [39], and light scattering 

[37], the understanding of the phase transition behavior of PNIPMAM is still limited compared to that 

of PNIPAM. Furthermore, in most previous studies, only a few characterization methods have been 

used, and only single samples investigated. Therefore, the first part of the present thesis reports a 

systematic study of the phase behavior of PNIPMAM. Various instrumental techniques, including 

turbidimetry, optical microscopy (OM), differential scanning calorimetry (DSC), Raman spectroscopy, 

small-angle neutron scattering (SANS) and very small-angle neutron scattering (VSANS), are applied 

to examine the phase transition behavior of PNIPMAM. The results provide a comprehensive picture 

of the structural changes which take place around the phase transition point of PNIPMAM, and yield 

an important understanding of the effects of the additional methyl groups in PNIPMAM on the phase 

behavior, thermal behavior, hydration behavior, and the structural changes at phase transition 

compared to those of PNIPAM. 

 

Figure 1.1 Schematic representation of experiments on PNIPMAM homopolymers aimed to 

investigating temperature-dependent phase behavior of thermoresponsive polymer PNIPMAM in 

aqueous solutions. 

 

As mentioned above, PNIPAM is often selected for copolymerization with both hydrophobic and 

hydrophilic blocks. Furthermore, to create more complex and versatile systems, PNIPAM is also 

frequently chosen for copolymerization with stimuli-responsive polymer blocks [44-47]. 

Thermoresponsive amphiphilic diblock copolymers are one such class of materials, and consist of both 

a hydrophobic block and a hydrophilic block, where at least one of these blocks is sensitive to 

temperature. Due to their amphiphilicity below the phase transition temperature of PNIPAM, they are 
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able to self-assemble into core-shell micelles in aqueous solution. Furthermore, the morphology of 

these micelles can be readily adjusted by varying the temperature. As a result, PNIPAM-based block 

copolymers are promising candidates for a wide range of applications [44, 48, 49]; especially those 

associated with biomedical applications, such as drug encapsulation and release [50, 51]. 

Accordingly, the second part of this thesis addresses a novel thermoresponsive amphiphilic 

diblock copolymer, namely poly(methylmethacrylate)‑b‑poly(N‑isopropylacrylamide) (PMMA-b-

PNIPAM). PMMA-b-PNIPAM copolymers form core-shell micelles in aqueous solution. The micellar 

shell collapses at the transition temperature of the PNIPAM block (32 °C) and the aggregates are 

formed by collapsed micelles, which can potentially be exploited for applications such as drug delivery, 

microfluidic sensors, and tissue engineering. However, to realize such practical applications, the inner 

structure and thermal behavior of the micelles must be properly understood. The PNIPAM blocks in 

the PMMA-b-PNIPAM copolymers are sensitive not only to the temperature, but also to the solvent 

composition in the aqueous solution. For example, adding methanol as a cosolvent causes the PNIPAM 

blocks to collapse; thereby reducing the transition temperature. In other words, co-nonsolvency is 

observed. By contrast, the PMMA blocks feature a co-solvency effect in water-methanol mixtures, i.e., 

the hydrophobicity of the block decreases in the presence of methanol. Thus, the main goal of the 

second part of this thesis is to elucidate (i) the structure of the self-assembled micelles and their 

changes upon collapse and aggregation with increasing temperature; and (ii) the co-nonsolvency and 

co-solvency effects of PMMA-b-PNIPAM in pure D2O and different D2O/CD3OD mixtures using 

turbidimetry, DSC, dynamic light scattering (DLS), and small-angle X-ray scattering (SAXS). 

 

Figure 1.2 Schematic representation of experiments on PMMA-b-PNIPAM amphiphilic diblock 

copolymers aimed at investigating: (i) temperature-dependent structural transition of self-

assembled micelles in pure water, and (ii) morphology changes in dependence on solvent 

composition in water/methanol mixtures at fixed temperature. 
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2.  Background  

To facilitate the later discussions in this thesis on the phase transition behavior of 

thermoresponsive homopolymers and the self-assembly of thermoresponsive amphiphilic diblock 

copolymers in solution, this chapter introduces the fundamental concepts of polymers in solutions, 

thermoresponsive polymers, and the self-assembly of amphiphilic diblock copolymers. 

 

2.1 Polymers in solutions 

    When a polymer chain is fully stretched, it has a maximum end-to-end distance of Rmax. This 

distance is referred to as the contour length, L, and is defined as [52]:  

𝐿 = 𝑛 𝑙 cos
θ𝑏
2

 (2.1) 

where n is the number of C-C bonds, l is the C-C bond length (l = 0.154 nm), and b is the bond angle 

(b =109.5°). 

When polymers are dissolved in solvent, the conformation of the polymer chain is not fully 

stretched, and the chains behave as random coils. For ideal chains, the mean-square end-to-end 

distance is given by (Figure 2.1) [52]: 

𝑅ee
2 = 𝐶∞𝑛𝑙

2 (2.2) 

where C∞ is the characteristic ratio. 

   For ideal chains, the end-to-end distance can be represented as (Figure 2.1) [52]: 

𝑅ee = 𝑏𝑁
1
2 (2.3) 

where N is the number of Kuhn monomers, and b is the Kuhn length. Furthermore, the contour length 

L, can be obtained as L = bN. 

   For infinitely long polymer chains, the radius of gyration of the polymer chain is given as (Figure 

2.1) [52]: 

𝑅g =
𝑅ee

√6
 (2.4) 
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Figure 2.1 Schematic representation of polymer chain with end-to-end distance Ree and radius of 

gyration Rg. 

 

    For real chains, interactions exist between the monomers in the chain. In a  solvent, the polymer 

chain can be regarded as an ideal chain and the excluded volume effects are neglected, as described in 

eq. 2.3. In a good solvent, the polymer chain has a swollen chain conformation, as given by [52]:  

𝑅ee ≅ 𝑏𝑁
3
5 (2.5) 

By contrast, in a poor solvent, the polymer chain has a collapsed globular conformation [52]: 

𝑅ee ≅ 𝑏𝑁
1
3 (2.6) 

For the case of polymers dissolved in a good solvent, the polymer solutions can be classified into 

three different concentration regimes (Figure 2.2) [52]. In dilute solution (c < c*), the polymer chains 

resemble coils, and are well-separated without interactions. The solvent viscosity thus dominates the 

properties of the solution. At the overlap concentration, c*, the polymer chains approach one another 

and start to overlap. At higher concentrations (c > c*), the chains become entangled. The resulting 

solutions are referred to as semi-dilute solutions, and exhibiting a strong viscoelastic behavior. Finally, 

in highly-concentrated solutions (c >> c*), the polymer chains are strongly entangled, and the solution 

behavior is dominated by the elastic properties of the chains.  

 

Figure 2.2 Concentration regimes of polymer solutions. From left to right: dilute solution, semi-

dilute solution, and concentrated solution. Note that c* indicates the overlap concentration. 

 

For dilute polymer solutions, the polymer chains are separated from one another, and hence the 
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structure of solution is determined by the radius of gyration of the polymer chains. The overlap 

concentration can be estimated from the radius of gyration in accordance with [53]: 

3𝑀w

4𝜋𝑁A(𝑅g)3
< 𝑐∗ <

𝑀w

𝑁A(√2𝑅g)
3 (2.7) 

where Mw is the weight-average molar mass of the polymer chains and NA is the Avogadro constant. 

In semi-dilute solutions, the polymer chains start to overlap, and the the structure of the solution is 

characterized by the distance between the overlap points, i.e.,  (Figure 2.2), where  is referred to as 

the blob size of the polymer chains, or the correlation length of the concentration fluctuations, and the 

chain segments of the blobs are unperturbed without interactions with the chain segments of other 

blobs. Studies have shown that  varies with the solution concentration as  ~ c-0.75 [54]. The spatial 

correlation between the monomers in the chains can be represented by the following Ornstein-Zernike 

pair correlation function: 

𝑔(𝑟) = 𝐴𝑟


𝑟
𝑒𝑥𝑝(−

𝑟


 ) (2.8) 

where Ar is a constant [54]. 

    In concentrated solutions, movement of the chain segments is restricted. Consequently, monomer-

monomer interactions dominate, and the local chain conformation deviates from eq. 2.8 [54, 55]. 

Based on the principles of thermodynamics, the general phase behavior of polymer solutions can 

be described by the free energy of mixing. In Flory-Huggins theory, the free energy of mixing is written 

as 

∆𝐺m = ∆𝐻m − 𝑇∆𝑆m (2.9) 

where Hm is the enthalpy of mixing, Sm is the entropy of mixing, and T is the temperature. 

    For a polymer solution, the free energy of mixing of the polymer-solvent mixture is given by 

∆𝐺m = 𝑘B𝑇 [

p

𝑁
ln 

p
+ (1 − 

p
) ln (1 − 

p
) +  

p
(1 − 

P
)] (2.10) 

where kB is the Boltzmann constant, N is the degree of polymerization of the polymer, p is the volume 

fraction of polymer in the solution and  is the interaction parameter between the polymer and the 

solvent. 

    It is noted that the first and second terms in eq. 2.10 originate from the entropy of mixing Sm, 

which always has a positive value, and thus favors mixing. By contrast, the third term is associated 

with the enthalpy of mixing Hm, which can either promote or prevent mixing, depending on the 

interaction parameter. In accordance with Flory-Huggins theory,  is defined as 

 =
𝑧

𝑘B𝑇
[𝑢AB −

1

2
(𝑢AA + 𝑢BB)] (2.11) 

where uAB, uAA, and uBB are pairwise interactions energies (A and B denote monomers and solvent 

molecules, respectively), and z is the coordination number. 
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    For  > 0, the interactions between the monomers and solvent molecules are unfavorable and 

repulsive. However, for  < 0, the interactions are favorable and attractive, and hence the enthalpy of 

mixing governs the miscibility of the polymer solution. Empirically,  can be expressed as the sum of 

the entropic contribution A and enthalpic contribution B/T. That is, 

 = 𝐴 +
𝐵

𝑇
 (2.12) 

   In general, the solubility of polymers depends on the solvent quality, which is strongly dependent 

in turn on the interaction between the polymer and the solvent. Thus, in the case of  = 1/2, the 

polymers are ideal chains, and the solvent is referred to as  solvent. For  < 1/2, the polymer chains 

are swollen and behave like real chains, and the solvent is regarded as a good solvent. For  > 1/2, the 

polymer chains tend to collapse and the solvent is considered to be a poor solvent [55].  

   For a polymer solution,  is related to the solubility parameters of the polymer and solvent as 

follows [56]: 

 =
𝑉ref
𝑘B𝑇

(𝛿p − 𝛿s)
2
+ 

s
 (2.13) 

with Vref is a reference volume, p and s are the solubility parameters of the polymer and solvent, 

respectively; and s is a constant that estimates the entropic contribution to the interaction parameter. 

s = 0.34 is often applied [56]. 

 

 

2.2  Thermoresponsive polymers 

    Thermoresponsive polymers undergo a sudden change in solubility and chain conformation at a 

certain temperature known as the transition temperature. This change is often referred to as a coil-to-

globule transition (Figure 2.3) since at lower temperatures, the polymer chains are soluble and swollen 

like random coils, whereas at the transition temperature, they become insoluble and collapse into 

globules. The transition temperature is commonly called the cloud point, TCP, and depends on the 

particular concentration of the polymer solution. 

   Generally speaking, thermoresponsive polymers can be classified into two types. For polymers 

with a lower critical solution temperature (LCST) behavior (Figure 2.3a), the coil-to-globule transition 

is triggered by an increasing temperature. Polymers with such an LCST behavior are soluble at low 

temperatures, but undergo phase transition upon heating to the LCST, i.e., the lowest temperature at 

which phase transition occurs. Conversely, for polymers with an upper critical solution temperature 

(UCST) behavior (Figure 2.3b), phase transition takes place with a decreasing temperature. Such 

polymers are insoluble at low temperatures, but become soluble upon heating to the UCST, i.e., the 

highest temperature at which phase transition occurs. UCST behavior is commonly observed for 

polymers in organic solvents, whereas LCST behavior is generally observed for polymers in aqueous 

solutions. For both LCST- and UCST-type polymers, the transition temperature (Tc or TCP) usually 
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depends on the polymer concentration. In particular, the LCST or UCST generally shifts toward a 

lower polymer concentration with an increasing molar mass. 

 

Figure 2.3 Temperature-concentration phase diagram of thermoresponsive polymers with: (a) 

LCST and (b) UCST behavior. 

 

   Thermodynamically, the phase transition behavior of a polymer solution depends on the free energy 

of mixing, Gm, as shown in eq. 2.9. According to classical Flory-Huggins theory, the entropy of 

mixing always has a positive value (i.e., Sm > 0), and hence mixing is favored. As a result, the 

miscibility of the polymer solution is governed by the sign and magnitude of the enthalpy of mixing, 

Hm. As shown in eq. 2.10, Hm depends on the Flory-Huggins interaction parameter . In particular, 

Hm is given by 

∆𝐻m = 𝑘B𝑇  p(1 − 
P
) (2.14) 

The empirical form of the Flory-Huggins interaction parameter  is given in eq. 2.12. When B > 

0,  decreases with increasing T, leading to an UCST behavior. This causes a reduction of Hm with 

an increasing temperature, and thus results in an overall smaller Gm upon heating. Consequently, the 

miscibility is improved at high temperatures. Conversely, when B < 0,  increases with increasing T; 

giving rise to an LCST behavior. However, this cannot allow an LCST or type-II behavior, i.e., TCP is 

nearly independent of the polymer concentration at high molar mass due to the assumption of classical 

Flory-Huggins theory that Sm is always positive. In addition, the free volume change after mixing, 

the free volume change after temperature change, and the entropy of the solvent molecules are all 

neglected in classical Flory-Huggins theory. Finally, the additional monomer-monomer and monomer-

solvent interactions, e.g., the hydrogen bonds and hydrophobic interactions, are also ignored in Flory-

Huggins theory. However, these interactions are crucial for polymers with an LCST behavior in 

aqueous solution.   

The entropy of the water molecules in an aqueous solution also plays an important role in 

determining the free energy of mixing, Gm. In particular, the water molecules tend to form an ordered 

hydration shell around the hydrophobic groups on the polymer chains, which decreases the entropy of 

the water molecules upon mixing. Therefore, for polymers with an LCST behavior, the free energy of 
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mixing, Gm in eq. 2.9 can be rewritten as [57, 58]: 

∆𝐺m = ∆𝐻m − 𝑇∆𝑆m − 𝑇∆𝑆water (2.15) 

where Hm is always negative due to the presence of hydrogen bonds between the polymer and water 

molecules, while Swater, i.e., the entropy of the water molecules upon mixing, is always negative due 

to the formation of an ordered hydration shell. For polymers with an LCST behavior, the Hm term 

dominates at low temperatures, and mixing of the polymer solution is favored. However, upon heating, 

the absolute value of Hm reduces due to the increased thermal motion, which weakens the hydrogen 

bonds between the polymer and water molecules. By contrast, TSm and TSwater both increases in 

magnitude; leading to an overall negative entropy value. Consequently, at temperatures higher than the 

LCST, the TSwater term dominates, and demixing of the polymer solution is favored. 

    To consider all the additional contributions, including those of the hydrogen bonds and 

hydrophobic interactions, the empirical interaction parameter  in eq. 2.12 can be replaced with type-

II (p, T) [15], i.e., 


type-II

(p, 𝑇)=∑𝐵i(𝑇)
2

𝑖=0

p
i
 (2.16) 

𝐵i(𝑇) = 𝑏i0 +
𝑏i1
𝑇
+ 𝑏i2𝑇 + 𝑏i3 ln𝑇 

(2.17) 

where bij are constants. Notably, type-II (p, T) is applicable to both polymers with an LCST behavior 

and those with a type-II behavior, where the latter class of polymers are defined as polymers for which 

the transition temperature (Tc or TCP) is essentially independent of the molar mass and concentration. 

 

 

2.3 Amphiphilic diblock copolymers in diluted solutions 

    Diblock copolymers are polymers consisting of two blocks that are chemically different. For 

example, amphiphilic diblock copolymers comprise a hydrophilic block and a hydrophobic block. For 

diblock copolymers, selective solvents are defined as solvents which are good solvents for one block, 

but poor solvents for the other. Thus, in the case of amphiphilic diblock copolymers, water serves as a 

good solvent. 

    In selective solvents at a fixed temperature, amphiphilic diblock copolymers are molecularly 

dissolved, and usually behave as unimers below the critical micelle concentration (CMC). When the 

concentration increases beyond the CMC, the fraction of unimers remains constant and the additional 

diblock copolymers self-assemble into micelles [59, 60], where the fraction of these micelles increases 

with increasing concentration. Figure 2.4 shows a schematic representation of a typical amphiphilic 

diblock copolymer. As shown, for concentrations less than the CMC, the amphiphilic diblock 
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copolymers are present as unimers, wherein the hydrophobic B blocks collapse and are screened by 

swollen hydrophilic A blocks in the selective solvent. However, for concentrations greater than the 

CMC, the unimers coexist in equilibrium with micelles consisting of a core formed by the hydrophobic 

blocks and a hydrated shell formed by the hydrophilic blocks. 

 

Figure 2.4 Schematic representation of unimers and spherical micelles formed by amphiphilic 

diblock copolymers in selective solvent below (left) and above (right) the critical micelle 

concentration (CMC) or critical micelle temperature (CMT). 

 

    The micellar morphology of amphiphilic diblock copolymers is determined by their structure (e.g., 

block lengths). However, external stimuli, such as the temperature and solvent quality, also play a 

crucial role in determining the micelle morphology. The driving force for micelle formation is the 

entropy gain of the water. By contrast, the driving force for the morphological transition of the micelles 

is the force required to minimize the overall free energy of the micelle [61-64], i.e., 

𝐹micelle = 𝐹core + 𝐹shell + 𝐹interface (2.18) 

where Fcore is the free energy of the micellar core, which is related to the deformation of the core-

forming block; Fshell is the free energy of the micellar shell, which is associated with the deformation 

of the shell-forming block; and Finterface is the free energy of the interface between the core and the 

shell, which depends on the surface area of the core and the interaction between the solvent and the 

core-forming block. 

    In general, the morphology of micelles, and their structural transition, can be qualitatively 

elucidated by the Fcore, Fshell, and Finterface terms. Generally speaking, Fcore is small, and can often be 

neglected. For star-like micelles, i.e., micelles in which the shell thickness, tshell is substantially larger 

than the core radius, Rcore (tshell/ Rcore >> 1), both Fshell and Finterface dominate. Conversely, for crew-cut 

micelles, i.e., micelles in which the shell thickness tshell is significantly smaller than the core radius 

Rcore (tshell/ Rcore << 1), the overall free energy is dominated by Finterface. Star-like micelles are generally 
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of spherical shape, whereas crew-cut micelles can be either spherical, cylindrical, or lamellar shape. 

In practice, the micellar shape can be predicted using the following packing parameter, P: 

𝑃 =
𝑉core
𝑠𝐿core

 (2.19) 

where s is the surface area per chain at the interface between the core and the shell, Vcore and Lcore are 

the volume and contour length of the core-forming hydrophobic blocks, respectively. In the case of P 

≤ 1/3, the micelles are spherical. By contrast, for 1/3 < P < 1/2, the micelles are cylindrical, while for 

1/2 ≤ P < 1, the micelles are bilayers or vesicles. Finally, for P > 1, inverse micelles are formed [65, 

66]. 

 

 

Figure 2.5 Schematic representation of possible shape of micelles formed by amphiphilic diblock 

copolymers in selective solvent for different values of packing parameter P. (Adapted with 

permission from Ref. [67]. Copyright (2009) WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim.) 

 

    For amphiphilic diblock copolymers with a long hydrophilic block and short hydrophobic block 

that form star-like spherical micelles, i.e., Nshell >> Ncore, the core radius Rcore and shell thickness tshell 

of the micelles can be estimated by the following power functions [62]:  

𝑅core~𝑁core
3
5 (2.20) 

𝑡shell~𝑁shell
𝑁core

2(1−)
5  

(2.21) 

where Ncore and Nshell are the degree of polymerization of the core- and shell-forming blocks, 
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respectively. In addition,  is the exponent, and has a value of  = 3/5 for a good solvent and  = 1/2 

for a  solvent.  

The aggregation number, Nagg, i.e. the average number of polymer chains in a micelle, can be 

predicted as [64]  

𝑁agg ≅ 𝑁core
4
5 (
𝑠2𝛾core-solvent

𝑘B𝑇
)

6
5

 (2.22) 

where core-solvent is the surface energy of the interface between the core-forming blocks and the solvent, 

and is proportional to the interaction parameter between the blocks and the solvent, i.e., core-solvent. As 

a result, Nagg depends not only on the degree of polymerization of the core-forming hydrophobic blocks, 

but also on the strength of the interactions between the hydrophobic blocks and the solvent molecules. 

    The above-mentioned discussion holds for amphiphilic diblock copolymers that are in 

thermodynamically equilibrium, i.e., a continuous exchange of polymer chains take place between the 

micelles. However, in reality, the polymer chains within the micelles may exhibit a retarded mobility. 

In other words, the exchange dynamics of the micelles may be slow. The extent to which the dynamics 

are slowed depends on the glass transition temperature Tg of the core-forming hydrophobic blocks, 

which may lead to the formation of either equilibrium or non-equilibrium self-assembled micelles [68-

70]. In particular, for core-forming hydrophobic blocks with a high Tg, micellar chain exchange is 

suppressed [59]. As a result, the micelles are kinetically frozen, and micellar chain exchange is 

impossible [71]. By contrast, amphiphilic diblock copolymers containing hydrophobic blocks with 

high Tg often form non-equilibrium micelles with a compact glassy core in aqueous solutions. Such 

amphiphilic diblock copolymers usually exhibit a very low CMC, or cannot be directly dissolved in 

aqueous solution at all.  

 

 

2.4 Thermoresponsive amphiphilic diblock copolymers 

    Thermoresponsive amphiphilic diblock copolymers, consisting of a hydrophobic block and a 

hydrophilic block which is sensitive to temperature, can self-assemble into micelles in aqueous 

solution. Furthermore, the morphology of these self-assembled micelles can be adjusted by altering 

the temperature (Figure 2.6). Thermoresponsive amphiphilic diblock copolymers have thus drawn 

extensive attention for both fundamental research and practical applications [48, 72, 73]. One of the 

most well-known thermoresponsive polymers is poly(N-isopropylacrylamide) (PNIPAM) PNIPAM 

exhibits an LCST behavior at 32 °C in aqueous solution [15, 16], and is thus often chosen for 

copolymerization with both hydrophobic and hydrophilic blocks as well as stimuli-responsive polymer 
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blocks [44-46]. In addition to the temperature, the morphology of the self-assembled structures can 

also be generated, destroyed or altered by changing the solvent quality, i.e., tuning the solvent 

composition [74-76]. 

 

Figure 2.6 Schematic representation of morphological transition of micelles formed by 

thermoresponsive amphiphilic diblock copolymers in aqueous solution in response to changes in 

temperature or solvent composition. 

 

    Due to their unique responsive properties, thermoresponsive amphiphilic diblock copolymers are 

promising candidates for a wide variety of applications, including drug release or delivery systems [2-

5], microsensors for bioanalysis or diagnosis [6, 7], tunable catalysis [8, 9], and substance 

separation/purification technologies [10]. Figure 2.7 illustrates their potential use in drug delivery 

system, wherein the thermoresponsive block of amphiphilic diblock copolymer may be designed in 

either the shell (see Figure 2.7A) or the core (see Figure 2.7B); thereby facilitating two different drug-

release mechanisms. 

 

Figure 2.7 Schematic representation of micellar formation and trigger-release behavior of 

PNIPAM-based amphiphilic diblock copolymers with thermoresponsive block in shell (A) or 

core (B). (Reprinted with permission from Ref. [46]. Copyright (2020) American Chemical 

Society.) 
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3.  Systems under investigation 

This chapter provides an overview of the polymers under study in this thesis and their analogous 

polymers. The chapter commences by describing the phase behavior of thermoresponsive 

homopolymers in aqueous solutions. Previous studies on thermoresponsive amphiphilic diblock 

copolymers are then briefly discussed. Finally, the main goals of the thesis, and the details of the 

systems under investigation, are introduced and explained. 

 

3.1 Poly(N-isopropylacrylamide)  

Poly(N-isopropylacrylamide) (PNIPAM) is a widely investigated thermoresponsive polymer, 

which features an LCST of ~32 °C in aqueous solution [15, 16]. Figure 3.1a shows the chemical 

structure of PNIPAM. As shown, the vinyl backbone contains a side group consisting of a hydrophilic 

amide group and a hydrophobic isopropyl group. Heating across the LCST prompts an abrupt coil-to-

globule transition (Figure 3.1b). This sharp collapse occurs for a wide range of molar masses and 

concentrations, and indicates that PNIPAM has a so-called type-II LCST behavior [14, 15]. Upon 

heating through the cloud point (TCP), the chains dehydrate strongly and form mesoglobules [15, 22-

25]. These mesoglobules contain only little water and are long-lived, which can be attributed (among 

other things) to the viscoelastic effect [77-79]. PNIPAM is able to form hydrogen bonds; both with 

water and with other PNIPAM repeat units [18-21]. The LCST behavior of PNIPAM has been 

attributed to a delicate balance between hydrogen bonding with water and hydrophobic hydration [16, 

17].  

 

Figure 3.1 (a) Chemical structure of poly(N-isopropylacrylamide), PNIPAM. Note that 

hydrophobic groups are shown in red, while hydrophilic groups are shown in blue. (b) Schematic 

representation of phase diagram of a PNIPAM aqueous solution (c) Photos of PNIPAM aqueous 

solutions below (left) and above (right) TCP, respectively. (Reprinted with permission from Ref. 

[15]. Copyright (2015) WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.) 
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    At temperatures lower than the transition temperature, the hydrophilic groups tend to form 

hydrogen bonds with water molecules, and the hydrophobic groups are surrounded by an ordered 

hydration shell. Thus, PNIPAM is soluble in aqueous solutions, and its chain conformation is swollen. 

Furthermore, the solution has a transparent appearance, which indicates that it is in a one-phase state 

(Figure 3.1c). At temperatures higher than the transition temperature, a small portion (~ 13%) of the 

hydrogen bonds between the hydrophilic groups and the water molecules are broken and form 

intramolecular hydrogen bonds between the carbonyl and amide groups [42]. The remaining portion 

(~ 87%) of the hydrophilic groups remain hydrated and the hydration shells around the hydrophobic 

groups become disordered. As a result, PNIPAM becomes insoluble and transits to collapsed globules. 

In addition, the solution turns turbid; indicating the existence of a two-phase state (Figure 3.1c).  

    The LCST behavior of PNIPAM was explained theoretically by Tanaka et al. [80, 81], who 

showed that the coil-to-globule transition of PNIPAM in aqueous solution occurs abruptly at the 

transition temperature due to a process of cooperative hydration. In particular, if a hydrogen bond 

between an amide group and a water molecule is formed on the polymer chain, a neighboring space 

for hydrogen bonds is created. Since the formation of the first hydrogen bond leads to a displacement 

of the hydrophobic isopropyl groups, the neighboring space is more accessible for water molecules to 

form hydrogen bonds. Therefore, a second water molecule preferentially forms another hydrogen bond 

adjacent to the first hydrogen bond. In this way, a consecutive sequence of hydrogen bonds is formed 

along the length of the polymer chain. Between these sequences, the polymer chain is dehydrated and 

has a globule-like conformation, which results in a pearl-necklace chain conformation, as shown in 

Figure 3.2. At the cloud point, TCP, the sequences of hydrogen bonds dehydrate entirely almost at once; 

giving rise to a sharp collapse of the polymer chain.  

 
Figure 3.2 Schematic representation of pearl-necklace conformation of PNIPAM chain produced 

by formation of sequential hydrogen bonds under effects of cooperative hydration. (Reprinted 

with permission from Ref. [81]. Copyright (2005) American Chemical Society.)  
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Co-nonsolvency effect of PNIPAM 

PNIPAM is sensitive to not only the temperature, but also to the solvent composition. The 

behavior of PNIPAM in binary mixtures of water and water-miscible cosolvent (e.g., methanol, ethanol, 

acetone, tetrahydrofuran and dimethylformamide) has been amply investigated [82-88]. Most studies 

have focused on the behavior of PNIPAM in water/methanol mixtures. Although PNIPAM is soluble 

in both pure water and pure methanol at room temperature, it becomes insoluble in a certain range of 

mixing ratios (Figure 3.3a) [83, 89]. In this miscibility gap, the PNIPAM chains collapse. However, 

they reswell when methanol becomes the majority component in the water/methanol mixture (Figure 

3.3a). At room temperature, the PNIPAM chains undergo a reentrant coil-to-globule-to-coil transition 

with a miscibility gap spanning from ca. 25-65 vol% of methanol (Figure 3.3b) [90, 91]. This 

phenomenon is termed the co-nonsolvency effect. Moreover, the chain size of PNIPAM 

homopolymers gradually decreases with an increasing methanol content towards the phase transition 

point when water is the majority component in the water/methanol mixture [92]. 

 
Figure 3.3 (a) Schematic representation of co-nonsolvency effect on the chain conformation of 

PNIPAM at 20 °C in water/methanol mixtures. (b) Cloud point of PNIPAM in water/methanol 

mixtures. (Reprinted with permission from Ref. [89]. Copyright (1990) American Chemical 

Society.) 

 

The molecular origin of the co-nonsolvency effect of PNIPAM remain unclear. However, 

generally speaking, the theories and mechanisms which have been proposed for explaining the chain 

collapse which occurs upon adding the cosolvent can be divided into two main categories. One 

category is related to the structure or local concentration fluctuations of the solvent mixture. For 

instance, Zhang and Wu attributed the co-nonsolvency effect of PNIPAM to the formation of 

water/methanol complexes [90], while Mukherji and Kremer suggested that the reentrant collapse and 

swelling transition of PNIPAM is triggered by local concentration fluctuations of the water/methanol 

mixture [93]. The second category is based on polymer-solvent interactions and the preferential 
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adsorption of the cosolvent on the chains. For example, Tanaka et al. claimed that the cooperativity 

and competitive hydrogen bonding processes of water and methanol molecules with the PNIPAM 

chains lead to a dehydration of the chains in water/methanol mixtures [94, 95]. Mukherji et al. reported 

that preferential interactions of the cosolvent with the chain result in a bridging of the polymer chain 

and the formation of segmental loops [96]. Rodríguez-Ropero et al. suggested that the preferential 

binding of methanol to PNIPAM causes a significant increase in the configurational entropy of the 

globules [97]. Pica and Graziano argued that geometric frustration originates from a competition 

process between the preferential interaction of the water molecules with the amide groups of PNIPAM 

and the preferential interaction of the methanol and isopropyl groups of PNIPAM, and ultimately gives 

rise to the collapse of the chain [98]. Dalgicdir et al. found that polymer hydration plays a key role in 

determining the co-nonsolvency effect of PNIPAM since methanol geometrically impedes the 

formation of hydrogen bonds between the water molecules and the amide groups of PNIPAM [99]. 

Based upon the evidence obtained from high-sensitivity differential scanning calorimetry 

measurements, Grinberg et al. contended that PNIPAM possesses cooperative hydro-solvation 

structures formed by water/methanol complexes, which lead to a decreasing enthalpy with an 

increasing methanol content [100]. Tavagnacco et al. carried out atomistic simulations of PNIPAM 

chains in a water/ethanol mixture, and found that the chemical potential of the water in the bulk of the 

mixture and the competition between the water and ethanol molecules in the interactions with the 

polymer both have a driving role in determining the transition behavior [101]. 

 

 

3.2 Poly(N‑isopropylmethacrylamide)  

    Poly(N-isopropylmethacrylamide) (PNIPMAM) is very similar to PNIPAM, but has an additional 

methyl group on the backbone, as shown in Figure 3.4. As for PNIPAM, PNIPMAM shows a type-II 

LCST behavior in aqueous solution. However, the coil-to-globule collapse transition occurs at a higher 

temperature of ~44 °C, where this temperature depends only weakly on the molar mass, solution 

concentration, and added electrolytes [15, 31]. 

 

Figure 3.4 Chemical structure of poly(N-isopropylmethacrylamide), PNIPMAM. Note that the 

green circle indicates the additional methyl group on the backbone. 
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    The molecular origin of the counter-intuitive increase of the TCP of PNIPMAM is still under 

discussion. However, it appears to be related to the steric demand of the methyl group altering the 

chain conformation and hydration behavior. PNIPMAM solutions have been intensively examined by 

turbidimetry [32-36], differential scanning calorimetry (DSC) [36, 38, 41], Fourier transform infrared 

spectroscopy (FTIR) [39, 42, 43], nuclear magnetic resonance (NMR) [43], Raman spectroscopy [39], 

and light scattering. In general, the results have shown that, below TCP, the PNIPMAM chains are more 

hydrated and expanded than PNIPAM chains [37], while above TCP, the aggregates are more loosely 

packed than those formed by PNIPAM [38]. In addition, molecular dynamics simulations and quantum 

mechanical calculations have revealed that both the intermolecular interactions and the intramolecular 

interactions among the amide groups of PNIPMAM are weaker than those of PNIPAM as a result of 

the steric hindrance effect caused by the additional methyl groups [39, 40]. Thus, even very small 

changes in the molecular structure can strongly affect the behavior around the coexistence line. 

 

 

3.3 Polystyrene‑b‑poly(N‑isopropylacrylamide) 

Polystyrene (PS) is a hydrophobic polymer with a glass transition temperature of around 100 °C 

and the chemical structure shown in Figure 3.5. It is often chosen as the hydrophobic block of 

amphiphilic diblock copolymer on account of its hydrophobic and glassy nature in water. 

 

Figure 3.5 Chemical structure of polystyrene, PS. 

 

Polystyrene-b-poly(N-isopropylacrylamide) (PS-b-PNIPAM) diblock copolymer is composed of 

a permanently hydrophobic PS block and a thermoresponsive PNIPAM block, and is one of the most 

frequently studied thermoresponsive amphiphilic diblock copolymers. PS-b-PNIPAM copolymers are 

capable of forming self-assembled structures in aqueous solution, where the morphology of these 

structures is critically dependent on the block length ratio between the hydrophobic PS blocks and the 

thermoresponsive PNIPAM blocks [62, 102]. Table 3.1 shows the morphology of the self-assembled 

structures formed by PS-b-PNIPAM diblock copolymers with different PNIPAM weight fractions. At 

temperatures lower than the LCST of PNIPAM, PS207-b-PNIPAM176 with a PNIPAM weight fraction 
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of wPNIPAM = 0.48 self-assembles into vesicles in aqueous solution [103], while PS36-b-PNIPAM37 with 

a weight fraction of wPNIPAM = 0.53 forms kinetically stable, large spherical aggregates [104]. The self-

assembled structures of PS77-b-PNIPAM120 with wPNIPAM = 0.63 [105], PS90-b-PNIPAM150 with 

wPNIPAM = 0.64 [106], PS207-b-PNIPAM375 with wPNIPAM = 0.65 [103], and PS48-b-PNIPAM159 with 

wPNIPAM = 0.78 [107] all have the form of core-shell spherical micelles in aqueous solution. However, 

PS65-b-PNIPAM360 with wPNIPAM = 0.86 [108] and PS50-b-PNIPAM376 with wPNIPAM = 0.88 [105] form 

a mixture of cylinders and spheres and unstructured large aggregates, respectively. In other words, 

spherical micelles are obtained only within a narrow wPNIPAM range of approximately 0.63-0.78.  

