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Abstract  

Thermoresponsive polymers are receiving increasing attention in various fields of application 

due to their tunable properties. In this dissertation, the focus is on the behavior of twofold 

thermoresponsive diblock copolymers, consisting of a zwitterionic polysulfobetaine and a 

nonionic thermoresponsive blocks, in solution. We investigate the self-assembled structures 

in dependence on temperature and electrolyte content, using small-angle neutron scattering as 

the main method. 

Zusammenfassung 

Thermoresponsive Polymere sind auf Grund ihrer kontrollierbaren Eigenschaften von 

Interesse für verschiedene Anwendungsbereiche. Ziel dieser Arbeit ist es, Lösungen zweifach 

thermoresponsiver Diblockcopolymere, die aus einem zwitterionischen Polysulfobetainblock 

und einem nichtionischen thermoresponsiven Block bestehen, hinsichtlich des 

Phasenverhaltens und der Selbstassemblierung in Abhängigkeit von Temperatur und 

Elektrolytgehalt mit Neutronenkleinwinkelstreuung als Hauptmethode zu untersuchen. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



List of abbreviations and symbols 

BC block copolymer 

  

CPLCST a LCST-type cloud point 

CPUCST an UCST-type cloud point 

  

DLS dynamic light scattering 

  

LCST lower critical solution temperature 

  

NMR nuclear magnetic resonance 

  

OZ Ornstein-Zernike 

  

PNIPAM poly(N-isopropylacrylamide) 

PNIPMAM poly(N-isopropylmethacrylamide) 

PSB polysulfobetaine 

PSBP poly(4-((3-

methacrylamidopropyl)dimethylammonio)butane-1-

sulfonate) 

PSPP poly(3-((3-

methacrylamidopropyl)dimethylammonio)propane-1-

sulfonate) 

  

RAFT reversible addition-fragmentation chain transfer 

  

SANS small-angle neutron scattering 

SAXS small-angle X-ray scattering 

SLD scattering length density 

  

UCST upper critical solution temperature 

UV-vis ultraviolet-visible 



  

b Kuhn length of flexible cylinders 

  

C scaling factor of the solvation term 

  

d0 average distance between the charged domains 

  

IP  scaling factor of the Porod term 

Ioz scaling factor of the OZ structure factor 

IG scaling factor of the Guinier term 

  

L contour length of flexible cylinders 

  

m solvation Porod exponent 

  

p polydispersity of the micellar radius 

pcore polydispersity of the core radius of the core-shell structure 

  

ravg average sphere radius 

Ravg average cylinder radius 

Rg radius of gyration 

rmic micellar radius of the core-shell structure 

rcore core radius of the core-shell structure 

RHS hard-sphere radius 

  

𝛼 Porod exponent 

  

η hard-sphere volume fraction  

  

ξOZ correlation length from the OZ structure factor 

ξsolv correlation length from the polyelectrolyte peak model 
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1. Introduction 

Core-shell micelles in aqueous solution are of interest for encapsulation, transport and release 

of substances, which are not water-soluble. Traditionally, they have been prepared by self-

assembly of amphiphilic diblock copolymers featuring a hydrophilic and a hydrophobic 

block.1-3 Such diblock copolymers typically form (star-like) micelles with the hydrophobic 

block forming the (usually considered as water-free) core and the hydrophilic block forming 

the shell, which is swollen by water. The micellar size and shape can be tuned by the absolute 

as well as the relative block lengths, while the micellar dynamics are controlled by the 

hydrophobicity and the length of the hydrophobic block as well as by its glass transition 

temperature.4-6 Additional functionality can be obtained by rendering one of the blocks 

responsive.7-11 If, for instance, the hydrophilic block is made thermoresponsive, the 

amphiphilic character and the ability for self-assembly can be turned “on” and “off” by 

changing the temperature. Upon a thermal stimulus, the shell block may become water-

insoluble and collapses, thus enabling, e.g. control of phase separation or viscosity. 

Thermoresponsive polymer solubility transitions can be basically divided in two types: lower 

critical solution temperature (LCST) behavior and upper critical solution temperature (UCST) 

behavior. Although intuitively, one would expect that polymers become more soluble in a 

solvent at higher temperatures, there are in fact very few polymers that exhibit a UCST-type 

phase separation in water.12 The vast majority of fundamental studies on thermo-responsive 

systems address polymers that show a LCST in water.13,14 Nevertheless, UCST-type 

polymers can be analogously exploited for their thermoresponsive behavior.15-18 

 UCST- and LCST-based thermoresponsiveness can be combined in diblock copolymers. 

This gives rise to so-called “schizophrenic”19,20 self-assembly, enabling to invert the roles of 

the respective blocks for forming the micellar core and shell (Figure 1.1).21-28 The micelles 

provide microdomains and surfaces of different character, which can be controlled by a 

simple thermal stimulus. Depending on the relative positions of the UCST- and LCST-type 

transitions, the block copolymer passes through a molecularly dissolved or an insoluble 

intermediate regime. Such systems are advantageous for a number of applications, especially 

in the biomedical domain, e.g., for induced gelling or for triggering the release of 

hydrophobic solubilizates.8,29 
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Figure 1.1: Schematic "schizophrenic" micellar self-assembly of a doubly thermoresponsive 

block copolymer showing CPUCST < CPLCST (a) and CPUCST > CPLCST (b). Red and blue 

dashed lines indicate the UCST-type and LCST-type transitions, respectively. 

So far, only a limited number of such block copolymers have been described due to the 

limited choice of UCST-type segments currently available. Polysulfobetaines (PSB) are one 

of the most studied UCST-type polymers, they provide chemically and structurally well-

defined polymers which are well-suited as model systems. Moreover, recent detailed studies 

of the UCST behavior of the permanently zwitterionic PSB showed that it depends 

sensitively on the molar mass and even more on the type and concentration of added low 

molar mass electrolytes.30-32 The ion sensitivity of the UCST of PSB, when copolymerized 

with nonionic thermoresponsive polymer with LCST behavior of type II, which depends only 

rather weakly on molar mass and concentration,13 enables a controlled variation of the UCST-

type transition without an effect on the LCST-type transition. Which, in turn, allows 

controlling the width of the intermediate regime between the UCST- and LCST-type 

transitions and the relative position of the transitions (Figure 1.1).  

The motivation of this thesis is to study the aggregation behavior of twofold 

thermoresponsive diblock copolymers consisting of a zwitterionic polysulfobetaine block 

featuring UCST behavior and a nonionic thermoresponsive block featuring LCST behavior in 

aqueous solution in dependence on temperature and electrolyte content. By varying the 

architecture of the diblock copolymers, namely the nature of a nonionic thermoresponsive 

block and a zwitterionic polysulfobetaine block as well as the ratio of the blocks lengths, we 

aim to investigate their influence on the self-assembly in aqueous solution and mutual 

interactions. The particular interest is on the possible switch of the relative positions of 

UCST- and LCST-type transitions by the variation of the architecture of the diblock 

copolymers and/or by addition of electrolyte to the polymer solution. We will investigate the 

aggregation behavior of the diblock copolymers in salt-free solution and in solutions with salt 

additives using turbidimetry to map the phase behavior and to locate the cloud points and 
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small-angle neutron scattering (SANS) to elucidate the mesoscopic structures in detail. The 

overall behavior will be approved by means of dynamic light scattering (DLS) in 

backscattering geometry. Small-angle X-ray scattering (SAXS) will be used to investigate the 

stability during heating/cooling cycles.  



 

 



2. Background 

 

5 
 

2. Background 

This chapter gives a brief overview of the polymer behavior in solution and amphiphilic self-

assembly phenomena in general and thermally induced self-organization with a particular 

focus on the “schizophrenic” micellization.  

2.1. Polymers in solution 

The word (poly)-(mer) means (many)-(parts) and refers to molecules consisting of many 

elementary units, called monomers.33 Monomers are structural repeating units of a polymer 

that are connected to each other by covalent bonds. Polymer solutions can be obtained by 

dissolving a polymer in a solvent. The dissolution of a polymer into a thermodynamically 

compatible solvent is a stepwise process, which include solvent diffusion and chain 

disentanglement:34 First, the solvent molecules penetrate and swell the polymer. Secondly, 

the solvated polymer molecules create a gel. Finally, the gel breaks up, and the molecules are 

dispersed into a true solution. Not all polymers can form a true solution in solvent. 

The general phase behavior of the polymer-solvent mixtures has been described by Flory-

Huggins theory, based on the principles of thermodynamics.35,36 The behavior of a polymer in 

solution depends both on the polymer and solvent properties. Flory-Huggins’ mathematical 

model implies disregard small thermal composition fluctuations as in the mean field theory. 

The result is an equation for the change of the Gibbs free energy of mixing, ∆𝐺𝑚, which 

reads as: 

mmm STHG  ,         (2.1) 

where ∆𝐻𝑚 is the enthalpy of mixing, ∆𝐻𝑚 = 𝑅𝑇𝜒12𝜑1𝜑2, R is the universal gas constant 

and 𝜒12 is the interaction parameter, which take into account the energy of interdispersing 

polymer and solvent molecules. ∆𝑆𝑚 is the entropy of mixing, T is the absolute temperature, 

and )ln
N

ln(RSm 2
2

11 


  . Thus, the right-hand side is a function of the number of 

moles and volume fraction of solvent, 𝜑1, and polymer, 𝜑2.( 121  ). Thus, the Gibbs 

free energy takes the following form: 

)lnln( 21122211   nnRTGm .      (2.2) 
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Mixing takes place when the change of the Gibbs free energy is negative. The entropy of 

mixing is given by the number of possible configurations of the polymer chains; its change is 

very small for polymer-solvent systems, especially at low concentrations of a high molecular 

weight polymer. Thus, the sign of the change of the Gibbs free energy determines the 

enthalpy term, which characterizes the interaction between two molecules, e.g. polymer-

polymer, polymer-solvent or solvent-solvent interactions.  

To describe the enthalpy of mixing, the solubility parameter has been developed by 

Hildebrand:37 

21

2

21 )( 



V

Hm
.         (2.3) 

𝛿𝑖 is the solubility parameter, 𝛷𝑖 is the volume fraction of ith constituent in the mixture, and 

V is the volume of the mixture. The difference in solubility parameters must be small to 

obtain miscibility over the entire volume fraction range. Thus, the value of the interaction 

parameter is given by: 

RT

V 2

21
12

)( 



 .          (2.4) 

The change in the interactions upon mixing (or enthalpy of mixing) governs the miscibility. 

Empirically, the temperature dependence of the Flory interaction parameter is often written as 

the sum of two terms, referred to the ‘entropic part’, A, and the ‘enthalpic’ part, B/T: 

T

B
A 12 .          (2.5) 

In practice, there are a number of confounding factors to the Flory-Huggins theory. When the 

entropy of mixing for polymer-solvent systems is not small enough, the simple Flory-

Huggins approach would be not sufficient. There are several aspects, which this simple form 

of the interaction parameter proposed by Flory-Huggins, does not take into account, e.g. 

molecular weight polydispersity or compressibility and thermal expansions effects. 

The polymer solubility depends on the solvent quality, the polymer concentrations, its 

molecular weight, polydispersity and perhaps other values, including the solution 

temperature. The solvent quality is related to the balance between the enthalpy and entropy of 

mixing.38 When they are in balance, the energetic part of two-body interactions exactly 
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cancels the entropic part and the interaction parameter χ = ½. In this case, the solution is in 

so-called θ-conditions and at the θ–temperature and chains behave as “ideal”. As the 

parameter χ is lowered, the polymer “likes” the solvent more and the chains are expanded. As 

the parameter χ is increased, the polymer “likes” the solvent less, and phase separation 

occurs. The solubility properties of a polymer can be changed either by changing the 

temperature or by changing the mixing ratio of a good solvent to a poor solvent. 

The dimension of the real chain is different from that of the ideal chain of the same contour 

length, for instance, due to the excluded volume, which corresponds to the interaction 

between segments.13,39 Excluded volume interaction cause a polymer coil expansion and 

mixing with solvent molecules in a good solvent, and the polymer coil shrinkage with 

formation of a very compact structure that excludes all solvent in a poor solvent.40,41 The 

polymer chains extension is limited by the C-C covalent bonds and the entropy of the coil. 

The excluded volume effect can be described in terms of the total internal energy of the 

segmental interactions, U, expanded as a power series of the segment density ρ: 

...)AA(VkTU  3

3

2

2  ,        (2.6) 

where A2 is the second virial coefficient of the expansion, which is a measure of the solvent-

mediated polymer-polymer interactions. A2 accounts for the pair interaction between the 

repeating units of the chain and solvent molecules, it is the characteristic of the interaction 

potential between the segments and in general depends on the temperature.13 A2 =0 in the Θ-

state of a polymer solution, T = TΘ, when there is no interaction between the repeating units 

and the polymer chains are in an ideal Gaussian coil conformation. 

The mean-field theory predicts the collapse of a single linear polymer chain from expanded 

coil to a rather dense globule, the coil-to-globule transition, in organic solvents.42 The 

solubility of a polymer characterized by the short-range van der Waals interactions: the 

stronger the interactions, the more thermodynamically poor the solvent and the lower the 

polymer solubility  (A2 < 0). An ideal polymer chain of infinite molecular weight undergoes 

the transition at TΘ, whether, a real polymer chain of finite molecular weight at lower 

temperature, T < TΘ.43  
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2.2. Thermoresponsive polymers 

All polymers in solution are sensitive to temperature changes, which cause a change in the 

polymer chain conformation. In contrast, the so-called thermoresponsive polymers undergo 

dramatic changes of their properties in response to small changes of temperature and defined 

as a subclass of stimuli-sensitive polymeric systems (often referred to as “smart 

materials").14,44,45 Thermoresponsive polymers have been widely studied, as the variation of 

temperature is easy to realize. Nowadays, there are a large number of reviews on 

thermoresponsive polymers, most of the research focused on water-soluble systems, which 

are of great interest for potential applications in e.g. chromatography,46-48 smart surfaces,49-51 

or biomedical applications including drug or gene delivery and tissue engineering.52-55 A 

common characteristic feature of thermoresponsive polymers is the presence of a 

hydrophobic group, such as a methyl, ethyl or propyl groups.56 These polymers possess two 

critical parameters, i.e. lower critical solution temperature (LCST) and upper critical solution 

temperature (UCST).  

The solubility of thermosensitive polymers in aqueous solutions depends on the hydrophobic-

hydrophilic balance. The strength of polymer-polymer (hydrophobic interactions) and 

polymer-solvent interactions (hydrogen bonding) depends on the solution temperature.13 

Small temperature changes around the critical temperature induce the new adjustments of the 

hydrophobic and hydrophilic interactions between the polymeric chains and the aqueous 

media and cause a significant conformation change, namely a transition between expanded 

(coil) and compacted (globule) chain conformations. This coil-globule collapse transition of 

the macromolecules at the phase separation temperature is reversible and is the common 

feature in all these thermoresponsive polymers.57 The collapsed chains form compact 

globules which subsequently aggregate, causing turbidity.58 

2.2.1. Upper and lower critical solution temperature   

Sketch of the possible phase diagrams is shown in Figure 2.1, where the temperature changes, 

affecting the quality of the solvent for a given polymer, indicated with the coexistence or 

binoidal curve shown on the temperature-composition plane. Thus, the coexistence curve 

corresponds to the temperature at which the coil-globule transition takes place. Below the 

coexistence or binoidal curve, the phase separation occurs for polymer solutions with UCST 

behavior, which is the most common case for the polymer in organic solvent (Figure 2.1a). 
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The apex of the coexistence curve (the critical point) is referred to as the UCST and specified 

by the critical temperature and the critical composition. The UCST is below the Θ-

temperature, which corresponds to zero excluded volume and indicated by the dashed line. In 

the case of an UCST-type phase transition, the excluded volume increases together with the 

temperature and the value of the second virial coefficient changes from negative to positive 

across TΘ during heating. At high temperatures, the polymer chains are in an expanded well-

hydrated state, the polymer solution is uniform and therefore transparent.17 At temperatures 

lower than the critical point, the system has a miscibility gap: the polymer chains are in a 

dehydrated, collapsed state, they form compact globules, which subsequently aggregate and 

precipitate in solution, and this lead to the phase separation.39 

 

Figure 2.1: Sketch of possible phase diagrams for polymers exhibiting either (a) UCST-type 

or (b) LCST-type phase behavior. T is the temperature, φ is the polymer volume fraction, TΘ 

is the Θ-temperature, and A2 is the second virial coefficient value. The black dashed line 

indicates the TΘ level. The blue dotted line indicates the coexistence or binoidal curve. The 

critical point is at the apex/bottom of the coexistence curve; it is specified by the critical 

temperature (UCST/LCST) and the critical composition. 