 

Table 3.1 Morphology of self-assembled structures formed by PS-b-PNIPAM.  

Polymer 

PNIPAM 

weight 

fraction, 

wPNIPAM 

Morphology of self-assembled structures 

Reference 
below TCP above TCP 

PS328-b-PNIPAM98 0.25 crew-cut spheres - [109] 

PS207-b-PNIPAM176 0.48 vesicles hollow vesicles [103] 

PS36-b-PNIPAM37 0.53 spherical aggregates - [104] 

PS77-b-PNIPAM120 0.63 core-shell spheres 

core-shell spheres 

with a subtle 

shrinkage shell 

[105] 

PS90-b-PNIPAM150 0.64 core-shell spheres 

clusters formed by  

core-shell spheres 

with a partially 

collapsed shell 

[106] 

PS207-b-PNIPAM375 0.65 core-shell spheres 
core-shell spheres 

with a collapse shell 
[103] 

PS48-b-PNIPAM159 0.78 core-shell spheres 

clusters formed by 

core-shell spheres 

with a partially 

collapsed shell 

[107, 110] 

PS65-b-PNIPAM360 0.86 
mixtures of cylinders 

and spheres 
spheres [108] 

PS50-b-PNIPAM376 0.88 
unstructured large 

aggregates 
collapsed aggregates [105] 
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The temperature-dependent morphology of the self-assembled structures produced by PS-b-

PNIPAM in aqueous solution at temperatures close to the transition temperature of PNIPAM has been 

extensively investigated [45, 103, 105, 106]. In general, the results have shown that the size of the 

micelles increases upon heating below the LCST-transition point, but then shrinks upon heating across 

the spinodal of PNIPAM. The increasing micellar size at temperatures lower than the transition 

temperature may be attributed to the hydrophobic PS blocks and the interchain interactions between 

the PNIPAM blocks, which both hinder the collapse of the micellar shell [103, 105, 106]. Troll et al. 

and Adelsberger et al. examined on the collapse transition and aggregation behavior of spherical 

micelles formed by PS48-b-PNIPAM159 (wPNIPAM = 0.78) upon heating [107, 110].The results showed 

that as the temperature increased, the core-shell micelles shrank slightly; resulting in a partially 

collapsed shell. The micelles then formed small clusters, which retained their size upon further heating 

until the temperature reached a point far greater than the LCST transition temperature of PNIPAM, at 

which point they began to grow in size [107]. This behavior was attributed to the hydrophobic and 

glassy nature of the PS blocks, which hamper equilibration of the micelles and result in a non-typical 

aggregation behavior upon the collapse of the shell. A similar aggregation behavior was observed by 

Cao et al. for PS90-b-PNIPAM150 with a lower PNIPAM weight fraction of wPNIPAM = 0.64 [106].  

 

 

3.4 Poly(methylmethacrylate)‑b‑poly(N‑isopropylacrylamide) 

Most nonionic diblock copolymers with a degree of polymerization of the PS blocks higher than 

14 (DPn>14) are not directly soluble in water. Moreover, their self-assembled structures in aqueous 

solution are usually not in equilibrium, but are kinetically frozen. This seems to be the case for PS-b-

PNIPAM diblock copolymers as well [45]. As for PS, poly(methyl methacrylate) (PMMA) is an 

amorphous glassy hydrophobic polymer with a glass transition temperature just above 100 °C. 

However, PMMA is slightly less hydrophobic, more polar, and more biocompatible than PS [111, 112]. 

Hence, it appears to be an attractive alternative hydrophobic block. The chemical structure of PMMA 

is shown in Figure 3.6. 

 

Figure 3.6 Chemical structure of poly(methyl methacrylate), PMMA. 

 



 3. Systems under investigation 

21 
 

Amphiphilic thermoresponsive diblock copolymers with a strong asymmetry of the block size, 

e.g., a small permanently hydrophobic PMMA block and a much larger thermoresponsive PNIPAM 

block, are particularly attractive for many applications since they are readily dissolved in water and 

self-assemble into stable spherical micelles. In addition to the implications of self-assembly [105, 113], 

increasing the polarity of the hydrophobic blocks can improve the loading efficiency of water-insoluble 

but polar substances in the core of the self-assembled micelles, and modulate the substance releasing 

process [5]. As a result, the drug loading efficiency is enhanced and the drug releasing process is 

impeded.  

 

Table 3.2 Morphology of self-assembled structures formed by PMMA-b-PNIPAM. 

Polymer 

PNIPAM 

weight 

fraction, 

wPNIPAM 

Self-assembled structures 

Reference 
below TCP above TCP 

PMMA35-b-PNIPAM33 

PMMA34-b-PNIPAM34 
0.50-0.55 spherical aggregates 

shrinking spherical 

aggregates 
[114] 

PMMA~120-b-PNIPAM~340 0.76 aggregate structures - [115] 

PMMA14-b-PNIPAM106 0.88 
ordered packed 

spherical micelles 

shrinking spherical 

micelles 
[113] 

PMMA16-b-PNIPAM172 0.92 
core-shell spherical 

micelles 
large aggregates [113] 

 

Despite these potential advantages, surprisingly few studies have explored the micellar self-

assembly of PMMA-b-PNIPAM diblock copolymers (Table 3.2) [105, 113, 115, 116]. However, 

PMMA16-b-PNIPAM172 diblock copolymers were synthesized by reversible addition fragmentation 

chain transfer (RAFT) polymerization, and their aggregation was then studied by SANS and surface 

tensiometry [113, 116]. The results showed that, unlike PS-b-PNIPAM diblock copolymers, PMMA16-

b-PNIPAM172 forms spherical core-shell micelles in dilute aqueous solution in spite of its rather high 

PNIPAM weight fraction (wPNIPAM = 0.92). Furthermore, PMMA14-b-PNIPAM106 with a weight 

fraction of wPNIPAM = 0.88 forms gel structures with ordered packed micelles at a polymer 

concentration of 10 wt% [113]. Wei et al. prepared PMMA-b-PNIPAM block copolymers with a 

weight fraction of wPNIPAM = 0.76 by coupling carboxyl-terminated PMMA~120 with primary amine 

terminated PNIPAM~340, and then investigated their use for the thermally-triggered delivery of the 

drug prednisone acetate [115]. However, the aggregate structures were only rudimentarily 
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characterized. Thus, in later studies, the same group incorporated a small number of reactive groups 

into the PNIPAM block in order to fabricate shell-crosslinked micelles with the objective of improving 

the drug release kinetics [117, 118]. Recently, Razavi et al. recently synthesized small, nearly-

symmetrical PMMA-b-PNIPAM block copolymers with weight fractions in the range of wPNIPAM = 

0.50-0.55 using an atom transfer radical polymerization (ATRP) method [114]. The copolymers were 

found to self-assemble into spherical large aggregates in aqueous media, and were both temperature- 

and light-responsive due to the spiropyrane dye-functionalized initiator employed. The encapsulation 

and controlled release of the drug doxorubicin from the micelles of PMMA35-b-PNIPAM33 and 

PMMA34-b-PNIPAM34 diblock copolymers with wPNIPAM = 0.50-0.55 were comprehensively 

examined [114]. However, only a rudimentary analysis of the aggregate structures was performed. 

Due to their thermoresponsive property, PNIPAM-based amphiphilic diblock copolymers and 

their self-assembled structures have been used in a wide range of applications, including drug 

encapsulation and release systems [4, 5], microsensors [6, 7], catalysis [8, 9], and substance separation 

[10]. Thus, undertaking a comprehensive temperature-dependent phase and structural investigation of 

the self-assembled micelles produced by PMMA-b-PNIPAM diblock copolymers in aqueous solution 

is of significant interest. Moreover, a comparison between PMMA-b-PNIPAM and PS-b-PNIPAM is 

also useful in understanding the impact of the specific hydrophobicity of the core-forming block on 

the inner structure, correlation, and aggregation of the micelles. 

For PMMA-b-PNIPAM diblock copolymers, the PNIPAM block is not only sensitive to the 

temperature, but also to the solvent composition. For example, for water and methanol mixtures at 

room temperature, the PNIPAM chains experience a reentrant coil-to-globule-to-coil transition with a 

miscibility gap ranging from ca. 25-65 vol% of methanol [90, 91, 119] (Figures 3.3a and b). In other 

words, PNIPAM features a co-nonsolvency effect in water and methanol mixtures. Consequently, 

besides changing the temperature, tuning the solvent composition also serve as an effective alternative 

approach for adjusting the self-assembled structures formed by PNIPAM-based amphiphilic diblock 

copolymers, e.g., inducing the formation and disintegration of micelles and tuning their morphology 

[74-76]. 

 

Co-solvency effect of PMMA 

PMMA is insoluble in water and poorly soluble in methanol at room temperature (Figure 3.7a). 

However, the solubility of PMMA is improved in mixtures of water and methanol containing ~80-95 

wt% of methanol (ca 85-98 vol% of methanol) [119, 120] (Figure 3.7b). This phenomenon is referred 

to as the co-solvency effect, and is the opposite of the co-nonsolvency effect. The co-solvency behavior 
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of PMMA in homopolymers has been observed both experimentally [121] and numerically [122], 

while that in diblock copolymers has also been observed experimentally [121, 123], and can be 

exploited to enable the self-assembly of double hydrophobic diblock copolymers. 

 

Figure 3.7 (a) Schematic representation of co-solvency effect on chain conformation of PMMA 

in water/methanol mixtures. (b) Cloud point of PMMA in water/methanol mixtures. (Reprinted 

from Ref. [121]. Copyright (2010) CSIRO Publishing.) 

 

Due to the co-solvency effect of PMMA, the behavior of PMMA-b-PNIPAM in water/methanol 

mixtures may be more complicated than that of PS-b-PNIPAM. Therefore, the effect of the solvent 

composition on the thermal and structural properties of PMMA-b-PNIPAM diblock copolymers in 

water/methanol mixtures with different methanol volume fractions is of significant interest. As shown 

in Figure 3.8, the interplay of the co-nonsolvent and co-solvency effects on the morphologies of the 

micelles or molecularly-dissolved chains formed by PMMA-b-PNIPAM is also of great interest. 

 
Figure 3.8 Schematic representation of co-solvency effect for PMMA and co-nonsolvency effect 

for PNIPAM. (Reprinted with permission from Ref. [119]. Copyright (2017) IOP Publishing, Ltd.) 
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3.5 Main goals of this thesis 

    The thesis commences by investigating the temperature-dependent phase behavior of 

thermoresponsive polymer PNIPMAM in aqueous solutions. As described in Section 3.2, compared to 

PNIPAM, PNIPMAM has a higher phase transition temperature (i.e., ~43 °C rather than 32 °C) [15, 

31]. Moreover, PNIPMAM has a similar chemical structure as PNIPAM, but has the additional methyl 

groups on its vinyl backbone, which may result in steric hindrance [37, 38] and weaker intramolecular 

interactions [39, 40]. In other words, small changes in the molecular structure may have a significant 

impact on the phase behavior around the coexistence line. This thesis therefore conducts a detailed 

examination of the phase behavior of aqueous PNIPMAM solutions in order to clarify how these 

effects impact the thermal and structural behavior of PNIPMAM aqueous solutions. 

   Although several studies have investigated the behavior of PNIPMAM in aqueous solutions [32-

36, 38, 39, 41-43], most of these studies considered only a single sample, or used only one or two 

characterization methods. Accordingly, the present thesis conducts a more systematic investigation 

into the phase behavior of aqueous PNIPMAM solutions over a broad concentration range of 2 to 150 

g L-1. In addition, a large number of instrumental techniques are used to address different aspects of 

the phase transition behavior. For example, the cloud point, TCP, is identified using turbidimetry and 

optical microscopy (OM), while the thermal properties are studied by differential scanning calorimetry 

(DSC). Small-angle neutron scattering (SANS) and very small-angle neutron scattering (VSANS) 

techniques are additionally used to obtain structural information over a broad range of length scales 

and a wide range of temperatures. Finally, Raman spectroscopy is used to unravel the hydrophobic 

hydration behavior of PNIPMAM around the phase transition point.  

   The second part of this thesis addresses PMMA-b-PNIPAM amphiphilic thermoresponsive diblock 

copolymers. Previous studies have shown that PMMA-b-PNIPAM forms core-shell micelles in 

aqueous solution [46]. The shells of these core-shell structures collapse at the transition temperature 

of the PNIPAM block (32 °C), and the collapsed micelles then form aggregates. Theis property renders 

PMMA-b-PNIPAM copolymers ideally suited to applications such as drug delivery [2-5], microfluidic 

sensors [6, 7], and tunable catalysis [8, 9]. However, to optimize the practical performance of such 

applications, a fundamental investigation into the inner structure, thermal behavior and dynamics of 

the micelles is required.  

Additionally, PMMA-b-PNIPAM is not only sensitive to the temperature, but also to the solvent 

composition. For example, adding methanol to the aqueous solution as a cosolvent causes the PNIPAM 

blocks to collapse; thereby reducing the transition temperature as a result of the so-called co-

nonsolvency effect (Section 3.1) [91, 92]. However, PMMA also features a co-solvency effect in 
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water/methanol mixtures [120-123], i.e., the hydrophobicity of the PMMA block decreases as the 

methanol concentration increases (Section 3.4). As a result, the impact of the interplay between the co-

nonsolvent and co-solvency effects on the morphologies of the self-assembled micelles or molecularly-

dissolved chains formed by PMMA-b-PNIPAM is also of interest (Figure 3.8).  

The present thesis therefore investigates: (i) the structure of the self-assembled micelles formed 

by PMMA-b-PNIPAM in aqueous solution and the changes which occur upon the collapse and 

aggregation of these micelles with an increasing temperature; and (ii) the co-nonsolvency/co-solvency 

interplay effect in a water/methanol mixture. The inner structure and correlations of the correlated 

micelles are systematically characterized by means of turbidimetry, differential scanning calorimetry 

(DSC), dynamic light scattering (DLS) and synchrotron small-angle X-ray scattering (SAXS). 
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3.6 Systems under investigation 

   3.6.1 Poly(N‑isopropylmethacrylamide) 

In this present work, poly(N-isopropylmethacrylamide) (PNIPMAM) homopolymer used in the 

present research was synthesized by Dr. Dirk Schanzenbach from the group of Prof. Laschewsky at 

the University of Potsdam, Germany.  

Briefly, PNIPMAM homopolymer with an apparent number average molar mass of Mn
app = 

17,000 g mol-1 (equivalent to an apparent number average degree of polymerization of 133) and a 

dispersity index of Ɖ = 1.74 was synthesized by free radical polymerization (FRP). (Full details of the 

synthesis process are provided in Ref. [124].) 

 

Figure 3.9 Chemical structure of poly(N-isopropylmethacrylamide), PNIPMAM. 

 

Sample preparation 

For all measurements, PNIPMAM133 was dissolved in D2O (Deutero GmbH, purity 99.95%, 

Kastellaun, Germany) at concentrations between 2 and 150 g L-1. All solutions were left to equilibrate 

at room temperature for at least 48 h. 

 

3.6.2 Poly(methylmethacrylate)‑b‑poly(N‑isopropylacrylamide) 

Synthesis and molecular characterization 

The poly(methylmethacrylate)‑b‑poly(N‑isopropylacrylamide) (PMMA-b-PNIPAM) diblock 

copolymer used in the present work was synthesized and molecularly characterized by Cristiane 

Henschel from the group of Prof. Laschewsky at the University of Potsdam, Germany.  

Amphiphilic diblock copolymer PMMA-b-PNIPAM with a short hydrophobic PMMA block and 

a long thermoresponsive PNIPAM block was synthesized by reversible addition fragmentation chain 

transfer (RAFT) polymerization [125]. The chemical structure of the PMMA-b-PNIPAM copolymer 

is shown in Figure 3.10. (Full details of the synthesis process and molecular characterization results 

are available in Ref. [126].)  

Table 3.3 lists the molar mass values obtained for PMMA and PMMA-b-PNIPAM by 1H nuclear 

magnetic resonance (NMR), ultraviolet-visible (UV-vis) spectroscopy, and size-exclusion 

chromatography (SEC). The molar mass values obtained from the different methods agree reasonably 
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well with the theoretical predictions and one another. As designed, the hydrophobic PMMA block is 

short, with around 20 MMA repeating units, while the hydrophilic thermoresponsive PNIPAM block 

is much longer, with approximately 300 NIPAM repeating units. It is noted that this particular design 

allows the direct dissolution of the diblock copolymer in water. The remainder of the thesis employs 

the Mn
NMR-R values in Table 3.3; meaning that the synthesized PMMA-b-PNIPAM diblock copolymers 

are expressed as PMMA21-b-PNIPAM283. 

 

Figure 3.10 Chemical structure of diblock copolymer PMMA-b-PNIPAM synthesized via 

successive RAFT polymerization of MMA and NIPAM. According to 1H NMR analysis, x = 21, 

and y = 283. 

 

Table 3.3 Characteristics of synthesized polymers.  

Polymer 
yield 

( % ) 

Mn
theo 

(kg mol-1) 

Mn
NMR-R 

(kg mol-1) 

Mn
NMR-Z 

(kg mol-1) 

Mn
vis 

(kg mol-1) 

Mn
SEC 

(kg mol-1) 

Dispersity 

Ð  

PMMA (macro-CTA) 40 % 2.2 2.7 2.7 3.5 2.3 1.38 

PMMA-b-PNIPAM 92 % 28 35  36.5 41 1.39 

 

Sample preparation 

PMMA21-b-PNIPAM283 were dissolved in D2O (99.95 %, Deutero GmbH) at concentrations of 

0.2, 0.5, 1, and 10 g L-1. All the solutions were prepared and kept at room temperature for equilibration 

for 48 h. 

For the measurements regarding co-nonsolvency/co-solvency effects, the mixtures of deuterated 

water D2O (99.95 %, Deutero GmbH) and fully deuterated methanol CD3OD (99.8 %, Deutero GmbH) 

in different v/v D2O/CD3OD mixing ratio were prepared and shaken at room temperature for 24 h 

before preparing the polymer solutions. PMMA21-b-PNIPAM283 were dissolved in D2O/CD3OD 

mixtures at different v/v mixing ratios of 100:0, 95:5, 90:10, 85:15, 80:20, 75:25, 35:65, 30:70, 20:80, 

10:90 and 0:100, respectively, at a concentration of 10 g L-1. All the polymer solutions were shaken at 

room temperature for 24 h and kept at ~ 4 °C for equilibration before the measurements. 
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Characterization in aqueous solution 

Due to its relatively short hydrophobic block, the present PMMA21-b-PNIPAM283 diblock 

copolymer can be directly dissolved in water without the need for ultrasonication or a cosolvent. To 

obtain a crude estimate of the critical micelle concentration (CMC) of the copolymer in aqueous 

solution, the concentration-dependence of the solutions was investigated at room temperature (20-23 

°C) by UV-vis spectroscopy [126]. The results indicated that the absence of any transition behavior 

pointing to a CMC down to a concentration of at least 0.05 g L-1. This finding is consistent with the 

correlations established for nonionic amphiphilic block copolymers with similar architectures. Thus, 

the hypothetical CMC for the PMMA21-b-PNIPAM283 diblock copolymer in aqueous solution was 

inferred to be very low (around 10-9 M, i.e., less than 0.001 g L-1) [127]. Consequently, in 

characterizing the structural information of the micelles formed by the PMMA21-b-PNIPAM283, all of 

the following measurements were taken at concentrations far higher than this concentration.  

 

Contour length calculation and micellar size estimation 

    The contour lengths, L, of the PMMA and PNIPAM blocks were calculated in order to estimate 

the upper limit, Rmax, of the size of the micelles formed by the PMMA21-b-PNIPAM283 diblock 

copolymer. According to the results presented in Table 3.4. the maximum size of the micelles, Rmax, 

can be estimated as LPMMA+LPNIPAM = 76.6 nm (i.e., for fully stretched polymer chains). In addition, 

the end-to-end distances, Ree, of the PMMA and PNIPAM blocks can also be calculated from Table 3.4 

under the assumption of ideal conformations. In particular, the size of the micelles, Ree,ideal, can be 

estimated as (Ree
2

, PMMA+Ree
2
, PNIPAM)0.5= 12.3 nm. 

 

Table 3.4 Calculated contour lengths and the end-to-end distances of diblock copolymers. 

Polymer Monomer length b(a) 

(nm) 

Degree of 

polymerization 

N 

Contour length L(b) 

(nm) 

End-to-end 

distance Ree
(c) 

(nm) 

PMMA 0.252 21 5.3 3.0 

PNIPAM 0.252 283 71.3 11.9 

(a) Calculated using the C-C bond length of l = 0.154 nm and bond angle of 109.5°; (b) Calculated 

using L= bN; (c) Calculated using Ree
2 = C∞ n l2 with characteristic ratios C∞ = 9.0 for PMMA  

[52] and C∞ = 10.6 for PNIPAM [128]. Note that n is the number of the C-C bonds, and can be 

estimated as n ~2N. 
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4. Characterization techniques 

This chapter describes the characterization methods and experimental techniques employed in the 

present thesis. Dynamic light scattering was used to determine the hydrodynamic radius of the micelles 

and molecularly-dissolved polymer chains in solution, while small-angle neutron and X-ray scattering 

were used to gain insights into the structures of the various systems under investigation. Turbidimetry 

was employed to identify the cloud points of the various solution. Finally, differential scanning 

calorimetry was used to characterize the thermal behavior of the phase transition, while Raman 

spectroscopy was employed to examine the molecular structure of the polymer and their interactions 

in the considered systems. 

 

4.1 Dynamic light scattering (DLS) 

Dynamic light scattering (DLS) provides a powerful technique for investigating the size and 

dynamic diffusional behavior of dispersed particles in suspensions or polymer solutions. When the 

solution is illuminated by coherent light, the scattered intensity fluctuates with time due to the 

continuous Brownian motion of the particles (i.e., translational diffusion). Generally speaking, the 

faster the particles move, the more rapidly the scattered light intensity fluctuates. The rate of the 

scattered light intensity fluctuation is therefore strongly associated with the diffusional behavior of the 

particles. Figure 4.1 presents a schematic illustration of the typical DLS experimental setup. As shown, 

the sample is illuminated by a laser source with a wavelength , and the scattered light intensity, I(t), 

is recorded as a function of time t at a scattering angle  by a photodetector. The normalized 

autocorrelation function, g2(q,), is then computed by a correlator. (Note that full details of the 

measurement and analytical methods are available on Refs. [129] and [130].) 

 

Figure 4.1 Schematic representation of dynamic light scattering setup. 

 

4.1.1 Principles of DLS 

In dilute solutions containing particles, the scattered intensity fluctuations originate from 
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Brownian motion. The structural and diffusional information of the particles can be obtained from the 

normalized autocorrelation function, g2(q,), recorded during the measurements, i.e., 

𝑔2(𝑞, 𝜏) =
〈𝐼(𝑡) ∙ 𝐼(𝑡 + 𝜏)〉

〈𝐼(𝑡)〉2
 (4.1) 

where g2(q,) correlates the scattered light intensity at time t with the scattered light intensity after a 

certain delay time .  

For short delay times, the intensities at the initial time t and after the delay time , respectively, 

are strongly correlated since the particles change their positions only very slightly during a short time 

interval. As a result, the fluctuation of the scattered light intensity is small. However, for long delay 

times, the correlation decays exponentially since the particles are liable to move through a far greater 

distance. In other words, the correlation between the scattered intensity of the initial and final states is 

destroyed, or is extremely weak. Thus, the exponential decay of g2(q,) provides a meaningful insight 

into the diffusional behavior of the particles. For convenience, DLS analysis is commonly performed 

using the normalized field autocorrelation function, g1(q,), which is related to g2(q,), via the 

following Siegert relation [131]: 

𝑔2(𝑞, 𝜏) = 1 + 𝛽|𝑔1(𝑞, 𝜏)|
2 (4.2) 

where  is a coherence factor with 0 <  < 1 and varies depending on the particular alignment and 

geometry of the laser light in the DLS instrument.  

For monodisperse particles, the autocorrelation curve features a single exponential, and the 

corresponding normalized field autocorrelation function is given by 

𝑔1(𝑞, 𝜏) = 𝑒
−𝜏 = 𝑒

−
𝜏
𝜏1 (4.3) 

where  is the decay rate and  is the decay time. (Note that  is defined as 1/.) The translational 

diffusion coefficient D of the particles is then defined as 

𝐷 =
1

𝜏1𝑞
2
=



𝑞
 (4.4) 

where q is the scattering vector, and is given as 

𝑞 =
4𝜋𝑛s


sin

𝜃

2
 (4.5) 

where ns is the refractive index of the solvent,  is the wavelength of the incident laser and  is the 

scattering angle.  

For translational diffusion, D commonly shows no angular dependence, i.e., it is independent of 



 4. Characterization techniques 

31 
 

the scattering angle. Thus, referring to eq. 4.4,  depends linearly on q2, which indicates purely 

translation diffusion. In this case, the hydrodynamic radii, Rh, of the monodisperse particles can be 

calculated by the Stokes-Einstein equation as follows: 

𝑅h =
𝑘B𝑇

6𝜋
s
𝐷

 (4.6) 

where kB is the Boltzmann constant, T is the temperature, and s is the solvent viscosity. 

    For polydisperse particles, the autocorrelation function is a sum of multiple exponentials, where 

each exponential corresponds to a certain size fraction of particles. In this, case, the normalized field 

autocorrelation function, g1(q,), is given by the following integral over the decay time distribution, 

A(1): 

𝑔1(𝑞, 𝜏) = ∫𝐴(𝜏1)𝑒
−
𝜏
𝜏1 𝑑𝜏1 (4.7) 

where ∫𝐴(𝜏1)𝑑𝜏1 = 1. In eq. 4.7, g1(q,) is the Laplace transform of A(1) with respect to 1. Thus, 

to obtain the distribution values of 1 from the particles in polymer solution, it is necessary to perform 

inverse Laplace transformation. However, this operation is difficult due to the well-known ill-

conditioned problem for inverse Laplace transformation. Accordingly, in the present thesis, the 

regularized positive exponential sum (REPES) method is applied instead to analyze the autocorrelation 

function. As described in Ref. [132], the REPES method aims to minimize the expression 

𝐸 + 0𝑅 (4.8) 

where E is an error term, and is defined as  

𝐸 =∑[𝑓(𝑡k) − 𝑓k,exp)]
2

𝑘

 (4.9) 

in which fk,exp is the experimental data of g2(q, tk) and is given by 

𝑓(𝑡) = [𝑎1 +∑𝑎i

𝑟

𝑖=2

𝑒
−
𝑡
𝜏i]

2

 (4.10) 

In eq. 4.8, R is a regularizor, and  is calculated based on a preselected value during fitting called the 

Probability to Reject (PtR). When the value of PtR is large, the smoothness of the fit for A(1) is 

prioritized. Conversely, when the value of PtR is small, minimizing the error of the fit is prioritized. 

In general, PtR is set as 0.5. By fitting the experimental data using the REPES algorithm, the 

distribution function of A(1) can be obtained. Moreover, the distribution of the hydrodynamic radii, 

A(Rh), can also be obtained by converting A(1) in accordance with eqs. 4.5 and 4.6. 
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4.1.2 Instrument 

In the present thesis, the DLS measurements were obtained using an LS Spectrometer (LS 

Instruments, Fribourg, Switzerland) in a setup consisting of a laser light source, a goniometer, and two 

avalanche photodiode detectors. The light source had the form of a polarized HeNe laser (Thorlabs, 

Dachau, Germany) with a maximum power of 21 mW and a wavelength of 632.8 nm. The solutions 

under investigation were filled in cylindrical glass tubes with an outer diameter of 5 mm and a wall 

thickness of 0.4 mm. During the measurement process, the cylindrical tubes or square cuvettes were 

inserted in a decalin bath connected to a temperature control reservoir by a Julabo CF31 Cryo-Compact 

Circulator (JULABO, Seelbach, Germany). 

Angle-dependent DLS measurements were obtained at a solution temperature of 20 °C with 

scattering angles, θ, varied in the range of 45° to 135° in steps of 15°. 20 measurements were obtained 

at each angle; with a measurement time of 30 s in every case. The momentum transfer was evaluated 

as q = (4πns/λ) sin(θ/2) (eq. 4.5), where ns is the refractive index of the solvent,  is the wavelength of 

the laser light, and  is the delay time. The corresponding normalized intensity autocorrelation 

functions, g2(q,) (where  is the delay time), were analyzed using the REPES algorithm in the Gendist 

software [132, 133]. The calculated values of  were then used to derive the related values of the 

translational diffusion coefficient, D, from the decay rate as =  = Dq2. Finally, the hydrodynamic 

radii, Rh, were calculated using the Stokes-Einstein equation given in eq. 4.6. For all of the DLS 

measurements, the related computations were performed using the refractive index and viscosity 

values of the corresponding solvent. 

Temperature-dependent DLS measurements were obtained at temperatures up to the TCP of the 

solution in steps of 1 or 2 °C. For each temperature, 20 measurements were obtained; with a 

measurement time of 30 s in every case. The outliers were removed, and the remaining data were then 

analyzed and averaged. A thermal equilibration time of 20 min was allowed before the measurement 

process at each temperature. The temperature-dependent scattered intensity was measured for a 

constant scattering angle of  = 90°. The normalized intensity autocorrelation functions, g2(q,), were 

again evaluated using the REPES algorithm implemented in Gendist software [132, 133]. For each 

temperature, the distribution of the hydrodynamic radii was obtained in an equal area representation 

A(Rh) Rh vs. logRh. The peaks in the distributions were then used to determine the average 

hydrodynamic radii, Rh.  
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4.2 Rolling-ball Microviscometer 

    To determine precisely the hydrodynamic radius, the viscosity of the D2O/CD3OD solvent 

mixtures was measured using a rolling-ball microviscometer Lovis 2000 M/ME (Anton Paar GmbH, 

Graz, Austria). Each solvent mixture, 10 measurements were done and averaged. The inclination angle 

was set at 70°. The ball rolling time tr was measured. The viscosity of the solvent mixtures, s was 

obtained by the following equation. 


s
= 𝐾(𝜌b − 𝜌s)𝑡r (4.11) 

where K is the proportionality constant, rb is the ball density, and rs is the density of the solvent 

mixtures, which was referred to the value in Ref. [134]. 

The viscosity of the corresponding D2O/CD3OD solvent mixtures was measured from 15 to 50 

°C in steps of 5 °C. 

 

Table 4.1 Results from viscosity of the solvent mixtures [135]  

Solvent 

composition 

D2O/CD3OD  

[v/v] 

Viscosity of the solvent mixture, s  

(cP) 

15 °C 20 °C 25 °C 30 °C 35 °C 40 °C 45 °C 50 °C 

100:0 1.440 1.251 1.100 0.976 0.873 0.787 0.714 0.652 

90:10 1.796 1.538 1.336 1.174 1.043 0.935 0.845 0.770 

80:20 2.083 1.769 1.523 1.328 1.169 1.040 0.933 0.844 

70:30 2.509 2.114 1.806 1.560 1.362 1.201 1.068 0.957 

30:70 2.083 1.817 1.598 1.414 1.259 1.129 1.016 0.920 

20:80 1.617 1.439 1.287 1.156 1.044 0.947 0.863 0.790 

10:90 1.140 1.036 0.946 0.867 0.797 0.736 0.682 0.634 

0:100 0.778 0.722 0.673 0.630 0.591 0.556 0.526 0.498 

 

 

 

 

 

 

 



4. Characterization techniques 

34 

 

4.3 Abbe Refractometer 

The refractive index of the corresponding D2O/CD3OD solvent mixtures was obtained using an 

Abbe-refractometer (A. KRÜ SS Optronic GmbH, Hamburg, Germany), which is connected to a 

temperature control reservoir by a Julabo F31-HE (JULABO, Seelbach, Germany). The refractive 

index of the corresponding solvent mixtures was obtained at temperatures from 15 to 50 °C in steps of 

5 °C. 

 

Table 4.2 Results from refractive index of the solvent mixtures [135]  

Solvent 

composition 

D2O/CD3OD  

[v/v] 

Refractive index of the solvent mixtures, ns 

15 °C 20 °C 25 °C 30 °C 35 °C 40 °C 45 °C 50 °C 

100:0 1.327 1.327 1.327 1.326 1.325 1.325 1.324 1.324 

90:10 1.329 1.329 1.328 1.328 1.327 1.327 1.326 1.325 

80:20 1.331 1.331 1.330 1.330 1.329 1.328 1.327 1.327 

70:30 1.334 1.333 1.333 1.332 1.331 1.330 1.329 1.329 

30:70 1.340 1.338 1.337 1.336 1.3335 1.335 1.333 1.331 

20:80 1.338 1.336 1.335 1.333 1.332 1.331 1.330 1.328 

10:90 1.333 1.332 1.330 1.329 1.328 1.326 1.324 1.324 

0:100 1.328 1.326 1.326 1.323 1.324 1.320 1.320 1.316 
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4.4 Small-angle neutron and X-ray scattering (SANS/SAXS) 

Small-angle neutron and X-ray scattering (SANS/SAXS) are widely used techniques for 

investigating the structures of polymer and colloid systems at length scales of ~1-100 nm by analyzing 

the elastic scattering of neutrons and X-rays, respectively. (Full details both techniques are available 

in Refs. [131] and [136].) 

 

4.4.1 Principles of SANS and SAXS 

The fundamental instrument setup for SANS and SAXS is identical (see Figure 4.2), and 

comprises a neutron or X-ray source, a collimation system, a sample holder and a two-dimensional 

detector. The sample is illuminated in transmission mode by the collimated neutrons or X-rays, and 

the scattered intensity of the neutrons or X-rays is then detected by the 2D detector. Based on the 

assumption of elastic scattering, 𝑘⃗ 𝑖 and 𝑘⃗ 𝑠 are defined as the wave vectors of the incident beam and 

scattered beam, respectively, and have magnitudes of |𝑘⃗ 𝑠| = |𝑘⃗ 𝑖| = 2𝜋/, where  is the wavelength 

of the neutrons or X-rays. The momentum transfer, |𝑞 |, is then defined as the difference between the 

magnitudes of the wave vectors of the incident and scattered beams, i.e., 

|𝑞 | = |𝑘⃗ s − 𝑘⃗ i| =
4𝜋

𝜆
𝑠𝑖𝑛

𝜃

2
 (4.12) 

Thermal neutrons typically have wavelengths of 0.1-1.0 nm, while hard X-rays have wavelengths 

ranging from 0.1-0.2 nm. For both characterization methods, the scattering intensity is usually recorded 

at small angles of 0.1-10°. As shown in eq. 4.12, there exists a reciprocal relation between the 

characteristic size of the sample and the scattering angle. Depending on the angular range over which 

a good scattering signal can be obtained, SANS and SAXS are able to characterize the structure at 

length scales of 1-100 nm. Generally speaking, the smaller the measured angle, the larger the sample 

length scale which can be probed. Thus, very small-angle neutron scattering (VSANS) is capable of 

resolving even larger length scales. Furthermore, the recorded angular range can be tuned simply by 

adjusting the sample-to-detector distance (SDD).  

 

Figure 4.2 Schematic illustration of small-angle neutron or X-ray scattering setup. 
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4.4.2 Differential scattering cross-section and scattering contrast 

    To characterize the sample structure, the intensity, Im(), is measured using the experimental setup 

is shown in Figure 4.3.  

 

Figure 4.3 Schematic representation of scattering experiment. The incident radiation source has 

a flux i, wavelength , and incident intensity Ii. The sample has a thickness d and is illuminated 

through an aperture of area A. Finally, the detector has an efficiency E() < 1 and a surface area 

of Adet =  (SDD)2 at a sample-to-detector distance SDD and scattering angle . (Adapted from 

Ref. [131].) 

 

    The ratio of the incident intensity, Ii, to the scattered intensity, I, is defined as the differential 

scattering cross-section of the sample per unit solid angle, i.e., 

𝑑𝜎

𝑑
=
𝐼(SDD)2

𝐼i
 (4.13) 

The differential scattering cross-section can then be expressed per unit sample volume in units of cm-

1 by normalizing with respect to the unit sample volume, V, i.e., 

𝑑

𝑑
 (cm−1) =

1

𝑉

𝑑𝜎

𝑑
 (4.14) 

where d/d is the probability of the incident beam being scattered from the unit sample volume V 

into the solid angle . In other words, it represents the interaction between the incident radiation and 

the sample, and hence provides an understanding of the structure of the sample. 

For an isotropic matter with N atoms at individual positions ri, e.g., a polymer chain, the scattering 

of neutrons and X-rays represents an interference phenomenon. That is, the incident radiation waves 

interact with the sample and produce interference of waves scattered from each atom i at position ri 

with a wave function Ai. The total scattering amplitude, A(q), is then given as the sum of N wave 

functions Ai. That is, 

𝐴(𝑞) ∝∑ 𝑏i
𝑁

𝑒𝑥𝑝[−𝑖 𝑞 𝑟i] (4.15) 



 4. Characterization techniques 

37 
 

where bi is the fraction of the incident radiation scattered by atom i, and is referred to as the scattering 

length. For small-angle scattering, the length scales probed are much larger than the interatomic 

distance. Therefore, eq. 4.15 can be expressed as 

𝐴(𝑞) ∝ ∫ 𝜌(𝑟i) 𝑒𝑥𝑝 [−𝑖 𝑞 𝑟i] 𝑑𝑟
𝑉

 (4.16) 

where  (ri) is the scattering length density.  (ri) stems from the electron density for X-rays, but the 

the scattering length for neutrons. In small-angle scattering, it is conventional to use the scattering 

length density  of a material rather than the scattering length b of the atoms. The scattering length 

density is defined as 

𝜌 =
1

𝑉m
∑𝑏i

𝑛

𝑖

 (4.17) 

where Vm is the molecular volume and bi is the scattering length of all atoms in a molecule.  

Neutrons and X-ray photons interact with matter differently. Specifically, X-rays interact with the 

electrons of atoms, while neutrons interact with the nuclei. The scattering length b is related to the 

strength of the interaction. For X-rays, the scattering length, b, depends on the wavelength and 

increases with an increasing atomic number Z. For neutrons, b is essentially wavelength-independent, 

but depends strongly on the isotopes. Table 4.3 lists the valu of b for some of the atoms most commonly 

investigated in polymer systems, e.g., H, D, C, O and N. It is noted that the b values of H and D are 

different for neutrons, but the same for X-rays. Therefore, some form of contrast variation, e.g., solvent 

matching or deuterium labeling, is often used in neutron scattering [131].  

 

Table 4.3 X-ray and coherent neutron scattering lengths b and incoherent neutron cross-sections 

inc of atoms commonly found in polymer systems.  

Atom H D C N O 

bX-ray, 10-12 cm [136] 0.282 0.282 1.690 1.970 2.260 

bneutron, 10-12 cm [137] -0.374 0.667 0.665 0.940 0.580 

inc, 10-24 cm2 [138] 80.26 2.05 0.001 0.5 0 

 

    For the case of n polymer chains (each made up of N atoms) in solvent, the total scattering effect 

can be rewritten as the sum of the k = 1 to n individual chains, i.e., 
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𝐹(𝑞) ∝∑𝐴k(𝑞)

k

𝑒𝑥𝑝[−𝑖 𝑞 𝑟k] (4.18) 

    For isotropic matter, the differential scattering cross-section is given by the product of F(q) and 

its complex conjugate, F*(q). That is, 

𝑑

𝑑
(𝑞) ∝  〈𝐹(𝑞)𝐹 ∗ (𝑞)〉 = 〈∑∑𝑏i𝑏j𝑒𝑥𝑝[−𝑖 𝑞 (𝑟i − 𝑟j)]〉 (4.19) 

Based on the assumption of elastic scattering, only the relative positions of every pair of scattering 

elements play a role. Thus, eq. 4.19 can be simplified as 

𝑑

𝑑
(𝑞) ∝  (𝜌 − 𝜌s)

2∫ 𝑃(𝑟)𝑒𝑥𝑝[−𝑖 𝑞 𝑟]
𝑉

𝑑𝑟 (4.20) 

where   =  −s is the excess scattering length density, in which  is the scattering length density of 

the dispersed polymer and s is the scattering length density of the solvent. 

For N particles with volume Vp with correlations in a polymer solution, the scattered intensity is 

given by 

𝑑

𝑑
(𝑞) = 𝐼(𝑞) =

𝑁

𝑉
𝑉p
2∆𝜌2𝑃(𝑞)𝑆(𝑞) + 𝐼bkg (4.21) 

where P(q) is the form factor of the particles, and is related to their shape and size. In addition, S(q) is 

the structure factor, and describes the correlation between the particles. Finally, Ibkg is a constant 

background, and  is the excess scattering length density (i.e., the scattering contrast). In general, a 

small value of  may hinder the analysis of P(q) and S(q). Therefore, SANS measurements are 

usually performed using deuterated solvent or deuterium labeling in order to increase the value of  

and simplify the structural analysis task. 

 

4.4.3 Experimental aspects of small-angle scattering 

Figure 4.3 shows the experimental setup for small-angle scattering experiments. The scattered 

intensity, I, is measured at a scattering angle, , and sample-to-detector distance SDD within a solid 

angle  on a detector with efficiency E() and area Adet =  (SDD)2. The incident intensity per 

second, Ii, is defined as 

 𝐼i = i 𝐴 𝐸() (4.22) 

where i is the incident radiation flux,  is the incident radiation wavelength, and A is the aperture 

area.  

For neutron and X-ray scattering, the measured intensity, Im(), obtained by experiments can be 
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simplified as 

𝐼m(θ) = i 𝐴 𝐸()  𝑑 𝑇
𝑑

 𝑑
 (4.23) 

where d is the sample thickness and T is the transmission of the sample. The coefficient C() is related 

to the configuration of the experimental setup, i.e., C() = iAE() = Ii. In other words, C() 

depends on the wavelength, the detector, the collimation distance, the type of detector, and the size of 

the sample aperture. Finally, term dTd/d in eq. 4.23 is specific to the sample. 

    For neutron scattering, the spin coupling of the neutrons and nuclei contributes to an incoherent 

background, which is represented as the incoherent neutron cross-section, inc. The values of inc for 

some of the most commonly found atoms in polymer systems are listed in the bottom row of Table 4.3. 

It is seen that the H atoms have a very strong neutron incoherent cross-section, compared to the D 

atoms. However, this effect can be minimized by using deuterated solvents. The total measured 

differential cross-section of a sample (e.g., a polymer solution) comprises two terms, namely 

𝑑

𝑑
= (

𝑑

𝑑
)
coherent

+ (
𝑑

𝑑
)
incoherent

 (4.24) 

where (d/d)coherent is q-dependent and contains the structural information of the particles in the 

polymer solution, and (d/d)incoherent is independent of q and is considered to be a flat background 

originating from both the solvent and the incoherent scattering of the polymer. For dilute solutions, the 

incoherent scattering from the polymer is negligible and subtraction of the solvent scattering is thus 

sufficient. However, for concentrated solutions, the incoherent scattering from the polymer must be 

measured (or calculated) and then subtracted before the coherent differential scattering cross-section 

can be analyzed.  

    Due to the limited instrumental resolution effects originating from the wavelength spread, beam 

divergence and detector resolution, respectively, the measured intensity, Im(), is degraded by a 

smearing effect. Therefore, to analyze the differential scattering cross-section of the sample, it is 

necessary to employ the following smeared scattering function, Ismear(q) [139]: 

𝐼smear(𝑞) = ∫ 𝑅(𝑞, 𝑞′)𝐼(𝑞′)
∞

0

𝑑𝑞′ (4.25) 

Where R(q, q’) is a Gaussian resolution function with a standard deviation q, which accounts for the 

q-divergence caused by the wavelength spread, beam divergence and detector resolution, respectively. 

R(q, q’) is given mathematically as 

𝑅(𝑞, 𝑞′) =
1

∆𝑞√2𝜋
 𝑒𝑥𝑝 [−

(𝑞′ − 𝑞)2

2(∆𝑞)2
] (4.26) 



4. Characterization techniques 

40 

 

For SAXS, q in eq. 4.26 is usually negligible; particularly when the instrument has a pin-hole 

geometry. However, for SANS, wavelength spreading usually results in a larger q value, and hence 

the smearing effects must be considered. In other words, when analyzing the scattered intensity, the 

model function needs to be convoluted with the resolution function. 

 

4.4.4 Instruments 

Small-Angle Neutron Scattering (SANS). In the present thesis, the SANS measurements were 

performed at the KWS-1 instrument operated by the Jülich Centre for Neutron Science (JCNS) at 

Heinz-Maier-Leibnitz Zentrum (MLZ), Garching, Germany [140, 141]. The neutron source had a 

wavelength of  = 0.50 nm with a spread of  = 0.1. The sample-detector distances were set as 1.5, 

8.0 and 20 m; resulting in a value of q ranging from 0.03-4.4 nm-1. The momentum transfer was 

evaluated as q = 4 sin(/2)/ where  is the scattering angle. The samples were mounted in quartz 

glass cells (Hellma Analytics) with a light path length of 1 mm. A Peltier thermostated sample stage 

was used for all of the experiments. The sample transmission was measured and considered. The 

measurement time was set as 5 min, 20 min and 30 min for SDD values of 1.5 m, 8 m, and 20 m, 

respectively. Prior to the experiments, the detector sensitivity was evaluated using an empty Plexiglas 

cell. The background scattering from the empty cell and the dark current measured using boron carbide 

were then subtracted from the experimental measurements to obtain the absolute intensities for the 

sample under investigation. All of the data operations including azimuthal averaging were carried out 

using standard procedures in the software QtiKWS provided by JCNS. 

 

Figure 4.4 Schematic representation of SANS instrument at KWS-1 located at the MLZ, 

Garching, Germany. (Adapted from [140].) 
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Very Small-Angle Neutron Scattering (VSANS). VSANS measurements were carried out at the KWS-

3 instrument operated by the Jülich Centre for Neutron Science (JCNS) at Heinz-Maier-Leibnitz 

Zentrum (MLZ), Garching, Germany [142]. The incident neutrons had a wavelength of 1.28 nm with 

a spread  of 0.18. The SDD distance was set as 9.4 m; giving a q range of 0.002 – 0.02 nm-1. In 

addition, the measurement time was set as 20 min or 25 min; depending on the concentration of the 

solution. As for the SANs experiments, the system was calibrated using an empty Plexiglass cell, and 

data processing was performed using standard procedures implemented in QtiKWS software. For each 

sample, the neutron transmission was measured using a direct beam on the detector, and TCP
VSANS was 

defined as the temperature at which the transmission started to decay. 

 
Figure 4.5 Schematic representation of VSANS instrument at KWS-3 located at MLZ, Garching, 

Germany. (Adapted from Ref. [142].) 

 

Synchrotron small-angle X-ray scattering (SAXS). Synchrotron SAXS measurements were conducted 

at the high brilliance synchrotron beamline P12 at the European Molecular Biology Laboratory (EBML) 

at DESY, Hamburg [143]. The measurements were performed using an X-ray wavelength of  = 0.124 

nm and an SDD distance of 3.0 m; leading to a value of q in the range of 0.03-4 nm-1. The scattering 

patterns were collected using a 2D Pilatus 2M detector. For each measurement, 20 frames were 

obtained as the solution was flowed continuously through a quartz capillary with a wall thickness of 

50 m and a path length of 1.7 mm using a robotic sample changer [144]. The exposure time of each 

frame was set as 45 ms. For each measurement, frames without significant differences caused by 

radiation damage were averaged, and they were then azimuthally integrated by the automated data 

processing pipeline SASFLOW [145]. The background signals of the solvent and quartz capillary were 

subtracted. The absolute scattering data of the samples were calibrated using pure water as a standard. 

All of the experiments were performed in transmission mode. 
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Figure 4.6 (a) Schematic representation of SAXS instrument at beamline P12 located at EMBL, 

Hamburg, Germany. (Reprinted from Ref. [143].) (b) Robotic sample changer. (Reprinted from 

Ref. [144].) (c) Screenshot of graphical user interface of P12 beamline. (Reprinted from Ref. 

[143].) 
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4.5 Data analysis in small-angle scattering 

This section commences by introducing the model used to characterize the structure of PNIPAM 

homopolymer aqueous solution. The modeling of the molecularly-dissolved polymer chains of 

PMMA-b-PNIPAM is then discussed. Finally, the form factors and structure factors used for the self-

assembled micelles produced by PMMA-b-PNIPAM are introduced. 

 

4.5.1 Modeling of PNIPMAM homopolymers 

 

Modified Porod term, Iagg(q) 

In most cases, the modified Porod term, Iagg(q), can be approximated by the following modified 

Porod term [146]: 

𝐼agg(𝑞) =
𝐾P
𝑞𝑃

 (4.27) 

which KP is a scaling factor and P is the Porod exponent. For PNIPMAM aqueous solutions in a one-

phase state, the Porod term describes the large-scale inhomogeneities, and the Porod exponent P 

describes the fractal dimension of large-scale inhomogeneities [147]. In the two-phase state, P 

describes the surface structure of the mesoglobules or aggregates, and has a value of P = 4 for smooth 

surfaces, P < 4 for rough surfaces and P > 4 for concentration gradients near the surface. 

 

Gel term, Igel(q) 

The gel term, Igel(q), is frequently used to characterize the “frozen-in” crosslinks of gels [148], 

and is used in the present thesis to identify the size and amount of the static heterogeneities formed by 

the physical crosslinks in the PNIPMAM solution. The gel term, Igel(q), is given by 

𝐼gel(𝑞) = 𝐼Gel𝑒𝑥𝑝 (−
𝑞22

2
) (4.28) 

Where IGel is a scaling factor related to the quantity of static heterogeneities; and  is the size of the 

static heterogeneities.  
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Figure 4.7 Examples of gel terms with different values of . 

 

Modified Ornstein-Zernike term, Ifluct(q) 

The term Ifluct(q) is used to describe the chain scattering effect, and takes account of both the 

correlation length caused by local concentration fluctuations, OZ, and the interactions between 

polymer chains and the solvent molecules. The present thesis uses the following modified Ornstein-

Zernike term [149]: 

𝐼fluct(𝑞) =
𝐼OZ

1 + (𝑞
OZ)

𝑚 (4.29) 

where IOZ is a scaling factor, and m is the Ornstein-Zernike exponent associated with the chain 

conformation, which in turn reflects the interactions between the polymer chains and the solvent 

molecules. For m = 2, the normal Ornstein-Zernike function is recovered, which describes polymer 

chains with a Gaussian chain conformation [150]. However, for m > 2, the chains have a more compact 

local chain conformation due to a poorer solvent quality. 

 

Figure 4.8 Examples of modified Ornstein-Zernike terms with different values of IOZ, OZ and m. 
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Beaucage model 

The Beaucage model combines the modified Porod term and the Guinier term to describe the 

scattering effect of the mesoglobules or aggregates as follows [151, 152]: 

𝐼(𝑞) = 𝐺exp(−
𝑞2𝑅g

2

3
) + 𝐵 {[erf (

𝑞𝑅g

√6
)]
3

/𝑞}

𝑃′

+ 𝐼bkg (4.30) 

where G and B are scaling factors, Rg is the radius of gyration of the mesoglobules, P' is the Porod 

exponent characterizing the mesoglobule surface roughness [153, 154] and Ibkg is the incoherent 

background with a fixed value of 30 cm-1. Finally, erf(x) is an error function designed to provide a 

smooth transition between the two contributions. 

 

Figure 4.9 Examples of Beaucage model with Rg = 15 nm and P’ = 4. Note that the contribution 

from the Guinier term is given by the green dashed line, while that from the modified Porod term 

multiplied by the error function is given by the red dashed-dotted line. 

 

The invariant Q*, used to further estimate the water fraction in the polymer-rich domains, was 

calculated as follows: 

𝑄∗ = ∫ 𝐼(𝑞)𝑞2𝑑𝑞
∞

0

 (4.31) 

where I(q) is the scattered intensity. For a two-phase system, Q* reads: 

𝑄∗ = 2𝜋(1 − )(∆𝜌)2 (4.32) 

where  is the volume fraction of the polymer-rich domains and  is the scattering length density 

difference between polymer-rich and solvent-rich domains. It was calculated over the entire q range 

from the fitted Beaucage model (eq 4.30) without the Ibkg term. 
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4.5.2 Form factor of molecularly-dissolved polymer chains from PMMA-b-PNIPAM 

For molecularly-dissolved polymer chains subject to an excluded volume assumption, the form 

factor, Pchain(q), can be expressed as [155, 156] 

𝑃chain(𝑞) = 2∫ 𝑑𝑥(1 − 𝑥)𝑒𝑥𝑝 [−
𝑞2𝑎2

6
𝑛2𝑥2]

1

0

 (4.33) 

where  is the excluded volume parameter, and is related to the chain conformation exponent, m, by 

 = 1/m. In addition, a is the statistical segment length of the polymer chains and n is the degree of 

polymerization. 

The integral expression in eq. 4.33 can be converted into the following rough analytical form. It 

reads [155]: 

𝑃chain(𝑞) =
1

 𝑈1/2
𝛾 (

1

2
, 𝑈) −

1

 𝑈1/
𝛾 (
1


, 𝑈) (4.34) 

The incomplete gamma function, (x, U), has the form 

𝛾(𝑥, 𝑈) = ∫ 𝑑𝑡 𝑒𝑥𝑝(−𝑡)𝑡𝑥−1
𝑈

0

 (4.35) 

where U is a variable expressed in terms of the scattering momentum transfer q as follows: 

𝑈 =
𝑞2𝑎2𝑛2

6
=
𝑞2𝑅g

2(2 + 1)(2 +  2)

6
 (4.36) 

The square of the radius of gyration of the molecularly-dissolved polymer chains is given by 

𝑅g
2 =

𝑎2𝑛2

(2 + 1)(2 + 2)
 (4.37) 

Finally, the chain conformation exponent, m = 1/, describes the fractal dimension of the polymer 

chains, and has a value of m < 2 for swollen chains, m = 2 for ideal or Gaussian chains, and m = 3 for 

collapsed chains [155, 157]. 
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Figure 4.10 (a) Examples of form factors of molecularly-dissolved polymer chains with different 

values of Rg and m.  

 

4.5.3 Form factors of self-assembled micelles from PMMA-b-PNIPAM 

    This section introduces the form factors used to characterize the shape and size of the self-

assembled micelles formed by PMMA-b-PNIPAM.  

 

Form factor of homogeneous spheres 

The form factor for homogeneous spheres, Ps(q), has the form [158] 

𝑃s(𝑞) =


𝑉mic
[3𝑉mic(𝜌sphere − 𝜌solvent)

sin(𝑞𝑅mic) − 𝑞𝑅mic cos(𝑞𝑅mic)

(𝑞𝑅mic)
3

]

2

 (4.38) 

where sphere is scattering length density (SLD) of the sphere. 

 

Form factor of core-shell spheres with homogeneous shell 

The common form factor for spherical core-shell particles with a homogenous shell SLD, P’CS(q), 

is expressed as [158] 

𝑃′CS(𝑞) =


𝑉mic
[3𝑉core(𝜌core − 𝜌shell)

sin(𝑞𝑅core) − 𝑞𝑅core cos(𝑞𝑅core)

(𝑞𝑅core)
3

       

+ 3𝑉mic(𝜌shell − 𝜌solvent)
sin(𝑞𝑅mic) − 𝑞𝑅mic cos(𝑞𝑅mic)

(𝑞𝑅mic)
3

]

2

 

(4.39) 

where Rcore is the radius of the micellar core, pcore is the polydispersity of the core, and Rmic is the radius 

of the micelles. Given the radius values of the micellar core and micelles, respectively, the shell 

thickness, tshell, can be obtained directly by subtraction. The shell SLD, shell, remains constant along 

the radial direction and is set as a free fit parameter. 
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Form factor of core-shell spheres with inhomogeneous shell 

The form factor for core-shell spheres, PCS(q), is given by [136] 

𝑃CS(𝑞) =
1

𝑉mic
[𝑓core(𝑞) + 𝑓shell(𝑞) + 𝑓solvent(𝑞)]

2 (4.40) 

where Vmic is the volume of the micelles, and the individual terms in eq. 4.40 are defined as follows: 

𝑓core = 4π∫ 𝜌core
sin(𝑞𝑟)

𝑞𝑟

𝑅core

0

𝑟2𝑑𝑟 = 3𝜌core𝑉core [
sin(𝑞𝑅core) − 𝑞𝑅core cos(𝑞𝑅core)

(𝑞𝑅core)
3 ] (4.41) 

𝑓shell = 4𝜋∫ 𝜌shell(𝑟)
sin (𝑞𝑟)

𝑞𝑟
𝑟2𝑑𝑟

∆𝑡shell

 (4.42) 

𝑓solvent = 4π∫ 𝜌solvent
sin(𝑞𝑟)

𝑞𝑟

∞

𝑅mic

𝑟2𝑑𝑟 = 3𝜌solvent𝑉mic [
sin(𝑞𝑅mic) − 𝑞𝑅mic cos(𝑞𝑅mic)

(𝑞𝑅mic)
3 ] (4.43) 

where Rcore is the radius of the micellar core, tshell is the shell thickness of the micelles, Rmic is the radius 

of the micelles (i.e., Rmic = Rcore + tshell), and Vcore is the volume of the micellar core. The polydispersity 

of the micellar core radius, pcore, is described by the following Schultz distribution [159, 160]: 

𝐺(𝑅core) =
𝑅core

𝑍

(𝑍 + 1)
(
𝑍 + 1

𝑅̅core
)
𝑍+1

× 𝑒𝑥𝑝 [−
𝑅core

𝑅̅core
(𝑍 + 1)] (4.44) 

where 𝑅̅core is the mean value of the micellar core radius, Z is associated with the width of the 

distribution, and (x) is the gamma function. The polydispersity of the micellar core radius, pcore, is 

given by 

𝑝core =
1

(𝑍 + 1)
1
2

 (4.45) 

This thesis investigates PMMA-b-PNIPAM diblock copolymers with PMMA blocks as core-

forming blocks in D2O solution. The scattering length densities (SLDs) of PMMA (PMMA = 10.82  

10-6 Å -2) and D2O (solvent = 9.44  10-6 Å -2) are estimated in accordance with their mass densities of 

1.18 and 1.10 g/cm3, respectively. During model fitting, the SLD values of the core core and solvent 

solvent are set as fixed parameters at equal to those of PMMA and D2O, respectively. 

The SLD of the shell shell (r) is described by the following exponential function: 

𝜌shell(𝑟) =

{
 

 𝐵 exp (
− 𝐴0 ( 𝑟 − 𝑅core)

𝑡shell
) + 𝐶          for 𝐴0 > 0

𝐵 (
𝑟 − 𝑅core
𝑡shell

) + 𝐶                              for 𝐴0 = 0 

 (4.46) 

Where B and C are constants, which depend on the boundary conditions of the SLD value at the 

interfaces between the core and shell and shell and solvent, respectively. In addition, A0 /tshell is 
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associated with v0, and determines the shape of the exponential function. Finally, shell
o is the SLD 

value at the interface between the core and the shell. 

Once the SLD of the shell, shell (r), has been determined, its contribution to eq. 4.42 is given by 

𝑓shell = 4𝜋 ∫ 𝜌shell(𝑟)
sin(𝑞𝑟)

𝑞𝑟
𝑟2𝑑𝑟

∆𝑡shell
= 4𝜋∑ 𝜌shell(𝑟𝑗)

sin(𝑞𝑟)

𝑞𝑟
𝑟2𝑑𝑟

𝑛𝑠tep
𝑗=1

  

      ≈ 4𝜋∑ [3 (𝜌shell(𝑟𝑗+1) − 𝜌shell(𝑟𝑗)) 𝑉(𝑟𝑗) [
𝑟𝑗
2𝛽𝑜𝑢𝑡

2 sin(𝛽𝑜𝑢𝑡)−(𝛽𝑜𝑢𝑡
2−2) cos(𝛽𝑜𝑢𝑡)

𝛽𝑜𝑢𝑡
4 ] −

𝑛step
𝑗=1

                                3 (𝜌shell(𝑟𝑗+1) − 𝜌shell(𝑟𝑗))𝑉(𝑟𝑗−1) [
𝑟𝑗−1

2𝛽𝑜𝑢𝑡
2 sin(𝛽𝑖𝑛)−(𝛽𝑖𝑛

2−2) cos(𝛽𝑖𝑛)

𝛽𝑖𝑛
4 ] +

                            3𝜌shell(𝑟𝑗+1)𝑉(𝑟𝑗) [
sin(𝛽𝑜𝑢𝑡)−cos(𝛽𝑜𝑢𝑡)

𝛽𝑜𝑢𝑡
4 ] − 3𝜌shell(𝑟𝑗)𝑉(𝑟𝑗) [

sin(𝛽𝑖𝑛)−cos(𝛽𝑖𝑛)

𝛽𝑖𝑛
4 ]]  (4.47) 

where 

𝑉(𝑎) =
4𝜋

3
𝑎3  (4.48) 

with 

𝑎𝑖𝑛 ≈
𝑟𝑗

𝑟𝑗+1 − 𝑟𝑗
  ;  𝑎𝑜𝑢𝑡 ≈

𝑟𝑗+1

𝑟𝑗+1 − 𝑟𝑗
 (4.49) 

𝛽𝑖𝑛 = 𝑞𝑟𝑗 ;  𝛽𝑜𝑢𝑡 = 𝑞𝑟𝑗+1 (4.50) 

In fitting of the SAXS curves, nstep, is assigned to a value of 45, and shell (r) is approximated to 

be linear in each step.  

In the present research, the PNIPAM blocks form the micellar shell. Once the SLD profile of the 

shell has been obtained, the D2O content of the shell along the radial direction is calculated as follows: 


D2O

=
𝜌PNIPAM − 𝜌shell(𝑟)

𝜌PNIPAM − 𝜌solvent 
 (4.51) 

where solvent is the SLD value of D2O (9.44  10-6 Å -2) and PNIPAM is the SLD value of dry PNIPAM 

(10.30  10-6 Å -2). 

In addition, the aggregation number of the micelles, Nagg, is determined from the resulting core 

radius, Rcore, as 

𝑁agg = (
𝑁av

𝐷𝑃PMMA × 𝑉PMMA 
)
4𝜋

3
𝑅core

3 (4.52) 

where Nav is the Avogadro number (6.02  1023 mol-1), DPPMMA is the degree of polymerization of the 

PMMA blocks, and VPMMA is the molar volume (21  85.4 cm3 mol-1) [161]. 
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Figure 4.11 Examples of spherical core-shell form factors with inhomogeneous shell SLD with 

different values of Rcore, tshell and pcore. Note pcore = 0 in (a), and v0 = 3 in (a) and (b). SLD values 

of the core core and solvent solvent are assumed to be equal to the SLD values of PMMA (PMMA 

= 10.82  10-6 Å -2) and D2O (solvent = 9.44  10-6 Å -2), respectively. In addition, the SLD value 

at the interface between the core and the shell, shell
o, is assumed to be 9.60  10-6 Å -2. 

 

 

Figure 4.12 (a) Examples of core-shell spherical form factors with inhomogeneous shell SLD 

with different values of v0. Note that pcore in (a) is zero. Resulting SLD profile (b) and D2O content 

(c) along micellar radial direction. SLD values of the core core and solvent solvent are assumed to 

be equal to the SLD values of PMMA (PMMA = 10.82  10-6 Å -2) and D2O (solvent = 9.44  10-6 

Å -2), respectively. In addition, the SLD value at the interface between the core and the shell, shell
o, 

is assumed to be 9.60  10-6 Å -2. 

 

4.5.4 Structure factors  

    This section introduces the structure factors used in the present research to characterize the 

interactions between the correlated micelles formed by PMMA-b-PNIPAM. 
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Hard-sphere structure factor  

The spatial correlation between the collapsed micelles is described using the Percus-Yevick hard-

sphere structure factor, SHS(q), which has the form [159, 162] 

𝑆HS(𝑞) =
1

1 + 24𝐺(2𝑅HS𝑞)/(2𝑅HS𝑞)
 (4.53) 

with 

 𝐺(𝑥) = 𝛾
sin𝑥−𝑥 cos𝑥

𝑥2
+ 𝛿

2𝑥 sin𝑥+(2−𝑥2) cos𝑥−2

𝑥3
+ 𝜀′

−𝑥4 cos𝑥+4(3𝑥2−6cos𝑥+(𝑥3−6𝑥) sin𝑥+6)

𝑥5
  (4.54) 

where the parameters ,  and ’ are given respectively by 

γ =
(1 + 2)2

(1 − )4
; 𝛿 =

−6 (1 +

2
)
2

(1 − )4
; 𝜀′ =

𝛾

2
 (4.55) 

Referring to eq. 4.53, SHS(q) gives RHS, the half-distance between two correlated collapsed micelles, 

while  is the volume fraction of the correlated collapsed micelles. 

The interparticle potential of the Percus-Yevick hard-sphere model, uPY(r), is expressed as 

𝑢PY(𝑟) = {
∞      𝑟 < 2𝑅HS
0       𝑟 ≥ 2𝑅HS

 (4.56) 

 

Sticky hard-sphere structure factor 

The sticky hard-sphere structure factor, SSHS(q), is a perturbative solution of the Ornstein-Zernike 

equation with the Percus-Yevick closure relation, and is used to describe the intermicellar interactions 

with short-range attractive potentials. SSHS(q) has the form [163, 164] 

𝑆SHS(𝑞) =
1

𝐴(𝑞)2 + 𝐵(𝑞)2
 (4.57) 

where 

𝐴(𝑞) = 1 + 12 [𝛼
sin−  cos

3
+ 𝛽

1 − cos

2
−

'

12

sin


 ] (4.58) 

𝐵(𝑞) = 12 [𝛼 (
1

2
−
sin

2
+
1 − cos

3
 ) + 𝛽 (

1


−
sin

2
 ) −

'

12

1 − cos


 ] (4.59) 

in which parameters  and  are expressed as 

𝛼 =
1 + 2 −  𝜇

(1 − )2
 ;  𝛽 =

𝜇 − 3

2(1 − )2
 ;  𝜇 = '(1 − ) (4.60) 
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τ =
1 +  /2

(1 − )2
+ ' (



12
−

2

1 − 
) ;   = 𝑞(2𝑅HS + ∆) (4.61) 

Here, ' is a parameter introduced by Baxter [163]. RHS is the half-distance between two correlated 

micelles with short-range attractive interactions, and  is the well width of the square-well potential. 

In addition,  is equal to (2RHS+)3/6, and is associated with the volume fraction of correlated 

micelles (), and  is the number density of the correlated micelles. 

The “stickiness” parameter,  is related to the depth of the attractive potential well, and is given 

by 

0 =
1

12ϵ
exp (−

𝑢0
𝑘𝐵𝑇

) (4.62) 

where the perturbation parameter, ϵ is defined as 

ϵ =
∆

2𝑅HS + ∆
 (4.63) 

in which kB is the Boltzmann constant, T is the temperature, and u0 is the depth of the attractive 

potential well in units of kBT. In the present research, ϵ is assigned a constant value of 0.05 in the 

fitting process. 

The interparticle potential of the sticky hard-sphere model uSHS(r) is given by 

𝑢SHS(𝑟) = {

     ∞                        𝑟 < 2𝑅HS                                
−𝑢0        2𝑅HS ≤ 𝑟 ≤ 2𝑅HS + ∆                       
    0                         𝑟 > 2𝑅HS + ∆                      

 (4.64) 

In other words, a larger value of  give rise to a weaker the attractive interaction. Given  the 

reduced second virial coefficient, b2, can be inferred simply as b2 = 1−1/(4)   For b2 > 0, a 

the repulsive interaction prevails. By contrast, for b2 < 0, attractive interaction dominates. 

 

Figure 4.13 (a) Examples of sticky hard-sphere structure factors with different values of RHS, , 

and 0. 
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Fractal structure factor 

The fractal structure factor, Sfractal(q), describes the clusters formed by the polydisperse core-shell 

micelles, and is expressed as [147] 

𝑆fractal(𝑞) = 1 +
𝐷f(𝐷f − 1) sin[(𝐷f − 1) tan

−1(𝑞
f)]

(𝑞𝑅mic)
𝐷f × (1 +

1

𝑞2
f
2)

(𝐷𝑓−1)/2
 

(4.65) 

where Df is the fractal dimension and f is the fractal correlation length. The radius of gyration of the 

clusters, Rcluster, is defined as [167] 

𝑅cluster
2 =

𝐷f(𝐷f + 1)f
2

2
 (4.66) 

 

4.5.5 Modeling of scattering from aggregates 

In evaluating the scattering from the large aggregates formed by the collapsed micelles, the Porod 

term, IPorod (q), is used to characterize the surface properties of the aggregates, i.e., [146]. 

𝐼Porod =
𝐼P
𝑞𝑃

 (4.67) 

where IP is a scaling factor, and P is the Porod exponent, which indicates the surface properties of the 

aggregates, and has a value of P = 4 for a smooth surface, 3 < P < 4 for a rough surface, and P > 4 for 

a surface with a concentration gradient [153, 154]. 

Finally, the size of the aggregates is evaluated using the Guinier function, Iagg(q), which has the 

form [158] 

𝐼agg(𝑞) = 𝐼G𝑒𝑥𝑝(−
𝑞2𝑅agg

2

3
) (4.68) 

where IG is the scaling factor, and Ragg is the radius of gyration of the aggregates. 
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4.6 Turbidimetry 

To identify the cloud points of the various polymer solutions, turbidimetry was performed using 

a 10 mW HeNe laser with a wavelength of 632.8 nm and a Si photodiode (Thorlabs, CITY). The 

samples were loaded in quartz glass cells (Hellma Analytics) with a light path length of 1 mm. The 

cells were inserted into an aluminum sample stage connected to a Julabo F12 thermostat (Julabo GmbH, 

Seelbach, Germany), and temperature scans were carried out at a heating rate of 0.2 K min-1 with a 

Pt100 resistance thermosensor attached directly to the stage. The transmitted light intensity was 

normalized to the maximum measured intensity to obtain the transmission of the sample. The cloud 

point temperature, TCP, was then taken as the temperature at which the transmission reduced abruptly; 

indicating the collapse of the polymer chains. 

 

Figure 4.14 (a) Schematic representation of turbidimetry setup. (b) Photograph of turbidimetry 

setup. (c) Example of transmission data obtained at different temperatures. Note that the red arrow 

indicates the cloud point, TCP, and the photographs show glass cells containing solutions below 

TCP (left) and above TCP (right), respectively. (d) Photographs of aluminum sample stage with 

(left) and without (right) thermal insulation by polystyrene foam. 
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4.7 Differential scanning calorimetry (DSC) 

    Differential scanning calorimetry (DSC) is a technique for analyzing the thermal properties of 

materials; particularly for polymeric materials. It is often used to determine the characteristic 

temperatures and enthalpies of the physical phase transition and chemical reaction of materials. (Full 

details of the DSC technique are presented in Ref. [168].) 