UCST behavior is mainly observed in organic and water/organic solvent mixtures,59-61 where 

interpolymer interactions are getting weak upon heating. Some few polymers, mostly ionic, 

have  been reported to possess UCST in water, such as: poly(acrylic acid) (PAA), but only at 

high ionic strength,62 poly(sulfobetaine),15,63,64 and poly(6-(acryloxyloxy-methyl)uracil).65 

Among the nonionic, water-soluble polymers with UCST behavior have been reported such 

polymers as: poly(ethyleneoxide), poly(vinylmethylether), hydrophobically modified 

poly(vinyl alcohol), poly(N-acryloyl glycinamide), ureido-derivatized polymers and 

poly(hydroxyethyl methacrylate).18 These polymers usually have a pair of interactive sites 
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that cause the polymers to be insoluble at lower temperatures due to intramolecular and 

intermolecular interactions (such as hydrogen bonding and electrostatic attraction), which can 

be disrupted at higher temperatures due to intensified molecular motion within the polymer 

chains, resulting in a hydrated polymer.66 Such polymers typically are very sensitive to ionic 

contaminations. UCST-type polymers reported so far are mostly limited to structures with 

zwitterions15 or hydrogen bond donor/acceptor groups.12 

Most of the reported thermo-sensitive polymers in aqueous solutions exhibit another type of 

phase behavior, namely LCST: The chains are well-hydrated by water molecules at low 

temperatures and exhibit an expanded conformation, whereas, above the transition 

temperature, they collapse along with a partial release of the water molecules, forming, when 

applicable, new intra- and interchain H-bonds.13 LCST behavior is “inverted” compared to 

UCST (Figure 2.1b) and characterized by reverse dependence of the temperature, the value of 

the second virial coefficient and excluded volume, compared to the UCST-type phase 

diagram. Many thermoresponsive polymers with LCST behavior have been synthesized and 

studied, such as poly(N-isopropylacrylamide) (PNIPAM) and the corresponding derivative 

polymer, poly(N-vinylcaprolactam), poly(2-oxazoline)s, poly(2-oxazine)s, pyrrolidone-based 

polymers, oligo(ethylene glycol)-containing polymers etc.13 All these polymers undergo fast 

phase transitions in aqueous solution: they are soluble below their LCST through their 

hydrogen bonding with water, but become dehydrated and insoluble when heated above the 

LCST.  

2.3 Self-organization of amphiphilic block copolymers 

Block copolymers contain two or more different homopolymer subunits linked by covalent 

bonds and thus combine their properties. Amphiphilic block copolymers contain both 

hydrophilic and hydrophobic segments, i.e. two blocks which are incompatible and interact 

very differently with their environment.67 This phenomenon can induce microphase 

separation in aqueous media as well as in organic solvents, depending on the chemical nature 

and properties of the blocks. Virtually all biological processes take place in aqueous media, 

thus the self-assembly of amphiphilic block copolymers in aqueous solutions have attracted 

considerable interest. Two different types of water-soluble block copolymers are typically 

distinguished: amphiphilic block copolymers and double-hydrophilic block copolymers, 

which combining two different hydrophilic blocks.22 The particular structure of double-

hydrophilic block copolymers enables one of the blocks to undergo physical or chemical 
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transformations in aqueous solution which render them insoluble, while the copolymer stays 

in solution by virtue of the hydrophilicity of the other block. For the successive conversion of 

such a block from a hydrophilic into hydrophobic state, different stimuli are used, like change 

of pH, ionic strength, magnetic or electric field and temperature.53 Thus stimuli-sensitive 

double-hydrophilic block copolymers include amphiphilic states.  

Self-assembly of amphiphilic block copolymers in water into micellar morphologies is driven 

by a minimization of the free energy in the system through a limitation of energetically 

unfavorable interactions of the hydrophobic block with water.57,67 The most common of these 

are the core-shell structures called micelles, where the outer hydrophilic polymer block 

assembles into a hydrated dense corona and prevents further aggregation of the hydrophobic 

collapsed block due to the repulsion between the hydrophilic groups.68 Thus the copolymer 

stays in solution by virtue of the hydrophilicity of the other block. Micelle formation is a 

spontaneous self-assembly process at or above a specific concentration called the critical 

micelle concentration (CMC). Below the CMC, no micelles are present in the solution, only 

molecularly dissolved copolymer chains (unimers), while above the CMC, micelles are in 

thermodynamic equilibrium with the unimers. The CMC may be affected by the temperature, 

pressure and by the presence of other components in the system, e.g. electrolytes, alcohols, 

etc.69 

Different morphologies accessible by self-assembly of amphiphilic block copolymers, such 

as spherical micelles, cylindrical micelles and bilayers or vesicles, are shown in Figure 2.2. 

The morphology depends on the stretching of the core forming blocks, the core-shell 

interfacial energy, and repulsion between the shell forming blocks. Changes in one of these 

three factors will result in thermodynamic instability and lead to rearrangement into 

thermodynamically more stable morphologies. The resulting morphology of micellar 

aggregates in solution of low molecular weight amphiphiles is determined by their intrinsic 

geometry, which can be predefined by the dimensionless packing parameter p = v/aslc, where 

v is the volume occupied by the hydrophobic chains and lc is their extended length, as is the 

equilibrium area occupied by an amphiphilic molecule at the micelle–water interface.70 

Packing parameter correspond to the interfacial curvature between the hydrophilic and the 

hydrophobic polymer block in the state of minimum interfacial energy, i.e. the hydrophilic 

headgroup on the side of the water interface and the hydrophobic tail on the other side. 

Generally, spherical micelles are formed when p ~1/3 and characterized by high curvature, 

i.e. when as > v and the radius of the formed micelles does not exceed lc.
71 With an interfacial 
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curvature decrease cylindrical micelles (1/3 < p < 1/2), bilayers or vesicles (1/2 < p < 1) are 

formed.  Changes in both as as well as lc depend on the amphiphile properties and solution 

conditions. 

 

Figure 2.2: Schematic representation of possible micellar structures formed by amphiphilic 

block copolymers with head group area aS, hydrophobic chain volume v and length lc, 

together with the preferred aggregate morphologies. Modified from [71].  

2.3.1. Different types of thermally induced self-organization 

The use of water-soluble thermoresponsive block copolymers has opened a number of 

opportunities for smart behavior.7,11 Studies on such block copolymers have been mostly 

limited to simple "on-off" systems, where the polymers undergo a transition from the 

molecularly dissolved state to the aggregated state or vice versa, exhibiting either a LCST or 

an UCST for one of the blocks (Figure 2.3a,b).  
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Figure 2.3: Schematic representation of different types of thermally induced self-

organization: one-step transition from molecular to aggregated state via UCST (a) or via 

LCST (b) and transition from superstructure 1 to superstructure 2 via LCST (c); and twofold 

thermo-responsive block copolymers with two transitions: molecular state - superstructure 1 - 

macroscopic precipitation via two LCSTs (d), superstructure 1 – molecularly dispersed state - 

inverse superstructure 3 via two sequential UCST and LCST transition (e), superstructure 1 – 

macroscopic precipitation - inverse superstructure 3 via two sequential LCST and UCST 

transitions (f). 

Also known, but much less studied are systems in which a direct transition between two 

different self-assembled superstructures takes place,11,59 as well as complex responsive 

systems in which two thermal transitions proceed subsequently via two LCST-type 

transitions, e.g. transitions from the molecularly dispersed state to one superstructure and 

then to aggregation / macroscopic precipitation (Figure 2.3d).7,72-76 

It seems particularly attractive to combine two different switching behaviors, namely UCST 

and LCST behavior, in order to obtain a structure inversion ("schizophrenic" behavior), 

namely inversion of micelle core and shell.20,77 The transformation proceeds via an 

intermediate state, which may either, be insolubility or the molecularly dissolved state, 

depending on the relative positions of the two phase transitions (Figure 2.3e,f).19,21,24,26,27,78-82 

2.3.2. “Schizophrenic” micellar systems 

Armes and co-workers coined the term “schizophrenic” to describe micellization of block 

copolymers incorporating two or more responsive blocks which can form two distinct 
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structures in response to external stimuli (temperature, pH, salt, etc.).19 Since the first report 

in 1998,77  numerous examples of novel water-soluble diblock copolymers that exhibit so-

called “schizophrenic” character have been reported: a number of systems with dual pH-

responsive blocks,83-86 dual thermoresponsive blocks,12,22-24,28,87-89 dual salt responsive 

blocks,25 a pH- and a temperature-responsive block,66,90-95 and a pH- and a salt-responsive 

block.19 

Temperature-controlled “schizophrenic” diblock copolymers requires the difference of 

solubility of the constituting blocks to form micellar structures with switchable core and 

shell.20 The group of Laschewsky has been pioneers in the field of dual thermoresponsive 

block copolymers consisting of a zwitterionic UCST block, namely polysulfobetaine, and 

nonionic LCST block, first reports appeared already in 2002.22,23 By consecutive reversible 

addition-fragmentation chain transfer (RAFT) polymerizations have been prepared poly(N-

isopropylacrylamide)-block-poly(3-[N-(3-methacrylamido-propyl)-N,N-dimethyl] ammonio 

propanesulfonate) (PNIPAM-b-PSPP), which retained the capability of PNIPAM and PSPP 

blocks to undergo LCST-type and UCST-type transitions in water, respectively. The 

relationship between UCST and LCST always was: UCST (9 - 20 °C) < LCST (33 - 34 °C). 

The polymers were soluble in water at temperatures between UCST and LCST and formed 

micellar aggregates both at temperatures below UCST and above LCST (Figure 2.3e). The 

addition of salt (NaCl), led to screening of the charges of the PSPP block and a decrease of 

the UCST or even its disappearance at high salt concentration.23 During the same year, was 

reported another diblock copolymer exhibiting both UCST- and LCST-type transitions, 

poly(sulfobetaine methacrylate)-block-poly(2-(N-morpholino) ethyl methacrylate) (PSBMA-

b-PMEMA), which was prepared by group transfer polymerization followed by 

quaternarization.87 PSBMA-b-PMEMA was soluble in water between UCST and LCST 

(between 20 and 50 °C), assigned to the PSBMA and the PMEMA blocks, respectively, and 

formed micelles below 20 °C and reverse micelles above 50 °C (Figure 2.3e). Later, Maeda 

et al. described thermoresponsive association of poly(3-

dimethyl(methacryloyloxyethyl)ammonium propane sulfonate)-block-poly(N,N-

diethylacrylamide), P(dMMAEAPS)-b-P(dEA), which exhibited the UCST-type transition 

around 12 °C, assigned to the zwitterionic sulfobetaine segment dMMAEAPS, and the 

LCST-type transition around 40 °C, assigned to dEA.24 By infrared spectroscopy (IR) has 

been indicated the change of the segmental interaction of each block at each transition 

(Figure 2.3e). In recent past, Yoshimitsu et al. reported on a dual thermosensitive behavior 
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achieved in water using vinyl ether block copolymers with imidazolium salt side-chains 

(exhibiting an UCST behavior) and oxyethylene side-chains (exhibiting a LCST behavior).12 

UV-vis spectroscopy, dynamic light scattering (DLS), static light scattering (SLS), variable 

temperature proton  nuclear magnetic resonance (1H NMR) spectroscopy, and fluorescence 

measurements results revealed that the block copolymers undergo thermosensitive gel–sol–

gel transition in water (Figure 2.3e), and formed micelles at lower temperatures and vesicles 

at higher temperatures. Latterly, Sun et al. described another example of dual 

thermoresponsive aggregation of “schizophrenic” copolymer.89 The block copolymers 

poly[2-(dimethylamino)ethyl methacrylate]-block-poly-(sulfobetaine methacrylate), 

PDMAEMA‑b‑PSBMA, with various block ratios underwent UCST- and LCST-type 

transitions in aqueous solutions due to the properties of the PSBMA and PDMAEMA block, 

respectively. UV-vis spectroscopy and DLS results revealed that both the UCST and LCST of 

PDMAEMA-b-PSBMA were shifted to lower values with an increase of the 

DMAEMA/SBMA block ratios. Moreover, the UCST and LCST values were altered with the 

salt concentrations and pH due to the salt-sensitivity of PSBMA and pH-responsivity of 

PDMAEMA. Only a limited number of such block copolymers have been described. The 

difficulty of creating systems combining UCST and LCST behaviors lies in the limited 

choice of UCST-type segments currently available. 

Recently, Zhang et al. reported that also uncharged UCST block copolymers could be used to 

prepare “schizophrenic” polymers.96 Was reported the block copolymer consisting of a 

random copolymer of acrylamide and acrylonitrile (P(AAm-co-AN)) and a thermoresponsive 

poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) block, and featuring a 

composition-tunable UCST and LCST behavior, respectively. Temperature dependent 

turbidimetry and DLS studies showed reversible dissolution and formation of micelles with a 

window of molecular dissolution between ca. 20 and 45 °C (Figure 2.3e). But the observed 

effects could result from a mere superposition of the individual polymer behaviors, as the 

UCST block is a mixture of copolymers, averaging over a range of different compositions. 

Käfer et al. reported on the double thermoresponsive behavior of block copolymers made 

from poly(ethylene glycol) (PEG) which was chemically coupled to a set of acrylamide-

acrylonitrile (AM-AN) statistical copolymers.97 Temperature-resolved turbidimetry and DLS 

indicated that, for some of these copolymers, a miscibility gap exists at intermediate 

temperatures (Figure 2.3e). Surprisingly, small changes of the composition of the AM-AN 

block did not only shifted the UCST transition markedly, but also the LCST transition in the 
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same direction (from 20 °C to 70 °C). In addition, the authors mention that they encountered 

difficulties due to the sensibility of the AN-AM copolymer against hydrolysis, yielding AN-

AM-acrylic acid terpolymers. Interestingly, very similar block copolymers using a 

poly(ethylene glycol) having an average molecular weight of 6000 (PEG6000) only show 

UCST-type transitions, but no LCST-type ones.98 Mäkinen et al. described thermosensitive 

ABC triblock terpolymers with different block lengths and block orders.99 These featured a 

short PEO block, a PNIPAM block and a poly(N-acryloylglycinamide (PNAGA) block. 

Temperature-resolved 1H-NMR, turbidimetry and DLS studies revealed “schizophrenic” 

behavior with a window of (at least close to) molecular dissolution between ca. 5-20 °C and 

28-38 °C for some of the polymers (Figure 2.3e). In particular, the chemical structures 

presented are rather complex, thus preventing a clear interpretation of the aggregation forms 

and the switching behavior observed. Consequently, only few data are available on the 

diblock copolymers consisting of an uncharged UCST block and a LCST block, which allow 

up to now only limited inferences.  

In the present work, the focus is on the twofold thermoresponsive diblock copolymers based 

on charged UCST-type monomers and nonionic LCST-type monomers. The aggregation 

behavior of such diblock copolymers can be controlled by both the temperature and the ionic 

strength of the solution. Decoupling of stimuli from each other improves not only the degree 

of precision and complexity of the system but promotes the simplicity of the application 

likewise.95,100,101 
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3. General idea of the thesis 

The present work is devoted to studies of self-organization of twofold thermoresponsive 

polymers, which exhibit UCST and LCST switching behavior in aqueous solution. Up to 

now, most studies on thermoresponsive block copolymers exhibiting “schizophrenic” 

behavior have dealt with block copolymers which show two step sequential transitions via 

UCST- and LCST-type transitions and molecularly dissolved intermediate state, respectively 

(paragraph 2.3, Figure 2.3e). In this work, we investigate the diblock copolymers consisting 

of a zwitterionic polysulfobetaine block and a nonionic thermoresponsive block, which 

combine the UCST and LCST behaviors, respectively, of the constitutive homopolymers in 

aqueous solution, and offer numerous perspectives for the creation of switchable polymer 

systems: The diblock copolymers switch from micelles with a nonionic shell and a 

polysulfobetaine core at low temperatures to the reverse micelles at high temperatures via an 

intermediate state, which may either be the molecularly dissolved polymers (Figure 2.3e) or 

large aggregates/macroscopic precipitates (Figure 2.3f), depending on the relative positions 

of the UCST- and LCST-type transitions. 

The detailed phase diagram depends on the block lengths and the chemical structures of the 

two blocks. For instance, the chemical structure of the spacer group separating the 

ammonium and the sulfonate groups in polysulfobetaine strongly affects the phase transition 

temperature.32 Apart from the well-established zwitterionic polymers such as poly(3-((3-

methacrylamidopropyl)dimethylammonio) propane-1-sulfonate) (PSPP) (Figure 3.1a), the 

closely related polymer poly(4-((3-methacrylamidopropyl) dimethylammonio)-butane-1-

sulfonate) (PSBP) (Figure 3.1b), which exhibit higher UCST than PSPP of a comparable 

molar mass,32,102 can be used. As the nonionic block, poly(N-isopropylacrylamide) 

(PNIPAM) (Figure 3.1c) has been chosen, which is a well known thermoresponsive polymer 

with LCST behavior, which exhibits a sharp collapse transition at ~32 °C.103-106 Alternatively, 

the thermoresponsive PNIPAM block may be replaced by poly(N-isopropylmethacrylamide) 

(PNIPMAM) (Figure 3.1d). PNIPMAM is thermoresponsive as well, but with a higher LCST 

(~44 °C) than PNIPAM.107-110 This way, the cloud points of the diblock copolymers in 

aqueous solution and their relative position may be tuned. 
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Figure 3.1: Chemical structures of the homopolymers under investigation: zwitterionic (a) 

PSPP and (b) PSBP, and nonionic (c) PNIPAM and (d) PNIPMAM. In PSBP, the spacer 

separating the ammonium group and the sulfonate group is extended by one methylene group 

compared to PSPP. PNIPMAM has an additional methyl group attached to the α-carbon of 

the repeat unit on the backbone compared to PNIPAM. 