 

4.7.1 Principles of DSC 

    Figure 4.15a presents a schematic illustration of a typical DSC setup, in which the sample and 

reference are placed in the same furnace and maintained at almost exactly the same temperature 

throughout the entire measurement process. The reference usually has the form of an inert material or 

empty crucible, and does not undergo any phase transition over the selected temperature range under 

investigation. During the measurement process, the sample and reference are treated at the same 

defined heating or cooling rate in the pre-selected temperature range under the assumption that the 

sample undergoes phase transition. The temperature difference between the sample and the reference 

is measured by two thermocouples as a function of time or temperature. For each thermocouple, the 

heat flow, heat, passes through thermal resistance Rth of the sensor, and the DSC signal is written as 

[168] 

heat =
𝑇s − 𝑇r
𝑅th

=
∆𝑇

𝑅th
 (4.69) 

where Ts and Tr are temperatures of the sample and reference, respectively. Since the DSC signal is 

based on temperature differences are measured, the sensitivity of the thermocouple must be considered, 

i.e., S = Vth / T, where Vth is the thermoelectric voltage. In other words, the heat flow, heat, is 

expressed as 

heat =
𝑉th
𝑅th𝑆

=
𝑉th
𝐸

 (4.70) 

where E is the calorimetry sensitivity, E = Rth S.  

   Figure 4.15b shows the typical DSC signal obtained from the heat flow difference between the 

sample and reference as a function of the time or temperature. For the case where the sample undergoes 

phase transitions involving endothermic or exothermic effects, such as melting, crystallization, 

chemical reaction, a prominent peak is formed in the DSC curve and the onset and end temperatures 

of the phase transition are identified as the intersection points of the tangents of the peak flanks on the 

extrapolated baseline. Similarly, the peak temperature of the phase transition is taken as the 

temperature corresponding to the maximum or minimum of the endothermic or exothermic peak. 
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Finally, the change in enthalpy of the phase transition, H, is identified by integrating the peak area 

between the endothermic or exothermic peak and the baseline with respect to time, i.e., 

∆𝐻 = ∫heat 𝑑𝑡 (4.71) 

 

Figure 4.15 (a) Schematic representation of DSC setup. (Adapted from Ref. [169].) (b) 

Illustrative DSC curve and associated derivations. 

 

4.7.2 Experimental instrument 

In the present thesis, the DSC measurements were conducted using a DSC 3 STARe system from 

Mettler Toledo. The system was calibrated using indium and zinc, and nitrogen gas with a flow rate of 

50 ml min-1 was employed as a standard atmosphere. The aqueous solutions were filled in a 40 L 

aluminum pan, and an empty aluminum pan of an identical size was used as the reference sample. The 

measurements were carried out over a temperature range of TCP - 20 °C to ~ TCP + 20 °C °C. Each 

sample firstly underwent a heating and cooling cycle at a rate of 10 K min-1 to erase the thermal history. 

The characteristic temperatures were then determined from a second heating scan carried out at a lower 

rate of 1 K min-1. As described above, the onset temperature of the phase transition was taken as the 

intersection of the extrapolated baseline with the tangent of the peak, and the peak temperature was 

taken as that corresponding to the maximum of the endothermic peak. Finally, the enthalpy of the 

phase transition was obtained from the area under the endothermic or exothermic peak and was 

normalized to the mass of the polymer solution to give units of J gs
-1. 
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4.8 Raman spectroscopy 

    Raman spectroscopy is a spectroscopic method used to investigate the vibration modes of 

molecules, i.e., molecular interactions of samples. The Raman spectra obtained in the measurement 

process yield useful insights into both the structural properties and the dynamic properties of the 

investigated sample at the molecular scale. (Full details of the Raman spectroscopy technique are 

available in Refs. [170] and [171].) 

  

4.8.1 Principles of Raman spectroscopy 

Molecular vibration 

    Molecular vibration is defined as the periodic oscillation of the atoms in a molecule originating 

from the covalent bonds between them, which serve as springs. For a diatomic model with vibrating 

masses m1 and m2, the stretching vibration can be regarded as harmonic oscillation with a vibrational 

frequency, F, of [172] 

F =
1

2𝜋
√
𝐾s
𝜇m

 (4.72) 

where Ks is the spring constant and indicates the strength of the covalent bond between m1 and m2. In 

addition, m is the reduced mass of the atoms, and is given by 

𝜇m =
𝑚1𝑚2

𝑚1 +𝑚2
 (4.73) 

    The stretching vibrational frequency of the molecular vibration in a diatomic molecule is sensitive 

to both the mass and the binding difference of the atoms, and therefore provides a useful insight into 

the structural information of the sample at a molecular scale. However, the local environment around 

the molecule also impacts on the strength of the covalent bonds between the atoms. Thus, the 

vibrational frequency also provides information on the interactions of the molecule with its 

environment.  

    In general, for a nonlinear molecule containing N atoms, the number of possible vibration modes 

is equal to 3N-6. By contrast, for a linear molecule, e.g., polymer, the number of vibration modes is 

reduced to 3N-5. Considering the large molecular mass of polymers, it is reasonable to expect the 

molecules to exhibit a huge number of vibration modes and complex vibrational spectra. However, 

due to the similarity in the repeating units of polymer materials, the total number of vibration modes 

is in fact quite limited. This phenomenon is proven by the fact that the vibrational spectra of a monomer 

and polymer, respectively, are similar to one another. In other words, the vibrational bands are assigned 

to the molecular vibrations of the functional groups, which are features of the repeating unit. 
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Spectroscopic methods 

    Infrared (IR), near-infrared (NIR) and Raman spectroscopy are all vibrational spectroscopic 

techniques used to investigate the molecular vibrations of the atoms in a molecule. However, their 

working principles are different. In particular, IR and NIR spectroscopy are based on the absorption of 

light, whereas Raman spectroscopy depends on the scattering of light. Figure. 4.16 shows the basic 

working principles of the three methods.  

 

Figure 4.16 Overview of similarities and differences between IR/NIR spectroscopy and Raman 

spectroscopy [173].  

 

For IR and NIR spectroscopy, polychromatic light is chosen as the incident light to interact with 

the sample. In practice, different vibration modes are assigned to the absorptions of the incident light 

at different wavelengths. Therefore, the transmittance spectra provide information on both the sample 

composition and the interactions between its components. For Raman spectroscopy, by contrast, the 

sample is illuminated by monochromatic laser light. When the incident light is scattered by the 

molecules in the sample, the majority of the incident light undergoes Rayleigh scattering, i.e., elastic 

scattering. That is, the frequency (or wavelength) of scattered light remains the same as that of the 

incident light (Figure 4.17). However, a small fraction of the scattered light has a slightly different 

frequency or wavelength from that of the incident light (Figure 4.18). This phenomenon is known as 

Raman scattering, i.e., inelastic scattering, and is referred to as Stokes Raman scattering when the 

scattered light has a lower frequency (i.e., a longer wavelength) than the incident light, or anti-Stokes 

Raman scattering when the scattered light has a higher frequency (i.e., a shorter wavelength). The 

frequency differences between the incident light and scattered light are related to the molecular 

vibration modes of the molecules in the sample under investigation. Due to its relatively higher 
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intensity in Raman scattering, the Raman spectrum at the Stokes side is usually recorded and used in 

experimental analyses (Figure 4.18). 

Although the working principles of IR, NIR and Raman spectroscopy are fundamentally different, 

IR and Raman spectroscopy both probe the vibration modes over a similar frequency range (~ 

200−4000 cm-1). However, NIR spectroscopy probes the vibration modes at a higher frequency range 

(~ 4000−12500 cm-1). In practice, the selection among IR, NIR and Raman spectroscopy as the 

experimental method depends mainly on the vibration modes of interest. For instance, the absorption 

of water is significantly strong in IR spectroscopy, which may hinder the analysis. By contrast, the 

Raman scattering of water is rather weak in Raman spectroscopy. As a result, Raman spectroscopy is 

more suitable for characterizing polymers in aqueous solutions. Consequently, in analyzing the present 

polymer aqueous solutions, this thesis deliberately adopts Raman spectroscopy as the characterization 

method.  

 

Figure 4.17 Spectroscopic transitions in several types of vibrational spectroscopy methods. Note 

that 0 is the frequency of the incident laser, while  is the vibrational quantum number. The 

virtual energy state is a short-lived distortion of the electron distribution produced by the electric 

field of the incident laser [170]. 
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Figure 4.18 Schematic representation of Raman spectrum showing Rayleigh, Stokes and anti-

Stokes scattering. 

Raman scattering theory 

    In Raman spectroscopy, the incident photons are scattered by molecules, and a polarization of the 

molecule is induced by the oscillating electric field of the incident light. The induced dipole then 

radiates the scattered light with or without energy change with vibrational modes in the molecule. The 

strength of the induced polarization, P, can be expressed as 

𝑃 = 𝛼p𝐸 (4.74) 

where p is the polarizability and E is the incident electric field, which is time-dependent and defined 

as 

𝐸 = 𝐸0 cos 2𝜋0𝑡 (4.75) 

where 0 is the frequency of the incident laser and t is the time.  

   When the incident photons are scattered by the molecules, the majority of the photons undergo 

Rayleigh scattering. In other words, the frequency of the scattered photons remains the same as that of 

the incident photons. In this case, the polarizability, p, is a constant. However, for the small fraction 

of incident photons which undergo Raman scattering, the polarizability, p, is no longer constant, but 

is modulated by the molecular vibration. For Raman scattering, p can be approximated as a Taylor 

series expansion, i.e.,  

𝛼p = 𝛼p,0 + (
𝜕𝛼p

𝜕𝑥j
)𝑥j + ⋯ (4.76) 

In addition, the vibrational displacement of a particular vibration mode in a molecule, x, can be 
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expressed as 

𝑥j = 𝑥0 cos2𝜋j𝑡 (4.77) 

From eq. 4.74, the polarization P is the product of eq. 4.75 and 4.76. After ignoring the higher-

order terms in eq. 4.76, and noting that cos a cos b = [cos (a + b) +sin (a - b)]/2, the polarization, P, 

can be obtained as 

𝑃 = 𝛼p,0𝐸0 cos2𝜋0𝑡 + 𝐸0 𝑥0 (
𝜕𝛼p

𝜕𝑥j
)
cos 2𝜋(0 + j)𝑡 + cos 2𝜋(0 − j)𝑡

2
 (4.78) 

As shown, the incident light is scattered with three different frequencies, 0, 0 +j, and 0 −j. The first 

term in eq. 4.78 describes Rayleigh scattering, while the second and third terms describe anti-Stokes 

and Stokes Raman scattering, respectively, in which the frequency of the scattered photons is either 

increased or decreased by the frequency of the vibration mode in the molecule, j. In other words, the 

second and third terms only occur if the molecular vibration causes a change in polarizability. 

    Generally, p,0 is much larger than (∂p/∂xj), which indicates that Rayleigh scattering is much 

stronger than Raman scattering (Figure 4.17). Therefore, one of the main experimental challenges 

involved in Raman spectroscopy is to separate the rather weak Raman scattering signal from the 

relatively stronger Rayleigh scattering signal. Furthermore, there exists an intensity difference between 

the Stokes and anti-Stokes scattering effects (Figure 4.18). The intensity ratio of the two scattering 

types is given by the Boltzmann factor, i.e., 

𝐼anti-Stokes
𝐼Stokes

=
(0 + j)

4

(0 − j)
4 𝑒𝑥𝑝 (−

ℎj

𝑘B𝑇
) (4.79) 

where h is the Plank number, kB is the Boltzmann constant, and T is the temperature. Due to the 

relatively high intensity, Raman spectroscopy generally records the spectrum at the side of Stokes 

scattering side.  

 

4.8.2 Raman spectroscopy setup 

    Figure 4.19 presents a simple schematic illustration of the Raman spectroscopy setup. As shown, 

a laser light illuminates the sample through a microscope objective, which enables the incident light 

to be focused on a very small area of the sample surface with a size of just several m2. The scattered 

light travels through the sample path back into the experimental setup, where the Raman scattering 

signal is separated from the Rayleigh scattering signal by a filter and is then diffracted by a grating. 

Finally, the diffracted light is incident on a CCD detector, which records the signals of the photons 

with different frequencies (or wavelengths) at different positions, hence enables the different vibration 
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modes in the sample to be differentiated. 

 

Figure 4.19 Schematic representation of Raman setup. (Adapted from Ref. [174].) 

 

4.8.3 Data analysis of Raman spectroscopy 

    The Raman spectra provide valuable insights into the molecular composition of the investigated 

sample. For example, the characteristic peaks in the Raman spectra appear at frequencies correlated 

with the energies of the vibration modes of the molecules. Therefore, analyzing the Raman spectra 

yields an understanding of the chemical composition of the molecules. However, the local environment 

conditions surrounding the molecules, e.g., the molecular hydration, also affect the appearance of the 

Raman spectra, including the frequency, shape and width of the peaks associated with different 

vibration modes of the molecules. 

Frequency of Raman peak.  

The vibration modes of a molecule are affected by its neighboring atoms since these atoms may 

induce differences in the local charge density distribution. For example, a change in the electron 

density between two atoms affects the strength of the covalent bond between them, and leads to a 

corresponding change in the frequency of the related vibration mode. In practice, the interaction effects 

on the peaks in the Raman spectrum depend strongly on the type of interaction and the involved atoms, 

and tend to vary from case by case. 

Width of Raman peak.  

Generally, the measured photons are characteristic of a distribution of energy, which is attributed 

to the “natural broadening” effect [175], and is an intrinsic trait of Raman scattering that arises from 

the uncertainty of the excitation energy, E. Based on the Heisenberg uncertainty principle, the 

uncertainty of E is given by 
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∆𝐸 𝜏𝑣 ≥
ℎ

2
 (4.80) 

with v is the lifetime of the vibration state and h is the Planck constant.  

    In this case, the Raman signal can be described by the Lorentzian function 

𝐿(F) =
1

2𝛾𝐿

𝛾𝐿
2

[(F − F,0)
2
+ 𝛾𝐿

2]
 (4.81) 

where F,0 is the mean frequency and L is the Lorentzian width. 

Collisions between molecules or network formations also lead to a broadening effect. Thus, an 

increase in the uncertainty of the excitation energy, and a broader width of the measured Raman signal, 

is observed. In this case, the Raman spectrum also follows a Lorentzian function. 

Thermal motion of the molecules also leads to a broadening effect. In particular, the Doppler 

effect, originating from the velocity of the molecules, results in a difference of the observed excitation 

energy. Consequently, a spectrum with a broadening effect stemming from thermal motion of the 

molecules can be described by the following Gaussian function [175]: 

𝐺(F) =
1

√2𝜋𝜎𝐺
2
𝑒𝑥𝑝 (−

(F − F,0)
2

2𝜎𝐺
2

) (4.82) 

with G is the Gaussian width. 

In practical Raman spectroscopy experiments, all of the mechanisms described above which 

contribute to a broadening effect may be observed. Thus, the following Voigtian function, which is a 

convolution of the Lorentzian and Gaussian functions, is commonly applied: 

𝑉(F) = ∫𝐿(F
′) ∙ 𝐺(F − F

′) 𝑑F
′ (4.83) 

     Figure 4.20 shows typical Lorentzian, Gaussian, and Voigtian functions, respectively. It is seen 

that the functions differ mainly in their wings. For example, the Gaussian function decays more sharply 

than the Lorentzian function, while Voigtian function decays in-between. 
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Figure 4.20 Example of Lorentzian (red line), Voigtian (blue line) and Gaussian (black line) 

functions with similar widths and peak frequency of 1500 cm-1. 

 

4.8.4 Experimental instrument 

Optical microscopy and Raman spectroscopy were carried out using the setup described in Ref. 

[25]. In the present research, the Raman spectra were acquired using a LabRam HR 800 system (JY 

Horiba) with a HeNe laser with a wavelength of 632.8 nm as the excitation source. The spectra were 

recorded at a resolution of 2 cm-1 with a laser power of less than 3 mW at the sample position and a 

spot size of 1.5 µm. The polymer solutions were loaded in fused silica micro capillaries with a square 

cross-section (edge length 100 µm). In the measurement process, the capillaries were embedded in a 

copper stage connected to a circulating water bath thermostat. The sample temperature was measured 

by a Pt100 resistance thermosensor attached to the stage. The spectra were obtained with an integration 

time of 120 s, and the dark current was subtracted before the deconvolution of the spectrum was 

deconvoluted. The resulting Raman spectra in the frequency region of 2200 to 3100 cm-1 were fitted 

by a superposition of three Gaussian functions assigned to several OD-vibration modes and four 

Lorentzian functions attributed to various CH-stretching modes. An example of deconvolution of 

frequency range from 2200 to 3100 cm-1 is shown in Figure 4.21. 
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Figure 4.21 (a) Example for the deconvolution of the Raman spectra at 24.4 °C. (b) Zoom of (a) 

in the deconvolution frequency range from 2850 to 3100 cm-1. Blue open circles: experimental 

data, full red line: overall fit. Grey dotted lines: individual contributions of the Gaussian 

distributions. Brown dashed lines: individual contributions of the Lorentzian distributions. 

(Reprinted from Ref. [124]. Copyright (2020) American Chemical Society.) 

 

We aim to focus on the hydrophobic interactions in the CH-stretching region with frequency range 

from 2850 to 3100 cm-1 (Figure 4.21b). The Gaussian functions were only used to account for the 

possible overlap of the OD-vibration modes with the CH-stretching region, and are not supposed to 

give a precise description of the vibration modes in water in the OD-vibration region. Therefore, only 

the spectral bands in the CH-stretching region with frequency range from 2850 to 3100 cm-1 are further 

discussed. 

Prior to obtaining each Raman spectrum, an OM image was taken in the same setup using an 

Olympus X41 microscope equipped with a CCD camera. Heating scans were then conducted from 24 

to 50 °C in steps of 1-2 °C with a thermal equilibration time of 5 min before each measurement. The 

TCP of the solution was then determined as the average temperature between the temperature just before 

mesoglobules appeared and the temperature at which mesoglobules they were present, as observed by 

the OM. As small offset was noted in the temperature measured by the Pt100 resistance thermosensor 

and the sample temperature; with the latter being a few °C lower. It was speculated that this discrepancy 

was most probably heat losses of the microscope objective. 
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5. Phase behavior of PNIPMAM in aqueous solutions 

In this chapter, the temperature-dependent phase behavior of the thermoresponsive polymer 

Poly(N-isopropylmethacrylate) (PNIPMAM) in aqueous solution is investigated. At this, turbidimetry, 

differential scanning calorimetry (DSC), small-angle and very small-angle neutron scattering (SANS 

and VSANS), Raman spectroscopy measurements are performed. The work presented in this chapter 

was published in ”Temperature-Dependent Phase Behavior of the Thermoresponsive Polymer 

Poly(N-isopropylmethacrylamide) in an Aqueous Solution” C.-H. Ko et al. Macromolecules 2020, 53, 

6816–6827 [124].  

 

5.1 Introduction 

A PNIPMAM195 sample in a 50 g L-1 solution in D2O was previously studied by Vishnevetskaya 

et al. [176]. Due to the rather hydrophobic fluorescence tag used for molar mass characterization, TCP 

was obtained at a low value of 38.0 °C. At temperatures below TCP, the SANS data were notably more 

complicated than the SANS data of PNIPAM. Apart from the typically observed chain scattering, 

inhomogeneities were found at intermediate length scales. In addition, large aggregates were observed. 

At temperatures just above TCP, scattering from single chains was observed. The collapsed polymer 

chains from large and compact aggregates. At temperatures far above TCP, single chain scattering was 

significantly weakened. Very large and compact aggregates dominated. These phenomena took place 

only in PNIPMAM solutions instead of in PNIPAM solutions. This was due to an improved 

hydrophobic effect caused by the additional methyl groups. 

The phase behavior of PNIPMAM in aqueous solution have investigated by several research 

groups. However, in most cases, only single samples were investigated or only one or two 

characterization methods were used. In this chapter, we carry out a systematic investigation of the 

phase behavior of PNIPMAM in aqueous solution in a wide concentration range (2-150 g L-1). 

Different aspects of the phase transition are addressed by a few techniques: turbidimetry identifies the 

TCP values of the solutions. Optical microscopy enables us to observe the phase-separated structures. 

DSC characterizes the thermal behavior of the phase transition. SANS and VSANS provide structural 

information on broad-ranging length scales. Raman spectroscopy probes the hydrophobic hydration 

behavior around the phase transition. Ultimately, all results are summarized. A comprehensive picture 

of the morphological transition of PNIPMAM aqueous solutions is presented. 
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5.2 Phase behavior 

By means of turbidimetry, the phase diagram of the PNIPMAM solutions in D2O is constructed. 

The cloud points TCP of the solutions in the concentration range 2-150 g L-1 are determined. A very 

slow heating rate of 0.2 K min-1
 is used to prevent non-equilibrium conditions. Figure 5.1a displays the 

transmission curves. Below TCP, the normalized transmission remains constantly at a value of one, 

indicating that the solutions are clear and transparent. At TCP, the transmission undergoes a sudden 

drop, meaning that the solutions become turbid. This is attributed to the formation of large 

mesoglobules. For the solutions in the concentration range 5-150 g L-1, their phase transitions are all 

relatively sharp. For the solution at the lowest concentration of 2 g L-1, the phase transition is broad, 

and the transmission above TCP keeps slightly above zero. The TCP values are observed in the range 

42-45 °C (Figure 5.1b, Table 5.1). As increasing polymer concentration, the TCP values are decreased, 

as expected for LCST type polymers of rather low concentration. The TCP values agree with the 

reported values in other studies (mostly ~43 °C) [32, 34, 36]. This confirms that the type-II behavior 

of PNIPMAM solutions. As a result, the cloud points of our sample do not seem to be notably affected 

by its rather low molar mass (Mn
app = 17,000 g mol-1) and relatively high dispersity (Đ = 1.74). 

 

 

Figure 5.1 (a) Light transmission of PNIPMAM solutions in D2O in dependence on temperature 

at a heating rate of 0.2 K min-1. The concentrations are given in the graph. The photos show 

solutions of the 30 g L-1 solution below (left) and above the phase transition (right). (b) Cloud 

points determined by turbidimetry, onset and peak temperatures from DSC, spinodal temperatures 

Ts from the Ornstein-Zernike structure factor in SANS and the transition temperatures determined 

from the Porod exponent and from VSANS, as indicated in the graph. (Reprinted from Ref. [124]. 

Copyright (2020) American Chemical Society.) 
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Table 5.1 Results from turbidimetry, DSC and VSANS measurements  

Concentrations 

(g L-1) 

TCP (°C) Tonset
DSC  (°C) Tpeak

DSC  (°C) H (J/gs) TCP
VSANS(°C) 

    2 45.0 ± 0.5 - - - - 

    5 44.4 ± 0.5 46.9 ± 0.2 47.4 ± 0.1 0.17 ± 0.02 - 

  10 44.0 ± 0.5 46.6 ± 0.2 47.2 ± 0.1 0.39 ± 0.02 - 

  30 43.5 ± 0.5 46.0 ± 0.2 46.6 ± 0.1 1.29 ± 0.02 44.0 ± 1.0 

100 42.2 ± 0.5 45.0 ± 0.2 45.9 ± 0.1 4.54 ± 0.02 42.0 ± 1.0 

150 41.7 ± 0.5 44.5 ± 0.2 45.7 ± 0.1 6.40 ± 0.02 42.0± 1.0 

 

5.3 Thermal behavior 

DSC measurements were performed in the concentration range 5-150 g L-1. The thermograms are 

shown in Figure 5.2a. As the temperature is increased, endothermic peaks are observed at 45-47 °C. 

The onset temperature and the peak temperature of the endothermic phase transition are presented in 

Figure 5.2b and Table 5.1. Both Tonset
DSC and Tpeak

DSC decrease with increasing concentration, as found 

previously [41, 177]. This is also in accordance with the findings from turbidimetry. However, Tonset
DSC 

is generally 2-3 °C higher than TCP from turbidimetry. Tonset
DSC is related to dehydration, whereas TCP 

is associated with turbidity. Hence, as temperature is increased, the polymer chains in PNIPMAM 

solutions firstly form large mesoglobules at TCP  42-45 °C and then they dehydrate 2-3 °C above (at 

Tonset
DSC  45-47 °C). The enthalpies of the phase transition, H, are obtained by the areas of 

endothermic peaks. In the studied concentration range, the H values depend linearly on polymer 

concentration. From the slope, the enthalpy of the polymer independent of concentration is derived as 

Hp = 0.043 ± 0.006 J gs
-1/g L-1. Presumably, these findings are only marginally influenced by the 

dispersity, if at all. 
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Figure 5.2 (a) DSC thermograms of PNIPMAM solutions in D2O at a heating rate of 1 K min-1 

at the concentrations given in the graph. For better visibility, the curves of 100 and 150 g L-1 are 

shifted vertically by 0.0030 and 0.0045, respectively. (b) Resulting concentration-dependent 

endothermic enthalpy H (symbols). Line: linear fit. (Reprinted from Ref. [124]. Copyright (2020) 

American Chemical Society.)  

 

5.4 Structural properties around the cloud point 

Optical microscopy (OM) provides first insights into the phase-separated structures formed by 

PNIPMAM in an aqueous solution. Figure 5.3 displays the OM images of a 150 g L-1 PNIPMAM 

solution in D2O. Below TCP, the solution is homogeneous and transparent (Figure 5.3a). At TCP, 

mesoglobules with diameters of ~2 m are observed (Figure 5.3b). Upon heating, the size of 

mesoglobules increases (Figure 5.3c and d). 

 

 

Figure 5.3 OM images of a 150 g L-1 PNIPMAM solution in D2O below TCP (a), at TCP (b), just 

above TCP (c), and far above TCP (d). The dark spots in (a) and (b) are due to the background. 

(Reprinted from Ref. [124]. Copyright (2020) American Chemical Society.)  

 

Small-Angle Neutron Scattering (SANS) is employed to study the temperature-dependent 

mesoscopic structures of PNIPMAM in D2O. To probe the structures at length scales of ~1-100 nm, 

SANS measurements are performed. It is not possible in OM to resolve structures at such small length 

scales. Representative SANS curves from solutions with concentrations of 30, 100 and 150 g L-1 are 
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displayed in Figure 5.4. Below TCP, the scattering curves have a decay at 0.03 – 0.06 nm-1 and a 

shoulder at 0.2 – 2.0 nm-1, which are called “forward scattering” and “chain scattering”, respectively. 

The intensity of the forward scattering increases with increasing temperature. This suggests that large-

scale inhomogeneities exist already below TCP and become more pronounced as temperature is raised 

towards TCP. The intensity of the chain scattering, which is originated from local concentration 

fluctuations in the semi-dilute polymer solutions, also increases upon heating towards TCP. Above TCP, 

the intensity of the forward scattering is significantly higher, which attributed to the formation of 

mesoglobules. However, the intensity of the chain scattering decreases severely upon heating, 

indicating that the contribution from large mesoglobules prevails. 

 

Figure 5.4 Representative SANS data of the (a) 30 g L-1, (b) 100 g L-1, and (c) 150 g L-1 

PNIPMAM solutions in D2O (symbols) at temperatures as given in (a). Blue and red color indicate 

temperatures below and above TCP from turbidimetry, respectively. Black lines: fitting curves. 

(Reprinted from Ref. [124]. Copyright (2020) American Chemical Society.)  

 

In general, the scattering curves of semi-dilute polymer solutions in the one-phase state only 

feature chain scattering and very weak forward scattering. For example, the scattering curves of 

aqueous PNIPAM solutions. Therefore, they are often well described by the (normal) Ornstein-Zernike 

model with the OZ exponent of 2 [150, 178]. Nevertheless, the SANS curves of aqueous PNIPMAM 

solutions cannot be successfully fitted with only this model, as displayed in Figure 5.5. This result is 

in accordance with our previous results [176]. This can be attributed to the fact that the forward 

scattering is caused by the presence of more pronounced large-scale inhomogeneities. In addition, for 

100 and 150 g L-1 between 30 and 37 °C, an additional “bump” is observed at q  0.1 nm-1, which is 

possibly due to the structures caused by physical crosslinks of the hydrophobic groups. Moreover, the 

feature of the chain scattering at q  0.2 – 2.0 nm-1 is dissimilar to the normal Ornstein-Zernike model. 

The negative slope of the decay is larger than 2 (Figure 5.5), suggesting a more compact local chain 
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conformation, presumably due to attractive segment-segment interactions. Thus, the model function 

given in eq. 5.1 is employed to analyze the SANS curves quantitatively in the one-phase state instead 

of the Ornstein-Zernike model.  

𝐼(𝑞) = 𝐼agg(𝑞) + 𝐼gel(𝑞) + 𝐼fluct(𝑞) + 𝐼bkg (5.1) 

It features a modified Ornstein-Zernike term, Ifluct(q), which explains non-ideal chain 

conformations, a Porod term, Iagg(q), accounting for the forward scattering from large inhomogeneities, 

and a gel term, Igel(q), describing the bump at q  0.1 nm-1 due to physical crosslinks. Excellent fits are 

obtained, as demonstrated in Figure 5.4. The contributions and the full fit are shown in Figure 5.6a and 

b. At temperatures just below TCP, the amplitude of the gel term is insignificant. Thus, it is neglected. 

In these cases, eq. 5.1 without the gel term is chosen instead. The same model is used for all 

temperatures at 30 g L-1. 

 

Figure 5.5 SANS data of the 150 g L-1 PNIPMAM solution in D2O at 30 °C (symbols). Red solid 

line: plot of the (normal) Ornstein-Zernike (OZ) structure factor with the OZ exponent of 2. The 

grey labels indicate the respective contributions of forward scattering, bump and concentration 

fluctuations. (Reprinted from Ref. [124]. Copyright (2020) American Chemical Society.)  

 

Likewise, the scattering curves of semi-dilute polymer solutions in the two-phase state (e.g., from 

aqueous PNIPAM solutions) are typically fitted by a model consisting of the Porod law and the normal 

Ornstein-Zernike model. The Porod law describes the scattering from large mesoglobules, while the 

normal Ornstein-Zernike model accounts for local concentration fluctuations [150, 178]. For 

PNIPMAM solutions, a similar model (eq. 5.1 without the gel term) is applicable for fitting all the 

scattering curves in the two-phase state, namely the sum of the Porod term, Iagg(q), and the modified 

Ornstein-Zernike term, Ifluct(q). Excellent fits are obtained in all cases (Figures 5.4 and 5.6b). 
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Figure 5.6 Representative SANS data of the 150 g L-1 PNIPMAM solutions in D2O at (a) 30 °C, 

and (b) 44 °C (symbols). Full black lines: overall model fits. The other lines indicate the 

contributions to the models as described in the graphs. mOZ stands for modified Ornstein-Zernike 

model. (Reprinted from Ref. [124]. Copyright (2020) American Chemical Society.)  

 

Concerning the temperature-dependent morphologies, Figure 5.7a and b show the Ornstein-

Zernike scaling factor IOZ and correlation length OZ, respectively. In the one-phase state, both IOZ and 

OZ increase upon heating towards TCP, and they demonstrate the critical behavior expected for semi-

dilute LCST-type polymer solutions with a divergence at the spinodal temperature Ts [150]. The values 

of the critical exponents  and  indicate the universality classes of the phase transitions and are 

obtained by fitting the following power laws: 

OZ ∝ |𝑇s − 𝑇|
− (5.2) 

and  


oz
∝ |𝑇s − 𝑇|

− (5.3) 

Figure 5.7a and b show the fits. Figure 5.7d and e show the same data in double-logarithmic 

representation. The resulting spinodal temperatures and the critical exponents are listed in Table 5.2. 

For the 30 g L-1 PNIPMAM solution, IOZ and OZ increase as well. Nevertheless, due to a lack of data 

points, fitting the data by eqs. 5.2 and 5.3 is restricted. 

    For the 100 and 150 g L-1 PNIPMAM solutions, Ts values of ~44.5 °C are determined from both 

IOZ and OZ (Table 5.2). Comparing to TCP from turbidimetry, Ts values are ~ 2 °C higher. In both cases, 

the critical exponent  is ~0.7 and the exponent  is ~0.35. The Ornstein-Zernike exponent, m, is 

associated with the chain conformation and therefore characterizes the interactions between polymers 

and solvent molecules. In the one-phase state, m is ~2.4-3.2 for all concentrations studied (Figure 5.7c). 
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Upon heating above TCP, both IOZ and OZ decrease significantly. This is due to the collapse of 

the polymer chains. m increases drastically with temperature to values weight larger than in the one-

phase state. This suggests that, in the two-phase state, the attractive segment-segment interactions are 

strongly enhanced, which leads to much more compact chain conformations. However, local 

concentration fluctuations still exist.  

 

Figure 5.7 Structural parameters from model-fit results of the SANS data on the 30 (blue), 100 

(red) and 150 g L-1 (green) solutions of PNIPMAM in D2O in dependence on temperature, as 

indicated in (a). The dashed lines indicate the TCP values from turbidimetry (same colors as the 

data). (a) Scaling factor of the mOZ term, IOZ, (b) OZ correlation length OZ, and (c) OZ exponent 

m. Double-logarithmic representation of IOZ (d) and OZ (e) in dependence on the absolute 

difference to the spinodal temperature Ts. The solid lines are fits to the data. (Reprinted from Ref. 

[124]. Copyright (2020) American Chemical Society.)  

 

Table 5.2 Characteristic temperatures and critical exponents determined from SANS 

measurements on PNIPMAM solutions in D2O  

Concentration 

(g L-1) 

Ts (°C)  

from IOZ 

 Ts  (°C)  

from OZ 

 

100 44.4 ± 0.4 0.64 ± 0.06 44.4 ± 0.6 0.34 ± 0.04 

150 44.6 ± 0.6 0.78 ± 0.10 43.9 ± 0.7 0.36 ± 0.06 
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Figure 5.8a and b display the scaling factor of the gel term IGel and the size of the static 

heterogeneities  . They are attributed to the number density and the size of the static heterogeneities 

formed by physical crosslinks caused by the hydrophobic groups in PNIPMAM, respectively. At 30 

oC,  is ~4 nm for 100 g L-1 and  is ~10 nm for 150 g L-1. For 100 g L-1,  and IGel are almost 

temperature-independent. For 150 g L-1, both  and IGel increase remarkably as approaching TCP, 

indicating that the static heterogeneities consisting of physical crosslinks grow larger and more 

prominent. This may be attributed to an increase of concentration fluctuations close to TCP and the 

stronger segment-segment interactions. The number density and the size of the static heterogeneities 

comprising physical crosslinks increase with polymer concentration. Above 38 °C, the forward 

scattering originated from the large-scale inhomogeneities becomes very prominent. Therefore, it is 

no longer possible to further characterize the static heterogeneities. 

 

Figure 5.8 Structural parameters from model-fit results of the SANS data on the 30 (blue), 100 

(red) and 150 g L-1 (green) PNIPMAM solutions in D2O in dependence on temperature, as 

indicated in (c). The dashed lines indicate the TCP values from turbidimetry (same colors as the 

data). (a) Scaling factor of physical crosslinks IGel, (b) correlation length of physical crosslinks , 

and (c) Porod exponent P. (Reprinted from Ref. [124]. Copyright (2020) American Chemical 

Society.) 

 

The Porod exponent P is displayed in Figure 5.8c. For 150 g L-1, P is ~2 below TCP (at 30-38 

°C), meaning that the large-scale inhomogeneities are loose fractals [147]. A few degrees below TCP 

(at 38-42 °C), P suddenly increases to 3.6, indicating that they become compact. A transition 

temperature TP
SANS can be determined from the onset of the increase of P. For all concentrations, 

TP
SANS is 2.5-3 °C below the TCP determined by turbidimetry. As a result, structural changes on the 

mesoscopic length scale happen consistently ~3 °C below TCP. Above TCP, P is an indicative of the 

surface structure of the mesoglobules. For all concentrations, P remains constant at ~3.8 above TCP, 

suggesting that the collapsed polymer chains result in the formation of large mesoglobules with relative 

smooth surfaces. 
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Concerning the concentration-dependent morphologies, generally, OZ decreases and IOZ 

increases with increasing polymer concentration in the one-phase state. In the two-phase state, OZ and 

IOZ are hardly concentration-dependent (Figure 5.7a and b). Additionally, m increases with increasing 

concentration. Regarding the static heterogeneities,  is 10-18 nm for 150 g L-1, but  is only 4-5 nm 

for 100 g L-1. Igel is ~0.75-1.25 cm-1 for 150 g L-1 and Igel is ~0.12 cm-1 for 100 g L-1 (Figure 5.8a and 

b). Therefore, the static heterogeneities formed by physical crosslinks are smaller and less abundant at 

lower concentration, as expected. At the concentration of 30 g L-1, the static heterogeneities are not 

observed. Regarding the large-scale inhomogeneities in the one-phase state, P increases with 

concentration, suggesting that large-scale inhomogeneities are more loosely packed in more dilute 

solutions. In the two-phase state, the surface of the large mesoglobules is rather smooth independent 

of the concentration. Moreover, the phase transition temperature TP
SANS decreases with increasing 

concentration. 

Very Small-Angle Neutron Scattering (VSANS) is applied to investigate the size and water 

content of the mesoglobules. Figure 5.9a shows representative data of the 30 g L-1 PNIPMAM solution 

in D2O together with the SANS results discussed above (see also Figure 5.12a). 

 

Figure 5.9 (a) Representative VSANS and SANS data of the 30 g L-1 PNIPMAM solution in D2O 

(symbols). Full black lines: model fits. (b) VSANS data at 46 °C (symbols) including the fits of 

the Beaucage model. The orange dotted and brown dashed lines indicate the contributions to the 

model (full black line) as described in the graph. (Reprinted from Ref. [124]. Copyright (2020) 

American Chemical Society.) 

 

During the VSANS measurements, the neutron transmission was measured at each temperature. 

The temperature at which it starts to decay abruptly (Figure 5.10), was defined as TCP
VSANS. For the 30 

g L-1 PNIPMAM solution, TCP
VSANS is 44.0 ± 1.0 °C (Table 5.1), which is in agreement with the TCP 

value determined by turbidimetry (43.5 ± 0.5 °C). 
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For the 100 and 150 g L-1 PNIPMAM solution, the transmission is around 0.7 in the one-phase 

state, but below 0.05 in the two-phase state. This indicates significant multiple scattering, preventing 

further analysis (Figure 5.10). Thus, only the VSANS data at 30 g L-1 are further analyzed 

quantitatively. 

Below TCP
VSANS, the VSANS curves feature a decay, verifying the presence of large-scale 

inhomogeneities already in the one-phase state (Figure 5.9a). Above TCP
VSANS, the shape of the VSANS 

curves becomes a pronounced shoulder and the intensities of the VSANS curves are much higher. This 

suggests that compact mesoglobules form (Figure 5.9a). 

 

Figure 5.10 Neutron transmission of PNIPMAM in D2O or in D2O/H2O in dependence on 

concentration, as determined in VSANS measurements for the solutions indicated in the graph. 

(Reprinted from Ref. [124]. Copyright (2020) American Chemical Society.)  

 

Due to the intensities of the VSANS curves at temperatures below TCP
VSANS are relative noisy, 

they are not evaluated by fitting structural models. Above TCP
VSANS, the Beaucage model was applied, 

which characterizes the size and the surface roughness of the mesoglobules. The invariant Q* provides 

information on the water content within the mesoglobules. Figure 5.9b shows exemplarily the 

contributions to the Beaucage model. At all temperatures above TCP
VSANS, excellent fits are obtained 

(Figure 5.9a). 

Figure 5.11a displays the radius of gyration Rg of the mesoglobules. For the 30 g L-1 PNIPMAM 

solution, Rg is ~910-960 nm at 44 and 45 °C and ~750 nm at 46 °C and above. The overall size 

decreases with increasing temperature, which is due to the release of water. The Porod exponent P' is 

~3.9 at all temperatures, indicating that the surface of the mesoglobules is rather smooth (see also 

Figure 5.18a). This is in agreement with the results for P from SANS (Figure 5.8c). The invariant Q*, 

calculated from the fitted Beaucage functions, is an indicative of the fraction of D2O in the PNIPMAM-

rich mesoglobules (Figure 5.11b). Q* increases abruptly at TCP
VSANS and remains constant above ~ 
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TCP
VSANS + 1 °C, indicating the dehydration of the mesoglobules that improves the scattering contrast. 

 

Figure 5.11 (a) Radius of gyration of the mesoglobules Rg and (b) invariant Q* of the 30 g L-1 

PNIPMAM solution in D2O, determined by VSANS. Dashed line: TCP
VSANS. (Reprinted from Ref. 

[124]. Copyright (2020) American Chemical Society.) 

 

To reduce multiple scattering for 100 and 150 g L-1 PNIPMAM solutions, the VSANS 

measurements are carried not only in D2O (Figure 5.12), but also in 50:50 v/v mixtures of D2O and 

H2O (Figure 5.13). The neutron transmission values are ~0.58 in the one-phase state and ~0.18-0.25 

in the two-phase state (Figure 5.10). These values above TCP
VSANS are still so low that a reliable analysis 

of the data is not possible. Thus, only the data at 44 °C are further evaluated since their neutron 

transmissions are still higher than 0.5. For the 100 and 150 g L-1at 44 °C, the radius of gyration of the 

mesoglobules may be estimated at ~1.1 m and 1.0 m, respectively. These values are slightly larger 

than the ones from the 30 g L-1 PNIPMAM solution in pure D2O. 

 
Figure 5.12 Representative temperature-dependent VSANS curves of PNIPMAM solutions in 

D2O for concentrations of (a) 30 g L-1, (b) 100 g L-1, and (c) 150 g L-1 at the temperatures given 

in (a) (symbols). Blue and red color indicate temperatures below and above TCP 
VSANS, respectively. 

Black lines: fitting curves. (Reprinted from Ref. [124]. Copyright (2020) American Chemical 

Society.)  
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Figure 5.13 Representative temperature-dependent VSANS curves of PNIPMAM solutions in 

50:50 v/v D2O/H2O for concentrations of (a) 100 g L-1, and (b) 150 g L-1 at the temperatures given 

in (a) (symbols). Blue and red color indicate temperatures below and above TCP, respectively. 

Black lines: fitting curves to the data at 44 °C. (Reprinted from Ref. [124]. Copyright (2020) 

American Chemical Society.) 

 

5.5 Dehydration behavior of the hydrophobic groups 

For PNIPAM, the hydrophilic amide groups remain hydrated even above the transition 

temperature, while the hydrophobic interactions play a dominant role for the phase transition [179-

181], and the vibrational frequencies of the hydrophobic groups are sensitive to hydration [21, 39, 179, 

180]. To characterize the dehydration behavior of the hydrophobic groups in PNIPMAM solutions, we 

performed temperature-dependent Raman spectroscopy around TCP in the CH-stretching vibration 

region at a polymer concentration of 150 g L-1 in D2O, as in SANS. The Raman spectra of the CH-

stretching region of PNIPMAM around 2950 cm-1 are shown in Figure 5.14. Vibrational modes are 

detected at 2884, 2922, 2948, and 2991 cm-1 are attributed to symmetric stretching of the CH3 groups, 

s(CH3), symmetric stretching of the CH groups, s(CH), antisymmetric stretching of the CH2 groups, 

as(CH2), and antisymmetric stretching of the CH3 groups, as(CH3) [21, 39, 182]. Above TCP, all bands 

shift to lower frequencies. 
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Figure 5.14 Raman spectra of the 150 g L-1 PNIPMAM solution in D2O in dependence on 

temperature. Temperatures are given in the graphs. TCP is determined at 39.0 °C by in situ optical 

microscopy. Blue lines: below TCP, red lines: above TCP. For clarity, the spectra were smoothed 

by the Savitzky-Golay algorithm and are shifted vertically. (Reprinted from Ref. [124]. Copyright 

(2020) American Chemical Society.) 

 

For a quantitative description of the peak frequencies, the CH-stretch spectral bands in the 

frequency range from 2850 to 3100 cm-1 are fitted using a superposition of four Lorentzian lineshapes. 

A small background due to the tail of the OD vibrational bands between 2200 and 2800 cm-1 is 

accounted for, as shown in Figure 4.21a. Figure 4.21b shows the deconvolution in the CH-stretching 

region. The peak frequencies of these four contributions are displayed in dependence on temperature 

in Figure 5.15. Below TCP, they are constant, while, above TCP, they decrease steadily. This means that 

the interactions between the hydrophobic substituents of PNIPMAM and D2O molecules change, as 

TCP is crossed. In other words, an abrupt red-shift occurs in the two-phase region, especially for the 

bands related to CH3, as observed for PNIPAM [21, 179]. Accordingly, the hydrophobic substituents 

of PNIPMAM undergo a strong dehydration at TCP and the hydrophobic interactions dominate during 

the phase transition. Moreover, upon heating, the full widths at half maximum of the Lorentzian 

functions of s(CH) and as(CH3) increase significantly, and the one of as(CH2) increases gradually 

(Figure 5.16). This indicates that, in the two-phase state, the molecular interactions around the CH 

groups become more disordered and inhomogeneous. 
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Figure 5.15 Results from Raman spectroscopy on the 150 g L-1 PNIPMAM solution in D2O. Peak 

frequencies of (a) antisymmetric CH3 (as(CH3)), and antisymmetric CH2 (as(CH2)), and (b) 

symmetric CH (s(CH)), and symmetric CH3 (s(CH3)) stretching bands, as indicated in the 

graphs, in dependence on the temperature difference to TCP from optical microscopy. (Reprinted 

from Ref. [124]. Copyright (2020) American Chemical Society.) 

 

 

Figure 5.16 Full width at half maximum of the Lorentzian functions fitted to the Raman spectra 

for (a) s(CH3), (b) s(CH), (c) as(CH2), and (d) as(CH3) of 150 g L-1 PNIPMAM solution in 

D2O in dependence on the temperature difference to TCP from optical microscopy. (Reprinted 

from Ref. [124]. Copyright (2020) American Chemical Society.) 
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5.6 Comparison between aqueous PNIPAM and PNIPMAM solutions 

To understand how the additional methyl groups in PNIPMAM influence the phase behavior, 

thermal behavior, hydration behavior of the hydrophobic groups, and structural changes at the phase 

transition, we compare our results from aqueous PNIPMAM solutions with those of the analogous 

polyacrylamide PNIPAM. Both polymers exhibit type-II LCST behavior. Accordingly, the results 

from the PNIPMAM solutions are barely influenced by its dispersity index (here: Ɖ = 1.74). 

Turbidimetry and DSC show that PNIPMAM solutions undergo the phase transition at higher 

temperature (TCP  43 °C) than PNIPAM (TCP  32 °C). Furthermore, they reveal that Tonset
DSC is 2-3 

°C higher than TCP in the case of PNIPMAM, indicating that mesoglobules are formed before the 

polymer chains dehydrate. In aqueous PNIPAM solutions, TCP and Tonset
DSC are equal within the 

uncertainties (0.5 °C), see Figure 5.17 and Table 5.3. This indicates that, in the PNIPAM solutions, 

the formation of large mesoglobules and the dehydration occur simultaneously upon heating. Thus, 

PNIPMAM solutions not only undergo the phase transition at higher temperatures, but also feature a 

more complex phase transition process than PNIPAM. 

 

Figure 5.17 (a) Transmission curves of PNIPAM in H2O in dependence on the temperature and 

polymer concentration at a heating rate of 0.2 K min-1. The arrows indicate the cloud point 

temperatures. (b) DSC thermograms for PNIPAM solutions in H2O at the concentrations given at 

a heating rate of 1 K min-1. For better visibility, the curve from 333 g L-1 is shifted vertically by 

0.03. (c) Comparison of the concentration-dependent endothermic enthalpy H of the phase 

transition derived from the DSC thermograms for PNIPAM and PNIPMAM (symbols). Lines: 

linear fits. (Reprinted from Ref. [124]. Copyright (2020) American Chemical Society.) 
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Table 5.3 Results from turbidimetry and DSC measurements on PNIPAM solutions in H2O.  

Concentration 

(g L-1) 

TCP (°C) Tonset
DSC  (°C) Tpeak

DSC  (°C) H (J/gs) 

  31 33.5 ± 0.5 33.7 ± 0.2 34.1 ± 0.1   1.96 ± 0.02 

333 32.2 ± 0.5 32.1 ± 0.2 35.3 ± 0.1 10.13 ± 0.02 

 

Additionally, the value of the enthalpy of the polymer independent of concentration, Hp, has a 

value of 0.043 ± 0.006 J gs
-1/g L-1 for the PNIPMAM solutions which is higher than for PNIPAM (Hp 

= 0.031 ± 0.003 J gs
-1/g L-1

,
 Figure 5.17c). This difference is in accordance with the findings in Ref. 

[36]. In PNIPAM solutions, the hydrophilic amide groups mostly remain hydrated and the hydrophobic 

interactions dominate [179-181]. Therefore, the endothermic heat during the phase transition is mainly 

due to the hydrophobic dehydration. As PNIPMAM has more hydrophobic groups, its enthalpy change 

at the phase transition is larger than the one from PNIPAM.  

The critical behavior when approaching the phase transition differs as well. In the one-phase state, 

the critical exponents  and  of the PNIPMAM solutions are ca. 0.35 and 0.7 and thus significantly 

smaller than the values predicted by mean-field theory ( =  and  =  ) [183, 184]. The deviation 

may be due to the fact that the phase transition of PNIPMAM is not of first or of higher order. For a 

purely first-order phase transition, the critical behavior is absent [185]. Though less pronounced values 

lower than the mean-field ones were reported also for aqueous PNIPAM solutions, namely  =  ± 

0.01 and  =  ± 0.01 [178], it was doubted that this was due to the higher order of the phase 

transition [57, 58]. A more likely reason may be the long-range concentration fluctuations observed 

for both polymers which are significantly more pronounced in the PNIPMAM solutions. Furthermore, 

the segment-segment interactions in the PNIPMAM solutions are enhanced and the chain 

conformation is more compact, as evidenced by the high values of the Ornstein-Zernike exponent m 

compared to the values m = 2 found previously for PNIPAM [150, 178]. We ascribe this difference to 

the additional hydrophobic methyl groups in PNIPMAM. 

Overall, three main morphological differences emerge between PNIPMAM and PNIPAM in 

aqueous solution. Firstly, in the one-phase state, loosely packed large-scale inhomogeneities are much 

more pronounced for PNIPMAM. Secondly, physical crosslinks give rise to inhomogeneities at 

intermediate length scales. Thirdly, the chain conformation of PNIPMAM in aqueous solutions below 

TCP is more compact. All these observations are mainly a consequence of the enhanced attractive 
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segment-segment interactions between the hydrophobic moieties already in the one-phase state. 

OM and VSANS revealed size differences of the mesoglobules from PNIPMAM and PNIPAM 

solutions above TCP. Comparing the VSANS results of the 30 g L-1 PNIPMAM solution (which 

corresponds to 2.7 wt%) with the ones of a 3 wt% PNIPAM solution, which was measured previously 

at the same instrument (Figure 5.18) [25], it is seen that the Rg values of the mesoglobules formed by 

PNIPMAM are consistently larger than the ones from PNIPAM, namely by a factor of ~2-3. 

Furthermore, the invariant Q* from PNIPMAM is almost 2 orders of magnitude smaller than the one 

from PNIPAM, reflecting that the mesoglobules from PNIPMAM contain more D2O than the ones 

from PNIPAM. These findings may be attributed to the steric hindrance induced by the additional 

methyl groups on the polymer backbone, hampering a dense packing. 

 

Figure 5.18 (a) Porod exponent P', (b) radius of gyration of the mesoglobules, Rg, and (c) 

invariant Q* in dependence on the temperature difference from the respective cloud point 

temperature TCP. Blue symbols: 30 g L-1 PNIPMAM solution in D2O (2.7 wt%), black symbols: 

3 wt% PNIPAM solution in D2O. The data from the PNIPAM solution are taken from Ref [25]. 

(Reprinted from Ref. [124]. Copyright (2020) American Chemical Society.) 

 

The difference of the hydration behavior of the hydrophobic groups between PNIPMAM and 

PNIPAM solutions can be determined by comparing the results from Raman spectroscopy with the 

ones from a 3 wt% PNIPAM solution in D2O measured with the same setup and analyzed with the 

same method (Figure 5.19) [25]. In the one-phase state, the peak frequency of as(CH3) from 

PNIPMAM is ~2991 cm-1, while it is ~2989 cm-1 for PNIPAM. A similar shift is observed for as(CH2) 

and s(CH3), but not for s(CH). Higher peak frequencies suggest that the hydrophobic groups of 

PNIPMAM are more hydrated than the ones of PNIPAM (Figure 5.19). Previous experiments with 

infrared spectroscopy addressed the hydration behavior of the hydrophilic amide groups of PNIPMAM 

and of PNIPAM via the frequency of the amide II band [39]. In the one-phase state, the peak frequency 

of the amide II groups for PNIPMAM is ~1538 cm-1, whereas the one of PNIPAM is ~1562 cm-1. 

Accordingly, the amide groups of PNIPMAM are less hydrated than the ones of PNIPAM. Thus, the 
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hydrophobic groups of PNIPMAM are surrounded by more water molecules, while the hydrophilic 

amide groups are surrounded by less water molecules (Figure 5.20). This may be attributed to steric 

hindrances caused by additional methyl groups in PNIPMAM. However, in interpreting these 

differences, one should keep in mind that the PNIPMAM and PNIPAM samples studied here and in 

Ref. [25] differ in molar mass (Mn = 17,000 g/mol and 36,000 g/mol, respectively). Computer 

simulations for PNIPAM suggest that the degree of hydration of the polymer chain decreases with 

increasing molar mass [186]. Still, this effect levels off for polymers with degrees of polymerization 

above 30 and is presumably negligible for the polymers discussed here, PNIPAM319 and PNIPMAM133 

[186]. 

 

Figure 5.19 Results from Raman spectroscopy on the 150 g L-1 (~12 wt%) PNIPMAM solution 

in D2O (blue closed symbols) and the 3 wt% PNIPAM solution in D2O (black open symbols). 

Peak frequencies of (a) antisymmetric CH3 (as(CH3)) and antisymmetric CH2 (as(CH2)), and (b) 

symmetric CH (s(CH)) and symmetric CH3 (s(CH3)) stretching bands, as indicated in the graphs, 

in dependence on the temperature difference to TCP from optical microscopy. The data from the 

PNIPAM solutions are taken from Ref [25]. (Reprinted from Ref. [124]. Copyright (2020) 

American Chemical Society.) 
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Figure 5.20 Schematic illustration of hydrophilic/hydrophobic interactions in PNIPMAM and 

PNIPAM in the one-phase state. The number of water molecules in the first hydration shell is 

based on the simulation results of PNIPAM aqueous solution in Ref. [186]. (Reprinted from Ref. 

[124]. Copyright (2020) American Chemical Society.) 

 

In the two-phase state, the peak frequency of all CH-stretching bands of PNIPMAM and PNIPAM 

are shifted to lower wavenumbers, showing that the dehydrated state of the hydrophobic groups from 

the collapsed PNIPMAM and PNIPAM chains is similar. As for the as(CH3) band, this is consistent 

with the infrared spectroscopy results on the as(CH3) in the two-phase state [39]. Moreover, the 

infrared spectroscopy results on the amide II band in Ref. [39] indicate that, in the two-phase state, the 

intermolecular interactions between the amide groups of PNIPMAM are weaker than the ones of 

PNIPAM. This weakening may be attributed to the steric hindrances caused by the presence of the 

methyl groups. Moreover, it is consistent with the higher water content and larger size of the 

mesoglobules formed by PNIPMAM found using VSANS. 

To summarize, PNIPMAM solutions feature not only higher phase transition temperatures but 

also a more complex phase transition process. The additional methyl groups change hydration behavior 

of the hydrophobic groups from PNIPMAM in the one-phase state. The structural behavior of 

PNIPMAM and PNIPAM in D2O around the cloud point is summarized in Figure 5.21. In the one-

phase state, loosely packed large-scale inhomogeneities and physical crosslinks caused by 

hydrophobic groups are present in the PNIPMAM solution. Furthermore, the local chain conformation 

of PNIPMAM is more compact than the one of PNIPAM, which is attributed to the hydrophobic effect 

and enhanced attractive segment-segment interactions induced by the additional methyl groups. In the 

two-phase state, the chains are collapsed and mesoglobules form, which shrink with increasing 



 5. Phase behavior of PNIPMAM in aqueous solutions 

87 
 

temperature. The mesoglobules formed by PNIPMAM are larger and contain more water than the ones 

of PNIPAM at a similar polymer concentration. 

 

Figure 5.21 Schematic structures of PNIPAM and PNIPMAM in D2O in dependence on 

temperature. The polymers are shown as black lines, and the water molecules as light blue dots. 

The red circles mark the correlation length OZ, the green circles display the size of the physical 

crosslinks , and the purple circles illustrate the radius of gyration of the mesoglobules Rg. 

Characteristic length scales are indicated. The grey regions represent the large-scale 

inhomogeneities. The chemical structures are shown in the yellow boxes. (Reprinted from Ref. 

[124]. Copyright (2020) American Chemical Society.) 

 

5.7 Conclusions 

The present work addresses the phase transition mechanism of the thermoresponsive polymer 

PNIPMAM in aqueous solution. The phase diagram is constructed from results of turbidimetry and 

DSC measurements, revealing that the PNIPMAM chains dehydrate only 2~3 °C above TCP, where 

macroscopic phase separation sets in. This is in contrast to the behavior of PNIPAM, for which the 

turbidity and DSC transitions virtually coincide. From Raman spectroscopy, it is concluded that, 

compared to PNIPAM, the hydration behavior of the hydrophobic groups from PNIPMAM in the one-

phase state is altered due to the steric hindrances caused by the additional methyl groups. SANS and 

VSANS results provide structural information of the temperature-dependent phase transition 
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mechanism of aqueous PNIPMAM solutions. In the one-phase state, loosely packed large-scale 

inhomogeneities and the static heterogeneities formed by physical crosslinks are observed, which can 

be attributed to hydrophobic moieties induced by the additional methyl groups. These hydrophobic 

methyl groups also give rise to more compact local chain conformations in the one-phase state. The 

PNIPMAM chains collapse in the two-phase state, as expected for thermoresponsive polymers. 

Mesoglobules form and shrink with increasing temperature. The mesoglobules formed by PNIPMAM 

are larger and contain more water inside than the ones from PNIPAM. To conclude, the presence of a 

single additional methyl group in the backbone segment of the PNIPMAM chain leads to substantially 

different hydration and structural behavior around the phase transition, which explains the counter-

intuitive shift of the transition to higher temperatures. 
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6. Concentration-dependence of PMMA-b-PNIPAM in 

aqueous solutions 

In this chapter, the concentration effect of the micellar structures formed by PMMA21-b-

PNIPAM283 in aqueous solution is investigated at 20 °C. At this, synchrotron small-angle X-ray 

scattering (SAXS) measurements are performed. A small part of this chapter is based on ”Self-

Assembled Micelles from Thermoresponsive Poly(methyl methacrylate)-b-poly(N-

isopropylacrylamide) Diblock Copolymers in Aqueous Solution” C.-H. Ko et al. Macromolecules 

2021, 54, 384-397 [126].  

 

6.1 Introduction 

Amphiphilic diblock copolymers are polymers comprising a hydrophobic block and a hydrophilic 

block. Due to the amphiphilicity, they can self-assemble into micelles in aqueous solution, when the 

concentration is above their critical micelle concentration (CMC). Below the CMC, the polymers are 

exclusively present as unimers, which means that they are molecularly dissolved. Above the CMC, 

unimers and micelles coexist. The higher the concentration, the larger the fraction of micelles. To carry 

out a systematic and thorough characterization on the phase behavior and temperature-dependent 

morphological transition of the self-assembled micelles from PMMA21-b-PNIPAM283 aqueous 

solutions, a preliminarily structural investigation of the micelles and their concentration-dependence 

above CMC is necessary.  

As shown in Section 3.6.2, the concentration-dependence of PMMA21-b-PNIPAM283 in aqueous 

solutions was previously studied by both DLS and UV-vis spectroscopy. There is no transition point 

related to a CMC down to 0.05 g L-1. This confirms that PMMA21-b-PNIPAM283 form self-assembled 

micelles in aqueous solution when the concentration is above 0.05 g L-1.  

In this chapter, the self-assembled micelles formed by PMMA21-b-PNIPAM283 in aqueous 

solutions and their concentration-dependence above 0.05 g L-1
 are investigated using synchrotron 

SAXS at ambient temperature, i.e., 20 °C. 

 

6.2 Concentration-dependence of micellar size 

6.2.1 Overview 

To characterize the concentration-dependent morphology of the micelles above CMC, 

synchrotron SAXS measurements were performed at 20 °C. To ensure PMMA21-b-PNIPAM283 diblock 
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copolymers form self-assembled micelles, the concentration was chosen between 0.2 and 10 g L-1, 

which are above its predicted CMC (0.05 g L-1). In Figure 6.1a and b, the SAXS data are present. All 

the scattering curves feature two shoulders, which are a pronounced one at ~0.15 nm-1 and a second 

one at ~0.5 nm-1. These characteristics can be tentatively assigned to the form factor scattering from 

the micelles. When the concentrations are in a range from 0.2 to 1 g L-1, the concentration-normalized 

absolute intensity of the pronounced shoulder remains almost independent on concentration (Figure 

6.1a). However, at concentration of 10 g L-1, it decreases. This indicates that the micelles become 

correlated owing to larger fraction of micelles at this concentration. The SAXS data become noisier at 

relatively dilute concentration. It is possibly due to the smaller fraction of micelles, resulting in a rather 

poor scattering.  

 

Figure 6.1 (a) Representative SAXS data of the PMMA21-b-PNIPAM283 solution in D2O 

(symbols) at 20 °C at the concentrations given in (b). (b) The curves are shifted by a factor of 10 

with respect to each other for clarity, and only every two point is shown. The black solid lines are 

the model fits. (c, d) Kratky plot of the same data, I(q)q2 vs q. 

 

In Figure 6.1c and d, the Kratky plots of the same SAXS data are shown, which yields qualitative 

information of the system without model fits. For all concentrations, a bell-shaped gaussian peak is 
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observed at q ~0.18 nm-1, indicates the compact globular structures. This may be ascribed to the 

compact micellar core formed by hydrophobic PMMA blocks. Moreover, at a concentration of 10 g L-

1, a small shoulder at q ~0.5 nm-1 implies that the globular structure consists of multidomain, which, 

in this case, is the feature of the core-shell micelles. Towards high q values, the curve in Kratky plot 

has a short-range plateau at intermediate q range and monotonically increases. This suggests that 

highly flexible and swollen polymer chains, which is assigned to the hydrophilic PNIPAM blocks in 

the micellar shell [187]. Nevertheless, at concentration of 0.2, 0.5 and 1 g L-1, these features are less 

prominent due to relatively weak scattering. 

 

6.2.2 Fit model 

By model fits the SAXS data, more quantitative information on the inner morphology of the self-

assembled micelles can be obtained. A form factor for core-shell spheres with a homogeneous shell 

SLD, P’CS(q), does not fit the data well. This may be attributed to the relatively long hydrophilic 

PNIPAM blocks, resulting in non-homogeneous SLD values along the radial direction in the micellar 

shell. Therefore, from 0.2 to 1 g L-1, the SAXS curves are modeled by the form factor for core-shell 

spheres, PCS(q), with the shell SLD profile being described by an exponential function along the radial 

direction. It points to that PMMA21-b-PNIPAM283 diblock copolymers dissolved in D2O self-assemble 

into spherical micelles with hydrophobic PMMA core and hydrophilic PNIPAM shell. The PNIPAM 

shell has a radially decaying exponential density profile, meaning that the PNIPAM concentration 

declines radially along the direction away from the core, whereas the D2O content raises. From PCS(q), 

the resulting fit parameters are determined: the micellar radius, Rmic, the micellar core radius, Rcore, the 

shell thickness, tshell, and the radially decaying SLD profile of micellar shell. During fitting, the SLD 

values of the core and the solvent are fixed, while the shell SLD values along radial direction are free 

fit parameters, revealing the radially increasing D2O content in the micellar shell. Besides, the 

aggregation number of the micelles, Nagg, can be estimated based on the resulting Rcore using eq. 4.52.  

Owing to the presence of the correlations between the micelles, the SAXS curve at 10 g L-1 is 

analyzed by the following model: 

𝐼(𝑞) = 𝐼0𝑃cs(𝑞)𝑆SHS(𝑞) + 𝐼bkg (6.1) 

PCS(q) is the same form factor as described above. A sticky hard-sphere structure factor, SSHS(q), 

is applied here owing to the presence of the correlations between the micelles. I0 is the scaling factor. 

In addition to the parameters obtained from the form factor, the half-distance between two correlated 

micelles, RHS, the volume fraction of correlated micelles, , and the stickiness, 0, related to 
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interactions between correlated micelles are discovered from the structure factor. The detailed 

equations are listed in Section 4.5. All the SAXS data can be well fitted (Figure 6.1b). 

 

6.2.3 Resulting structural characteristics 

For all concentrations, the PMMA21-b-PNIPAM283 diblock copolymers self-assemble into 

spherical core-shell micelles. The resulting fit parameters are compiled in Figure 6.2 and 6.3. We firstly 

focus on the results at 0.2 g L-1. The micellar radius Rmic is ~31.7 nm with a rather small core radius 

Rcore of ~2.9 nm and shell thickness tshell of ~28.8 nm (Figure 6.2a), which is consistent with the fact 

that PMMA21-b-PNIPAM283 has a relatively short hydrophobic PMMA block and a long hydrophilic 

PNIPAM block. The end-group effects of PMMA21-b-PNIPAM283 on the self-assembled micelles are 

assumed to be small and can be neglected. Rmic is larger than the calculated end-to-end distance of this 

diblock copolymers (Ree, ideal = 12.3 nm) and smaller than the calculated contour length (Rmax = 76.6 

nm). The detailed calculation is shown in Section 3.6.2. This suggests that the PNIPAM chains in 

micellar shell are swollen, but not fully stretched. The core polydispersity pcore is ~0.4 (Figure 6.2b). 

As calculated from Rcore and the degree of polymerization of the PMMA block (DPPMMA= 21), the 

aggregation number Nagg of the micelles is ~33 (Figure 6.2c). The large error bar of pcore and Nagg is 

attributed to the weak scattering caused by lower fraction of micelles at more dilute concentration.  

 

Figure 6.2 Resulting parameters from model fits: (a) micellar core radius Rcore (black squares), 

shell thickness tshell (red circles), micellar radius Rmic (blue triangles), as marked in the legend. (b) 

core polydispersity pcore. (c) aggregation number Nagg. 

 

At 0.2 g L-1, the SLD profile of the PNIPAM shell shows a radially exponential decaying from a 

value of 9.68  10-6 Å-2 to the SLD value of D2O (9.44  10-6 Å-2), indicating that polymer segment 

concentration reduces along the radial direction. The closer to the micellar core, the denser the 

hydrophilic PNIPAM chains. This phenomenon is also found in the micellar shell from PS-b-PNIPAM 

diblock copolymers [107], and in the micellar shell from PNIPAM homopolymers end-capped with 
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hydrophobic ligand [188]. Furthermore, the D2O content in the micellar shell can be estimated and 

presented in Figure 6.3b. The D2O content at the interface between the micellar core and shell is ~0.72 

(Figure 6.3c) and it rises along the micellar radius to ~1. Therefore, the inner part of the micellar shell 

contains less water than the outer part. The parameter v0 is ~5.1 (Figure 6.3d), which quantifies how 

steeply the exponential functions decay. This not only evaluates the density distribution and the D2O 

content in the micellar shell but also gives insight into the interface between micellar shell and solvent. 

 

Figure 6.3 Resulting (a) scattering length density SLD profile and (b) D2O content along the 

micellar radial direction at the concentrations in the legend. (c) D2O content at the interface of 

micellar core and shell and (d) parameter v0 related to shape of the exponential function for shell 

SLD in dependence on concentration. The inset in (a) depicts the schematic of the SLD profile 

along the micellar radial direction. 

 

    As the concentration increases to 10 g L-1, Rmic decreases ~6.7 nm, resulting from a combined 

contribution from a subtle decrease of Rcore and a small shrinkage of tshell (Figure 6.2a). The core 

polydispersity pcore is ca. 0.2-0.4 (Figure 6.2b). From the decrease of Rcore, a decrease of Nagg in 

dependence on concentration is deduced. From 0.5 to 10 g L-1, Nagg decreases from 46 to 22. This 

alludes to a reduction of PMMA blocks within one single micellar core with increasing concentration, 

which may be attributed to the PMMA blocks are still mobile. This implies that chain exchange among 

micelles is possible. As the concentration increases, the shell SLD profiles have overall lower SLD 

values and decay slower with increasing concentration (Figure 6.3a), showing that the micellar shell 
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contains generally more D2O at high concentrations. This is originated from that fewer Nagg, as the 

concentration increases. The D2O content within the micellar shell along the radial direction at different 

concentrations is displayed in detailed in Figure 6.3b. From 0.2 to 10 g L-1, the D2O content at the 

interface of micellar core and shell increases from 0.72 to 0.83 (Figure 6.3c). Moreover, the parameter 

v0 decreases from 5.1 to 3.6 (Figure 6.4d), implying that the interface between shell and solvent 

becomes indistinct at high concentrations. 

    At 10 g L-1, the correlations of micelles appear. The hard-sphere distance RHS is ~20.7 nm, which 

is the half-distance between two correlated micelles. RHS is smaller than Rmic, stating that the micelles 

are interpenetrating with each other instead of being apart from each other with a certain distance. The 

volume fraction of the correlated micelles  is ~0.05, meaning that the micelles are weakly correlated. 

 

6.3 Conclusions 

Based on the results, the concentration-dependent structures of PMMA21-b-PNIPAM283 in D2O 

are schematically concluded in Figure 6.4. Above its critical micelle concentration, PMMA21-b-

PNIPAM283 diblock copolymers form spherical core-shell micelles with a radial gradient of water 

content in the micellar shell. The more concentrated the solution, the smaller the micellar size. At high 

concentrations, the aggregation number Nagg is smaller and the water content in the shell is higher. 

 

Figure 6.4 Schematic representation of the morphology of PMMA21-b-PNIPAM283 in D2O in 

dependence on concentration. Red spheres represent for the micellar core made up of PMMA 

blocks. The blue lines stand for the PNIPAM blocks. 

 

In this chapter, the concentration-dependence of micelles formed by PMMA21-b-PNIPAM283 in 

D2O has been investigated by SAXS at 20 °C. The inner structures of the micelles are revealed in detail. 