Moreover, the ion sensitivity of the cloud point of the zwitterionic block to both the ionic 

strength and the nature of the salt30-32 offers the possibility to create orthogonally switchable 

systems where the transition from the core-shell micelles of one type to the opposite one 

(“schizophrenic” behavior) may proceed via precipitation or via the molecularly dissolved 

state, depending on two stimuli, namely temperature and electrolyte concentration, as 

depicted in Figure 3.2. 

 

Figure 3.2: Phase behavior expected for a diblock copolymer combining a zwitterionic 

polysulfobetaine (red) and a nonionic thermoresponsive block (blue) in aqueous solution in 

dependence on temperature and electrolyte concentration: (I) at low temperatures, micelles 

with a nonionic shell and a polysulfobetaine core; in the intermediate temperature range, (II’) 

large aggregates/macroscopic precipitates or (II) molecularly dissolved polymers; (III) at high 

temperatures, the reverse micelles with a nonionic core and a polysulfobetaine shell. The 

UCST-type transition of polysulfobetaine is depicted by the red dashed line and the LCST of 
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nonionic thermoresponsive block by the blue dash-dotted line. The UCST-type transition is 

expected to be more strongly dependent on electrolyte concentration than the LCST-type 

transition.23 

Hereby, we aim to investigate the influence of the architecture of the twofold 

thermoresponsive diblock copolymers, namely the nature of a polysulfobetaine and a 

nonionic block and the composition of the diblock copolymers, i.e. the relative lengths of the 

blocks, on their self-assembly in aqueous solution in dependence on temperature and 

electrolyte concentration.  

The structural characterization of “schizophrenic” block copolymers reported in the literature 

was mainly performed via 1H NMR and laser light scattering (DLS and SLS) (see paragraph 

2.3). These methods allow to determine only the micellar structure of polymers in solution 

with respect to the core and shell forming blocks, and the size of particles in solution. In the 

context of this thesis, small-angle neutron scattering (SANS) was chosen as the main method 

for structural characterization. SANS gives detailed and quantitative structural information on 

the size, inner structure (core-shell) and correlation of the micelles as well as their aggregates. 

We have combined SANS with turbidimetry to map the phase behavior and to locate the 

cloud points and dynamic light scattering (DLS) in backscattering geometry to confirm the 

overall behavior. 
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4. Systems under investigation 

This chapter gives an overview of the polymers used in this study. Firstly, the polymers 

involved in the investigated twofold thermoresponsive diblock copolymers are described. 

Secondly, previous investigations of diblock copolymers analogous to those under 

investigations are highlighted. 

4.1. Poly(N-isopropylacrylamide) 

Poly(N-isopropylacrylamide) PNIPAM (Figure 3.1c) is by far the most studied thermo-

responsive polymer with LCST behavior, it exhibits a sharp collapse transition at CPLCST ~        

32 °C.13,103-107,111 PNIPAM was first synthesized in 1956.111 The first systematic study of the 

phase diagram of PNIPAM was reported by Heskins and Guillet in 1968.112 The authors 

constructed the first phase diagram of PNIPAM in water by measuring the phase transition 

temperature as a function of PNIPAM concentration (Figure 4.1).  

 

Figure 4.1: The phase diagram of PNIPAM reported by Heskins and Guillet in 1968 [112] 

Later, several research groups investigated the mechanism of the phase separation of 

PNIPAM.106,113-115 It was found that the absolute values and the phase boundaries strongly 

different from the first phase diagram, which is due to the influence of the many factors, such 

as: the molecular weight of the polymers, synthesis protocols, the external pressure, 

measurement issues and the detection of phase boundaries. Nevertheless, aqueous PNIPAM 

solutions refer to exhibit LCST behavior of type II, which depends only weakly on molar 

mass and concentration.13,106,107,111,115 The versatility of PNIPAM systems include dilute 
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single chains, gels and brushes of terminally anchored chains, which make them suitable for a 

wide range of biotechnological applications.106 

In solution, PNIPAM chains exhibit competing forces arising from the interactions of water 

with the hydrophilic amide groups and the hydrophobic isopropyl and backbone groups:116-118 

At temperatures lower than CPLCST, the amide group (which offers two H-bond sites) forms 

hydrogen bonds with water and thus solubilize the polymer. Upon heating to above the 

CPLCST, these hydrogen bonds break down and new bonds are formed between the polymer 

segments, thus most of the former bound water molecules are expelled. The dehydration of 

the PNIPAM chains results in an abrupt transition from a swollen to a collapsed or a globular 

conformation and induces the volume to shrink. This so-called coil-to-globule transition of 

individual PNIPAM chains is a reversible phenomenon with a heating–cooling hysteresis, 

which is related to the formation of additional hydrogen bonds between the polymer 

segments in the globule state that retard the swelling of the PNIPAM globule.119-121 

Coil-to-globule collapse of PNIPAM in water has been described in detail by different 

models.58,115,122,123 In 1978, T. Tanaka first reported on the thermally-induced volume phase 

transition of polyacrylamide gels. The transition can be explained in terms of mean-field 

theory based on the extension of Flory’s formula for the free energy of gels, which predicts 

the existence of a critical point.124 Later, the PNIPAM coil-to-globule transition was 

extensively studied.107,125,126 In the mid-1990s, Wu et al. first stated that single PNIPAM 

chains in a dilute aqueous solution collapse into stable single-chain globules upon heating.127 

The authors described a four-stage coil-to-globule transition process for a single PNIPAM 

chain in water, which include the following stages: the chain contraction, crumpling, 

knotting, and collapsing. 

Later, in a series of publications, F. Tanaka et al. introduced the cooperative model of the 

hydration of the PNIPAM chains in solution focused on sequential hydrogen bond formation 

between polymer chains and water molecules (or solvent molecules in general).115,123,128,129 

This model allows studying the interaction between polymer and solvent molecules and is 

capable to describe hydration process of PNIPAM from water molecules as well as from the 

mixed solvents of both water and any polar solvent (e.g. methanol). PNIPAM chains are not 

accessible to the water molecules with equal probability due to their rather bulky side chain, 

which contains polar and apolar parts and interacts mostly with the solvent molecules. The 

cooperative character is schematically represented in the figure 4.2: The water molecules 
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(blue circles) bind to an amide group on a side chain by hydrogen bond. The bound water 

causes a slight displacement of the isopropyl group on the side chain giving rise for the 

preferential formation of the second hydrogen bond on the neighboring position, thus forming 

sequences. The second bound water and the following ones each gain the additional energy 

when they are adsorbed at a position next an already occupied one. Thus, this cooperativity is 

of the nature to minimize the energy cost that a water molecule has to pay in order to find a 

position on the PNIPAM chain by the energy gain due to the small spatial displacement of the 

rather bulky side chain. The uneven hydration leads to a pearl-necklace conformation of the 

chain, since some parts of the chain are hydrated, whereas others are forming intermolecular 

bonds (blobs). When the chain is heated to above the CPLCST, intramolecular hydrogen bonds 

become dominating. The detachment of one bound water molecule induces the easier 

detachment of the neighboring bound water molecule. The sequence is dehydrated, and 

bound water is released from the polymer chains, which results in the sharp collapse of the 

PNIPAM chain. 

 

Figure 4.2: Schematic representation of the pearl-necklace conformation induced by the 

cooperative hydration of PNIPAM chains introduced by F. Tanaka et al.115,123 Blue circles 

represent the water molecules. Cooperativity originates in the nearest-neighboring bound 

water molecules. The polymer chain consists of a sequences of hydrogen-bonded consecutive 

water molecules with length ξ. The random-coil parts (thin circles) are collapsed near CPLCST.  

The water molecules play an important role in the PNIPAM transition.118 Below the LCST, 

they form water cages around the hydrophobic group and hydrogen bond bridges between 

isopropylamide groups, thus sustaining an extended conformation. Above the LCST, the 

dehydration of PNIPAM is indicated by a significant decrease in the hydration number, 

defined as the number of water molecules bound to each NIPAM monomer, which, in turn, 
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decreases with the PNIPAM concentration in aqueous solution and depends sensitively on 

PNIPAM architecture and topology.130-133 Nevertheless, not all associated water molecules 

are liberated above the CPLCST, and the aggregates formed by PNIPAM contain significant 

amount of water.  

On a microscopic level, heating the aqueous solution to above the LCST changes the 

conformation of a flexible, linear PNIPAM chain from a swollen coil to a collapsed 

globule.107,127,134 Above the LCST, the globules tend to associate and to form 

mesoglobules/aggregates, which attain diameters from tens to a few hundred nanometers.135-

137 Dissolved chains below the cloud point and dominating large aggregates above the cloud 

point were confirmed in the recent study by Meier-Koll et al. on the phase separation 

behavior in semidilute PNIPAM solution.137 In dilute solution, PNIPAM chains are isolated 

and interact with each other only seldomly. In concentrated PNIPAM solution, 

interpenetration of the polymer molecules may cause formation of additional, intermolecular 

hydrogen bonds. 

Changes of the molecular weight and hydrophobic/hydrophilic balance in PNIPAM aqueous 

solution can alter the transition behavior. Copolymerization of PNIPAM with hydrophilic or 

hydrophobic comonomers increases or decreases the LCST of PNIPAM, respectively.138-140 

The lower the molecular weight of polymers, the higher the effect of the end groups.131,141,142 

The change of the LCST depends not only on the level of hydrophobic/hydrophilic 

comonomer incorporation and on its chemical structure, but also on its position on the chain. 

Thus, the LCST of PNIPAM can be controlled by varying copolymer composition. The 

LCST behavior of PNIPAM can be extended to more complex architectures by addition of 

stimuli-responsive moieties to provide a phase transition of PNIPAM-based polymers in 

response to corresponding stimuli.143 Such dual-responsive polymers are promising for a 

number of biomedical applications including drug delivery systems, cell culture substrates, 

and separation systems.144-146 

We should stress here that the aim of this work is to study double-hydrophilic block 

copolymers including those composed from PNIPAM and polysulfobetaine blocks, the last 

ones are sensitive to the presence of electrolyte. Thus, one of the important aspects is the 

influence of salt on the transition of PNIPAM in the solution. Addition of salt to a rather high 

concentration, which is specific for each salt, in the solutions of PNIPAM147 or PNIPAM-

based copolymers23,148,149 causes enhanced aggregation and shift of its LCST, typically to a 
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lower temperature. This LCST shift follows the so-called Hofmeister series, which is an  

empirical classification of ions in order of their ability to decrease (“salt-out”) or increase the 

solubility (“salt-in”) of proteins.150 Ions are divided according to their ability to “salt-out” or 

“salt-in” effect into kosmotropic and chaotropic ions, respectively.150,151 For instance, the 

transition temperatures of PNIPAM (1.4 wt. %) in 1 M NaCl and NaBr salt solutions (Br- has 

slightly stronger chaotropic character than Cl-) are found to be reduced to 20 °C and 25 °C, 

respectively.152 In contrast to an earlier suggestion that anions play a critical role in the LCST 

conformational transition of PNIPAM,153,154 Du et al. found that cations have stronger affinity 

with the polymer, whereas anions virtually have no association with the polymer.147 

Furthermore, the stronger the cation-anion interaction is, the more weakly the cation binds to 

the polymer, e.g. K+ and Cl- have a stronger association constant than Na+ and I-. In the 

present work, the polymer solutions will be investigated at low salt concentrations (< 0.005 

M), which should not affect the LCST of PNIPAM. 

4.2. Poly(N-isopropylmethacrylamide) 

Some other N-substituted poly(acrylamides) and poly(methacrylamides) exhibit similar 

behaviors to PNIPAM in aqueous solution,7 including poly(N-isopropylmethacrylamide) 

(PNIPMAM). PNIPMAM differs from PNIPAM by an additional methyl group attached to 

the 𝛼-carbon of the repeat unit on the backbone (Figure. 3.1c,d), which has a strong effect on 

the cloud point as well as on its dependence on ionic strength.107,109,125,155-160 The LCST 

behavior of PNIPMAM was investigated by various kinds of methods including nuclear 

magnetic resonance (NMR) spectroscopy, differential scanning calorimetry (DSC), light 

scattering, neutron scattering, infrared (IR) spectroscopy and raman spectroscopy. One might 

expect the LCST of PNIPMAM in water solutions to be lower than the one of PNIPAM due 

to the presence of the hydrophobic methyl group on the backbone. However, the value mostly 

reported in the literature for PNIPMAM with molar masses in the range of 40,000 - 400,000  

g mol-1 is around 44 °C, i.e.  higher.107-110 The origin of the counter-intuitive increase of 

CPLCST for PNIPMAM compared to PNIPAM is still under discussion.155,160,161 A possible 

explanation can be found in conformational reasons: The presence of a methyl group restricts 

the free rotation due to the change of the hydration water around the polymer chain.160 Thus, 

the hydrophobic moieties cannot associate in the most favorable way, i.e. the intrachain 

collapse and interchain association of the polymer chain are restrained, giving rise to a 

counter-intuitively higher LCST. Djokpé et al. investigated turbidimetrically the cloud points 
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of dilute aqueous solutions of PNIPAM, PNIPMAM and their statistical copolymers.110 The 

cloud points are independent of the total concentration of the solutions. Mixtures of the 

binary systems in water exhibit two cloud points, which are nearly the same as the cloud 

points of PNIPAM and PNIPMAM homopolymers. 

PNIPMAM exhibits significantly weaker intermolecular interactions between the amide 

groups, and at temperatures below the LCST, PNIPMAM molecules form more expanded 

structures in solution than PNIPAM, although the hydrophobic interactions for PNIPMAM 

and PNIPAM are very similar.161,162 At temperatures above the LCST, PNIPMAM forms 

more stable compact aggregates compared to PNIPAM, and the dissolution of PNIPMAM 

during the backward cooling requires overcoming a higher energy barrier due to polymer-

polymer hydrogen bonding in the globular state and shows therefore a stronger 

hysteresis.116,163 Moreover, the differences in the critical transition temperatures for the 

heating and cooling scans of PNIPMAM solution increase with polymer concentration.110 

Spěváček et al. indicated by means of 1H NMR relaxation and IR spectroscopy methods that 

in PNIPMAM solutions a certain portion of water is bound in phase separated mesoglobules 

formed above the LCST and with time this bound water is slowly released.164  IR spectra of 

PNIPMAM solution in H2O indicate a two-steps character of the phase transition: during 

heating, the transition temperature of hydrophilic C=O groups is slightly higher than the 

transition temperature of hydrophobic CH3 groups. 

PNIPMAM seems to exhibit type II LCST behavior,13 as PNIPAM, according to the weak 

molar mass and concentration dependencies reported.107-110 Thus, PNIPMAM is a good 

candidate for creation of double hydrophilic block copolymers. For instance, Luo et al. have 

applied the double thermoresponsive block copolymer PNIPAM-b-PNIPMAM as the shell of 

a dendritic polymer H40.165 Upon continuous heating through the LCSTs of PNIPAM and 

PNIPMAM, dendritic H40-PNIPAM-b-PNIMAM exhibits a two-stage thermoresponsive 

collapse (Figure 2.3d). Another example was reported by Jochum et al., they investigated the 

stimuli-responsive properties of a functional double thermoresponsive poly[(oligo(ethylene 

glycol) monomethyl ether methacrylate)-block-(N-isopropylmethacrylamide)] (POEGMA-b-

PNIPMAM) block copolymer with a biotin end group on the PNIPMAM block, in order to 

control the biological binding ability of the system via external stimuli.166 The double 

thermoresponsive POEGMA-b-PNIPMAM showed a temperature dependent multi-stage 

assembly behavior: completely soluble in water at temperatures below the LCST of both 
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blocks, micellar structures formed above the LCST of PNIPMAM but below the LCST of 

POEGMA, and precipitated from solution above the LCST of both blocks (Figure 2.3d).   

In the present study, we selected PNIPMAM as an alternative nonionic thermoresponsive 

block for PNIPAM. We expect that its higher LCST, compared to the one of PNIPAM, will 

enlarge temperature window between CPUCST and CPLCST, in the solutions of the 

corresponding diblock copolymers with the zwitterionic polysulfobetaine block, compared to 

those with PNIPAM.  We expect that the enlarged temperature window between CPUCST and 

CPLCST should also favor “schizophrenic“ micellar self-assembly. 

4.3. Polysulfobetaines 

Polyzwitterions or synonymous polybetaines represent a special subclass of polyampholytes. 