Due to the thermoresponsive property of PNIPAM blocks, the temperature-induced morphological 

transition and the aggregation behavior of micelles formed by PMMA21-b-PNIPAM283 is also of great 

interest. In the following Chapters 7 and 8, the self-assembled micelles from PMMA21-b-PNIPAM283 

upon heating are investigated in-depth.   
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7. Temperature-dependence of self-assembled micelles 

from PMMA-b-PNIPAM in dilute aqueous solution 

In this chapter, the temperature-induced morphological transition of self-assembled micelles 

formed by PMMA21-b-PNIPAM283 in aqueous solution at 1 g L-1 is investigated. At this, turbidimetry, 

dynamic light scattering (DLS), and synchrotron small-angle X-ray scattering (SAXS) experiments 

are performed during heating scan. 

 

7.1 Introduction 

In Chapter 6, it has been investigated the concentration-dependence of the self-assembled 

micelles formed by PMMA21-b-PNIPAM283 in aqueous solution at 20 °C. PNIPAM is a 

thermoresponsive polymer and exhibits an LCST of 32 °C in aqueous solution. Thus, the morphology 

of the self-assembled micelles from PMMA21-b-PNIPAM283 is tunable by altering temperature.  

In this chapter, we aim to study the temperature-dependence of self-assembled micelles from 

PMMA21-b-PNIPAM283 in dilute aqueous solution. To focus on the collapse mechanism of the 

micelles upon heating without the influence from their correlations, PMMA21-b-PNIPAM283 aqueous 

solution at 1 g L-1 is chosen. The phase behavior is characterized using turbidimetry. Furthermore, a 

comprehensive structural study of the self-assembled micelles is probed by DLS and synchrotron 

SAXS to cover a temperature range below and above the cloud point in small temperature steps. 

 

7.2 Temperature-dependence of micellar size 

For a PMMA21-b-PNIPAM283 solution in D2O at 1 g L-1, the cloud point is identified to be TCP = 

30.5 ± 0.5 °C by turbidimetry. Temperature-resolved DLS measurements were conducted upon heating 

up to 31 °C to identify the hydrodynamic radius, Rh, of the micelles, formed by the same solution. The 

representative normalized intensity autocorrelation functions during heating and cooling runs are 

presented, respectively (Figure 7.1a and b). In Figure 7.1c and d, their corresponding distribution 

functions are shown as well. The autocorrelation functions are characteristic of a single decay, and the 

corresponding distribution functions feature monomodal distribution peaks, suggesting that one type 

of diffusing particles dominates. The hydrodynamic radii, Rh, of the particles are assigned to single 

micelles. At 16 °C, the peak is centered at ~35 nm. Upon heating to 30 °C, the distributions shift 

slightly toward smaller sizes and become narrower (Figure 7.1c). At 31 °C, it shifts toward slightly 
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larger sizes. From the cooling run, the distributions shift sightly toward smaller sizes down to 26 °C 

and then shift slightly toward larger sizes. (Figure 7.1d).  

 

Figure 7.1 (a, b) Representative normalized intensity autocorrelation functions and (c, d) the 

corresponding distribution functions of hydrodynamic radii, Rh, from DLS on the 1 g L-1 

PMMA21-b-PNIPAM283 solution in D2O at the temperatures given in the graphs during heating 

and cooling. (e) the average hydrodynamic radii, Rh, of the micelles during heating (red circles) 

and cooling (blue triangles) runs. The grey dashed line points to the cloud point, TCP, determined 

by turbidimetry. 

 

The average Rh values of the micelles during heating and cooling run are summarized in Figure 

7.1e. As the temperature increases upon heating, Rh decreases from 35 to 24 nm from 10 to 30 °C. This 

suggests that the micellar size decreases when the temperature is close to TCP. This may be due to the 

collapse of the PNIPAM shell. At 31 °C, Rh increases from 24 nm to 29 nm, which could be attributed 

to either the expansion of the PNIPAM shell or an increase of the aggregation number. DLS only 

provides overall size information rather than the internal structure of the micelles; therefore, these 

possible scenarios cannot be distinguished merely by DLS. Above 31.5 °C, it is no longer possible to 

perform DLS measurements due to the high turbidity. As the temperature decreases upon cooling, Rh 

decreases from 30 nm back to ~28 nm at 26 °C, and slightly increases to ~30 nm down to 10 °C. 

During the cooling run, Rh is at a similar size range but slightly different from the ones during heating 

run, which may be ascribed to the hysteresis effect of PNIPAM block [110, 189]. This indicates that 

the temperature-induced transition of the micellar size is reversible with the hysteresis effect.  
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7.3 Morphological transition of the micelles upon heating 

7.3.1 Overview 

To investigate the morphological transition and the collapse mechanism of the micelles and 

further elucidate the remaining question from DLS, temperature-resolved synchrotron SAXS 

measurements were performed on the sample solution. The temperature scan was done from 19.7 to 

40.0 °C to cover the range below and above TCP in steps of 1 or 2 °C. The SAXS data are shown in 

Figure 7.2.  

 

Figure 7.2 (a) Representative SAXS data of the 1 g L-1 PMMA21-b-PNIPAM283 solution in D2O 

(symbols) at the temperatures given in (b). The blue and red color indicate regime I (below and 

at TCP) and regime II (above TCP), respectively. For clarity, in (b), the curves are shifted by a 

factor of 10 with respect to each other, and only every second point is shown. The black solid 

lines are the model fits. (c) Kratky plot, I(q)q2 vs q, of the same data. (d) is a zoom of the low-q 

part of (c). 

 

From 19.7 to 31.8 °C, all the scattering curves feature a first shoulder at ~0.15 nm-1 and a weak 

second shoulder at ~0.5 nm-1 (Figure 7.2a, b). These characteristics can be ascribed to the spherical 
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form factor of the micelles, which have been described in Chapter 6. Upon heating towards 31.8 °C, 

the first shoulder moves slightly towards larger q values (~0.2 nm-1), and the second shoulder becomes 

even less pronounced. This may be attributed to the subtle shrinkage of the micellar size. From 33.9 

to 40.0 °C, the first shoulder dominates and shifts slightly towards lower q values (~0.1 nm-1), and 

their absolute intensity increases significantly. This might be due to the large micellar size caused by 

the drastic collapse of PNIPAM chains in the micellar shell. According to the features in the scattering 

curves, the temperature range is divided into two regimes: regime I (19.7-31.8 °C, i.e., below and just 

above TCP) and regime II (33.9 to 40.0 °C, i.e., above TCP). 

    In Figure 7.2c and d, the Kratky plots of these SAXS data are presented. In regime I, a bell-shaped 

peak at q ~0.14 nm-1 indicates a compact globular structure, which is attributed to the compact micellar 

core formed by the PMMA blocks. An additional weaker shoulder at q ~0.5 nm-1 demonstrates that 

the globular structure comprises more than one domain, which results from the core-shell structure of 

the micelles. Towards high q values (q > 1 nm-1), the curve in the Kratky plot increases (q > 2 nm-1). 

This suggests loosely packed chains, which is attributed to the hydrophilic PNIPAM blocks in the 

micellar shell [187]. In regime I, the bell-shaped peak at q ~0.14 nm-1 shifts slightly toward higher q 

values, becomes broader, and its amplitude increases. Moreover, the weak shoulder at q ~0.5 nm-1 

disappears and becomes a decay. These changes imply a decreasing micellar size caused by a shrinkage 

and dehydration of the micellar shell, resulting in a vanishing contrast between the micellar core and 

the shell. In regime II, the prominent bell-shaped peak shifts to lower q values at q ~0.1 nm-1 and its 

amplitude abruptly increases, which might be attributed to an increase of the micellar size with denser 

PNIPAM shell due to strong dehydration. 

 

7.3.2 Fit Model 

As studied from Chapter 6, from 19.7 to 31.8 °C, the SAXS curves in regime I, are described by 

a core-shell sphere form factor, PCS(q), with a shell SLD profile based on an exponential function along 

the radial direction. All the fit parameters from this form factor are obtained as mentioned in Section 

4.5. The shell thickness, tshell, is defined at where the D2O content in the micellar shell decays to 100 

vol%. Due to the weak scattering, in this chapter, tshell is defined at where the D2O content in the shell 

of 99.5 vol%. The micellar radius, Rmic, can be further deduced by Rmic = Rcore + tshell.  

As the temperature increases above TCP in regime II, the SLD values of PMMA and dehydrated 

PNIPAM become very similar (SLD of PMMA: 10.82  10-6 Å -2; SLD of dry PNIPAM: 10.30  10-6 

Å -2). Thus, it is difficult to differentiate core and shell in the micelles due to the continuous collapse 

and dehydration of PNIPAM. Therefore, the SAXS curves from 33.9 to 40.0 °C in regime II, are fitted 
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by the form factor of homogeneous spheres, Ps(q), providing the overall size of the collapsed micelles. 

All the SAXS data are well described (Figure 7.2b). 

 

7.3.3 Resulting temperature-dependent structural characteristics 

    The resulting fit parameters are compiled in Figure 7.3 and 7.4. From 19.7 to 31.8 °C in regime 

I, spherical core-shell micelles formed by PMMA21-b-PNIPAM283 diblock copolymers present as 

expected. At 19.7 °C, the micellar radius Rmic  26.0 nm with a core radius Rcore of ~3.4 nm and a shell 

thickness tshell of ~22.6 nm (Figure 7.3a). The SAXS data in regime I can be fitted by a core-shell 

sphere form factor with monodisperse core. Therefore, no core polydispersity is displayed in Figure 

7.3b. Upon heating from 19.7 to 31.8 °C, Rcore increases from 3.4 to 5.0 nm, while tshell remains nearly 

constant at 22.9 nm. In regime I, Rmic are at values of ~27.1 nm.  

 

Figure 7.3 Resulting parameters from model fits: (a) micellar core radius Rcore (black squares), 

shell thickness tshell (red circles), micellar radius Rmic (blue triangles), and radius of gyration Rg 

identified by Guinier plots (grey open diamonds), as marked in the legend. (b) polydispersity pcore. 

The light blue and light red background colors indicate regimes I and II, respectively. 

 

As the temperature increases from 19.7 to 31.8 °C, another change in the shell is observed. The 

SLD values in the shell are generally higher at high temperatures and decay much sharply (Figure 

7.4a), which is an indicative of the dehydration of the shell. The D2O content along the radial direction 

within shell is shown in dependence on temperature in Figure 7.4b. At the interface of the micellar 

core and shell, the D2O content decreases from 0.72 to 0.48 (Figure 7.4c). Moreover, the parameter v0 

increases from 5.7 to 10 (Figure 7.4d), implying that the interface between shell and solvent becomes 

sharper at high temperatures. As discussed, the increase of Rcore may be caused by either an increase 

of the aggregation number or the strong dehydration at the interface of the core and shell. However, 

due to the weak contrast of the PMMA core and the dehydrated PNIPAM shell, it is not possible to 

resolve this question. 
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Above TCP in regime II, it is not feasible to differentiate between the core and shell owing to the 

weak SLD contrast between PMMA and dehydrated PNIPAM. At 33.9 °C, Rmic has shrunken abruptly 

to ~16 nm (Figure 7.3a). This may be attributed to the strong collapse of PNIPAM chains. Meanwhile, 

from 33.9 to 40.0 °C, Rmic increases slightly to 20 nm and is overall smaller than in regime I. This 

implies that the collapsed micelles slightly grow upon heating in regime II.  

From the Guinier plots of the same SAXS data at low q values (0.06-0.09 nm-1), the radius of 

gyration of the micelles, Rg, are obtained. In regime I, Rg is ~15 nm, which is smaller than Rmic (~27 

nm). This implies that the mass of the micelles is concentrated in the inner part of the micelles. 

Furthermore, Rmic slightly decreases to 13.3 nm upon heating from 19.7 to 31.8 °C in regime I, which 

indicates the subtle dehydration of the inner part of the shell. This is in agreement with the results from 

the shell SLD profiles. At 33.9 °C, Rg increases to 16 nm. Upon heating to 40.0 °C, Rg continuously 

increases to 18.5 nm upon heating to 40.0 °C. Additionally, in regime II, Rg is almost same as Rmic, 

suggesting that the mass distribution in the collapsed micelles is more homogenous. 

 

Figure 7.4 Resulting scattering length density SLD profile (a) and D2O content (b) along the 

micellar radial direction at the temperatures in the legend. D2O content at the interface of micellar 

core and shell (c) and parameter v0 related to shape of the exponential function for shell SLD (d) 

in dependence on concentration. The light blue and light red background colors indicate regimes 

I and II, respectively. 
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7.4 Conclusions 

    The purpose of this chapter is to determine the temperature-dependent morphology of the self-

assembled micelles from PMMA21-b-PNIPAM283 in D2O at 1 g L-1. As stated in the SAXS results, the 

collapse mechanism of the micellar structure upon heating is summed up in Figure 7.5. From 19.7 to 

31.8 °C, i.e., below and just above TCP, the micellar size keeps almost the same, whereas the micellar 

shell dehydrates with increasing temperature. Additionally, based on the findings from Rg, the mass of 

the micelles concentrates at the center part instead of homogeneous distribution. From 33.9 to 40.0 °C, 

i.e., above TCP, the micelles strongly collapse, as evident from a decrease of Rmic and an increase of Rg.  

As a result of weak contrast between PMMA and dehydrated PNIPAM, the mass distribution of the 

collapsed micelles become homogenous. Thus, distinguishing between core and shell is no longer 

possible. Due to the same reason, precisely determining the aggregation number is also limited.  

 

Figure 7.5 Schematic representation of the internal morphology of PMMA21-b-PNIPAM283 in 

D2O at 1 g L-1 in dependence on temperature. Red spheres depict the micellar core made up of 

PMMA blocks. The blue lines serve as the PNIPAM blocks. The dark blue background colors 

mark where the mass concentrates in the micelles.   

 

Another issue in this work is due to the relatively dilute concentration at 1 g L-1. From the SAXS 

data (Figure 7.2 a and b), the data quality of the scattering features related to the shell, i.e., the second 

shoulder at q ~0.5 nm-1, is not sufficient, which prevents us from accurately identifying the boundary 

between the shell and the solvent. In spite of these limitations, this work certainly adds to our 

understanding of the temperature-induced collapse transition of single micelle from PMMA21-b-

PNIPAM283. From the results in Chapter 6, it was found that increasing the solution concentration will 

reduce the aggregation number and increase the water content in the micellar shell. This may raise the 

contrast between PMMA and dehydrated PNIPAM shell. Additionally, the choice of more 

concentrated concentration may also lead to a better data quality of scattering without increasing the 

measurement time, which may be beneficial for the characterization of micellar structure. With 

increasing concentration, the fraction of micelles is expected to increase. Consequently, not only the 
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collapse transition but also the aggregation mechanism of the micelles may be disclosed at higher 

concentration. In the next chapter, we will focus on the temperature-induced morphological transition 

of the same polymers in a semidilute aqueous solution at a concentration of 10 g L-1.  
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8. Temperature-dependence of self-assembled micelles 

from PMMA-b-PNIPAM in semidilute aqueous solution 

In this chapter, the temperature-induced morphological transition of self-assembled micelles 

formed by PMMA21-b-PNIPAM283 in aqueous solution at 10 g L-1 is investigated. At this, turbidimetry, 

dynamic light scattering (DLS), and synchrotron small-angle X-ray scattering (SAXS) experiments 

are performed during heating scan. This chapter is mainly based on ”Self-Assembled Micelles from 

Thermoresponsive Poly(methyl methacrylate)-b-poly(N-isopropylacrylamide) Diblock Copolymers in 

Aqueous Solution” C.-H. Ko et al. [126] Macromolecules 2021, 54, 384-397. 

 

8.1 Introduction 

In Chapter 7, it has been observed that the temperature-induced collapse transition of single 

micelle formed by PMMA21-b-PNIPAM283 in dilute aqueous solution at 1 g L-1. However, due to the 

poor data quality of scattering resulting from the micellar shell, precisely determining the shell 

thickness below TCP is hindered. To address this issue, we aim to perform measurements on a more 

concentrated solution which fraction of micelles is expected to be higher that may have stronger 

scattering contributed by the micelles.  

In this chapter, a comprehensive structural investigation of the self-assembled micelles formed 

PMMA21-b-PNIPAM283 in semidilute aqueous solution at 10 g L-1 is done by turbidimetry, DLS and 

synchrotron SAXS in a temperature range around the cloud points with a good temperature resolution. 

Due to the more concentrated concentration, below the cloud point, not only the temperature-

dependent structural transition of the micelles but also the correlations between the micelles are 

revealed. Furthermore, above the cloud point, the aggregation mechanism of the collapsed micelles 

and the structural evolution of the large aggregates are both disclosed. 

Moreover, as mentioned in Section 3.3, PS-b-PNIPAM diblock copolymers is one of the most 

frequent investigated thermoresponsive amphiphilic diblock copolymers. Their self-assembled 

structures are usually not in equilibrium, but kinetically frozen [45]. Comparing to PS, it is known that 

PMMA is a hydrophobic polymer, which is more compatible and less hydrophobic [111, 112]. 

Therefore, PMMA can serve as an attractive alternative for hydrophobic blocks. At the end of this 

Chapter, a comparison between the self-assembled micelles from PS-b-PNIPAM and the one from 

PMMA-b-PNIPAM is made to discuss the influence of the hydrophobicity of the hydrophobic blocks 

on the inner structure, interactions, and the aggregation of the micelles. 
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8.2 Phase behavior 

Figure 8.1 presents the temperature-dependent light transmission curve of a 10 g L-1 PMMA21-b-

PNIPAM283 solution in D2O, measured by turbidimetry at heating rate of 0.2 K min-1. Upon heating, 

the normalized transmission is constant at ~1 up to 31 °C, shows an abruptly decays. The cloud point 

is determined to be TCP = 31.2 ± 0.5 °C as the temperature where the normalized transmission begins 

to decrease. TCP of PMMA21-b-PNIPAM283 is similar as the values of PNIPAM homopolymer (~32 

°C) that mostly reported in the literature [15, 16]. From 31 to 32 °C, the normalized transmission drops 

to ~0 and remains constant ~0 above 32 °C, indicating that the phase transition is rather sharp. 

 

Figure 8.1 Light transmission of the 10 g L-1 PMMA21-b-PNIPAM283 solution in D2O in 

dependence on temperature. The photos show a solution below TCP (left) and above TCP (right). 

The red arrow indicates the cloud point. (Reprinted from Ref. [126]. Copyright (2021) American 

Chemical Society.) 

 

8.3 Temperature-dependence of micellar size 

To investigate whether the diffusion of the micelles is translational, we performed the angular-

dependent DLS measurement on 10 g L-1 PMMA21-b-PNIPAM283 solution in D2O at 20 °C and in 

scattering angle θ range from 45° to 135° (Figure 8.2a). The decay rate  depends linearly on q2. The 

diffusion coefficient of the micelles is determined as D = 6.57 × 10-12 ± 9.04 × 10-14 m2 s-1 from the 

slope of the linear fit to  versus q2 (Figure 8.2b). The hydrodynamic radius, Rh, is calculated as Rh = 

26.1 ± 0.4 nm by the Stokes-Einstein equation (Rh = kBT/6sD), where the Boltzmann constant kB = 

1.38 × 10-23 kg m2 s-2 K-1, temperature T = 293.1 K, and the solvent viscosity s = 0.00125 kg m-1s-1. 

Due to the time constraint, the temperature-resolved DLS measurements from 20 °C to 31.5 °C were 

carried out only at scattering angle θ = 90°. 
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Figure 8.2 (a) Representative normalized intensity autocorrelation functions from DLS on 10 g 

L-1 PMMA21-b-PNIPAM283 solution in D2O at T = 20 °C and at scattering angle, , given in the 

graphs. Black solid lines are model fits. (b) Decay rate as a function of q2 (black squares). Red 

solid line is linear fit to the data. (Reprinted from Ref. [126]. Copyright (2021) American 

Chemical Society.) 

 

Temperature-resolved DLS measurements were carried out to determine the hydrodynamic radius, 

Rh, of the micelles, formed by PMMA21-b-PNIPAM283 in D2O in a temperature range below the cloud 

point. The representative normalized intensity autocorrelation functions and the corresponding 

distribution functions during heating and cooling are shown in Figure 8.3. The autocorrelation 

functions feature a single decay, and the corresponding distribution functions are monomodal 

distribution peaks, indicating that one type of diffusing particles prevails. The hydrodynamic radii, Rh, 

of the particles are assigned to single micelles. At 20 °C, the peak is centered at ~20-30 nm. Upon 

heating, the distributions shift toward slightly larger sizes and become narrower (Figure 8.3c). These 

changes are reversible, as seen in the results from the cooling run. (Figure 8.3d). 

The average Rh values of the micelles during heating and cooling run are summarized in Figure 

8.3e. At 20 °C, Rh is ~27 nm, which is consistent with Rh determined from the angular-resolved DLS 

measurement in Figure 8.2. As the temperature increases upon heating, Rh remains nearly constant at 

~27 nm from 20 to 28 °C. Upon further heating from 28 to 31.5 °C, Rh slightly increases to ~32 nm, 

suggesting that the micellar size increases as the temperature approaches TCP. This could be attributed 

to one of these reasons: (i) the expansion of the PNIPAM shell, (ii) an increase of the aggregation 

number, and (iii) the presence of aggregates consisting of several collapsed micelles. Since DLS only 

gives overall information on the size rather than the inner structure of the micelles and their possible 

aggregation, these scenarios cannot be distinguished. Above 31.5 °C, DLS measurements are no longer 

possible due to the high turbidity. Upon cooling, Rh decreases back to ~27 nm at 28 °C, and stays 
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constant at this value down to 20 °C. Between 31.5 and 28 °C, Rh is slightly larger during cooling than 

during heating, which may be assigned to the hysteresis effect of PNIPAM block.[110, 189] From 28 

to 20 °C, the value from heating and cooling are equal, indicating that the temperature-dependent 

transition of the micellar size is reversible.  

 

Figure 8.3 (a, b) Representative normalized intensity autocorrelation functions and (c, d) the 

corresponding distribution functions of hydrodynamic radii, Rh, from DLS on the 10 g L-1 

PMMA21-b-PNIPAM283 solution in D2O at the temperatures given in the graphs during heating 

and cooling runs. (e) the average hydrodynamic radii, Rh, of the micelles during heating (red 

circles) and cooling (blue triangles) runs. The grey dashed line points to the cloud point, TCP, 

determined by turbidimetry. (Reprinted from Ref. [126]. Copyright (2021) American Chemical 

Society.) 

 

8.4 Morphological transition and aggregation mechanism of the micelles upon heating 

8.4.1 Overview 

To characterize the internal morphology of the micelles and further elucidate the origin of the 

increase in Rh, when the temperature approached TCP, temperature-resolved synchrotron SAXS 

measurements were performed on the sample solution. The temperature range was chosen from 20 to 

38 °C to cover the range below and above TCP. The SAXS data are shown in Figure 8.4.  
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Figure 8.4 (a) Representative SAXS data of the 10 g L-1 PMMA21-b-PNIPAM283 solution in D2O 

(symbols) at the temperatures given in (b). The blue, grey and red color indicate regime I (below 

TCP), regime II (above TCP) and regime III (far above TCP), respectively. For clarity, in (b), the 

curves are shifted by a factor of 10 with respect to each other, and only every second point is 

shown. The black solid lines are the model fits. (c) Kratky plot, I(q)q2 vs q, of the same data. (d) 

is a zoom of the low-q part of (c). (Reprinted from Ref. [126]. Copyright (2021) American 

Chemical Society.) 

 

Below TCP (20.1-30.0 °C), all the scattering curves feature a prominent shoulder at ~0.15 nm-1 

and a second shoulder at ~0.5 nm-1 (Figure 8.4a, b). These features can be tentatively attributed to the 

form factor scattering of the micelles. Upon heating towards 30.0 °C, the second shoulder becomes 

less pronounced. Above TCP (32.1-34.0 °C), the second shoulder becomes even less obvious and the 

prominent shoulder dominates and shifts towards slightly higher q values (~0.25 nm-1), which can be 

assigned to the collapse of the PNIPAM blocks resulting in a shrinkage of micellar size. Furthermore, 

an additional shoulder appears at low q values (~0.03 nm-1), and its intensity increases drastically, as 

the temperature is increased to 34.0 °C. This may be due to the presence and growth of large aggregates 
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formed by the collapsed micelles. Above 34.0 °C, this shoulder turns into a straight line, possibly 

because the shoulder shifts to even lower q values, which are beyond the observation window. This 

indicates that the aggregates continuously grow with increasing temperature. At 35.0 °C, the scattering 

curve shows only a slope at low q range (~0.03 nm-1) and a shoulder at q ~0.20 nm-1, which are 

attributed to the large aggregates and the collapsed micelles. At 36.2 °C, the contribution at low q 

values becomes even more pronounced, the shoulder shifts towards to higher q values (~0.60 nm-1), 

revealing that the aggregates prevail and that of the collapsed micelles continue to shrink. Besides, an 

additional shoulder emerges at q ~0.15 nm-1, which is ascribed to aggregates of intermediate size. At 

38.2 °C, the contribution at low q values dominates and becomes a bit steeper, the extra shoulder q 

~0.15 nm-1 becomes very weak, and the shoulder at q ~0.60 nm-1 turns into a peak, indicating that the 

collapsed micelles become correlated with each other. Based on the changes in the scattering curves, 

the temperature range is divided into three regimes: regime I (20.1-31.1 °C, below TCP), regime II 

(32.1-34.0 °C, just above TCP), and regime III (35.0-38.2 °C, far above TCP). 

 

The Kratky plots of these SAXS data are displayed in Figure 8.4c and d, providing model-free 

information on the micellar structures. In regime I, a bell-shaped peak at q ~0.18 nm-1 reveals a 

compact, globular structure, which is attributed to the compact micellar core formed by the PMMA 

blocks. An additional weaker shoulder at q ~0.5 nm-1 suggests that the globular structure is composed 

of more than one domain, which, in this case, may be due to the core-shell structure of the micelles. 

Towards high q values (q > 1 nm-1), the curve in the Kratky plot has a plateau at intermediate q values 

(q ~1-1.5 nm-1) and monotonically increases (q > 2 nm-1). This indicates loosely packed chains, which 

is ascribed to the hydrophilic PNIPAM blocks in the micellar shell [187]. In regime II, the bell-shaped 

peak at q ~0.18 nm-1 becomes broader, subtly shifts toward higher q values, and its amplitude increases. 

Furthermore, the weak maximum at q ~0.5 nm-1 vanishes, and only a decay is present. These changes 

are indicative of a decreasing micellar size and a dehydration of the micellar shell, resulting in a 

disappearance of the contrast between the micellar core and the shell. In regime III, the distribution 

strongly changes shape: At 35.0 °C, the bell-shaped peak shifts to lower q values. At 36.2 °C, a slope 

at low q values and a small peak at q ~0.06 nm-1 are observed, and, at 38.2 °C, a deeper slope at low q 

values. These imply the formation and growth of large aggregates from a number of collapsed micelles. 

At 36.2 and 38.2 °C, the curves decay to zero at high q values, which indicates that the PNIPAM blocks 

in the micellar shell are compact due to strong dehydration. 
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8.4.2 Fit Model 

Modeling the SAXS data enables us to gain detailed information on the inner structure of self-

assembled micelles quantitatively. Exemplary model fits for different temperatures from the 3 regimes 

along with the contributions to the fitting model are displayed in Figure 8.5. 

 

Figure 8.5 Model fits of the SAXS data. Data in regime I at 20.1 °C (a), regime II at 33.1 °C (b), 

and regime III at 35 °C (c), 36.2 °C (d), 38.2 °C (e), model fits (black full lines), and contributions 

from each term in the fitting model (dashed lines, as marked in legend). (Reprinted from Ref. 

[126]. Copyright (2021) American Chemical Society.) 

 

From 20.1 to 31.1 °C, i.e., below TCP, the SAXS curves in regime I, are described by a model 

comprising a core-shell sphere form factor, PCS(q), with a shell SLD profile based on an exponential 

function along the radial direction, and a sticky hard-sphere structure factor, SSHS(q), (Figure 8.5a, eq. 

8.1). 

𝐼(𝑞) = 𝐼0𝑃cs(𝑞)𝑆SHS(𝑞) + 𝐼bkg (8.1) 

It is suggested that the diblock copolymers self-assemble into spherical micelles with a 

hydrophobic PMMA core and a hydrophilic PNIPAM shell. The PNIPAM shell has a radially decaying 

exponential concentration profile, i.e., the D2O content varies along the radial direction. The micellar 

radius, Rmic, the micellar core radius, Rcore, shell thickness, tshell, the radially decaying SLD profile of 
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micellar shell are identified by the form factor. The SLD values of the core and the solvent are fixed 

during fitting, while the shell SLD values along radial direction are set to be free, as explained in the 

Section 4.5. The radially increasing D2O content in the micellar shell can be determined by eq. 4.51. 

A core-shell sphere form factor, P’CS(q), with a homogeneous shell SLD cannot describe the data well 

below TCP, which is possibly due to rather long hydrophilic PNIPAM blocks. The aggregation number 

of the micelles, Nagg, can be determined from the resulting Rcore using eq. 4.52. The half-distance 

between two correlated micelles, RHS, the volume fraction of correlated micelles, , and the stickiness, 

, related to interactions between correlated micelles are obtained from the structure factor and 

describe the correlations between micelles.  

 

As the temperature increases above TCP, from 32.1-34.0 °C (regime II), the SAXS curves are 

fitted by the model given in eq. 8.2 (Figure 8.5b).  

𝐼(𝑞) =  𝐼0𝑃
′
cs
(𝑞)𝑆fractal(𝑞) + 𝐼bkg (8.2) 

The core-shell sphere from factor with a homogeneous shell SLD, P’CS(q), can now be used since 

the PNIPAM blocks collapse upon heating above TCP resulting in rather homogeneous shell SLD. The 

fractal structure factor Sfractal(q) is included to describe the shoulder appearing at low q values, which 

may originate from the formation of fractal clusters constituted of collapsed micelles. In addition to 

the detailed size information on the collapsed micelles, the radius gyration of fractal clusters, Rcluster, 

is determined.  

Upon heating towards higher temperatures, namely above 34.0 °C (regime III), the system 

become more complex and be described by eq. 8.3. 

𝐼(𝑞) = 𝐼Porod(𝑞) + 𝐼agg(𝑞) + 𝐼0𝑃s(𝑞)𝑆HS(𝑞) + 𝐼bkg (8.3) 

Due to the continued collapse and dehydration of the PNIPAM shell, its SLD values is similar to 

the one of the PMMA core, and they can therefore not easily be differentiated. As a result, the collapsed 

micelles at all temperatures in regime III are described by the form factor of homogeneous spheres, 

Ps(q), giving the overall size of the collapsed micelles. At 35.0 °C (Figure 8.5c), the model in eq. 8.3 

without the Iagg(q) term and the hard-sphere structure factor, SHS(q), is applied, where the IPorod(q) term 

includes the surface roughness of large aggregates. At 36.2 °C (Figure 8.5d), the SAXS curve is fitted 

by the model in eq. 8.3 without SHS(q). The Iagg(q) term is added to model scattering from intermediate 

size aggregates. At 38.2 °C (Figure 8.5e), the model in eq 8.3 is used for fitting. The hard-sphere 

structure factor, SHS(q), is included here to describe the correlations between collapsed micelles. The 
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model fits are presented in Figure 8.4b. Complete sets of structural parameters are compiled in Tables 

D1-D3 in the Appendix. 

 

8.4.3 Resulting temperature-dependent structural characteristics 

The fit parameters are summarized in Figures 8.6-8.10. Below TCP, the PMMA21-b-PNIPAM283 

diblock copolymers form spherical core-shell micelles. At 20.1 °C, the micellar radius Rmic  24.4 nm 

with a core radius of ~2.5 nm and a shell thickness tshell of ~21.9 nm (Figure 8.6a), which is in 

agreement with the rather short hydrophobic PMMA block and the long hydrophilic PNIPAM block. 

The core polydispersity pcore is ~0.4 at 20.1 °C (Figure 8.6b). At the same temperature (20 °C), Rh is 

~27.5 nm, which is slightly larger than Rmic, as expected. Rmic is larger than the calculated end-to-end 

distance of this diblock copolymer (Ree,ideal = 12.3 nm), while it is smaller than the calculated contour 

length (Rmax = 76.6 nm), see Section 3.6.2 and Table 3.2 for the detailed calculation. This indicates 

that the PNIPAM blocks are swollen, but not fully stretched. The aggregation number Nagg of the 

micelles, as calculated from eq. 4.52 using Rcore and the degree of polymerization of the PMMA block 

(DPPMMA= 21) from 1H NMR, amounts to ~23 at 20.1 °C (Figure 8.6c). The SLD profiles along the 

radial direction are shown in Figure 8.7a. At 20.1 °C, the SLD profile of the PNIPAM shell shows a 

radially exponential decay from a value of 9.59  10-6 Å -2
 to the SLD value of D2O (9.44  10-6 Å -2), 

implying that the polymer segment concentration decreases along the radial direction. The closer to 

the micellar core, the denser the hydrophilic PNIPAM blocks, which was also previously found in PS-

b-PNIPAM diblock copolymers [107], and in the micellar shell from PNIPAM homopolymers end-

capped with hydrophobic ligand at one end [188]. The corresponding D2O content in the micellar shell 

is shown in Figure 8.7b. At 20.1 °C, the D2O content at the interface between the micellar core and 

shell is ~0.82 and it increases along the micellar radius to ~1. Thus, the inner part of the shell is less 

hydrated than the outer part shell, i.e., the PNIPAM blocks are more densely packed in the inner part 

of the shell, and more swollen in the outer part. At 20.1 °C, the hard-sphere radius RHS is ~20.6 nm 

(Figure 8.6a), which is the half-distance between two correlated micelles. It is smaller than Rmic, 

meaning that the micelles interpenetrate with each other. The volume fraction of the correlated micelles 

 is found to be ~0.06 (Figure 8.8a), i.e., the micelles are weakly correlated. 
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Figure 8.6 Resulting parameters from model fits in regime I: (a) micellar core radius Rcore (black 

squares), shell thickness tshell (red circles), micellar radius Rmic (blue triangles), hard-sphere radius 

RHS (orange diamonds), as marked in the legend. (b) core polydispersity pcore. (c) aggregation 

number Nagg. The grey dashed line indicates TCP, determined by turbidimetry. The light blue, light 

grey, and light red background colors indicate regimes I, II, and III, respectively. (Reprinted from 

Ref. [126]. Copyright (2021) American Chemical Society.) 

 

Figure 8.7 Resulting scattering length density SLD profile (a) and D2O content (b) along the 

micellar radial direction at the temperatures in the legend. D2O content at the interface of micellar 

core and shell (c) and parameter v0 related to shape of the exponential function for shell SLD (d) 

in dependence on temperature. The inset in (a) illustrates the schematic of the SLD profile along 

the micellar radial direction. The light blue, light grey, and light red background colors indicate 

regimes I, II, and III, respectively. (Reprinted from Ref. [126]. Copyright (2021) American 

Chemical Society.) 
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As the temperature increases to 30.0 °C (still in regime I), Rmic decreases by ~1.7 nm, which is a 

result from a slight decrease of both Rcore and tshell (Figure 8.6a). The core polydispersity pcore increases 

to ~0.3-0.4 (Figure 8.6b). From the decrease of Rcore decrease of Nagg to 17 is deduced (Figure 8.6c), 

which means that the PMMA blocks are mobile, and chain exchange among the micellar cores is 

possible. 

Another change which takes place upon heating to 30.0 °C is that the SLD values in the shell 

increase and decay much steeply (Figure 8.7a), showing that the D2O content of the micellar shell 

decreases. The PNIPAM blocks dehydrate gradually, and D2O molecules are expelled from the 

micellar shell. The D2O content within the micellar shell along the radial direction in regime I is 

displayed in dependence on temperature in Figure 8.7b. At the interface of the micellar core and shell, 

the D2O content decreases from 0.83 to 0.76 between 20.1 and 30.0 °C (Figure 8.7c). Furthermore, the 

parameter v0, which is related to the exponent of the shell SLD exponential function (Figure 8.7d and 

eq. 4.46), depicts quantitatively how steeply the functions decay. This not only characterizes the D2O 

distribution in the micellar shell, but also provides hints regarding the interface between the micellar 

shell and solvent. In regime I, v0 increases upon heating to 30.0 °C, implying that the interface between 

shell and solvent becomes sharper.  

Regarding the correlations between the micelles in the temperature range of regime I, the hard-

sphere radius RHS remains at ~20 nm (Figure 8.6a), almost independent of temperature, indicating that 

the distance between the correlated micelles is more or less unchanged. The volume fraction of 

correlated micelles, , decreases to zero upon heating to 30.0 °C (Figure 8.8a), implying that less and 

less micelles are correlated. The stickiness,  stays around 0.5 from 20.1 to 26.2 °C, while it drops 

drastically to 0.1 from 28.0 to 30.0 °C. Smaller  values mean stronger attractive interactions between 

the correlated micelles. Moreover, the reduced second virial coefficient, b2, remains at positive values 

of ~0.5 below 28.0 °C, and it turns into negative values above 29.1 °C (Figure 8.8b). This indicates 

that the interactions change from repulsive to attractive. Thus, in regime I, the interactions between 

the correlated micelles turn from repulsive to attractive and become stronger upon heating, despite the 

fact that fewer micelles are correlated with each other.  
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Figure 8.8 (a) Volume fraction of correlated micelles  (black squares) and stickiness  (red 

circles) (b)The reduced second virial coefficient b2 determined from the stickiness parameter . 

The red dashed line indicates b2 = 0. The grey dashed line indicates TCP, as determined by 

turbidimetry. The light blue, light grey and light red background colors indicate regimes I, II, and 

III, respectively. (Reprinted from Ref. [126]. Copyright (2021) American Chemical Society.)  

 

At TCP (31.1 °C), Rmic is 23.9 nm, which is ~1.3 nm larger than the value at 30.0 °C. Comparing 

to 30.0 °C, Rcore has increased slightly by 0.3 nm, resulting in a slight increase of Nagg at 31.1 °C. The 

micellar shell swells by ~1 nm, while it significantly dehydrates at 31.1 °C. It can be observed from 

the D2O content profile at 31.1 °C is generally lower than the one at lower temperatures in regime I 

(Figure 8.7b). Similarly, the D2O content at the interface of micellar core and shell is only 0.70, which 

is 0.06 lower than at 30.0 °C (Figure 8.7c). The micellar shell has not collapsed yet, but is severely 

dehydrated at TCP. RHS changes from 20 to 17 nm, revealing that the correlated micelles are closer to 

each other at 31.1 °C. As evident from the parameters  and  at 31.1 °C (Figure 8.8a), the amount of 

the correlated micelles becomes remarkably lower, yet the attractive interactions between correlated 

micelles are strikingly enhanced.  

In regime II, i.e., above TCP from 32.1 to 34.0 °C, Rcore is ~2 nm, i.e., slightly smaller than below 

TCP, while tshell has shrunken abruptly to ~11 nm and continuously decreases with increasing 

temperature (Figure 8.9). Likewise, Rmic shrinks continuously from 13 to 9 nm and is throughout 

smaller than in regime I. This indicates that the decrease of the micellar size is due to the strong 

collapse of the PNIPAM blocks, inducing the shrinkage of micellar shell. Furthermore, fractal clusters 

form in regime II with the collapsed micelles being the building blocks. The fractal correlation length, 

f, increases from 10 to 25 nm (Figure 8.10a). The size of the fractal clusters, Rcluster, can be estimated 

by eq. 4.66. In regime II, Rcluster increases from 30 to 56 nm (Figure 8.9). The fractal dimension Df has 

a value of ~3 at 32.1 and 33.1 °C and 2.6 at 34.0 °C (Figure 8.10a), implying that the clusters are rather 

densely packed. 
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Figure 8.9 Resulting parameters obtained from model fitting to the SAXS data in dependence on 

temperature. Micellar core radius Rcore (black squares), shell thickness tshell (red circles), micellar 

radius Rmic (blue triangles), hard-sphere radius RHS (orange diamonds), radius of gyration of the 

fractal clusters, Rcluster (green stars), and radius of gyration of the aggregates, Ragg (dark green 

stars), as marked in the legend. The hydrodynamic radius Rh measured during the heating run 

(dark blue spheres) is plotted here again for comparison. The grey dashed line indicates TCP, as 

determined by turbidimetry. The light blue, light grey, and light red background colors indicate 

regimes I, II, and III, respectively. (Reprinted from Ref. [126]. Copyright (2021) American 

Chemical Society.) 

 

 

Figure 8.10 (a) Fractal dimension Df (black triangles) and fractal correlation length f (blue 

diamonds). (c) Porod exponent P. The grey dashed line indicates TCP, determined by turbidimetry. 

The light blue, light grey and light red background colors indicate regimes I, II, and III, 

respectively. (Reprinted from Ref. [126]. Copyright (2021) American Chemical Society.)  

 

In regime III (35.0 to 38.2 °C), i.e., far above TCP, it is no longer possible to distinguish between 

the core and shell, because of the weak SLD contrast between PMMA and the strongly dehydrated 
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PNIPAM blocks. At 35.0 °C, Rmic features another abrupt decrease to ~4 nm (Figure 8.9); thus, the 

shell is even more compact due to the continued dehydration and collapse of the PNIPAM blocks. 

Upon heating from 35.0 to 38.2 °C, Rmic slightly shrinks to ~3 nm. At 38.2 °C, RHS is ~ 6 nm, suggesting 

that the collapsed micelles not only shrink but are also correlated with each other with a half-distance 

of 6 nm. In regime III, the SAXS curves feature a slope at low q values instead of a shoulder, which 

may be attributed to a shift of the shoulder to q values below the accessible q range. This implies that 

the fractal clusters grow presumably and form even larger aggregates, whose size is too large to be 

resolved. However, the Porod exponent P enables us to characterize their surface roughness. From 

35.0 to 38.2 °C, P increases from 2.5 to 4 (Figure 8.10b), indicating that the surface of large clusters 

or aggregates changes from rough to smooth. Additionally, some intermediate-size aggregates with 

~20 nm appears at 36.2 °C, which grows to ~40 nm at 38.2 °C. This is possibly due to heterogeneous 

aggregation in this temperature range. 

 

 

Figure 8.11 Schematic representation of the structural evolution of the self-assembled structures 

formed by PMMA21-b-PNIPAM283 in D2O at 10 g L-1 in dependence on temperature. Red spheres 

represent the micellar core from the PMMA blocks. The blue lines stand for the PNIPAM blocks. 

(Reprinted from Ref. [126]. Copyright (2021) American Chemical Society.) 

 

Based on the results, the temperature-dependent structural changes of PMMA21-b-PNIPAM283 in 

D2O at 10 g L-1 are summarized schematically in Figure 8.11. Below TCP, PMMA21-b-PNIPAM283 in 

D2O forms spherical core-shell micelles, which feature a rather small core, formed by PMMA blocks, 

and a thick hydrated shell formed by the PNIPAM blocks with a radially decaying water content. The 

swollen micelles are overlapped and correlated with each other. As temperature increases in regime I, 

the micelles slightly shrink and their correlation weakens. The aggregation number of the micelles 

decreases upon heating, indicating that the PMMA blocks are mobile and can exchange between 

micelles. The overall water content in the micellar shell decreases upon heating in regime I, due to the 

dehydration and partial collapse of PNIPAM blocks. At TCP, the micelles dramatically shrink due to 
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the collapse of the PNIPAM blocks, the core radius increases slightly due to an increase of the 

aggregation number. The collapsed micelles form fractal clusters. Upon further heating in regime II, 

the fractal clusters grow, while the collapsed micelles continuously shrink. As temperature is raised 

far above TCP (regime III), the fractal clusters grow into even larger and compact aggregates. The 

simultaneous presence of intermediate size aggregates implies that heterogeneous aggregation occurs 

far above TCP. 

Our results from PMMA21-b-PNIPAM283 diblock copolymers with PNIPAM weight fraction 

wPNIPAM of 0.94 may be compared with the previous reported findings from a similar sample, PMMA16-

b-PNIPAM172 with wPNIPAM of 0.92 [113]. Both PMMA-b-PNIPAM diblock copolymers form 

spherical micelles in aqueous solution having similar hydrodynamic radii (~30-40 nm below TCP). For 

PMMA14-b-PNIPAM106 diblock copolymers with wPNIPAM of 0.89 in 10 wt% aqueous solutions, 

hydrogels were found below TCP, which consist of ordered packed micelles [113]. This is consistent 

with our results that the swollen micelles in regime I are overlapped and correlated with each other, 

although the concentration used by us is significantly lower (10 g L-1, i.e., ~0.9 wt%). 

 

8.5 Comparison of PMMA-b-PNIPAM with PS-b-PNIPAM 

Unlike PS-b-PNIPAM diblock copolymers, which form spherical micelles only in a narrow range 

of wPNIPAM [103, 105, 107], PMMA21-b-PNIPAM283 diblock copolymers with a relatively high wPNIPAM 

of 0.94 are still capable of forming stable spherical micelles. In comparison to PS48-b-PNIPAM159 

diblock copolymers (wPNIPAM of 0.78) in aqueous solution, which also form spherical micelles [107], 

the overall size of the micelles from PMMA21-b-PNIPAM283 is about 18 nm larger. As expected from 

the shorter PMMA blocks, the micellar cores in PMMA21-b-PNIPAM283 are smaller. Below TCP, the 

swollen micelles from PMMA21-b-PNIPAM283 are overlapped with each other, while the micelles from 

PS48-b-PNIPAM159 keep a certain distance with each other. As temperature approaches TCP, the shell 

thickness of micelles from PMMA21-b-PNIPAM283 decreases, whereas the one from PS48-b-

PNIPAM159 firstly increases and then decreases (Figure 8.12). This may be attributed to the lower 

hydrophobicity of PMMA. It is known that PS is glassy and hydrophobic which leads to enhanced 

interchain interactions between the PNIPAM blocks and thus hinders their collapse in the micellar 

shell causing the initial increase of micellar size upon heating [103, 105]. The weaker hydrophobicity 

of PMMA not only weakens interchain interactions between the PMMA blocks giving rise to lower 

aggregation number of micelles but also reduces the interchain interactions between the adjacent 

PNIPAM blocks in the swollen micellar shells. Therefore, the intrachain interactions within the 

micellar shell of PMMA21-b-PNIPAM283 dominate and cause the subtle shrinkage of micellar shell, as 
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temperature approaches TCP. Above TCP, the micelles from PMMA21-b-PNIPAM283 firstly collapse and 

fractal clusters are formed by collapsed micelles. These clusters grow and become compact aggregates. 

In contrast, for the micelles from PS48-b-PNIPAM159, very small clusters are formed by partially 

collapsed micelles already 2-3 °C below TCP, their number firstly increases, and these small clusters 

grow with increasing temperature above TCP. This may be ascribed to the difference in hydrophobicity 

of the hydrophobic blocks. The collapse transition and the aggregation behavior of the micelles are 

significantly changed by tuning the hydrophobicity of the hydrophobic blocks because of the different 

extent of interchain interactions in the micellar cores. 

 

Figure 8.12 Schematic representation of the structural differences of the self-assembled 

structures formed by PMMA21-b-PNIPAM283 and PS21-b-PNIPAM159 in dependence on 

temperature. The light brown background color indicates the temperature range that the clusters 

form. (The findings from PS21-b-PNIPAM159 refer to Ref. [107]) 

 

8.6 Conclusions 

The phase behavior in D2O is probed by turbidimetry, revealing the cloud point TCP in dilute 

solution to be 31.1 °C. The temperature-induced morphological transition of the micelles and their 

subsequent secondary aggregation behavior are investigated in detail by DLS and SAXS. The inner 

structure, the interactions, and the aggregation of the micelles are revealed. Comparing the findings 

from PMMA-b-PNIPAM with the ones from PS-b-PNIPAM, it becomes clear that the hydrophobicity 

of the hydrophobic blocks plays an important role on the inner structure, interactions, and the 

aggregation of the micelles, which is attributed to the different extent of the interchain interactions in 

the micellar core and shell.  

Thanks to its enhanced solubility, facilitated micelle formation and improve biocompatibility 

compared to previously reported PS-b-PNIPAM polymers, the presented PMMA-b-PNIPAM diblock 

copolymer can serve as a more appropriate carrier system for drug delivery or biomedical applications. 

The insights into the morphological transition and the aggregation behavior of its self-assembled 
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micelles will facilitate the future designing of substance transport systems with a better-controlled 

loading and releasing capability. 
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9. Co-nonsolvency effect of PMMA-b-PNIPAM in 

water/methanol mixtures 

In this chapter, the influence of the solvent composition on the thermal and structural properties 

of PMMA21-b-PNIPAM283 in D2O/CD3OD mixtures at 10 g L-1 is investigated at ambient temperature 

20 °C. At this, the phase diagram is constructed using turbidimetry and differential scanning 

calorimetry (DSC). Dynamic light scattering (DLS) and synchrotron small-angle X-ray scattering 

(SAXS) experiments are performed to reveal the structural changes on PMMA21-b-PNIPAM283 at 10 

g L-1 in dependence on the solvent composition at 20 °C.  

Parts of this chapter are based on experiments performed by Patrick Wastian and Luka Gaetani 

for their bachelor’s theses [135, 190]. A paper about the results in this chapter with the title ” Co-

nonsolvency Effect in Solutions of Poly(methyl methacrylate)-b-poly(N-isopropylacrylamide) 

Diblock Copolymers in Water/Methanol Mixtures” is currently under preparation. 

 

9.1 Introduction 

In Chapter 8, the temperature-dependent structural investigation of the self-assembled micelles 

formed PMMA21-b-PNIPAM283 in aqueous solution at 10 g L-1 has been studied. PNIPAM blocks are 

not only sensitive to temperature, but also to the solvent composition. Adding methanol as a cosolvent 

causes these blocks to collapse which reduces the transition temperature, i.e., co-nonsolvency is 

observed. At room temperature, PNIPAM polymer chains experience the reentrant coil-to-globule-to-

coil transition with a miscibility gap range from ca. 25-65 vol% of methanol [90, 91]. However, PMMA 

features the co-solvency effect in water/methanol mixtures, i.e., the solubility of PMMA block is 

enhanced in mixtures of water and methanol with ~80-95 wt% of methanol, i.e., ca 85-98 vol% of 

methanol [120]. Therefore, PMMA21-b-PNIPAM283 diblock copolymers in water/methanol mixtures 

are responsive to both temperature and the solvent composition.  

In this chapter, due to the peculiar co-nonsolvency and co-solvency effects, we focus on the 

influence of the solvent composition on the thermal and structural properties of PMMA21-b-

PNIPAM283 at 10 g L-1 in different D2O/CD3OD mixtures. The phase diagram of PMMA21-b-

PNIPAM283 in dependence on the volume fraction of CD3OD is established by turbidimetry and DSC. 

DLS and SAXS disclose the structural changes of PMMA21-b-PNIPAM283 in dependence on the 

solvent composition at 20 °C. We explore how the co-nonsolvency and the co-solvency effects play 

the roles in the morphology of PMMA21-b-PNIPAM283 in deuterated water/methanol mixtures. 
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9.2 Phase behavior 

    In Figure 9.1, the temperature-dependent light transmission curves of 10 g L-1 PMMA21-b-

PNIPAM283 solutions in D2O/CD3OD mixtures from turbidimetry measurements at a heating rate of 

0.2 K min-1 are presented. In water-rich solvent mixtures, the cloud points, TCP, of the samples, taken 

as the temperature where the normalized transmission starts to decrease, are shown in Figure 9.2. TCP 

decreases from of 31.2 ± 0.2 °C in pure D2O to 13.6 ± 0.2 °C in 70:30 v/v D2O/CD3OD. A similar 

trend was observed for PNIPAM homopolymer solutions [82, 191]; however, the TCP values of 

PMMA-b-PNIPAM are generally ~1°C lower than the ones of PNIPAM. This may be attributed to the 

usage of D2O instead of H2O and the steric hindrances caused by the dense packing of the PNIPAM 

blocks near the PMMA cores of the micelles. Moreover, the decrease of the light transmission becomes 

slightly broader with increasing CD3OD volume fraction, and finite values are reached above TCP. In 

methanol-rich solvent mixtures, the polymer solutions are clear and transparent in the temperature 

range from 15 to 55 °C. The samples with volume fractions of CD3OD above 70 % do not exhibit a 

cloud point TCP within the temperature range accessible. 

 

Figure 9.1 Temperature-dependent light transmission of PMMA21-b-PNIPAM283 solutions at 10 

g L-1 in D2O/CD3OD mixtures in dependence on the volume fraction of CD3OD. The red arrow 

points out TCP. The inset photos show the solution in 90:10 v/v D2O/CD3OD below TCP (left) and 

above TCP (right).  
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Figure 9.2 Cloud points determined by turbidimetry (blue squares) and onset temperatures from 

DSC (red triangles) of PMMA21-b-PNIPAM283 solutions at 10 g L-1 in D2O/CD3OD mixtures in 

dependence on the volume fraction of CD3OD. For comparison, cloud points (black closed circles) 

and transition temperatures from DSC (black open circles) of PNIPAM homopolymers in 

H2O/CH3OH mixtures are given, which are taken from Ref. [82]. Reprinted with permission from 

Ref. [82]. Copyright 1991 American Chemical Society. The grey dashed line indicates the 

temperature at which DLS and SAXS measurements were performed.  

 

9.3 Thermal behavior 

Figure 9.3a displays the DSC thermograms from the second heating and cooling cycle at a rate of 

1 K min-1. The onset temperatures of the phase transition during the second heating run, 𝑇onset
DSC , are 

given in Table 9.1 and Figure 9.2. In water-rich solvent mixtures, 𝑇onset
DSC  decreases as the volume 

fraction of CD3OD increases, and the values are in agreement with the values of TCP observed by 

turbidimetry. Moreover, the higher the volume fraction of CD3OD, the broader and the more 

asymmetric is the endothermic peak. This broadening is in accordance with the findings from 

turbidimetry. From the endothermic peak areas, the enthalpies of the phase transition, H, are 

identified and are given in Table 9.1 and Figure 9.3b. They decrease with increasing volume fraction 

of CD3OD, which is in consistency with the computational [99] and experimental [100] calorimetric 

enthalpies of PNIPAM homopolymers in water/methanol mixtures. The endothermic enthalpy is 

related to the heat required to break the hydrogen bonds between the polymers and the solvent 

molecules [82, 99, 192]. As demonstrated in Ref. [99] and [100], the presence of CD3OD as a cosolvent 

reduces the number and the strength of the hydrogen bonds between the polymers and the solvent 

molecules during the phase transition, giving rise to values of the enthalpy. In methanol-rich solvent 

mixtures, 𝑇onset
DSC  is 26.1 ± 0.2 °C at 70 vol% of CD3OD. However, for CD3OD volume fractions above 

70 %, no phase transition temperature is observed (Figure 9.4a and b). 
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The resulting phase diagram (Figure 9.2) shows that, at 20 °C, solutions with volume fractions of 

CD3OD up to 20 % and above 70 % are below TCP, while those with 25 – 70 % are above TCP. 

 

Table 9.1 Results from turbidimetry and DSC measurements  

Solvent composition 

v/v D2O/CD3OD  

TCP (°C) Tonset
DSC  (°C) Tpeak

DSC  (°C) H (J/gs) 

100:0 31.2 ± 0.2 30.8 ± 0.2 31.7 ± 0.1 0.43 ± 0.02 

95:5 - 29.5 ± 0.2 30.5 ± 0.1 0.33 ± 0.02 

90:10 27.9 ± 0.2 28.0 ± 0.2 28.9 ± 0.1 0.34 ± 0.02 

85:15 - 24.8 ± 0.2 25.7 ± 0.1 0.27 ± 0.02 

80:20 21.2 ± 0.2 20.6 ± 0.2 21.4 ± 0.1 0.20 ± 0.02 

75:25 - 17.8 ± 0.2 18.7 ± 0.1 0.21 ± 0.02 

70:30 13.6 ± 0.2 16.7 ± 0.2 17.7 ± 0.1 0.18 ± 0.02 

30:70 - 26.1 ± 0.2 27.0 ± 0.1 0.25 ± 0.02 

 

 

Figure 9.3 (a) DSC thermograms of 10 g L-1 PMMA21-b-PNIPAM283 solutions in D2O/CD3OD 

mixtures in dependence on the volume fraction of CD3OD from second heating (solid lines) and 

cooling cycle (dashed lines) at a rate of 1 K min-1. (b) Resulting enthalpy H in dependence on 

the solvent composition from heating (red symbols) and cooling (blue symbols).  
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Figure 9.4 DSC thermograms of 10 g L-1 PMMA21-b-PNIPAM283 solutions in D2O/CD3OD 

mixtures from the second heating (a) and cooling (b) cycles at a rate of 1 K min-1 for the solvent 

compositions given in the legend. 

 

9.4 Diffusional behavior 

From the turbidimetry and DSC measurements, the phase diagram of 10 g L-1 PMMA21-b-

PNIPAM283 solutions in D2O/CD3OD mixtures is established (Figure 9.2). To investigate the co-

nonsolvency/co-solvency effect on the hydrodynamic radius, angle-resolved DLS measurements were 

performed at 20 °C in dependence on the solvent composition. The autocorrelation functions feature a 

single decay (Figure 9.5a). Up to CD3OD volume fractions below 25 %, the decay time t shifts to 

slightly higher values. In contrast, for CD3OD volume fractions above 70 %,  shifts to significantly 

lower values with increasing CD3OD volume fraction. The decay rates  = 1/ depend linearly on q2 

(Figure 9.5b and c). From the slopes of the linear fits, the corresponding diffusion coefficients D are 

identified (Table 9.2). Using the Stokes-Einstein equation with the diffusion coefficients and the 

measured viscosity values of the solvent mixtures (Table 4.1), the hydrodynamic radius of the particles, 

Rh, is determined and is given in dependence on the solvent composition in Figure 9.5d and Table 9.2. 
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Figure 9.5 DLS results on 10 g L-1 PMMA21-b-PNIPAM283 solutions in D2O/CD3OD mixtures at 

20 °C. (a) Representative normalized intensity autocorrelation functions measured at scattering 

angle  = 90°. (b, c) Decay rates as a function of q2 in dependence on the solvent composition, as 

given in the graph. (d) Corresponding hydrodynamic radii Rh. Black solid lines are model fits. 

Colored solid lines are linear fits. The grey shading indicates the two-phase region. 

 

Table 9.2 Results from DLS measurements on the polymer solutions at 20 °C 

Solvent composition 

D2O/CD3OD  

[v/v] 

Diffusion coefficient 

D  

(10-11 m2 s-1) 

Hydrodynamic 

radius Rh  

(nm) 

100:0 0.66 ± 0.01 26.1 ± 0.4 

90:10 0.62 ± 0.01 22.6 ± 0.2 

80:20 0.50 ± 0.01 24.5 ± 0.2 

30:70 1.76 ± 0.03   6.7 ± 0.1 

20:80 2.47 ± 0.04   6.0 ± 0.1 

10:90 3.61 ± 0.07   5.7 ± 0.1 

0:100 5.76 ± 0.10   5.2 ± 0.1 
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For the sample in pure D2O, Rh is ~26 nm, which is assigned to the size of the micelles, in 

consistency with our previous findings that PMMA-b-PNIPAM diblock copolymers form self-

assembled micelles in D2O [126]. For the sample in 90:10 v/v D2O/CD3OD, Rh is ~22 nm, suggesting 

that the micellar size decreases. This may be due to the slight shrinkage of the PNIPAM shell caused 

by the presence of CD3OD. For the sample in 80:20 v/v D2O/CD3OD, for which TCP is just above 20 

°C, Rh is slightly higher again, namely ~24 nm. This might be attributed to (i) an increase of the 

micellar size caused by the increasing aggregation number or the expansion of the micellar shell or (ii) 

the formation of aggregates composed of several collapsed micelles. However, by DLS, these 

scenarios cannot be distinguished.  

For the samples with CD3OD volume fractions of 65-100 %, i.e., on the other side of the 

miscibility gap, the Rh values are significantly smaller than in the range of 0-20 %. For the samples 

with volume fractions of CD3OD above 70 %, Rh slightly decreases from ~7 nm to ~5 nm with 

increasing CD3OD volume fraction. For PMMA having a molar mass of 14000 g/mol, a clearing point 

above 35 °C was reported in Ref. [121] , which is far above the measuring temperature, so micelle 

formation would still be expected. However, it cannot be excluded that the clearing point of the PMMA 

block in our PMMA-b-PNIPAM diblock copolymer is lower because of its lower molar mass (2700 

g/mol). Moreover, from the simulation of radius of gyration Rg for PMMA with a molar mass of 3000 

g/mol in Ref. [122], it is confirmed that PMMA has a co-solvency effect in water/methanol mixtures. 

Therefore, it may be questioned that the PMMA blocks of PMMA-b-PNIPAM diblock copolymer still 

form a micellar core. Thus, the chains may be molecularly dissolved, even though the diblock 

copolymers are amphiphilic in these solvent mixtures. However, this is insufficient to judge merely by 

the DLS results. 

 

9.5 Micellar structures at low methanol volume fractions 

9.5.1 Overview 

To characterize the internal morphology of the micelles formed at CD3OD volume fractions up 

to 25 %, in dependence on the solvent composition and to resolve the questions raised by the DLS 

results, synchrotron SAXS measurements are carried out on the same solutions at 20 °C. The SAXS 

data feature a pronounced shoulder at ~0.15 nm-1 and a second shoulder at ~0.6 nm-1 (Figure 9.6a and 

b). These characteristics can be ascribed to the form factor scattering of the micelles. With increasing 

CD3OD volume fraction to 20 and 25 %, the second shoulder becomes less pronounced, while the first 

shoulder shift towards slightly higher q-values (~0.3 nm-1). These changes may be attributed to a 

decrease of the micellar size, resulting from the collapse of the PNIPAM blocks. Moreover, an 
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additional shoulder emerges at very low q-values (~0.04 nm-1), and its intensity increases dramatically, 

as the CD3OD volume fraction is increased. This may be assigned to the formation of large clusters 

consisting of collapsed micelles.  

 

Figure 9.6 (a, b) Representative SAXS data of the 10 g L-1 PMMA21-b-PNIPAM283 in 

D2O/CD3OD mixtures (symbols) at 20 °C for low volume fractions of CD3OD. The solvent 

compositions are given in the graph. In (b), the curves are vertically shifted by a factor of 10 with 

respect to each other. The black solid lines are the overall model fits. (c) Kratky plot of the same 

data, I(q)q2 vs q. For clarity, only every two point is shown. 

 

More information can be gained from the Kratky plots (Figure 9.6c). In pure D2O, the bell-shaped 

peak at q  0.2 nm-1 is an indication of a compact globular structure, which is ascribed to the compact 

micellar core presumably constituted by the PMMA blocks. The additional shoulder at q  0.5 nm-1 

reveals that the globular structure contains more than one domain, which may be due to the core-shell 

feature of the micelles. At q-values above 1.0 nm-1, the curve increases again, suggesting loosely 

packed polymer chains, presumably the hydrophilic PNIPAM blocks in the micellar shell [187]. Upon 

increasing the CD3OD volume fraction, the bell-shaped peak at q  0.2 nm-1 becomes broader and 

moves towards slightly higher q-values, and its amplitude increases, indicating a shrinkage of the 

micellar size. Additionally, at CD3OD volume fractions of 20 and 25 %, the weak maximum at q  0.5 

nm-1 disappears and becomes a decay, which is indicative of a vanishing contrast between the micellar 

core and shell due to deswelling of the micellar shell.  

 

9.5.2 Fit models 

To obtain detailed information on the inner structure of the micelles, the SAXS data are analyzed 

by fit models. Exemplary model fits and the contributions to the fit model are shown in Figure 9.7.  
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Figure 9.7 Model fits of the SAXS data. Data at 20 °C in 100:0 (a) and 75:25 (b) v/v D2O/CD3OD 

mixtures. Black full lines: overall model fits; dashed lines: contributions from each term in the fit 

model, see legends. 

 

For the samples with the CD3OD volume fractions of 0-15 %, the SAXS curves are fitted by the 

model in eq. 9.1, which was used by us previously to describe the scattering from the identical 

copolymers in pure D2O at the same polymer concentration [126].  

𝐼(𝑞) = 𝐼0𝑃CS(𝑞)𝑆SHS(𝑞) + 𝐼bkg (9.1) 

It includes the form factor of core-shell spheres, PCS(q), with a polydisperse core and a shell SLD 

profile that is an exponential function along the radial direction, and the sticky hard-sphere structure 

factor SSHS(q) (Figure 9.7a). At these solvent compositions, the measuring temperature (20 °C) is far 

below the respective cloud points; thus, the diblock copolymers are expected to self-assemble into 

spherical micelles consisting of a hydrophobic PMMA core and a hydrophilic PNIPAM shell. The 

PNIPAM shell has a radially decaying SLD profile, indicating that the concentration of PNIPAM 

segments in the micellar shell decays along the radial direction from the micellar core. The data cannot 

be described satisfactorily by a form factor of core-shell spheres, P’CS(q), with a homogeneous shell 

SLD, presumably because of the relatively long PNIPAM blocks. From the form factor, the micellar 

core radius Rcore, the shell thickness tshell, the micellar radius Rmic and the radially decaying SLD profile 

of the micellar shell are determined. The aggregation number of the micelles, Nagg, can be deduced 

from Rcore. The structure factor quantifies the correlation between the micelles, including the half-

distance between two correlated micelles, RHS, the volume fraction of correlated micelles, , and the 

stickiness parameter, 0. Throughout, the fits are excellent (Figure 9.6b). 
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For the solutions with CD3OD volume fraction of 20 and 25 %, the forward scattering is more 

prominent, and the shell seems to deswell, as seen from Figure 4c. The SAXS curves are described by 

the model in eq. 9.2 (Figure 9.7b).  

𝐼(𝑞) = 𝐼0𝑃′CS(𝑞)𝑆fractal(𝑞) + 𝐼bkg (9.2) 

The micellar shell can be described using a homogeneous shell SLD, as implemented in P’CS(q). 

At theses solvent compositions, the measuring temperature is only slightly below or already above the 

respective cloud points (Figure 9.2 and Table 9.1), resulting in more collapsed PNIPAM blocks, due 

to the co-nonsolvency effect. The fractal structure factor, Sfractal(q), is used to describe the additional 

shoulder at low q-values, which may emanate from clusters composed of collapsed micelles. It gives 

the fractal correlation length f, the fractal dimension Df and the radius of gyration of the clusters, 

Rcluster.  

All the SAXS data are well described by the chosen fitting models (Figure 9.6b). In the following, 

the resulting fitting parameters are discussed in dependence on the volume fraction of CD3OD with a 

focus on the co-nonsolvency/co-solvency effect on the micelles. The resulting fit parameters are 

summarized in Figures 9.8 and 9.9; complete sets of structural parameters are compiled in Tables E1-

E2 in the Appendix.  

 

9.5.3 Structural changes of the micelles 

In pure D2O, it is known that the copolymers form self-assembled spherical micelles, for a similar 

composition studied as here yielding a radius Rmic = 24.4 nm with a PMMA core having a radius Rcore 

= 2.5 nm and a shell formed by the long PNIPAM blocks having a thickness tshell = 21.9 nm [126]. The 

concentration of PNIPAM segments in the micellar shell decreased along the radial direction. 

Moreover, the micelles interpenetrated and were weakly correlated. 

In this Chapter, we find very similar structural characteristics at 20 °C in pure D2O. The micellar 

radius Rmic is ~24.7 nm with a core radius Rcore = 2.7 nm and a shell thickness tshell = 22.0 nm (Figure 

9.8a). The core polydispersity pcore is 0.3. The aggregation number of the micelles Nagg is ~27 (Figure 

9.8b). The SLD profile of the PNIPAM shell displays a radially exponential decay from a value of 

9.58 × 10-6Å -2 to the SLD value of the D2O (9.44 × 10-6Å -2), as shown in Figure 9.9a. The hard-sphere 

radius RHS is ~19.8 nm (Figure 9.8a), and the volume fraction of the correlated micelles,  is 0.07 

(Figure 9.8c). These findings are consistent with our previous results [126].  
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Figure 9.8 Structural parameters resulted from model fits to the SAXS data in dependence on the 

CD3OD volume fraction: (a) Micellar core radius Rcore (black squares), shell thickness tshell (red 

circles), micellar radius Rmic (blue triangles), hard-sphere radius RHS (orange diamonds), radius 

of gyration of the fractal clusters Rcluser (green stars), the hydrodynamic radius Rh (dark blue open 

circles) measured from DLS, as given in the legend. (b) Aggregation number Nagg (black circles). 

(c) Volume fraction of correlated micelles  (black circles) and stickiness parameter 0 (red 

squares). (d) The reduced second virial coefficient b2 deduced from . The grey shading indicates 

the two-phase region. In (a), the hydrodynamic radius Rh from DLS is added (dark blue open 

circles).  

 

In the range of volume fractions of CD3OD up to 25 %, the copolymers still form self-assembled 

micelles. As the CD3OD volume fraction increases to 15 %, Rmic decreases by ~2 nm, originating from 

a subtle decrease of both, Rcore and tshell. The core polydispersity pcore slightly increases to ~0.4. The 

decrease of Rcore by 0.5 nm implies that Nagg decreases to 16. This implies that the solubility of the 

PMMA blocks is slightly increased due to the presence of CD3OD. This can be explained by comparing 

the solubility parameters : The solubility parameter of PMMA is closer to the one of methanol than 

the one of water (PMMA = 11.1 cal1/2cm-3/2, methanol = 14.5 cal1/2cm-3/2 and water = 23.4 cal1/2cm-3/2) 

[56]. Although the co-solvency effect for PMMA is most pronounced at methanol volume fractions of 

80-90 % [120-123], the intermolecular interactions between the PMMA blocks in the micellar core 

may already be weakened at the low fractions investigated here. This suggests that the addition of 
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CD3OD softens the micellar core and promotes the micellar exchange dynamics, even though the 

PMMA blocks are still insoluble in the D2O/CD3OD mixtures.  

The decrease of tshell by ~1.5 nm may be attributed to the co-nonsolvency effect on the PNIPAM 

blocks from CD3OD. The presence of CD3OD reduces the solvent quality for the PNIPAM blocks, 

leading to a partial shrinkage of the PNIPAM blocks. Upon increasing the CD3OD volume fraction to 

15 %, the SLD profiles of the micellar shell decay in a similar manner and reach the level of the 

respective solvent mixture (Figure 9.9a). Likewise, the values of the parameter v0, which describes the 

shape of the exponential function in the SLD profile of the shell, all lie in a range of ~3.3-3.5 (Figure 

9.9b). This implies that the presence of CD3OD has almost no influence on the segment concentration 

profile of PNIPAM blocks along the radial direction in the micellar shell. 