Polyampholytes carry positive and negative charges on different monomer units, and charges 

can be randomly or alternately distributed along polymer chains.167 Polyampholytes behave 

mostly either as polyanionic or as polycationic species. Polyzwitterions, in contrast, contain 

on the same monomer unit both positive and negative charged sites linked through covalent 

bonds, which are typically not electronically conjugated with each other. Thus, 

polyzwitterions are electrically neutral. The distribution of ionic groups within 

polyzwitterions may be different, by far the most widespread architecture of polyzwitterions 

is shown in Figure 4.3a.168  

 

Figure 4.3: Schematic representation of the most widespread type of architecture of 

polyzwitterions (a) and interactions between zwitterionic groups in water solution and those 

with water molecules: attractive intra- (b) and interchain interactions (c), repulsive 

intermolecular interactions (d) and attractive water-polymer interactions (e). Water molecules 

are shown with blue circles. Modified from ref. [168]  
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The type of zwitterionic group determines the specific properties of polybetaines. Typically, 

for polybetaines, the positively charged functional group is a quaternary ammonium or 

phosphonium group and is thus permanently charged.167,169 Depending on the chemical 

structure of the negatively charged functional group, polybetaines may be further subdivided:  

The anionic functionality may be a carboxylate (carbo or carboxybetaines), a sulfonate 

(sulfobetaines), a phosphate, phosphonate, or phosphinate (phosphobetaine), or can be 

enolate based, as in the dicyanoetheneolate derivatives. The most widespread subclasses of 

polybetains are polyphosphobetaines, polycarboxybetaines, and polysulfobetaines, the latter 

are chemically the most inert.32,64,167,169 

The coexistence of the different charges in polybetaines applies to a broad range of 

physicochemical conditions, e.g., pH and ionic strength.167 Polysulfobetaines, at which we 

will focus on in the present study, exhibit zwitterionic character over the broad pH window 

(typically 2–14 minimum).32,170 The synthesis and phase behavior of polysulfobetaines have 

been thoroughly outlined.16,64,167,171-173 In aqueous solution, they respond to changes in 

temperature and to the presence of electrolyte, which makes them particularly attractive from 

a fundamental point of view, as well as a practical one.  

In salt-free conditions, polysulfobetaines are electrically neutral due to the formation of an 

inner salt by the ammonium cation and the sulfonate anion (Figure 4.3a).64 Strong inter/intra-

molecular interactions lead to a range of unique properties. Anionic sulphonate groups may 

interact with cationic quaternary ammonia groups in the same monomer chain (intragroup), 

or form a head-to-tail stacking with opposite charges in the same polymer (intrachain), or 

attract the neighboring zwitterionic polymers (interchain), the combination of all effects leads 

to ionically cross-linked networks (Figure 4.3b,c). Polysulfobetaines have the ability to 

exhibit a UCST in solution due to ionic interactions, i.e. mutual inter/intra-molecular 

attraction of the zwitterionic groups (Figure 4.3b,c), which dominate below a critical 

temperature, the CPUCST. Above the CPUCST, this attraction weakens and a balance between 

attractive and repulsive interactions is generated, which promotes water-solubility due to the 

attractive water-polymer interactions (Figure 4.3d,e). In addition to the frequently found 

UCST-behavior in aqueous media, polysulfobetaines are also of high interest for responsive 

systems in the biomedical field by virtue of their high biocompatibility.173 Moreover, in 

combination with hydrophobic and hydrophilic fragments, polybetaines can form well-

defined micelles,167 which is of high interest in the present project. 
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Addition of electrolytes to aqueous solutions of polysulfobetaines leads to enhanced viscosity 

and solubility, showing so-called “antipolyelectrolyte behavior” (chain expansion).24,172,174,175 

In general, the “polyelectrolyte behavior” is characterized by a decrease of viscosity and 

solubility in aqueous solution in presence of simple electrolytes, whereas, the “non-

polyelectrolyte behavior” demonstrates no change in viscosity in similar conditions. 

According to Flory’s formalism, the phase diagrams (transition temperature versus the 

polymer volume fraction in a solvent) depend on the solvent quality.30 Most studies report on 

effectively increasing solvent quality with salt addition, making polysulfobetaines more 

soluble, and therefore lowering the transition temperature:30,176-178 The salt-induced phase 

transition of a polysulfobetaine solution is a consequence of a Coulomb screening effect. 

Increase of ionic strength breaks the intra-/intermolecular interactions, frees the zwitterionic 

functional groups in the side chains, and causing the polymer coil to swell with water. Thus, 

the Flory-Huggins interaction parameter becomes increasingly negative (that is, its absolute 

value becomes larger) and a macroscopic consequence of this is the decrease of the critical 

temperature (UCST), /1cT .30 

Moreover, the solution properties of polysulfobetaines are determined by the nature and the 

concentration of the added salt.30,31,63,150,152,176,178 Salamone et al. have investigated the 

critical salt concentration (CSC), i.e. the minimum salt concentration needed for 

solubilization, of the polysulfobetaines and the respective effect of the cation and the anion 

nature on the CSC value.176 Often specific ion effects are more pronounced with anions than 

with cations. Anions increase the solubility of polysulfobetaines (“salting-in”) and thus affect 

the CSC. The effect of anions on the CSC follows the Hofmeister series or lyotropic series 

(CIO4- > I- > SCN- > Br- > NO3
- > CI- > F- ≈ SO4

2-).150,177,178 Salamone et al. also proposed 

the “site-binding”/“atmospheric-binding” phenomenon, which explains the improvement of 

water-solubility of polyelectrolytes by addition of salts.176 “Site-binding” is a consequence of 

Coulombic interactions of the counterions with specific sites of the polyelectrolytes, it gives 

rise to the formation of ion pairs in which the counterions have no mobility. “Site-binding” 

ability predominates at low salt concentration and is followed by “atmospheric-binding” at 

higher salt concentration. The latter is governed by the large electrostatic field, which 

surrounds the polymer. Binding of (almost) fully hydrated counterions is a long-range 

interaction and will occur if the charged groups are large and the charge is highly delocalized. 

In "atmospheric-binding", the counterions do have mobility, and there will be on average a 

slightly higher concentration of these mobile counterions near the polyion than in the bulk of 
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the solution. Thus, an addition of simple salts improves the water-solubility of 

polysulfobetaines only once a threshold concentration of added salt has been reached, 

whereas below the threshold concentration, addition of salt can decrease their solubility.30 

Very few studies report on the effect of small salt additions (smaller than a threshold 

concentration or the minimal salt concentration needed for dissolution of the 

polysulfobetaine), which can be adverse to the solubility of polyzwitterions and cause an 

increase of the critical temperature.30,31 

The salt effect on polysulfobetaines depends on attractive interactions of polysulfobetaines 

with themselves, which, in turn, depends on their chemical structure. In the present project, 

two permanently zwitterionic sulfobetaine polymers with different structure are employed: 

well-established zwitterionic polymer PSPP (Figure 3.1a) and the closely related polymer 

PSBP (Figure 3.1b). SPP is the most attractive sulfobetaine monomer for the creation of 

zwitterionic polymers due to the best combination of polymerizability, hydrophilicity, and 

resistance to hydrolysis, at present it is commercially available.31 With the aim to modulate 

the accessible range of cloud points of PSPP, Hildebrandt et al. varied the hydrophilicity of 

the spacer group that separates the ammonium and the sulfonate moieties.32 Thus, PSBP has 

been created, which has a spacer between the charged groups, which is extended by one 

methylene group compared to PSPP (Figure 3.1a,b). A rather complex influence of the spacer 

group on the hydrophilicity of the zwitterionic moiety result in an increase of the CPUCST of 

PSBP, compared to the one of analogous PSPP with a comparable molar mass.32,102 

The UCST behavior of PSPP and PSBP was recently studied in detail.30-32 It depends 

sensitively on the molar mass, and even more on the type and concentration of added low 

molar mass electrolytes. The salt effects are complex and reveal an interesting difference for 

PSPP and PSBP:31,32 At low salt concentrations, the CPUCST of PSPP increases with the 

amount of added salt. It passes through a maximum, beyond which it continuously decreases. 

The strongest effects on its CPUCST were typically found for chaotropic anions in agreement 

with the Hofmeister series,150,152 increasing in the order SO4
2- < Cl- < Br-. For instance, for 

NaBr, the maximum of the CPUCST is found at about 0.004 M for PSPP solutions in D2O.31 In 

contrast, in  aqueous solutions of PSBP, the CPUCST decreases monotonously when sodium 

halides are added, but pass through a minimum in the case of added sulfates.32 In addition, 

the phase transition temperatures of both PSPP and PSBP have been recently shown to be   
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significantly higher in heavy water, D2O, than in normal water, H2O.31 The reasons for the 

strong H-D-effect are not clear at present. 

When combining a polysulfobetaine block with a nonionic thermoresponseive block, the 

sensitivity to ionic strength of polysulfobetaines offers the possibility to create a system, 

which responds sensitively to both temperature changes and changes in the electrolyte type 

and concentration.23 

4.4. Previous investigations of the systems under investigation 

Combination of the UCST of the zwitterionic polymers with the LCST of PNIPAM displays 

an intriguing temperature induced self-assembly behavior into different types of polymeric 

aggregates in aqueous solution.22-24,87,149,179,180 As mentioned earlier, the group of 

Laschewsky have been pioneers in the field of dual thermoresponsive block copolymers 

consisting of a charged UCST block and uncharged LCST block.22,23 Using RAFT reactions, 

diblock copolymers of PSPP and PNIPAM with low to moderate molar masses (10,000 and 

50,000 g  mol-1) were prepared, which retained the capability of PNIPAM and PSPP blocks 

to undergo a LCST or an UCST transition, respectively. The carried-out studies were 

performed mostly in H2O at high dilution, and focused on proving the occurrence of two 

transitions with subsequent polymer aggregation using 1H NMR, turbidimetric, viscometric 

and DLS studies.22,23 The polymers were soluble in water at temperatures between UCST and 

LCST and formed micellar aggregates both at temperatures below UCST and above LCST. 

Interestingly, qualitative solubilization experiments suggested that the presumed micellar 

aggregates formed due to the collapse of the PNIPAM block at elevated temperatures exhibit 

core properties which are markedly different from the ones of the aggregates formed due to 

the collapse of the PSPP block at low temperatures. For instance, the latter were incapable of 

solubilizing a hydrophobic dye.22 Moreover, the effect of salt (NaCl, NaBr) was 

demonstrated for a few selected concentrations of the diblock copolymers in water, which 

suppressed the UCST transition completely, while the LCST transition temperature was only 

reduced slightly.  

Interesting results have been reported lately on the investigation of the statistical copolymers 

from NIPAM and zwitterionic sulfobetaine methacrylate (SBMA, 4-((3-

(methacryloyloxy)propyl)dimethylammonio)butane-1-sulfonate) monomers.149,179,180 For 

instance, Chang et al. showed by means of UV-visible spectrophotometry how the UCST and 
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LCST of the copolymer systems were affected by changing the molar percentage of the two 

monomers, ionic environment, and their mass concentrations.179 Combing zwitterionic and 

thermoresponsive features, Obiweluozor et al. recently investigated the viscoelastic behavior 

of a zwitterionic copolymer of NIPAM, containing 10 mol% of SBMA, in aqueous solution 

as a function of ionic strength in the presence of different ions.149 They demonstrated that 

zwitterions play an important role in slowing down the precipitation process at the LCST of  

PNIPAM in salt-free conditions and that the attractive interactions among the sulfobetaine 

chain could be effectively manipulated by the amount of low molecular weight ions, which, 

in turn, affect the LCST. Zhao et al. compared the statistical copolymer consisting of NIPAM 

monomers and different zwitterionic monomers, namely SBMA and carboxybetaine 

methacrylate (CBMA).180 The authors showed that SBMA inhibits the thermo-sensitive and 

viscoelastic features of the corresponding copolymer system, causing a delayed LCST and 

weakened viscoelastic response, compared to the PNIPAM. In contrast, CBMA monomers in 

P(NIPAM-co-CBMA) copolymer acted as stronger ionic bridges to form elastic networks 

when compared with P(NIPAM-co-SBMA) copolymer. Thus, the structure of the zwitterionic 

segments play an important role in the self-assembly of copolymers with PNIPAM in 

aqueous solution. 

4.5. The diblock copolymers under investigation 

In the present work, we focus on the investigation of the aggregation behavior of the diblock 

copolymers consisting of a zwitterionic block, either PSPP or PSBP (Figure 3.1a,b) and a 

nonionic block, either PNIPAM or PNIPMAM (Figure 3.1c,d), in aqueous solution. The 

chemical structures of the diblock copolymers under investigation are shown in Figure 4.4. 

The details of the chosen design of the diblock copolymers see in chapters 6-8. All diblock 

copolymers were prepared by consecutive reversible addition-fragmentation chain transfer 

polymerization (RAFT) polymerizations by Dr. Viet Hildebrand (Institute of Chemistry, 

University of Potsdam, Potsdam-Golm, Germany).  Different from the first "schizophrenic" 

block copolymers studied based on PSPP and PNIPAM, which were synthesized in the early 

days of the RAFT polymerization technology,22 in the present study, the block sequence in 

the synthesis was chosen as PSPP-b-PNIPAM, in order to enhance the blocking efficiency.181 

The block sequence for all block copolymers in the present work was kept identical: namely 

PSPP-b-PNIPAM, PSPP-b-PNIPMAM, PSBP-b-PNIPAM and PSBP-b-PNIPMAM. A 

RAFT agent was chosen that is well-suited for polymerizing methacrylic monomers, and that 
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had been additionally labeled with a fluorescent dye via the R-group (Figure 4.4). This end-

group label serves not only as a tracer, but also facilitates the a priori difficult molar mass 

analysis of amphiphilic and zwitterionic block copolymers.31,32 Further details of the 

synthesis can be found elsewhere.168 The polymers were characterized by 1H nuclear 

magnetic resonance (NMR) and ultraviolet-visible (UV-vis) spectroscopy (Table 4.1). 

 

Figure 4.4: Chemical structures of the diblock copolymers under investigation, (a) PSPPm-b-

PNIPAMn (m = 430, n = 200), (b) PSPPm-b-PNIPAMn (m = 498, n = 144), (c) PSBPm-b-

PNIPAMn (m = 78; n = 100) and (d) PSBPm-b-PNIPAMn (m = 51, 78 or 243; n = 156, 115 or 

103). Every macromolecule carries one naphthalimide chromophore moiety (the group on the 

left), which is the fluorescence label.  
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Table 4.1. Molecular characteristics of the polymers studied  

Polymer 

M
n
 [g mol-1] 

theoretically 

expecteda) 

via 1H NMRb) 

 

by end group 

analysisc)  

PSPP430
d) 127,000 - 113,000 

PSPP498
 d) 146,200 - 185,000 

PSBP51
 d) 16,200 24,200 16,800 

PSBP78
 d) 24,500 29,700 29,900 

PSBP243
 d) 75,100 - - 

PNIPMAM195
 24,800 - 29,000 

PSPP430-b-PNIPAM200 150,000 149,000 152,000 

PSPP498-b-PNIPMAM144 164,500 160,000 210,000 

PSPP51-b-PNIPMAM156 36,500 34,400 49,900 

PSBP78-b-PNIPMAM115 39,100 35,700 45,700 

PSBP78-b-PNIPAM100 35,800 37,600 46,100 

PSPP243-b-PNIPMAM103 88,200 82,700 83,700 

a)calculated from monomer conversion and molar ratios of monomer and CTA, b)calculated 

from the relative signal intensities of the 1H NMR signals of the PSPP, PNIPAM and 

PNIPMAM blocks, assuming that the molar mass of the PSPP block is the same in the 

macroRAFT and in the block copolymer, c)based on the UV/Vis absorbance band at 442 nm 

of the R group, d)employed as macro CTA in the synthesis of the block copolymer. 

4.5.1. Sample preparation  

Polymer solutions were prepared in salt-free D2O, in 0.002 M, 0.004 M NaBr or in 0.006 M 

NaCl in D2O. The polymer concentrations were 2 - 50 g L-1 for turbidimetric measurements 

10 g L-1 for DLS and 50 g L-1 for SANS. All polymer solutions were equilibrated for about 2 

days in a thermoshaker at temperature, where they are expected to be molecularly dissolved: 

the diblock copolymers PSPP-b-PNIPAM, PSPP-b-PNIPMAM, PSBP-b-PNIPAM at 35 °C 

and PSBP-b-PNIPMAM at 40 °C. To avoid salt contaminations from cuvettes, the cuvettes 

were rinsed with organic solvents and D2O in the final step before sample preparation.  
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5. Characterization methods 

The self-assembly of diblock copolymers with different architecture in solutions is of interest 

in the present project. The behavior of the cloud points for the homo- and the diblock 

copolymers in salt-free solution and in the presence of electrolyte were determined using 

turbidimetry. In order to determine the size of formed particles in diblock copolymer 

solutions dynamic light scattering (DLS) measurements were performed. Internal structures 

in the polymer solutions, namely solutions of the diblock copolymers under investigation and 

the PNIPMAM homopolymer, were addressed by small-angle neutron scattering (SANS) 

measurements. In the present chapter, the main principles of the three above-mentioned 

methods are presented. 

5.1. Turbidimetry   

Turbidity is an expression of the optical property of a medium, which causes light to be 

scattered and absorbed rather than transmitted in straight lines through the sample.182  

Turbidity in a liquid is caused by the presence of finely divided suspended particles. 