 

Figure 9.9 (a) The resulting scattering length density (SLD) profile. (b) Parameter v0 related to 

shape of the exponential function for shell SLD. The grey shading in (b) indicates the two-phase 

region. 

 

Regarding the correlation between the micelles, RHS increases from 19.8 nm to 21.7 nm upon 

increasing the CD3OD volume fraction from 0 to 15 %, indicating that the distance between the 

correlated micelles increases slightly. For all compositions in this range, RHS is smaller than Rmic, 

meaning that the micelles interpenetrate. As the CD3OD volume fraction increases, Rmic slightly 

decreases, whereas RHS increases, which indicates that the micelles slightly separate from each other 

and become less interpenetrated. The volume fraction of correlated micelles,  remains at values of 

~0.05-0.06 up to 10 vol% of CD3OD and decreases significantly to the value of ~0.01 at 15 vol% 

(Figure 9.8c), implying that fewer micelles are correlated. Moreover, the stickiness parameter 0 

decreases with increasing CD3OD volume fraction, slightly up to 10 vol% of CD3OD and strongly at 

15 vol% (Figure 9.8c). This suggests that the attractive interactions between the correlated micelles 

are enhanced, despite the fact that the number of correlated micelles is reduced. The reduced second 
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virial coefficient b2 (Figure 9.8d), which is deduced from 0, stays at a positive value of ~0.6 up to a 

CD3OD volume fraction of 10 %, and becomes negative at 15 %. This indicates that, between 10 and 

15 vol%, the interactions between correlated micelles change from repulsive to attractive. 

For the solution with a CD3OD volume fraction of 20 %, the measuring temperature (20 °C) is 

only slightly below the cloud point. Rcore is slightly lower than at 15 %, which is due to the increased 

solubility of the PMMA blocks. Correspondingly, Nagg has decreased to 7. For this solution, the form 

factor of micelles with a homogeneous shell describes the data best. tshell has shrunken drastically to 

~11 nm, which is attributed to the collapse of the PNIPAM blocks resulting from the co-nonsolvency 

effect. Furthermore, the collapsed micelles form fractal clusters, having a size Rcluster = 27 nm (Figure 

9.8a) and a fractal dimension Df = 1.5, i.e., the micelles are loosely packed. 

At a CD3OD volume fraction of 25 %, the coexistence line has been crossed, and the solution is 

in the two-phase state (Figure 9.2). Compared to the value at 25 %, Rcore has slightly increased again, 

which may be due to a merging of the inner part of the PNIPAM shell with the PMMA-rich core, 

resulting in an apparent increase of Nagg. tshell has decreased further, as expected, and the overall size, 

Rmic, has decreased as well. The size of the clusters is now Rcluster = 45 nm (Figure 9.8a), and Df has 

increased to a value of 2.8, implying that the clusters grow and become compact. 

To summarize, for CD3OD volume fractions up to 25 %, the PMMA21-b-PNIPAM283 diblock 

copolymers self-assemble into spherical core-shell micelles. Upon increasing the CD3OD volume 

fraction, the aggregation number of the micelles decreases slightly, which is due to the presence of 

CD3OD that weakens the intermolecular interactions between the PMMA blocks in the micellar core. 

Besides, the micellar shell thickness decreases slightly up to 15 vol% of CD3OD and is much lower at 

20 vol%, which is ascribed to a reduced solvent quality for the PNIPAM blocks, caused by the co-

nonsolvency effect, that leads to a shrinkage of the PNIPAM blocks. Furthermore, as the CD3OD 

volume fraction is increased, the correlated micelles slightly separate from each other, and the fraction 

of correlated micelles decreases, while the attractive interactions between those micelles, that are 

correlated, are strengthened. The clusters formed by the collapsed micelles appear at 20 vol% of 

CD3OD, which is presumably due to the enhanced attractive interactions between the micelles, starting 

at 15 %. The SAXS results confirm that the hydrodynamic radius determined by DLS is related to the 

overall micellar size for CD3OD volume fractions of 0-10 % (Figure 9.8a). In contrast, at 20 vol% of 

CD3OD, the hydrodynamic radius is close to the size of the clusters (Rh ~25 nm; Rcluster ~27 nm), while 

the micellar size is much smaller (Rmic ~13 nm). 
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9.6 Chain conformations at high methanol volume fractions 

9.6.1 Overview 

At high methanol volume fractions, DLS revealed Rh values between 5 and 7 nm, which points to 

molecularly-dissolved chains. Their chain conformation and the co-nonsolvency/co-solvency effect at 

high methanol volume fractions, synchrotron SAXS measurements are performed (Figure 9.10). At 

the CD3OD volume fraction of 70 %, the SAXS curve features a strong decay at 0.03-0.09 nm-1 and a 

shoulder at ~0.5 nm-1, which are associated with the forward scattering due to large-scale 

inhomogeneities and the chain scattering, respectively. For the samples with CD3OD volume fractions 

above 70 %, the SAXS curves feature a shoulder at ~0.3 nm-1, indicating that the chain scattering 

prevails, and only very weak forward scattering is observed at 0.03-0.05 nm-1, pointing to rather 

homogeneous solutions of molecularly-dissolved chains.  

 

Figure 9.10 (a, b) Representative SAXS data of the 10 g L-1 PMMA21-b-PNIPAM283 in 

D2O/CD3OD mixtures (symbols) at 20 °C for high volume fractions of CD3OD. The solvent 

compositions are given in the graph. In (b), the curves are vertically shifted by a factor of 10 with 

respect to each other. The black solid lines are the overall model fits. (c) Kratky plot of the same 

data, I(q)q2 vs q. For clarity, only every two point is shown. 

 

The Kratky plots feature a decay at low q-values and a plateau at q  0.5 nm-1 at a CD3OD volume 

fraction of 70 % (Figure 9.10c). Above 70 %, the decrease at low q-values vanishes and only the 

plateau remains, where, however, an increase is present with a slope that increases with the CD3OD 

volume fraction. This confirms that, in this composition range, the diblock copolymers are molecularly 

dissolved, even though, at the temperature chosen, the PMMA blocks are expected to be insoluble in 

the solvent mixtures. 
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9.6.2 Fit models 

To gain detailed information on the chain conformation of the molecularly-dissolved chains, the 

SAXS data are analyzed by the polymer excluded volume model, Pchain(q), is applied, which describes 

the scattering from polymer chains exhibiting excluded volume effects. Exemplary model fits and the 

contributions to the fit model are displayed in Figure 9.11. Thus, the radius of gyration of the diblock 

copolymer chains, Rg, and the Porod exponent m, indicative of the chain conformation, are determined. 

For the solution with a CD3OD volume fraction of 70 %, which is close to the phase boundary (Figure 

9.2), strong forward scattering is present. The SAXS curve is modeled by eq. 9.3 (Figure 9.11a), which 

contains the Porod term IPorod(q) that describes the strong forward scattering caused by the presence of 

large aggregates.  

𝐼(𝑞) = 𝐼Porod(𝑞) + 𝐼0𝑃chain(𝑞) + 𝐼bkg (9.3) 

For CD3OD volume fractions of 80-100 %, nearly no forward scattering is present, and the SAXS 

curves can be fitted by the polymer excluded model alone (Figure 9.11b). 

 

Figure 9.11 Model fits of the SAXS data. Data at 20 °C in 30:70 (a) and 20:80 (b) v/v 

D2O/CD3OD mixtures. Black full lines: overall model fits; dashed lines: contributions from each 

term in the fit model, see legends. 

 

All the SAXS data are well described by the chosen fitting models (Figure 9.10b). The resulting 

fitting parameters are discussed in dependence on the volume fraction of CD3OD with a focus on the 

co-nonsolvency/co-solvency effect on the molecularly-dissolved chains. The resulting fit parameters 

are compiled in Figure 9.12 and in Tables E3 in the Appendix.  
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9.6.3 Structural changes of the molecularly-dissolved chains 

For 70 vol% of CD3OD, the Rg values determined by SAXS is 3.6 nm (Figure 9.12a). The Porod 

exponent of the polymer chains, m = 3.2 (Figure 9.12b), i.e., the Flory exponent is   1/3, which 

indicates a collapsed chain conformation. In the SAXS curves from this solution, forward scattering is 

present as well with Porod exponents P slightly larger than 4, which indicates compact aggregates with 

a concentration gradient near their surfaces. We attribute these findings for m and P to the proximity 

of the coexistence line.  

For the solutions with CD3OD volume fractions of 80-100 %, Rg = 7 nm, i.e., higher than at 70 

%, and m = 1.8-1.9, i.e.,   0.53-0.56, suggesting that the solvent mixture has a quality between the 

one of a theta solvent ( = 0.5) and a good solvent ( = 0.6). Furthermore, in these solvent mixtures, 

Rg decreases slightly upon increasing the volume fraction of CD3OD, which may be attributed to the 

co-solvency effect of the PMMA blocks [120-123]. The ratio Rg/Rh is 1.1-1.2, which is close to the 

value of 1.2 expected for random coils [157].  

 

Figure 9.12 Structural parameters resulted from model fits to the SAXS data in dependence on 

the CD3OD volume fraction: (a) Radius of gyration of the diblock copolymer chains Rg (dark 

green diamonds) (b) The Porod exponent of the diblock copolymer chains m (black squares). The 

grey shading indicates the two-phase region. The hydrodynamic radius Rh from DLS is added to 

(a) as dark blue open circles 

 

9.7 Summary of the findings on PMMA-b-PNIPAM in D2O/CD3OD mixtures 

The solvent-induced structural changes of PMMA21-b-PNIPAM283 in D2O/CD3OD mixtures at 

20 °C are schematically depicted in Figure 9.13. The diblock copolymers form spherical core-shell 

micelles for CD3OD volume fractions up to 25 %. The internal morphology of the micelles is altered 

by the solvent compositions in two ways: CD3OD makes the core-forming block, PMMA, less 

hydrophobic, while it has a co-nonsolvency effect on the PNIPAM micellar shell. In contrast, for the 

CD3OD volume fractions of 70 % and higher, the diblock copolymers are molecularly dissolved. While 
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they are collapsed near the coexistence line, they become random coils as the CD3OD volume fraction 

increases towards 100 %. 

 

Figure 9.13 Schematic representation of the structural changes formed by PMMA21-b-

PNIPAM283 in D2O/CD3OD mixtures at 20 °C in dependence on the CD3OD volume fraction. 

Red spheres symbolize for the micellar core constituted by the PMMA blocks. Red and blue lines 

represent the PMMA and PNIPAM blocks, respectively. The grey shading indicates the two-

phase region.  

 

9.8 Comparison of PMMA-b-PNIPAM with PS-b-PNIPAM 

In our previous study on the temperature-dependent structures in micellar solutions from 

PMMA21-b-PNIPAM283 in neat D2O [126], we found by comparison with results from PS-b-PNIPAM 

[107] that the hydrophobicity of the core-forming block plays a vital role. The question arises in how 

far this difference is apparent in water/methanol mixtures as well. In our previous investigations of 

PS14-b-PNIPAM310 and P(S-d8)11-b-PNIPAM431 (the PS blocks was perdeuterated) diblock 

copolymers, a reduction of TCP was observed as the volume fraction of CD3OD was increased from 0 

to 20 % [191, 193]. For both PS-b-PNIPAM and PMMA-b-PNIPAM, the values of TCP are slightly 

lower than the ones from PNIPAM homopolymers (Figure 9.14a), with the effect being much more 

significant for PS-b-PNIPAM. For instance, in 90:10 v/v D2O/CD3OD mixtures, TCP is 29.5 ± 0.2 °C 

for a PNIPAM200 homopolymer, 28.0 ± 0.2 °C for PMMA21-b-PNIPAM283, and 26.5 ± 0.2 °C for PS14-

b-PNIPAM310 [191]. This is due to the fact that (i) PS is more hydrophobic than PMMA (PS = 9.1 

cal1/2cm-3/2) [56], and (ii) the solubility of PMMA is enhanced in water/methanol mixtures. 

Moreover, the solvent composition affects the micellar core for PMMA-b-PNIPAM and PS-b-

PNIPAM in different ways. Even though it was claimed that the addition of methanol leads to a 

softening the PS micellar core and an enhancement of the micellar exchange dynamics [194], for 

CD3OD volume fractions of 10 and 20 %, the micellar core radius of P(S-d8)11-b-PNIPAM431 remains 

almost unaffected by the presence of methanol [193]. In contrast, the micellar core radius of PMMA21-
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b-PNIPAM283 decreases slightly with increasing methanol content in this composition range (Figure 

9.14b), which can be attributed to the weaker intermolecular interactions between the hydrophobic 

PMMA blocks in the micellar core induced by methanol [120-123]. This implies that the addition of 

methanol enhances the micellar exchange dynamics of PMMA21-b-PNIPAM283 more strongly than the 

ones of P(S-d8)11-b-PNIPAM431.  

 

Figure 9.14 Schematic representation of the cloud points (a) and the structural differences (b) of 

the self-assembled structures formed by PMMA-b-PNIPAM and PS-b-PNIPAM in dependence 

on temperature. (The findings from PS14-b-PNIPAM310 and P(S-d8)11-b-PNIPAM431 refer to Refs. 

[191] and [193], respectively) 

 

9.9 Conclusions 

In this chapter, the phase diagram of PMMA21-b-PNIPAM283 diblock copolymers in D2O/CD3OD 

mixtures is established by turbidimetry and DSC, revealing that, up to 25 vol% of CD3OD the cloud 

point TCP decreases. The enthalpies related to the phase transition decrease with increasing methanol 

volume fraction, indicating that the strength or number of the hydrogen bonds between water and 

polymer are weakened due to the presence of methanol. The solvent-induced morphological changes 

are investigated in detail at 20 °C by DLS and synchrotron SAXS. Spherical core-shell micelles are 

formed on the water-rich side of the miscibility gap, while the chains are molecularly dissolved on the 

methanol-rich side of miscibility gap. The internal structures, the correlations of the micelles, and the 

chain conformations of the dissolved chains are characterized in dependence on the solvent 

composition. Apart from the co-nonsolvency effect of PNIPAM, the overall enhancement of the 

solubility of PMMA by methanol and the co-solvency effect of PMMA play a crucial role for the phase 

behavior, thermal behavior, the morphology of the micelles and the chain conformations. 
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10. Dissertation summary and outlook 

This thesis addresses the temperature-dependent phase behavior of novel thermoresponsive 

homopolymers PNIPMAM in aqueous solutions, the self-assembled micelles from thermoresponsive 

PMMA-b-PNIPAM diblock copolymers in aqueous solutions, and the co-nonsolvency/co-solvency 

effects in solutions of PMMA-b-PNIPAM diblock copolymers in water/methanol mixtures. 

In the first part of this thesis, the temperature-dependent phase behavior of PNIPMAM solutions 

in D2O is investigated in depth using turbidimetry, OM, DSC, SANS/VSANS, and Raman 

spectroscopy, covering a large concentration range. A comparison between PNIPMAM and PNIPAM 

is made to elucidate the influence of the additional methyl groups on the vinyl backbone. It was found 

that PNIPMAM chains only dehydrates 2-3 °C above the macroscopic TCP. Even in the one-phase state, 

loosely packed, large-scale inhomogeneities and physical crosslinks are observed in PNIMAM 

solutions. The chain conformation of PNIPMAM is more compact than the one of PNIPAM. This is 

due to the attractive intermolecular interactions between the hydrophobic moieties. The phase 

transition of PNIPMAM is broader than the one of PNIPAM. Upon heating to the two-phase state, 

PNIPMAM chains collapse and form mesoglobules. These mesoglobules of PNIPMAM are larger and 

contain more water than those of PNIPAM. This is attributed to the steric hindrance originating from 

the additional methyl groups, which weaken the intrapolymer interactions in the two-phase state. As a 

result, the methyl groups in the backbone of the PNIPMAM chains have a significant influence on the 

hydration and the structural behavior around the phase transition. 

In the second part of this thesis, the self-assembly behavior in aqueous solutions of the 

thermoresponsive amphiphilic diblock copolymer PMMA-b-PNIPAM with a short permanently 

hydrophobic PMMA block and a long thermoresponsive PNIPAM block is studied using turbidimetry, 

DLS, SAXS. The concentration-dependence of self-assembled micelles are investigated at 20 °C above 

the critical micelle concentration. From 0.2 to 10 g L-1, the more concentrated the solution, the smaller 

the micellar size. At high concentrations, the smaller the aggregation number of micelles, Nagg, is 

smaller and the micellar shell contains more water.  

The temperature-dependent phase behavior and structural transition of micelles from PMMA-b-

PNIPAM are investigated in both dilute and semidilute aqueous solution. For a dilute aqueous solution, 

i.e., at 1 g L-1, the TCP is found at 30.5 °C. The collapse mechanism of the micelles upon heating without 

the influence of their correlations is observed. Below TCP, spherical core-shell micelles are found, 

having a small PMMA core and a hydrated PNIPAM shell with a radial gradient of water content. 

Below TCP, the micellar size remains almost unchanged, whereas the micellar shell dehydrates with 
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increasing temperature. In addition, the mass of the micelles concentrates at the center part rather than 

homogeneous distribution. Above TCP, the micelles notably collapse. Due to the strong dehydration of 

PNIPAM shell leading to a weak contrast between core and shell, the mass distribution of collapsed 

micelles become homogeneous.  

For a semidilute PMMA-b-PNIPAM aqueous solution, i.e., at 10 g L-1, an LCST behavior with a 

TCP = 31.1 °C is observed. Below TCP, the micelles are interpenetrated and weakly correlated with each 

other. As the temperature approaches TCP, the micellar core shrinks and the aggregation number 

decreases, indicating that the PMMA blocks are still mobile. In addition, the micellar shell strongly 

dehydrates above TCP and the micelles notably contract. The collapsed micelles form clusters, which 

grow and transform into large compact aggregates as temperature is increased far above TCP. By 

comparing the findings from PMMA-b-PNIPAM with the ones from PS-b-PNIPAM, it is found that 

the hydrophobicity of the hydrophobic block plays a vital role in the inner structure, interactions, and 

the aggregation of the micelles, which is due to the different extents of the interchain interactions in 

the micellar core and shell. Owing to its improved solubility, facilitated micelle formation, and 

enhanced biocompatibility compared to previously reported PS-b-PNIPAM polymers, the presented 

PMMA-b-PNIPAM diblock copolymer can serve as a more suitable carrier system for substance 

transportation in biomedical applications.  

Additionally, the self-assembly of thermoresponsive amphiphilic diblock copolymer PMMA-b-

PNIPAM is also investigated in mixtures of water and methanol at 10 g L-1. The solvent-composition-

dependent phase diagram is constructed by turbidimetry and DSC. The structural information at 20 °C 

in dependence on the solvent composition is revealed by DLS and SAXS. In water-rich solvent 

mixtures, self-assembled spherical core-shell micelles are formed. The internal structure of the 

micelles is tunable by the solvent compositions in two ways: methanol softens PMMA micellar core, 

whereas it causes the shrinkage of the PNIPAM micellar shell. In the methanol-rich solvent mixtures 

beyond the miscibility gap, the copolymers are molecularly-dissolved chains. The chain conformation 

is collapsed near the coexistence line, while it becomes swollen like random coils as the methanol 

content increases. The internal morphology of the micelles and the conformation of the dissolved 

chains depend strongly on the solvent composition, as a consequence of the superposed co-

nonsolvency effect of PNIPAM and the overall enhanced solvation of PMMA when adding methanol. 

Furthermore, the solvent composition affects the micellar core for PMMA-b-PNIPAM and PS-b-

PNIPAM in two different ways. It is found that the addition of methanol promotes the micellar 

exchange dynamics of PMMA-b-PNIPAM more strongly than the ones of PS-b-PNIPAM. 

    Form the above-mentioned results, several questions raised by this study still remain to be 
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answered. For instance, the water dynamics in PNIPMAM aqueous solutions would be of great interest 

after understanding the temperature-dependent phase behavior of PNIPMAM. The role of water during 

the phase transition in PNIPMAM aqueous solutions would be possible to further investigate by quasi-

elastic neutron scattering (QENS) experiments. Besides, the segmental dynamics and the micellar 

diffusion of PMMA-b-PNIPAM diblock copolymers in D2O would be an area for further research. 

These could be further investigated by neutron spin-echo (NSE) spectroscopy. Another point that 

would be of significant interest is the influence of methanol on the temperature-dependent 

morphological transition and aggregation dynamics of PMMA-b-PNIPAM diblock copolymers in pure 

D2O, in 90:10 and 80:20 v/v D2O/CD3OD mixtures. This could be further carried out by time-resolved 

SAXS during temperature scans and temperature jumps.  

In conclusion, although more aspects are required to be considered in the future, a comprehensive 

fundamental understanding of the phase behavior of PNIPMAM with the focus on the structural 

investigation is beneficial for understanding the phase transitions of more complex systems containing 

PNIPMAM polymers. Besides, the detailed insights into the structural transition and the aggregation 

behavior of self-assembled micelles from PMMA-b-PNIPAM will facilitate the future designing of 

substance transport or delivery systems with a better-controlled loading and releasing capability. This 

work has paved the way for designing materials based on these novel thermoresponsive polymers that 

are advantageous for potential applications. 
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Appendix 

A. Supporting information for Chapter 5 

 

Cloud points 

The cloud points were identified by three different, independent methods: turbidimetry, neutron 

transmission, and in-situ optical microscopy (Table A1). The protocols to extract the TCP from three 

methods are described in the following.  

Turbidimetry was performed using a 10 mW HeNe laser with a wavelength of 632.8 nm and a 

photodiode (Thorlabs, CITY). The samples were mounted in quartz glass cells (Hellma Analytics) with 

a light path of 1 mm. The cell was inserted into an aluminum sample stage connected to a Julabo F12 

thermostat. Temperature scans were carried out at a heating rate of 0.2 K min-1. A Pt100 resistance 

thermosensor was directly attached to the sample cell. The transmitted light intensity was normalized 

to the maximum intensity in the actual sample measurement to give the transmission. The transmission 

decreases abruptly at the cloud point temperature TCP, which was taken as the onset temperature of the 

decrease.   

Neutron transmission was measured during the VSANS measurements due to the direct beam on 

the detector. At the cloud points, the transmission decreases drastically. TCP
VSANS was defined as the 

temperature at which the transmission starts to decay. The values of TCP
VSANS are equal to the values 

of TCP identified by turbidimetry. 

Optical microscopy was conducted using the same sample holder as for Raman spectroscopy. The 

OM images were taken in situ along with the Raman measurements. The OM images were taken by 

an Olympus X41 microscope equipped with a CCD camera. The micro capillary was embedded in a 

copper stage and a copper foil cover was used to improve the thermal conductivity and temperature 

homogeneity. The temperature of the copper stage was controlled by a circulating water bath 

thermostat and was measured by a Pt100 resistance thermosensor inserted into the copper stage. The 

rate of the temperature change was maintained below 0.5 K min-1 to maintain thermal equilibrium 

between the sample and the copper stage. TCP
OM was determined as the average temperature between 

the temperature just before mesoglobules appeared and the temperature at which mesoglobules were 

present. Examples just below TCP
OM and at TCP

OM are shown in Figure 5.3a and 5.3b in the main text. 

However, there is an offset between TCP
OM and TCP determined by turbidimetry, which may due to the 

radiation losses originated from the vicinity of the microscope objective and the thermal conductivity 

difference between the copper sample holder from OM and the aluminum one in turbidimetry. 

 

 

 

 



Appendix 

144 

 

 

 

Table A1. Characteristic transition temperatures of PNIPMAM solutions in D2O from 

turbidimetry, DSC, SANS, VSANS, and OM 

Concentration 

(g L
-1

) 

TCP  

(°C) 

Tonset
DSC  

(°C) 

Tpeak
DSC  

(°C) 

TCP
VSANS 

(°C) 

Ts  

(°C) 

from IOZ 

Ts  

(°C) 

from OZ 

P
 SANS 

(°C) 

TCP
OM  

(°C) 

    2 45.0 ± 0.5 - - - - - - - 

    5 44.4 ± 0.5 46.9 ± 0.2 47.4 ± 0.1 - - - - - 

  10 44.0 ± 0.5 46.6 ± 0.2 47.2 ± 0.1 - - - - - 

  30 43.5 ± 0.5 46.0 ± 0.2 46.6 ± 0.1 44.0 ± 1.0 - - 41.0 ± 0.5 - 

100 42.2 ± 0.5 45.0 ± 0.2 45.9 ± 0.1 42.0 ± 1.0 44.4 ± 0.4 44.4 ± 0.6 38.5 ± 0.5 - 

150 41.7 ± 0.5 44.5 ± 0.2 45.7 ± 0.1 42.0 ± 1.0 44.6 ± 0.6 43.9 ± 0.7 38.0 ± 0.5 39.0 
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B. Supporting information for Chapter 6 

 

Structural parameters from model fits of the SAXS data 

 

Table B1. Fitting results for PMMA21-b-PNIPAM283 solution in D2O at 20 °C at concentrations 

from 0.2 to 10 g L-1. 

Concentration 

[g L-1] 

PCS(q) SSHS(q) 

Rcore 

(nm) 
pcore 

tshell 

(nm) 

shell
o 

(10-6Å -2) 
 

RHS 

(nm) 
  

   0.2 
2.88 ± 

0.49 
- 

28.78 ± 

1.37 

9.68 ± 

0.02 

5.06 ± 

0.47 
- - - 

   0.5 
3.20 ± 

0.11 
- 

27.38 ± 

0.56 

9.63± 

0.01 

4.66 ± 

0.20 
- - - 

 1 
3.14 ± 

0.05 
- 

25.65 ± 

0.26 

9.61 ± 

0.01 

4.24 ± 

0.10 
- - - 

10 
2.51 ± 

0.02 

0.39 ± 

0.01 

22.52 ± 

0.07 

9.58 ± 

0.01 

3.62 ± 

0.03 

20.70 ± 

0.10 

0.054 ± 

0.001 

0.54 ± 

0.02 
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C. Supporting information for Chapter 7 

 

Structural parameters from model fits of the SAXS data 

 

Table C1. Fitting results for PMMA21-b-PNIPAM283 solution in D2O at 1 g L-1 below TCP and at 

TCP in regime I. 

T [°C] 

PCS(q) 

Rcore (nm) pcore tshell (nm) shell
o (10-6Å -2)  

19.7 3.45 ± 0.03 - 28.69 ± 0.35 9.71± 0.01 5.93 ± 0.10 

21.9 3.65 ± 0.03 - 28.89 ± 0.31 9.68 ± 0.01 5.73 ± 0.09 

23.9 3.84 ± 0.04 - 31.23 ± 0.44 9.72 ± 0.01 6.54 ± 0.11 

26.0 3.91 ± 0.05 - 31.73 ± 0.48 9.75 ± 0.01 6.97 ± 0.12 

28.0 4.14 ± 0.06 - 33.93 ± 0.54 9.80 ± 0.01 7.85 ± 0.12 

28.9 4.26 ± 0.07 - 34.97 ± 0.62 9.83 ± 0.01 8.35 ± 0.14 

29.8 4.43 ± 0.10 - 37.06 ± 0.82 9.86 ± 0.01 9.06 ± 0.18 

30.9 4.62 ± 0.11 - 37.16 ± 0.87 9.89 ± 0.01 9.58 ± 0.19 

31.8 5.05 ± 0.10 - 37.80 ± 0.67 9.89 ± 0.01 10.04 ± 0.15 

 

Table C2. Fitting results for PMMA21-b-PNIPAM283 solution in D2O at 1 g L-1 above TCP in 

regime II. 

T [°C] 

Ps(q) 

Rmic (nm) pmic shell (10-6Å -2) 

33.9 15.96 ± 0.07 0.21 ± 0.01 9.51 ± 0.01 

34.8 15.73 ± 0.12 0.24 ± 0.01 9.51 ± 0.01 

37.6 20.96 ± 0.03 0.14 ± 0.01 9.52 ± 0.01 

38.0  18.24 ± 0.03 0.18 ± 0.01 9.52 ± 0.01 

40.0 18. 61 ± 0.03 0.19 ± 0.01 9.52 ± 0.01 
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D. Supporting Information for Chapter 8 

 

Structural parameters from model fits of the SAXS data 

 

Table D1. Fitting results for PMMA21-b-PNIPAM283 solution in D2O at 10 g L-1 below TCP in 

regime I. 

T 

[°C] 

PCS(q) SSHS(q) 

Rcore 

(nm) 
pcore 

tshell  

(nm) 

shell
o  

(10-6Å -2) 
 

RHS 

(nm) 
  

20.1 
2.54 ± 

0.03 

0.39 ± 

0.01 

21.88 ± 

0.10 

9.59 ± 

0.01 

3.51 ± 

0.04 

20.59 ± 

0.11 

0.065 ± 

0.001 

0.54 ± 

0.02 

22.2 
2.60 ± 

0.02 

0.33 ± 

0.01 

21.62 ± 

0.10 

9.59 ± 

0.01 

3.43 ± 

0.05 

19.93 ± 

0.11 

0.058 ± 

0.001 

0.56 ± 

0.02 

24.2 
2.54 ± 

0.02 

0.35 ± 

0.01 

21.19 ± 

0.09 

9.59 ± 

0.01 

3.52 ± 

0.04 

19.84 ± 

0.10 

0.052 ± 

0.001 

0.54 ± 

0.01 

26.2 
2.48 ± 

0.02 

0.36 ± 

0.01 

21.00 ± 

0.10 

9.61 ± 

0.01 

3.71 ± 

0.05 

19.40 ± 

0.14 

0.039 ± 

0.001 

0.52 ± 

0.02 

28.1 
2.42 ± 

0.02 

0.38 ± 

0.01 

20.75 ± 

0.11 

9.62 ± 

0.01 

3.92 ± 

0.05 

19.30 ± 

0.16 

0.028 ± 

0.001 

0.45 ± 

0.02 

29.1 
2.36 ± 

0.02 

0.39 ± 

0.01 

20.52 ± 

0.10 

9.64 ± 

0.01 

4.06 ± 

0.05 

19.95 ± 

0.14 

0.016 ± 

0.001 

0.23 ± 

0.01 

30.0 
2.29 ± 

0.03 

0.42 ± 

0.01 

20.40 ± 

0.14 

9.65 ± 

0.01 

4.16 ± 

0.08 

20.34 ± 

0.26 

0.005 ± 

0.001 

0.10 ± 

0.02 

31.1 
2.47 ± 

0.07 

0.36 ± 

0.01 

21.45 ± 

0.11 

9.69 ± 

0.01 

4.75 ± 

0.05 

17.54 ± 

0.15 

0.000 ± 

0.001 

0.01 ± 

0.01 
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Table D2. Fitting results for PMMA21-b-PNIPAM283 solution in D2O at 10 g L-1 above TCP in 

regime II. 

T [°C] 

P’CS(q) Sfractal(q) 

Rcore  

(nm) 
pcore 

tshell  

(nm) 

shell  

(10-6Å -2) 
f Df 

f  

(nm) 

32.1 1.93 ± 0.11 0.87 ± 0.04 11.02 ± 0.06 9.47 ± 0.00 
0.137 ± 

0.010 

3.06 ± 

0.13 

12.17 ± 

0.62 

33.1 2.18 ± 0.25 0.79 ± 0.07 8.95 ± 0.06 9.48 ± 0.00 
0.075 ± 

0.010 

3.08 ± 

0.06 

16.84 ± 

0.49 

34.0 1.91 ± 0.22 0.89 ± 0.08 7.03 ± 0.09 9.49 ± 0.00 
0.048 ± 

0.003 

2.69 ± 

0.03 

25.34 ± 

0.54 

 

Table D3. Fitting results for PMMA21-b-PNIPAM283 solution in D2O at 10 g L-1 far above TCP in 

regime III. 

T [°C] 

IPorod(q) Iagg(q) PS(q) SHS(q) 

m 
Ragg  

(nm) 

Rmic  

(nm) 
pmic 

RHS  

(nm) 
 

35.0 2.56 ± 0.01 - 3.97 ± 0.27 0.70 ± 0.04 - - 

36.2 3.40 ± 0.01 21.04 ± 0.09 3.27 ± 0.04 - - - 

38.2 4.08 ± 0.01 40.25 ± 0.35 3.16 ± 0.08 - 6.40 ± 0.17 0.211 ± 0.016 

 

 

 

 

 

 

 

 

 

 

 



 Appendix 

149 
 

E.  Supporting Information for Chapter 9 

 

Structural Parameters from Model Fits of the SAXS Data 

 

Table E1. Fit results for PMMA21-b-PNIPAM283 solution at 10 g L-1 for volume fractions of 

CD3OD between 0 and 15 % 

D2O/CD3OD 

[v/v] 

PCS(q) SSHS(q) 

Rcore 

[nm] 
pcore 

tshell 

[nm] 

solvent 

[10-6 

Å -2] 

shell
o  

[10-6 

Å -2] 

 
RHS 

[nm] 
  

100:0 
2.69 ± 

0.02 

0.31 ± 

0.01 

21.99 

± 0.09 
9.44 

9.58 ± 

0.01 

3.34 ± 

0.04 

19.82 ± 

0.13 

0.068 ± 

0.001 

0.84 ± 

0.04 

95:5 
2.55 ± 

0.02 

0.33 ± 

0.01 

22.17 

± 0.09 
9.36 

9.51 ± 

0.01 

3.50 ± 

0.04 

20.63 ± 

0.13 

0.054 ± 

0.001 

0.68 ± 

0.03 

90:10 
2.49 ± 

0.02 

0.36 ± 

0.01 

21.15 

± 0.07 
9.28 

9.45 ± 

0.01 

3.34 ± 

0.04 

20.50 ± 

0.79 

0.065 ± 

0.001 

0.57 ± 

0.01 

85:15 
2.24 ± 

0.02 

0.43 ± 

0.01 

20.44 

± 0.08 
9.20 

9.39 ± 

0.01 

3.53± 

0.04 

21.70 ± 

0.82 

0.005 ± 

0.001 

0.05 ± 

0.01 

 

Table E2. Fit results for PMMA21-b-PNIPAM283 solution in D2O at 10 g L-1 for volume fractions 

of CD3OD between 20 and 25 % 

D2O/CD3OD 

[v/v] 

P’CS(q) Sfractal(q) 

Rcore 

[nm] 
pcore 

tshell 

[nm] 

solvent 

[10-6  

Å -2] 

shell  

[10-6  

Å -2] 

f Df f [nm] 

80:20 
1.68 ± 

0.09 

0.89 ± 

0.01 

11.50 ± 

0.04 
9.12 

9.16 ± 

0.01 

0.120 ± 

0.011 

1.52 ± 

0.11 

19.54 ± 

0.20 

75:25 
2.05 ± 

0.13 

0.93 ± 

0.05 

8.77 ± 

0.06 
9.04 

9.09 ± 

0.01 

0.055 ± 

0.004 

2.84 ± 

0.05 

19.08 ± 

0.58 
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Table E3. Fit results for PMMA21-b-PNIPAM283 solution in D2O at 10 g L-1 for volume fractions 

of CD3OD between 70 and 100 % 

D2O/CD3OD 

[v/v] 

IPorod(q) Pchain(q) 

P Rg [nm] m 

30:70 4.33 ± 0.01 3.59 ± 0.02 3.20 ± 0.05 

20:80 - 6.95 ± 0.01 1.94 ± 0.01 

10:90 - 6.70 ± 0.01 1.87 ± 0.01 

0:100 - 6.02 ± 0.01 1.83± 0.01 
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