Turbidity can be defined by ultraviolet-visible spectroscopy (UV-vis) measurements: The 

emitted light from a source for the visible wavelengths passes through a medium and the 

resulting light is sensed by the measurement detector. UV-vis spectrometer measures the 

intensity of light passing through a sample (I), and compares it to the intensity of light before 

it passes through the sample (I0). The ratio I/I0 is called the transmission (T), and is usually 

expressed as a percentage. When measuring absorbance (A) in a UV-vis spectrometer, the 

transmission calculates using equation: 

)2(10,%  AT .          (5.1) 

5.1.1. Instrument 

The turbidimetry measurements were performed using a Varian Cary 50 UV−vis 

spectrometer from Varian Inc., Palo Alto, CA. It contains the basic parts of a 

spectrophotometer: a light source, a holder for the sample, a beam splitter to separate the 

different wavelengths of light, and dual Si diode detectors.183 The radiation source is a Xenon 

flash lamp, owing to which the light beam is narrow and very intense with excellent noise 
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performance due to a small aperture. The instrument is equipped with a single cell Peltier 

thermostat for the temperature control.  

5.2. Dynamic light scattering  

Dynamic light scattering (DLS) is an important and one of the most popular experimental 

techniques, which is used to determine the size distribution profile of small particles in 

suspension of colloidal particles in solution, it allows particle sizing down to 1 nm 

diameter.184-186 DLS is often used to monitor aggregation in polymer solutions. In this 

method, the sample in the cell is illuminated with monochromatic coherent laser light, and the 

light is scattered by fluctuations of the concentration of molecules, particles, or aggregates 

suspended in a sample solution and undergoing Brownian motion (Figure 5.1). The intensity 

fluctuations of the scattered light are recorded as a function of time and converted into 

electrical pulses, which are fed into a digital correlator. The rate of decay of the fluctuations 

of scattered light is indicative of the diffusion coefficient of the scattering species in the 

sample, which is lower for large particles and higher for small particles. 

 

Figure 5.1: Schematic representation of: conventional, 90° dynamic light scattering 

instrument (a); and backscattering, 173° DLS instrument (b). Measurement volume at 90º and 

173º.   
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In most instruments, a monochromatic coherent He-Ne, Ar or Kr ion lasers with a fixed 

wavelength are used as the light source, which converges to a waist of focus in the sample, by 

use of a focusing lens. Particles of different sizes scatter with different intensities in 

dependence of the scattering angle and photon detection at several scattering angles 

(multiangle DLS), for instance wide-angle light scattering setups covering approximately the 

range 20° - 180°, may provide a high quality analysis for polydisperse samples. In contrast, a 

conventional DLS instrument only detects the scattered light at one angle. For highly dilute 

solutions, almost transparent, the DLS instrument with detection of the scattered light signal 

at 90° (right angle, Figure 5.1a) is used, while for more concentrated solutions, and 

aggregated particles, the instrument with detector at 173° (backscattering angle, Figure 5.1b) 

is more applicable.187 The DLS measurements with the right angle detection is successfully 

applied for analysis of sample solutions with concentration that gives the highest scattering 

light intensity, but below the concentration where multiple scattering effect starts to occur. 

Backscattering geometry of the DLS measurement with non-invasive backscatter (NIBS) 

system allows to reduce the multiple scattering effect, due to the minimization of the distance 

through the cuvette that light must travel from the scattering volume. Moreover, the 

measurement volume is increased by about 8-fold compared with a 90º instrument, with a 

corresponding increase in sensitivity (Figure 5.1c). In addition, by moving a focusing lens, 

through which pass both the incident and the scattered beams, between the laser and the 

sample, it is possible to shorten or to enlarge the measurement position within the cell. The 

shorter distance from the cell allows to reduce the distance that the light must travel through 

the sample within the cell and hence to minimize multiple scattering. The larger distance 

allows to minimize the effect of laser flare to increase the signal to noise ratio and to improve 

sensitivity, particularly to weakly scattering and dilute samples. 

5.2.1. Data processing  

Dynamic light scattering outputs the normalized time autocorrelation function, G(2)(τ), of the 

scattered light intensity fluctuations, which directly related to the motion of particles in 

solution; it is generated from the intensity trace as follow: 

2
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where )(tI  is the initial intensity for all starting times t and )( tI is the intensity after 

a delayed time τ.188 After only a very short time interval, the correlation of the scattering 

intensity is high and the intensity is essentially unchanged. At longer time delays, the 

correlation between the scattered intensity of the initial and final states is decreases and the 

correlation function decays exponentially. When the intensity correlation is lost, the 

correlation functions reaches zero. 

The intensity fluctuations are correlated with fluctuations in the electric field. The correlation 

function of the scattered electric field, )()1( G , can be obtained using the Siegert relation: 

 212 1 )(G)(G )()(   ,         (5.3) 

where β is the coherence factor, which represents the degree of spatial coherence of the 

scattered light over the detector and is determined by the geometry of the instrument. 

The correlation function for dilute suspensions of identical species in Brownian motion 

decays exponentially with decay rate Γ: 

  e)(G )(1
.          (5.4) 

The decay rate Γ is the inverse of the correlation time τ and related to the transitional 

diffusion coefficient of the particle tD  as follow:  

2qDt ,           (5.5) 

tD  may be derived at a single angle or at a range of angles depending on the momentum 

transfer q, given by:  

2
sin

4

0

0 



n
q  ,          (5.6) 

where 𝜆0 is the incident laser light wavelength, 𝑛0 the refractive index of the sample solution 

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

The size of non-interacting diffusing particles can be determined using the Stokes-Einstein 

relation, which links the diffusion coefficient of a molecule or particle with its radius: 
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 ,          (5.7) 

where 𝑘𝐵 is Boltzmann’s constant, T is the absolute temperature and 𝜂0 is the viscosity of the 

solution and RH is the particles hydrodynamic radius. 

In the case of polydisperse sample with two different particle sizes, the autocorrelation 

function is a sum of two exponential decays corresponding to each of the species in dilute 

suspension: 

    21

21

1 
 eAeA)(G )(

,        (5.8) 

where A1 and A2 are the amplitudes of the corresponding decay modes (A1 + A2 = 1), Γ1 and 

Γ2 are the inverse of the correlation times τ1 and τ2, respectively, and β1 and β2 are the 

corresponding stretching exponents which are characteristic of the breadth of the distribution 

of the relaxation times and assumes values in the interval [0, 1].189 

For data evaluation, the DTS (Nano) software (Malvern) was used, which provides the 

hydrodynamic radius, Rh, and the fraction of each measured species. 

5.2.2. Instrument 

DLS measurements were carried out using a Zetasizer Nano ZS (Malvern) laser particle size 

analyzer, which is a high performance two angle size analyzer of particles and molecules in 

solution.190 The laser particle size analyzer equipped with a 633 nm laser at an angle of 173° 

(backscattering detection). Non-invasive backscatter (NIB) system is used in Zetasizer Nano 

ZS, which provide the highest sensitivity simultaneously with the highest size and 

concentration range: a size measurement from 1 nm (hydrodynamic radius, Rh) to 1000 nm. It 

allows to measure small samples, minimum sample volume is 12 μL, and samples 

concentration from very low to high, i.e. from 0.1 ppm to 40% w/v. The instrument 

temperature range extends from 0 °C to 90 °C, with an additional option of measurements at 

120 ºC. The Zetasizer software controls the optical unit as well as processing and presenting 

the measured data to give the size, fraction, molecular weight or zeta potential for the sample 

measured.   
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5.3. Small-angle neutron scattering 

Small-angle neutron scattering (SANS) is one of the most powerful experimental methods to 

study the structure, the organization and the dynamics of particles or aggregates in a 

continuous medium. SANS uses elastic neutron scattering at small scattering angles which 

allow probing inhomogeneities at a mesoscopic scale, i.e. from the near atomic scale (1 nm) 

to the near micron scale (600 nm).191 

The neutron was discovered by Chadwick in 1932. It has zero charge, a mass equivalent to 

1839 electrons (1.67×10-27 kg), a spin of 1/2 and a magnetic moment of -1.9132 nuclear 

magnetons and a lifetime of 15 minutes (885.9 s).192 SANS uses thermal neutrons having an 

average energy of motion (kinetic energy) corresponding to the average energy of the 

particles of the material they are permeating, in the 5 to 100 meV range (≈ kBT, where kB is 

Boltzmann’s constant). The neutrons have the wavelengths of the order of 10−10 m (0.5–2 

nm), which is comparable to atomic sizes and interatomic spacing. Neutrons are uncharged, 

their electric dipole moment is either zero or too small to measure, they interact with atomic 

nuclei and magnetic fields from unpaired electrons rather than via electrical forces. The 

interaction of neutrons with matter is weak, and the absorption of neutrons by most materials 

is correspondingly small. Neutron radiation is therefore very penetrating and causes 

negligible radiation damage. Moreover, neutrons are highly sensitive to the isotope 

composition, e.g. the interaction (absorption and scattering) of neutrons with hydrogen and 

deuterium is quite different from one another, which may provide high selective contrast 

between particles and matrix.192 Furthermore, isotope substitution, e.g. partial deuteration of 

the components of a sample, is extremely useful with SANS through control of the scattering 

contrast. These major advantages of neutron scattering making SANS the most powerful 

analytical tool for investigating soft matter, particularly polymers, and obtaining detailed 

structural information.193 

In this chapter, the principle of elastic small-angle neutron scattering will be discussed 

including the experimental aspects, the principle of the method the description of a SANS 

instrument and the data reduction. The later part is dedicated to data interpretation and 

analysis. 
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5.3.1. Scattering set-up and momentum transfer 

The focus of the following section is on elastic small-angle neutron scattering. The following 

information was taken from the [194-196] 

The schematic representation of a SANS experiment is presented in Figure 5.2. A well 

collimated neutron beam with wavelength λ (selected by a velocity selector) can be described 

by a planar monochromatic wave, the propagation equation can be written as: 

)tkt(i

e)t,x(






0 ,         (5.9) 

T/2   is the pulsation frequency and ki is the incident wave vector; the magnitude is 

 /2k . The high flux required for SANS measurements can only be achieved by using a 

large wavelength distribution, which is typically Δλ/λ = 10% - 20% (Δλ/λ - full width at half 

maximum value of the function describing the wavelength distribution). Most of the incident 

radiation is transmitted through the sample without any further interaction and some radiation 

might be absorbed. Only a certain fraction of the incident beam is interacting with the sample 

and is scattered at an angle 0°< θ <20°. As the incident neutron beam arrives at an atom, the 

scattered atom gives rise to a scattered spherical wave. In SANS, only the elastic interaction 

between the neutron beam and the sample is considered, which implies no energy change and 

thus only spatial information is provided on the scattering system. The scattered neutrons 

change their direction, i.e. the direction of the scattering vector 𝑘𝑠
⃗⃗  ⃗. The scatterers are detected 

by an area position-sensitive detector. 

 

Figure 5.2: Schematic representation of a small-angle scattering experiment and of the 

scattering vector 𝑞 . Modified from Ref. [194] 
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In the SANS experiment, the scattered intensity is recorded as a function of scattering angle 

θ, the angle between 𝑘𝑠
⃗⃗  ⃗ and 𝑘𝑖

⃗⃗  ⃗ at a certain distance away from the sample. In order to 

compare results obtained at different wavelengths, detector distances and scattering angles, a 

more convenient parameter is the scattering vector (or wave vector or momentum transfer) 

which is the difference between incident and scattered wave vectors (𝑞 =  𝑘𝑠
⃗⃗  ⃗ − 𝑘𝑖

⃗⃗  ⃗). In the 

case of elastic scattering |𝑘𝑠
⃗⃗  ⃗| = |𝑘𝑖

⃗⃗  ⃗|. The momentum transfer q can be obtained using the 

relationship between θ and λ: 

2

4 




sinq  .         (5.10) 

5.3.2. Scattering cross-section 

SANS experiment consists in comparing the incident intensity Ii with the scattered intensity 

Is, measured at angle θ and a distance L on a detector area 
2

det LA   , where ΔΩ is the 

solid angle (Figure 5.3).195 The ratio of both intensities is a measure of the scattering power of 

a sample, called the differential scattering cross-section of the sample per unit solid angle, 

dσ/dΩ: 
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Figure 5.3: The geometry of a scattering experiment. Modified from Ref. [195] 

Normalization to the unit sample volume (V) yields the differential scattering cross-section 

which represent the probability of incident neutrons scatterer being scattered out from the unit 

sample volume into the solid angle ΔΩ: 
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This cross-section is the sum of the coherent scattering and an angle-independent incoherent 

component, due to scattering from uncorrelated nuclei.196 The incoherent scattering cross 

section represents neutrons emitted in all directions without interference, it is q-independent 

and does not contain information about structure; it is used for inelastic measurements 

probing molecular motions. Only the coherent scattering provides structural information (size 

and shape of the scattering entities) of the sample.  

For an assembly of N atoms, the incident planar wave is interacting with the sample’s atoms, 

which leads to interference of spherically symmetric waves. The length scales observed with 

SANS are much larger than interatomic distances. The amplitude scattered by the different 

particles, positions of which are not correlated at long range, can be written as: 
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  is the scattering length density (SLD), which reads as: 
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where 
ib  is the scattering length of the relevant atom, characterizing the range of interaction, 

and V is the volume containing the N atoms. Considering solution of n polymer chains 

composed of N atoms each, the differential scattering cross-section of the sample reads as a 

function of momentum transfer q: 
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where the relative positions of only a pair of scatterers play a role. This equation can be 

rearranged, by the integration across the whole sample and taking into account eqn. 5.12, to: 
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where (𝜌1 − 𝜌2) is the difference of length scattering densities between scatterer and the 

medium, e.g.  the polymer chain and the solvent, respectively.  
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5.3.3. Characterization of a system of particles 

This coherent cross-section is related to properties of the material, an assembly of N particles, 

in terms of a form factor, P(q), that represents the interference of neutron scattered from 

different parts of the same object, and a structure factor, S(q), that represents the interference 

of neutrons scattered from different objects: 
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For low concentrations of scatterers, the scattering intensity is governed primarily by the form 

factor and S(q) = 1; however, for higher concentrations, interparticle correlations become 

significant. The form factor describes the size and shape of the scattering objects and for 

many simple particle shapes can be evaluated analytically, whereas for complex 

biomolecules, for example, it has to be deduced or constructed from these.  

In the case of an isotropic solution the azimuthal average is trivial for the structure factor: 

 



0

2

141= dr
qr

)qrsin(
)r(gr

V

N
)q(S  ,     (5.18) 

where g(r) is the pair correlation function for the particles centers of mass 
TkrU Berg

/)(
)(  (r 

is a radial distance outward from the center of any scattering particle in the sample) and its 

natural logarithm is directly related to the potential energy function U(r) that describes the 

interparticle interaction. 

5.3.4. Instruments 

The SANS experiments presented in this work were performed at two different instruments, 

namely D11 at the Institute Laue-Langevin (ILL) in Grenoble, France, and KWS-1 at Heinz 

Maier-Leibnitz Zentrum (MLZ) operated by Jülich Centre for Neutron Science in Garching, 

Germany. The instruments description is based on the information taken from the refs. [197]. 

KWS-1 SANS instrument 

KWS-1 is a high flux, high resolution SANS instrument (Figure 5.4) owing to its neutron 

velocity selector with Δ𝜆/𝜆 = 10%, the wavelength resolution of the incoming neutron beam 
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controlled by a high-speed chopper. Accessible wavelengths of the incident neutrons vary 

from 0.45 to 4.2 nm. Neutron beam collimated in the 20 m-long collimation line, which is 

enclosed in a nonmagnetic evacuated chamber and consists of 18 carriages (a 1 m-long 

neutron guides of 50 × 50 mm cross section) and five active apertures positioned at 2, 4, 8, 14 

and 20 m from the sample and used to define the source aperture for the corresponding 

collimation distances. The source aperture (square or rectangular shape) can be arbitrarily 

defined from 1 × 1 mm2 up to 50 × 50 mm2. MgF2 focusing lenses enable an increase in the 

neutron flux and provide a wide q range. The covered q range of the KWS-1 instrument 

extends from 0.007 to 5 nm-1. The signal is recorded by a large two-dimensional position-

sensitive scintillation detector of Anger type with a 64 × 64 cm2 area and a resolution of 6.25 

mm. The beamstop 50 × 50 mm is fixed in the middle of detector, which has a small window 

for a 3He counter allowing determining the intensity of the direct beam for transmission 

measurements. A larger 70 × 70 mm beamstop with analogous window, which can be moved 

in and out of the beam, is only utilized when the full neutron guide cross section is used. The 

detector can move along the tube as well as across the neutron beam, so that for each sample-

to-detector distance the center of the detector can be precisely adjusted to the direct beam 

according to the neutron wavelength. 

 

Figure 5.4: A schematic representation of the KWS-1 SANS diffractometer: (1) S-shaped 

neutron guide; (2) high-speed chopper; (3) polarizer changer; (4) radio-frequency spin flipper; 

(5) neutron guide sections (18 × 1 m); (6) MgF2 focusing lenses; (7) sample position with 

hexapod for heavy loading; (8) 3He analyzer with reversible polarization (to be implemented); 

(9) Anger-type scintillation detector. Adapted from ref. [197]. 

D11 SANS Instrument, ILL 

D11 is a standard pinhole geometry instrument, designed for the study of large scale 

structures in soft matter systems, chemistry, biology, solid state physics and materials 

science. The operating principle is similar to that of a KWS-1 instrument, described above. 
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The polychromatic neutron beam is monochromated by a helical slot (ASTRIUM) velocity 

selector with Δ𝜆/𝜆 = 9 % with accessible wavelengths range from 0.45 to 4 nm. The neutrons 

are collimated by a series of moveable glass guides controlled by computer. Guide sections 

are inserted into or removed from the beam depending on the incident beam divergence 

required. The sample zone, situated 40 m down-stream from the velocity selector. Neutrons 

scattered from the sample are detected by a 3He gas detector with an area 128 × 128 cm2 and 

a pixel size of 7.5 × 7.5 mm2. The detector mounted on a moveable trolley within the 

evacuated detector tube and may be placed at any distance between 1.2 and 39 meters from 

the sample position, giving a total accessible momentum transfer range from 0.003 to 0.1   

nm-1. 

5.3.5. Data Analysis 

Data analyses of SANS experiments rely on fitting models, which help to extract structural 

information. The models used in fitting of the SANS curves in this work will be presented in 

this chapter. 

5.3.5.1. Form factors 

Self-assembly of amphiphilic block copolymers results in formation of stable aggregates or 

micelles, which can adopt a variety of shapes.198 The form factors describing SANS curves 

from the solutions of the block copolymers under investigation consisting from interacting 

particles, namely spherical and cylindrical micelles, were used in this work. 

Form factor of polydisperse, homogeneous spheres 

The form factor that is based on the simplest model for scattering from a spherical 

homogeneous sphere and accounts for a continuous distribution of particle size, Psphere(q), is 

given by:199 
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where N0 is the total number of particles per unit volume.   is the difference in scattering 

length density of the sphere and the solvent: solventsphere    (values used see below).  f(r) 

is the normalized Schulz distribution:200 
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avg
r/ru  , where avgr  denotes the average radius; )(n  is the Gamma function and z is 

related to the polydispersity by )p/(z 11 2  . avgr/p  , where 
2  is the variance of the 

distribution. )(qF is the scattering amplitude of a sphere having a radius r: 
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Figure 5.5 presents four examples of the form factor of polydisperse, homogeneous spheres 

with different radius and/or polydispersity, assuming in all four cases similar SLD values of 

the spheres and the solvent, as well as the volume fraction of the spheres in the solution, the 

change of which would alter only the value of the intensity value. 

 

Figure 5.5: Form factor of polydisperse, homogeneous spheres. Different curves correspond 

to various values of the parameters as described in the graphs. In all cases the volume fraction 

of the spheres is 0.01 and the SLD values of the spheres and the solvent are sphere  = 1.0 × 

10−4 nm−2 and solvent  = 6.4 × 10−4 nm−2, respectively. 

Form factor for core-shell micelles 

In a selective solvent, block copolymers tend to self-assemble into micelles. In aqueous 

solution, the amphiphilic property of block copolymers composed of hydrophilic and 

hydrophobic segments can cause formation of core-shell structures in which the hydrophobic 

core is insulated from the water by shell, the core and shell are characterized by different 
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density. For the solution of the block copolymer where density distribution of the micelles is 

assumed, the form factor of a core-shell particle, Pcore-shell(q), having a polydisperse core and a 

uniform shell thickness is used,201,202 which reads: 
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where 
2

x/)xcosxx(sin)x(j
1

  and the micellar radius, rmic, is the sum of the core radius, 

rcore, and the shell thickness, t: trr coremic  . The form factor is normalized by the average 

micelle volume 34
3

/rV micmic  . The function f( corer ) is the normalized probability of 

finding a particle with a core radius between corer  and drrcore  , and it accounts for the 

polydispersity of the cores according to a Schultz distribution (Eq. 5.20). The polydispersity 

of the core radius is corecore r/p  . 

Figure 5.6 shows four examples of the form factor of core-shell micelles with a polydisperse 

core for the various values of the core radius, polydispersity of the core and the shell 

thickness. The SLD values of the core, shell and solvent are identical in all four cases. 

 

Figure 5.6: Examples of the form factor of core-shell micelles with a polydisperse core. 

Different lines represent the curves for different values of the parameters as described in the 
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graphs. In all cases the SLD values of the core, shell and solvent are core  = 5 × 10−5 nm−2, 

shell  = 1 × 10−4 nm−2 and solvent  = 6.4 × 10−4 nm−2, respectively.  

Form factor for flexible cylinder with polydispersity radius 

One of the basic micellar morphologies is cylindrical micelles, which are often referred to as 

“worm-like”, “rod-like” or even “thread-like” micelles.203 This morphology less frequently 

observed, compared to spherical micelles. Such polymer-like micelles are typically composed 

of several amphiphilic molecules and are thus continuous in nature. A scattering function for 

semiflexible cylinders with disperse radii developed by Pedersen et al.204 and then modified 

by Chen et al.205 was employed. 

The form factor for semiflexible chains of cross-sectional radius Ravg, contour length L, Kuhn 

length describing the local stiffness of the chain b, represented as the product of the cross-

section form factor PCS,
205 scattering function of single semiflexible chain with excluded 

volume effects PWC
204

 and the difference in scattering length density of the cylinder and the 

solvent Δρ:206 

b)L,(q,R)S(q,PΔρ=(q)P WCCS

2

FC .      (5.24) 

The cross-section form factor PCS of cylindrical chain can be approximated as follows: 
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),,( bLqSDebye  is the Debye function, or the scattering function of a flexible chain without 

excluded volume effects, given by: 

  442222 /1)exp(2),,( qRqRqRbLqS gggDebye       (5.27) 

gR  is the radius of gyration with excluded volume effects, and it is given by: 
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where bLnb /  is the number of statistical segments of the chain and 
2)b/L(  is the 

expansion factor which follows the following empirical expression: 

  3/17.0322 )67.8/()12.3/(1)( xxx         (5.29) 
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The function )( gqRw is an empirical crossover function chosen as:  

  214805211 /)./).xtanh(()x(w  .      (5.31) 

Polydispersity is included by integrating the form factor over a Schulz distribution (Eq. 5.20) 

of cylinder radius: 

avgavgCSavgCS dR)R,q(P)R(f)R,q(P = .     (5.32) 

The polydispersity of the radius of a cylinder is 1z/=pd 1 . 

In Figure 5.7 presented four examples of the form factor of flexible cylinders with 

polydisperse radius with the various values of the cylinder radius, polydispersity and the 

contour and Kuhn lengths. The SLD values of the cylinder and solvent are identical in all five 

cases. 
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Figure 5.7: Examples of the form factor of flexible cylinders with polydisperse radius. 

Different lines represent the curves for different values of the parameters as described in the 

graphs. In all cases the SLD values of the cylinders and the solvent are cyl  = 1 × 10−4 nm−2 

and solvent  = 6.4 × 10−4 nm−2, respectively. 

5.3.5.2. Hard-sphere structure factor  

As mentioned above (section 5.3.3), the structure factor S(q) of a system of interacting 

particles can be determined for a given interparticle interaction potential (Eq. 5.18). The most 

well-known approximation for S(q) able to describe a system of interacting hard spheres is 

obtained by Percus and Yevick (PY),207 which was used in the present work. This 

approximation is based on solution of the Ornstein-Zernike equation,208 which describes how 

correlations between two particles are constructed from contributions of direct correlations 

between the two particles and of contributions mediated by the surrounding particles:209 

  )()()()( srhscdsrcrh  ,       (5.33) 

where r and s are the magnitudes of the vectors r and s, c(r) is the direct correlation function, 

h(r) is the total correlation function given by: 

1)()(  rgrh .         (5.34) 

g(r) is the pair correlation function (
TkrU Berg

/)(
)(  ). 

The Percus-Yevick approximation uses the following relation in order to solve the Ornstein-

Zernike integral equation: 
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with the following hard-sphere interaction potential between particles: 

        (5.36) 

Here RHS is the hard-sphere radius, i.e. half the center-to-center distance between the 

particles. Solution to the Ornstein-Zernike equation is analytical and details could be found in 

[207]. The Percus-Yevick approximation is expressed as follows: 
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where η is the hard-sphere volume fraction, i.e. the fraction of micelles which are correlated, 

and 
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where  
42 )1/()21(   , 

42 )1/()2/1(6   and 2/  . (5.39) 

Figure 5.8 shows three examples of the hard-sphere structure factor with the various values of 

the hard-sphere radius and polydispersity. 
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Figure 5.8: Examples of the hard-sphere structure factor. Different lines represent the curves 

for different values of the parameters as described in the graphs. 

5.3.5.3. Porod law  

Presence of large-scale particles in a polymer solution causes strong forward scattering, 

which dominates the signal, and the size of this particles cannot be resolved. The forward 

scattering can be approximated by a modified Porod term, which reads:210 

q

I
)q(I P

agg  ,         (5.40) 

where IP is a scaling factor. α is the Porod exponent, which characterizes the surface 

roughness of the aggregates: α = 4 is obtained for particles with a smooth surface, whereas α 

< 4 points to rough surfaces and α > 4 to a concentration gradient near the aggregate 

surface.211,212 

Figure 5.9 shows three examples of the Porod low with the various values of the Porod 

exponent. 
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Figure 5.9: Examples of the Porod low. Different lines represent the curves for different 

values of the Porod exponent as described in the graphs. 

5.3.5.4. Guinier law 

In the case of nonlinear increase of the scattering intensity at low-q values the Guinier 

approximation was used for Iagg(q), to describe the size of the aggregates: 
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where IG is a scaling factor and Rg the radius of gyration. 

Figure 5.10 shows three examples of the Guinier low with the various values of the Porod 

exponent. 

 

Figure 5.10: Examples of the Guinier low. Different lines represent the curves for different 

values of the radius of gyration Rg as described in the graphs. 
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5.3.5.5. Empirical models 

The polyelectrolyte peak model (Solvation term) 

So-called solvation term Isolv(q) is used to describe the high-q scattering originates from the 

concentration fluctuations in semidilute polymer solutions and is governed by the solvation 

(hydration) of the polymer chains:213 

)()( qCFqI solvsolv 
.         (5.42) 

The parameter C characterizes the solvation intensity, which reads: 

K

Tk
AC B

2
 ,         (5.43) 

where A is a scaling factor related to the volume fraction, K is the osmotic compressibility, 

Δρ2 is the contrast factor with ρ being the scattering length densities of the chains and the 

solvent, kB is Boltzmann’s constant, and T is the absolute temperature. F(x) is the scaling 

function, which is given by a modified Ornstein–Zernike function: 
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 .       (5.44) 

m is the solvation Porod exponent. For non-charged polymers, m = 5/3 is expected for a 

polymer coil in a good solvent, while m = 2 corresponds to a Gaussian coil in a theta 

solvent.214 ξsolv is a correlation length or mesh size. q0 is the peak position: if applicable, it 

corresponds to an average distance d0 = 2π/qo between the charged domains. d0 is finite for 

solutions of charged polymers and zero for neutral polymer solutions. 

Figure 5.11 shows three examples of the Solvation term with the various values of the 

correlation length ξsolv, the solvation Porod exponent m and an average distance between the 

charged domains d0. 
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Figure 5.11: Examples of the Solvation term. Different lines represent the curves for 

different values of the parameters as described in the graphs. 

Ornstein-Zernike approximation 

The Ornstein-Zernike (OZ) term describes the concentration fluctuations in semidilute 

polymer solutions and the correlation length or mesh size ξOZ.215 It reads: 

221 OZ
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 ,         (5.45) 

where IOZ is the scaling factor. 

Figure 5.12 shows three examples of the Ornstein-Zernike term with the various values of the 

correlation length ξOZ . 

 

Figure 5.12: Examples of the Ornstein-Zernike term. Different lines represent the curves for 

different values of the correlation length ξOZ as described in the graphs.  
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6. “Schizophrenic” behavior of doubly thermoresponsive 

diblock copolymers 

In this chapter, we aim to study the aggregation behavior in aqueous solution of the twofold 

thermoresponsive diblock copolymers consisting of a zwitterionic polysulfobetaine PSPP 

block, and a nonionic PNIPAM or PNIPMAM block, namely PSPP-b-PNIPAM and PSPP-b-

PNIPMAM (Figure 4.4a,b). PSPP-b-PNIPAM has been designed to feature the minimum gap 

between the CPUCST of the PSPP block and the CPLCST of the PNIPAM block in aqueous 

solution. In particular, we speculated whether in such system the salting-in effect upon 

appropriate NaBr addition might result in an overlap of the two transition processes, i.e. 

regime II’ depicted in Figure 3.2 may be encountered. As the UCST of PSPP increases 

notably with molar mass,31 a block copolymer with a relatively long PSPP block together 

with a shorter PNIPAM block has been synthesized, namely PSPP430-b-PNIPAM200. PSPP-b-

PNIPMAM has been designed with the aim to enhance the tendency for microphase 

separation in solution compared to PSPP432-b-PNIPAM200 solution, by increasing the polarity 

difference between the zwitterionic and the nonionic block via the additional methyl group on 

the backbone of the nonionic block. The architecture of the PSPP-b-PNIPMAM block 

copolymer was chosen to be analogous to PSPP432-b-PNIPAM200, namely PSPP498-b-

PNIPMAM144, in order to enable meaningful comparisons. We expect a large temperature 

window between CPUCST and CPLCST, i.e. presence of regime II in the system (Figure 3.2), 

due to a notably higher LCST transition of PNIPMAM compared to PNIPAM. The addition 

of low molar weight salt in the PSPP498-b-PNIPMAM144 solution may bring the two transition 

temperatures closer to each other. 

The impact of the features of one block on the phase transition due to the aggregation of 

another one should be different in these two systems, i.e. stronger for PSPP432-b-PNIPAM200 

and weaker for PSPP498-b-PNIPMAM144. This is expected to be reflected in “schizophrenic“ 

micellar self-assembly. Hereby, we aim to compare the behavior of PSPP432-b-PNIPAM200 

and PSPP498-b-PNIPMAM144 in aqueous solution in order to investigate the influence of the 

architecture and the chemical nature of the individual blocks on the self-assembly of the 

diblock copolymers. 

In the beginning of this chapter, we will discuss the characterization of the temperature-

dependent aggregation behavior of the diblock copolymers in solution, including the behavior 
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of  the cloud points for the homo- and the diblock copolymers in salt-free solution and in the 

presence of electrolyte, determined by means of turbidimetry. Then, we will turn to the 

discussion of the aggregation behavior of the diblock copolymers in solution explored by 

temperature-resolved DLS measurements, which were carried out to confirm the overall 

behavior. Subsequently, the detailed structural studies with SANS of the PNIPMAM 

homopolymer and the diblock copolymers in salt-free solution and in the presence of 

electrolyte will be presented. The details of sample preparation can be found in paragraph 

4.5.1. 

6.1. Experimental set-up 

Turbidimetry. Cloud points were determined by turbidimetry using a Cary 50 UV-vis 

spectrometer (Varian Inc., Palo Alto, CA) equipped with a single cell Peltier thermostat for 

the temperature control. Quartz glass cells (Hellma Analytics) with a light path of 10 mm 

were used. The measurements were performed during heating form regime II (25 ºC in the 

PSPP432-b-PNIPAM200 solution; and 35 ºC for the PSPP498-b-PNIPMAM144 solution) to 

regime III above CPLCST and cooling from regime II to regime I below CPUCST. Transmittance 

measurements were performed at the wavelength of 500 nm during heating/cooling runs in 

steps of 0.5 °C with a thermal equilibration time of 5 min at each temperature. The data were 

normalized to the absorption of the solvent-filled cell, whose transmittance was set to 100%, 

i.e. zero absorption. The cloud points of the PSPP430, PSPP498 and PNIPMAM195 

homopolymers were determined at the wavelength of 800 nm during cooling/heating runs in 

steps of 0.1 °C with an equilibration time of 12 s at each temperature. The solutions were 

heated above the phase transition temperature and stirred prior measurement. The cloud 

points CPUCST and CPLCST were taken as the temperature where the normalized transmittance 

of the solution in the cooling and heating runs was reduced to 95 % of its maximum value. 

Dynamic light scattering (DLS). Measurements were carried out using a Zetasizer Nano ZS 

(Malvern) laser particle size analyzer equipped with a 633 nm laser at an angle of 173° 

(backscattering detection). The maximum particle radius which can be resolved is 1000 nm. 

The PSPP498-b-PNIPAM144 and PSPP430-b-PNIPAM200 diblock copolymers were measured in 

salt-free D2O. 0.5 mL of sample was mounted in a plastic microcuvette (Malvern). 

Measurements were performed during heating from 10 °C to 60 °C in steps of 5 °C and were 

repeated 3 times at each temperature. The equilibration time was chosen at 15 min and the 

measurement time at 3 min. For data evaluation, the DTS (Nano) software (Malvern) was 
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used, which provides the hydrodynamic radius, Rh, and the volume fraction of each species (1 

or 2) for each of the 3 measurements. The results were averaged. 

Small-angle neutron scattering (SANS). SANS experiments were performed at the instrument 

D11 at the Institut Laue-Langevin (ILL) in Grenoble, France. The incident neutrons had a 

wavelength λ = 6.0 Å with a spread of 9 %. A q-range from 0.002 to 0.52 Å-1 was covered. 

Samples were mounted in quartz glass cells (Hellma Analytics) with a neutron light path of 1 

mm. At the end of each run, the sample transmission was measured. Boron carbide was used 

for measurement of the dark current, and H2O for the detector sensitivity and calibration of 

the intensity. The scattered intensity curves were azimuthally averaged and corrected for 

background scattering from the solvent-filled cell and parasitic scattering with the software 

package LAMP.216 

The homopolymer PNIPMAM195 was measured in pure D2O while heating from 22 °C to 50 

°C in steps of 7-10 °C. The diblock copolymers PSPP430-b-PNIPAM200 and PSPP498-b-

PNIPMAM144 were measured in pure D2O and in 0.004 M NaBr in D2O while heating from 

15 °C to 49 / 59 °C in steps of 7-10 °C. Measurements were performed using a copper sample 

holder and an inner flow circuit, which was connected to a thermostat. After each temperature 

change, a thermal equilibration time of 15 min was applied. The measuring times were 40 

min, 6 min and 5 min at the sample-detector distances (SDDs) of 34.00 m, 7.99 m and 1.20 

m, respectively. 

Modeling of the SANS curves. SANS curves of the homopolymer PNIPMAM solution and of 

the diblock copolymers PSPP430-b-PNIPAM200 and PSPP498-b-PNIPMAM144 solutions in 

regimes I and III were fitted via the model function: 

bkgOZaggHS IqIqIqSqPIqI  )()()()()( 0       (6.1) 

I0 is a scaling factor, P(q) the form factor of the micelles, and SHS(q) the hard-sphere structure 

factor (Eqs. 5.37-39). IOZ(q) the Ornstein-Zernike term (Eq. 5.45), Iagg(q) describes scattering 

from large aggregates modeled by the modified Porod law (Eq. 5.40), and Ibkg is the 

incoherent background. These contributions are described in detail in chapter 5. Different 

functions were used for P(q), namely the form factor of polydisperse, homogeneous spheres 

(Eqs. 5.19-21), Psphere(q), for the curves from the PNIPMAM solution and in regime I of the 

diblock copolymers, or the form factor of polydisperse spherical particles with a core-shell 

structure (Eqs. 5.22-23), Pcore-shell(q), in regime III of the diblock copolymers. The form factor 
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of polydisperse, homogeneous spheres reveals the average radius ravg with the polydispersity 

p modeled by the Schulz distribution, taking into account the difference in scattering length 

densities (SLD) of the sphere, sphere , and the solvent, solvent , (values used see below). The 

form factor of a polydisperse spherical core-shell particle having a polydisperse core and a 

uniform shell thickness, reveals the micellar radius, rmic, which is the sum of the core radius, 

rcore, and the shell thickness, t: rmic = rcore + t; the core polydispersity is again accounted for 

by the Schulz distribution. The differences in SLDs of the core and shell, shellcore   , and the 

shell and the solvent, solvshell    enter the expression as well. 

The SANS curves of the diblock copolymers solutions in regimes I and II were analyzed 

using the following model function:  

bkgsolvagg IqIqIqI  )()()(          (6.2) 

The first term, Iagg(q), is used to describe the low-q scattering due to large aggregates. Isolv(q) 

is the so-called solvation term (Eq. 5.42-44), which is used to describe the high-q scattering, 

and Ibkg is the incoherent background. In many cases, Iagg(q) was approximated by a modified 

Porod term (Eq. 5.40). In some cases, the Guinier approximation could be used for Iagg(q), 

enabling the determination of the radius of gyration of the aggregates, Rg (Eq. 5.41). These 

are described in detail in chapter 5. 

The incoherent background was fixed at 0.06 cm-1. The scattering length density (SLD) of 

D2O for neutrons, OD2
 = 6.3 × 10−4 nm−2, was taken from the literature.217 The SLD value of 

the  0.004 M NaBr solution in D2O was calculated as 6.2 × 10−4 nm−2. The SLD values of the 

components of our systems were calculated using the mass densities, assuming 1.1 g cm−3 for 

PNIPMAM (estimated from the known density of PNIPAM, i.e. 1.1 g cm-3) and 1.0 g cm−3 

for PSPP (estimated from the constituent elements and assuming a density of 1.0 g cm−3, 

typical for organic polymers). The following values were obtained: PNIPAM  = 8.1 × 10−5 

nm−2, PNIPMAM  = 6.8 × 10−5 nm−2 and PSPP  ≈ 7.9 × 10−5 nm−2. According to the similarity 

of the SLD values for PNIPAM/PNIPMAM and PSPP and the penetration of D2O into the 

micellar shells, the SLD values of the sphere sphere  were kept in the range (0.79-1.35) × 10−4 

nm−2 for PSPP430-b-PNIPAM200 and in the range (0.68-1.29) × 10−4 nm−2 for PSPP498-b-
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PNIPMAM144. In the case of core-shell structures, a concentration gradient from the surface 

to the central part of the micelles may be present. Together with the above described reasons, 

the SLD values were kept in the order core  < shell  < OD2
 , namely (0.8-1.5) × 10-4 nm-2 

for core , (1.5-5.0) × 10-4 nm−2 for shell  for PSPP430-b-PNIPAM200, and (0.7-1.4) × 10-4 nm-

2 for core , (1.4-5.0) × 10−4 nm−2 for shell  for PSPP498-b-PNIPMAM144 (obtained manually 

during fitting) and 6.3 × 10−4 nm−2 for OD2
 . 

The SANS curves were modeled using the SANS Data Reduction and Analysis software 

provided by the NIST Center for Neutron Research within the IGOR Pro software 

environment.218 

6.2. Phase behavior 

The present chapter is based on ref. [219,220]. 

The cloud points of 50 g L-1 solutions of the homopolymers PSPP430, PSPP498 and 

PNIPMAM195 were determined using turbidimetry in salt-free D2O during cooling and 

heating runs (not shown): CPUCST (PSPP430) = 29.6 ± 0.5 ºC, CPUCST(PSPP498) = 31.3 ± 0.5 ºC 

and CPLCST(PNIPMAM195) = 38.0 ± 0.5 ºC. The cloud point of PNIPAM in D2O is known 

from literature to be about 32 ºC.107,111 The measured value of CPLCST(PNIPMAM195) is 

significantly lower than 44 °C mostly reported in the literature for PNIPMAM with molar 

masses in the range of 40,000 - 400,000 g mol-1.107-110 We attribute low value of 

CPLCST(PNIPMAM195) to the hydrophobic fluorescence tag (see paragraph 4.5) in analogy to 

similar findings for PNIPAM labeled with the same fluorophore.221 A temperature window 

between CPUCST and CPLCST is  expected to be small in solution of PSPP432-b-PNIPAM200, 

and large in PSPP498-b-PNIPMAM144 solution, as intended. 

Representative light transmission curves of PSPP430-b-PNIPAM200 and PSPP498-b-

PNIPMAM144 in salt-free D2O at 10 g L-1 are shown in Figure 6.1a,b. Figure 6.1c,d shows the 

concentration dependence of the cloud points in salt-free D2O and in solutions with salt: 

PSPP432-b-PNIPAM200 in 0.004 M NaBr in D2O and PSPP498-b-PNIPMAM144 in 0.006 M 

NaCl in D2O.  
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Figure 6.1: Light transmission of 10 g L-1 solutions of PSPP430-b-PNIPAM200 (a) and 

PSPP498-b-PNIPMAM144 (b) in salt-free D2O (), in 0.006 M NaCl (), and in 0.004 M 

NaBr (). The lines show CPUCST in salt-free solution (), 0.006 M NaCl (), and 0.004 M 

NaBr in D2O (), as well as CPLCST in all solutions (). I, II and III indicate the three 

regimes identified. Concentration dependence of the cloud points of PSPP430-b-PNIPAM200 

(c) in salt-free D2O (closed symbols) and in 0.004 M NaBr (open symbols) and of PSPP498-b-

PNIPMAM144 (d) in salt-free D2O (closed symbols) and in 0.006 M NaCl (open symbols): 

(, ) CPUCST, (, ) CPLCST.. For comparison, on (c): () CPUCST of PSPP430 in salt-free 

D2O, 50 g L-1, () the literature value of PNIPAM;107,111 on (d): () CPUCST of PSPP438, 

() CPLCST of PNIPMAM195 homopolymers (both in salt-free D2O, 50 g L-1), () cloud 

point for PNIPMAM from the literature are given as well.107-110 The lines are guides to the 

eye. 

Three regimes are distinguished in the transmission curves (Fig. 6.1a, b) indicated as I, II and 

III. In the regimes I and III, the diblock copolymers solutions are turbid. However, in regime 

III, some light is still transmitted (around 5 % and 45 % in the PSPP430-b-PNIPAM200 and 

PSPP498-b-PNIPMAM144 solutions, respectively), while in regime I, the transmission of light 

is blocked. Moreover, the transmission decreases sharply below CPUCST, but only gradually 

above CPLCST. This difference suggests the presence of different self-assembled structures in 

the regimes I and III. In regime II, where the solvent conditions are good for both blocks, and 
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where the polymer chains are expected to form a homogeneous, transparent solution, the 

transmission is significantly lower than 100 %, i.e. around 45 % and 60 % in the PSPP430-b-

PNIPAM200 and PSPP498-b-PNIPMAM144 solutions, respectively, pointing to concentration 

fluctuations. 

Turbidimetry results reveal interesting differences between the cloud points of the 50 g L-1 

solutions of the diblock copolymers and the corresponding homopolymers (Figure 6.1c,d). 

The CPUCST and CPLCST of PSPP430-b-PNIPAM200 are found at 21.2 ± 0.5 ºC and 32.3 ± 0.5 

ºC, respectively. The CPUCST is markedly decreased (by about 8 ºC) compared to the one of 

the homopolymer PSPP430 solution, while the CPLCST is equal to the literature value of 

CPLCST of PNIPAM. Thus, the CPUCST of PSPP depends on the polymeric architecture and is 

altered by the presence of the PNIPAM block, whereas the CPLCST of PNIPAM is unaffected 

by the second block.  

In the PSPP498-b-PNIPMAM144 solution, the comparison of the cloud points reveals reverse 

dependency: The CPUCST is 29.5 ± 0.5 ºC, thus about 2 °C lower than the one of the 

homopolymer PSPP498 solution, which is a marginal reduction. The CPLCST of the diblock 

copolymer is 49.5 ± 0.5 ºC, i.e. about 12 °C higher than the one of the homopolymer 

PNIPMAM195 solution. One possible reason for the marked increase of CPLCST of PNIPMAM 

is the position of the dye-labeled end group, which differs in the homopolymer and the 

diblock copolymer: in the latter, the label group is at the end of the PSPP block (Figure 4.4a), 

whereas in the homopolymer, it is attached at the end of PNIPMAM. Thus, the increased 

CPLCST in PSPP498-b-PNIPMAM144 may be due to the larger spacing between the PNIPMAM 

block and the label group. Still, when comparing the literature values of CPLCST of 

PNIPMAM (44 °C)107-110 with the one found for the diblock copolymer (49.5 °C), the 

difference amounts to about 5 °C. Thus, CPLCST of PNIPMAM is also altered by the presence 

of the PSPP block, i.e. it depends on the polymeric architecture and/or the environment, 

whereas CPUCST of PSPP is almost unaffected by the presence of the PNIPMAM block. 

The CPUCST and CPLCST values of the diblock copolymers in dependence on polymer 

concentration in salt-free D2O are shown in Figure 6.1c,d. Both cloud points of PSPP430-b-

PNIPAM200 depend on the polymer concentration (Figure 6.1c): CPUCST increases from 18.0 

± 0.5 ºC at 10 g L-1 to 21.2 ± 0.5 ºC at 50 g L-1, whereas CPLCST slightly decreases from 33.4 

± 0.5 ºC to 32.3 ± 0.5 ºC in the same concentration range. In the PSPP498-b-PNIPMAM144 

solution (Figure 6.1d), only CPUCST exhibits concentration dependence: CPUCST increases 
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from 21.0 ± 0.5 ºC at 2 g L-1 to 29.5 ± 0.5 ºC at 50 g L-1 with the increase being more 

pronounced below ca. 25 g L-1. For all concentrations, the value of CPLCST stays constant at 

49.5 ± 0.5 °C within the precision of the measurements. 

To summarize, CPUCST of PSPP is sensitive to the polymer concentration, changes by the 

attachment to the PNIPAM block and only little to the PNIPMAM block. CPLCST of PNIPAM 

is neither concentration-dependent nor not sensitive to the presence of the PSPP block. 

CPLCST of PNIPMAM is not concentration-dependent as well, but markedly affected by 

neighboring groups, i.e. by the presence of the PSPP block or by the fluorescent tag.  

6.2.1. Electrolyte effect on the phase behavior 

The CPUCST and CPLCST values of PSPP430-b-PNIPAM200 and PSPP498-b-PNIPMAM144 in 

dependence on polymer concentration in 0.004 M NaBr in D2O and in 0.006 M NaCl in D2O, 

respectively, together with the values of the cloud points in salt-free D2O are shown in Figure 

6.1c,d. In solutions with salt, the values of CPUCST are slightly higher than in salt-free D2O, 

with the difference decreasing from 1.2 ± 0.5 ºC at 10 g L-1 to 0.6 ± 0.5 ºC at 50 g L-1 for 

PSPP430-b-PNIPAM200, and from 3.0 ± 0.5 °C at 2 g L-1 to 0.8 ± 0.5 °C at 50 g L-1 for 

PSPP498-b-PNIPMAM144. In contrast, CPLCST of both PNIPAM and PNIPMAM stay constant. 

Thus, only CPUCST of PSPP is sensitive to low concentrations of added low molar mass salts.  

Figure 6.1b presents the light transmission curves of 10 g L-1 solutions of PSPP498-b-

PNIPMAM144 in salt-free D2O, in 0.006 M NaCl, and in 0.004 M NaBr, illustrating the effect 

of the nature of the salt added. The CPUCST value increases from 25.5 ± 0.5 ºC in salt-free 

D2O to 27.5 ± 0.5 ºC in 0.006 M NaCl and to 28.8 ± 0.5 ºC in 0.004 M NaBr. Thus, NaBr has 

a stronger effect on the CPUCST than NaCl, as expected from previous studies on PSPP 

homopolymers in aqueous solution, and in agreement with their positions in the Hofmeister 

series.31 For 50 g L-1 solution of PSPP498-b-PNIPMAM144 in 0.004 M NaBr in D2O, CPUCST = 

31.3 ± 0.5 ºC and CPLCST = 49.5 ± 0.5 ºC were found (not shown). In the case of 50 g L-1 

solution of PSPP430-b-PNIPAM200 in 0.004 M NaBr in D2O, cloud points of CPUCST = 21.8 ± 

0.5 ºC, and CPLCST = 32.3 ± 0.5 ºC are determined (not shown).  

6.2.2. Comparison of the solution phase behavior of PSPP432-b-PNIPAM200 

and PSPP498-b-PNIPMAM144  
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While the three regimes are present in both, PSPP498-b-PNIPMAM144 and of PSPP432-b-

PNIPAM200, in D2O, distinct differences are revealed in the phase behavior: the CPUCST and 

CPLCST values are ca. 9 ºC and 16 ºC higher respectively, in 50 g L-1 solutions of PSPP498-b-

PNIPMAM144, and the width of regime II is thus considerably larger. We attribute this to two 

reasons: Firstly, the CPLCST value of the PNIPMAM195 is ca. 10 ºC higher than the one of 

PNIPAM. Secondly, the higher molar mass of the PSPP498 block, compared to the PSPP432 

block, causes an increase of CPUCST,31 which, in turn, enhances the increase of CPLCST of the 

nonionic block in the PSPP498-b-PNIPMAM144. These observations differ markedly from the 

ones for PSPP432-b-PNIPAM200, for which CPUSCT of PSPP is reduced by 8 °C when the 

PNIPAM block is attached, while CPLCST of PNIPAM is unaffected by the PSPP block. In 

consequence, the regime between the UCST and the LCST transitions is larger in the 

PSPP498-b-PNIPMAM144 solution, as we intended. In both diblock copolymers in D2O, the 

turbidity is higher in regime I than in regime III, and whereas the transmittance decreases 

abruptly below CPUCST, it decreases gradually above CPLCST. The CPUCST values increase 

upon addition of salt up tp a concentrations of ca. 0.006 M with CPLCST being unchanged. 

The maximum transmittance in regime II of a 10 g L-1 PSPP498-b-PNIPMAM144 solution in 

salt-free D2O (ca. 60 %) is higher than the one of the PSPP432-b-PNIPAM200 solution (ca. 45 

%). Also, CPUCST values of PSPP498-b-PNIPMAM144 increase slightly more in dilute NaBr 

and NaCl solution than for PSPP432-b-PNIPAM200, but still much less than for PSPP 

homopolymers (increase by about 10 °C).31 

The three regimes are also reflected in temperature-resolved 1H NMR spectra of the PSPP498-

b-PNIPMAM144 block copolymer (10 g L-1 in D2O) (for experimental details and results see 

the appendix, Figure A.1). Moreover, the broadening and attenuation of the NMR signals 

corroborates our view of temperature-controlled schizophrenic micellization of polymer 

PSPP498-b-PNIPMAM144, with the PSPP blocks forming the micellar core in regime I, and 

the PNIPMAM blocks in regime III. 

6.3. Characterization of the unimers and aggregates using DLS 

The present chapter is based on ref. [219,220]. 

To elucidate the changes in self-assembled mesoscopic structures upon heating from regime I 

to regime III, i.e. their changes at the UCST- and LCST-type transitions, the temperature-

dependent self-assembly behavior of the PSPP432-b-PNIPAM200 and PSPP498-b-PNIPMAM144 
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diblock copolymers in D2O was explored using temperature-resolved DLS measurements. 

DLS in backscattering geometry was applied in order to minimize the effects of multiple light 

scattering in the turbid solutions. Moreover, the concentration was set to 10 g L-1 to minimize 

multiple scattering.  

The autocorrelation curves of both diblock copolymers show very slow decays in regime I, 

fast decays in regime II and intermediate decays in regime III (Figure 6.2a,b). Thus, 

temperature markedly affects the aggregation behavior. 

 

Figure 6.2: Results from DLS on salt-free solutions of PSPP400-b-PNIPAM200 (a, c, e) and 

PSPP498-b-PNIPMAM144 (b, d, f) in D2O at 10 g L-1, obtained in a heating runs. (a, b) 

Normalized intensity autocorrelation functions. Temperatures are indicated in the graphs. (c, 

d) Hydrodynamic radii and (e, f) volume fractions of the large aggregates (), micelles ( ) 

and unimers () in dependence on temperature. The lines in (b - f) indicate the CPUCST () 

and CPLCST () values from turbidity, respectively. The regimes I, II and III are indicated. 
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Analysis of the curves of the PSPP432-b-PNIPAM200 solution reveals the presence of 2 types 

of aggregates in regime II, but only 1 type in regime III. Whereas, 2 types of aggregates were 

found in regime I of the PSPP498-b-PNIPMAM144 solution, but only 1 type in regimes II and 

III. The hydrodynamic radii of aggregates and volume fractions are shown in Figure 6.2c-f. 

In the PSPP430-b-PNIPAM200 solution, at temperatures below 19 ºC, the size of the large 

aggregates in regime I could not be quantified because they are larger than the resolution. 

Thus, we assume the formation of very large aggregates with an average hydrodynamic 

radius Rh > 1000 nm. Between 20 and 35 °C, i.e. in regime II, Rh of the majority component 

(volume fraction 90-96%) is 5.5 ± 0.2 nm, which presumably corresponds to unimers; the 

minority component (remaining 4-10 %) are particles with Rh = 260 ± 60 nm at 25 ºC and Rh 

= 16.2 ± 0.2 nm at 30 ºC (Figure 6.2c,e). The latter may tentatively be ascribed to micelles. 

Above 30 °C in regime III, only one component with Rh = 133 ± 8 nm is observed. 

In the PSPP498-b-PNIPMAM144 solution, up to 25 °C, i.e. in regime I, aggregates with an 

average hydrodynamic radius, Rh, of 700 ± 5 nm, prevail (Figure 6.2d,f). Between 10 and 25 

°C, the volume fraction of these large aggregates increases from 39 to 100 %. At 10 and 15 

ºC, micelles are found as well with Rh = 59 ± 1 nm and 9.0 ± 0.4 nm and volume fractions of 

45 and 11 %, respectively. Very large particles, having Rh > 1000 nm, constitute the 

remaining volume fraction. Between 25 and 50 °C, i.e. in regime II, Rh of the majority 

component (volume fraction 98-100 %) is 8.3 ± 0.1 nm, which presumably corresponds to 

unimers; the minority component (remaining 0-2 %) are very large particles with Rh > 1000 

nm. At temperatures close to CPUCST and CPLCST, both unimers and aggregates are present, 

namely at 25 ºC, where 92 % unimers with Rh = 9.3 ± 0.2 nm and 8 % aggregates with Rh = 

205 ± 43 nm are found, and at 50 ºC, where 85 % unimers with Rh = 8.5 ± 0.1 nm and 15% 

aggregates with Rh = 164 ± 44 nm are present. Above 50 °C, i.e. in regime III, Rh is 65 ± 3 

nm with a volume fraction of 100 %. 

The three regimes identified in turbidimetry are thus recovered in both systems. The 

magnitudes of the Rh values in the three regimes are consistent with the very low, the high 

and the intermediate light transmission (Figure 6.1a,b). The aggregates formed in regime I are 

much larger than those in regime III. Moreover, the absence of large aggregates in regime III 

confirms the absence of correlations between the micelles observed in SANS.  
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6.3.1. Comparison of the DLS results obtained for PSPP432-b-PNIPAM200 

and PSPP498-b-PNIPMAM144 

When comparing the DLS results obtained for the two systems, the following differences are 

revealed: In regime I, both solutions are turbid with very large aggregates, Rh > 700 nm and > 

1000 nm for PSPP498-b-PNIPMAM144 and PSPP432-b-PNIPAM200, respectively. Moreover, in 

the solution of PSPP498-b-PNIPMAM144 the volume fraction of large aggregates increases 

with temperature, and the remaining volume fraction consist of small micelles and very large 

aggregates. In regime II, both solutions are semitransparent with unimers with Rh < 10 nm.  

Nevertheless, in the solution of PSPP432-b-PNIPAM200, 4 -10 % of the volume fraction 

consists of micelles with ca. 2 or even 50 times larger Rh, compared to the one of unimers. In 

regime III, the solution is “semi-turbid” with 100 % of aggregates having Rh values of ca. 65 

nm and 133 nm for PSPP498-b-PNIPMAM144 and PSPP432-b-PNIPAM200, respectively. 

6.4. Structural investigations using SANS 

The present chapter is based on ref. [219,220]. 

The turbidimetry, 1NMR and DLS results reveal differences in the phase behaviors of 

PSPP432-b-PNIPAM200 and PSPP498-b-PNIPMAM144 in salt-free D2O, which may be assigned 

to the different composition and to the different chemical nature of the nonionic 

thermoresponsive block. It is known that, both PNIPMAM and PNIPAM are hydrated 

flexible coils in aqueous solution below the LCST, but the conformation of PNIPMAM is 

stiffer and the chains are more expanded due to the presence of a methyl group attached to 

the α-carbon of the repeat unit on the backbone on the backbone (see paragraph 4.2).110,160  

6.4.1. Self-assembled structures in a PNIPMAM solution 

To have a closer look at the structural behavior of the PNIPMAM195 homopolymer, it is 

investigated with temperature-resolved SANS in salt-free D2O. The relatively high polymer 

concentration of 50 g L-1 is chosen to enhance the scattering intensity, while the use of fully 

deuterated water ensures maximum contrast between the polymer and the solvent. 

Figure 6.3a shows the SANS curves during a heating run from 22 °C to 49 °C. At 22 and 29 

ºC, two smooth intensity decays are seen, which level off at q values above ca. 2.5 nm-1. At 

39 °C, the decay in intensity at low q values is more pronounced, while it dominates at 49 °C. 
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These SANS curves of PNIPMAM195 differ strongly from the ones obtained from PNIPAM 

homopolymers.137 

 

Figure 6.3: SANS curves from a 50 g L-1 PNIPMAM195 solution in D2O (symbols), where 

only every second point is shown for clarity, together with the fitting curves () (a). (b) 

Resulting temperature dependence of the correlation length, ξOZ. (--) CPLCST from 

turbidimetry. 

To analyze the structures, the SANS curves were fitted using the model described in Eq. 6.1. 

At 22 and 29 °C, i.e. below CPLCST, in addition to the expected Ornstein-Zernike (OZ) term, 

describing concentration fluctuations, giving rise to the decay at 0.1-2.5 nm-1, the scattering 

from polydisperse, homogeneous spherical particles (Psphere(q)) had to be taken into account 

as well as scattering due to large aggregates, described by the Porod term. The contributions 

from spherical particles vanish at 39 and 49 °C, i.e. above the CPLCST, and only the sum of 

the OZ and Porod terms are used for the analysis. At all temperatures, no hard-sphere 

structure factor is needed and therefore it is set to one. For all temperatures, the achieved fits 

agree well with the data (best fit parameters are compiled in Table A.1 in the appendix A). 

The OZ structure factor could be applied at all investigated temperatures. ξOZ increases from 

ca. 2.4 nm at 22 ºC to ca. 4.1 nm at 39 ºC (Figure 6.3b), and IOZ increases as well, reflecting 

critical behavior prior to the phase separation, as observed previously in PNIPAM solutions 
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as well.137 At 49 °C, ξOZ is the same as at 39 ºC, but IOZ decreases abruptly, indicating that the 

contributions from single chain scattering are reduced. The scaling factor I0 of the decay at 

0.01-2.5 nm-1 (describing spherical particles) slightly increases between 22 and 29 °C, 

indicating an increase of the volume fraction of the spherical particles close to the phase 

transition. At 22 and 29 °C, these particles have an average sphere radius ravg = 25 ± 4 nm 

with a polydispersity p = 0.21 ± 0.03. Thus, the PNIPMAM195 solution is not homogenous on 

length scales larger than a few nm, but, unexpectedly, reveals particles at larger length scales, 

which collapse at CPLCST. At 22 and 29 °C, i.e. below CPLCST, their SLD value varies in the 

range of (0.8-1.0) × 10-4 nm-2, indicating penetration of D2O into these particles. The forward 

scattering at low q values is described by the Porod law with the exponent α growing from 

3.0 ± 0.1 at 22 °C and 29 ºC to 4.0 ± 0.2 at 39 °C and 49 ºC. This confirms the presence of 

very large, compact aggregates with rough surfaces below the CPLCST, and with smooth 

surfaces above. The Porod scaling factor IP slightly decreases between 29 and 39 °C. This 

reflects the decrease of the specific surface of these large aggregates above the CPLCST, i.e. 

their increase in size. 

To summarize, the PNIPMAM195 homopolymer at 50 g L-1 in D2O forms a solution with a 

correlation length ξOZ = 2.4-4.2 nm, and, in addition, polydisperse spherical particles with 

radii of around 25 nm below CPLCST, which form large aggregates with rough surfaces. 

Above CPLCST, the spherical particles collapse and form very large aggregates with smooth 

surfaces. Thus, the behavior of the PNIPMAM195 solution differs from the one of 

PNIPAM.137,222,223 

In a solution of PNIPAM with a similar molar mass (Mw = 25,000 g mol-1) in D2O at a 

concentration of 130 g L-1, SANS revealed dissolved individual chains below CPLCST, 

whereas above the cloud point scattering from large aggregates dominates.137 In contrast, 

PNIPMAM forms larger particles and even large aggregates already below the cloud point. 

We assume two main reasons: (i) Despite the increased CPLCST that is attributed to the stiff 

conformation of the PNIPMAM chains in solution, the additional methyl group on the 

backbone may favor hydrophobic interactions between the macromolecules already below the 

cloud point. (ii) The hydrophobic dye-labeled end group, which lowers the CPLCST of the 

homopolymer, may promote aggregation already below the cloud point. However, this effect 

is not expected to play a significant role in the diblock copolymer, where the label is 

separated from the PNIPMAM block by the long zwitterionic block. 
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These effects may enforce the difference in the phase behavior and the structural changes in 

PSPP498-b-PNIPMAM144 and PSPP432-b-PNIPAM200 solutions upon temperature variation.  

6.4.2. Self-assembled structures in solutions of the diblock copolymers 

A detailed structural characterization of 50 g L-1 solutions of PSPP432-b-PNIPAM200 and 

PSPP498-b-PNIPMAM144 in salt-free D2O was carried out using temperature-resolved SANS. 

Figure 6.4 presents the SANS curves of the diblock copolymers solutions during heating. 

 

Figure 6.4: SANS curves from a 50 g L-1 salt-free solutions of PSPP432-b-PNIPAM200 (a, c) 

and PSPP498-b-PNIPMAM144 (b, d) in D2O (symbols), where every third point is shown for 

clarity, together with the fitting curves () obtained using Eq. 6.1 in regimes I and III and 

Eq. 6.2 in regime II, see details below. In (c) and (d) the curves are shifted in intensity by a 

factor of 50 with respect to each other for better visibility. Regimes I, II and III are indicated 

by the blue, green and red color, respectively. 

The three regimes already distinguished by turbidimetry and DLS are also reflected in the 

shapes of the SANS curves for both systems. For PSPP430-b-PNIPAM200, the SANS curve in 
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regime I (blue) features a smooth decay starting at the lowest q values with a shallow 

maximum at 0.16 nm-1 and becomes flat above ca. 3 nm-1. In regime II (green), the curves 

shape is similar, except the decay at low-q values, which is not present any longer. In regime 

III (red) the curves decay steeply with a shallow second maximum at ca. 0.15 nm-1, before 

leveling off at ca. 3 nm-1.  

In regime I of the PSPP498-b-PNIPMAM144 solution (blue), the SANS curves feature a 

smooth decay starting at the lowest q values with a shallow maximum, which moves from 

0.06 nm-1 at 15 ºC to 0.1 nm-1 at 22 ºC. The curves become flat above ca. 3 nm-1. In regime II 

(green), the curves look like the one at 22 ºC in regime I, except the decay at low-q values is 

not present. The curve in regime III (red) is flat up to ca. 0.06 nm-1, then decays steeply with 

a shallow second maximum at ca. 0.15 nm-1, before leveling off at ca. 3 nm-1. The changes in 

the curves for both diblock copolymers are observed at the values of CPUCST and CPLCST 

obtained with turbidimetry (Figure 6.1a,b). 

The SANS data were fitted using the models described in paragraph 6.1 (see Figure 6.4). 

Details for examples of the best fits to the scattering curves of the PSPP432-b-PNIPAM200 and 

PSPP498-b-PNIPMAM144 solutions are shown in Figures A.2 and A.3 in the appendix A. The 

fits, which are good in all regimes for both diblock copolymers, reveal substantial structural 

changes when CPUCST and CPLCST are crossed. The results of the fits using Eq. 6.2, applied in 

regimes I and II, as well as the ones using Eq. 6.1, applied in regimes I (as an alternative) and 

III, are summarized in Tables A.2-5 in the appendix A. 

Results of the analysis of the SANS curves of PSPP432-b-PNIPAM200. According to the 

scenario described in chapter 3 (Figure 3.2), in the diblock copolymer solution in regime II 

molecularly dissolved polymers are expected. For unimers in dilute solution, single chain 

scattering, described by the Debye form factor, would be expected or, for more concentrated 

solutions, scattering of the Ornstein-Zernike type. However, as tested by fitting of these 

models, none of these behaviors is observed in the experiments. Instead, the SANS curves 

display a peak at a rather high q-value (Figure 6.4a,c), which is typical of polyelectrolytes in 

salt-free solution and describes the spatial distribution of the chains.224 A maximum of the 

peak at q0, corresponds to an average distance d0=2π/q0 between the charged domains.225 

Thus, we analyze the SANS curves of PSPP432-b-PNIPAM200 in regime II using such model 

described in Eq. 6.2, where the solvation term is used to describe the correlation peak and 

scattering at high q values, whereas the Porod term is not needed since no forward scattering 
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is observed (Figure A.2b in the appendix A). The solvation term reveals that the correlation 

length, ξsolv, which can be regarded as the distance between the neighboring entanglement 

points, decreases from 6.5 ± 0.2 nm at 22 °C to 6.0 ± 0.1 nm at 29 °C (Table A.2 in the 

appendix A). This decrease of ξsolv may be due to the different properties of the two blocks: 

polymer-polymer intermolecular interactions dominate over the interactions with water 

molecules for the PSPP block at 22 ºC, which is very close to its CPUCST, whereas for the 

PNIPAM block, both types of interactions are equal in strength, and PNIPAM may form a 

hydrophilic shell around PSPP, which is at the origin of the higher ξsolv value. In contrast, at 

29 ºC, both blocks are in theta solvent conditions, and ξsolv reflects the molecular 

conformation of the entire polymer. The solvation Porod exponent, m, is 2.00 ± 0.03 and 1.93 

± 0.02 at 22 °C and 29 °C, respectively, indicating that the system is close to theta solvent 

conditions with the higher value at 22 ºC again being related to the shell. The scaling factor 

of the solvation term, C, decreases from 4.2 ± 0.1 at 22 °C to 3.5 ± 0.1 at 29 °C. As expected, 

the value increases as CPUCST is approached. The average distance between the charged 

domains, d0, is 52 ± 3 and 50 ± 3 nm at 22 ° and 29 °C, respectively. At this large length 

scale the system is rather unaffected by the proximity of CPUCST. The heterogeneities 

observed in regime II are at the origin of the reduced transmission (significantly below 100 

%) in this regime (Figure 6.1a). 

The shape of the curve from PSPP432-b-PNIPAM200 solution in regime I at high q values is 

similar to those in regime II, but the overall scattering intensity is higher (Figure 6.4a), which 

may be due to higher contrast caused by aggregation. Moreover, the scattering curves differ 

strongly at low q values, where large aggregates cause an increased forward scattering. The 

curve in regime I can be fitted using the same model as in regime II (Eq. 6.2), but now the 

Porod term is needed to describe the strong forward scattering at low q values (Figure A.2a in 

the appendix A). The correlation length ξsolv = 8.6 ± 0.3 nm (Table A.2 in the appendix A). 

Analogous to ξsolv in regime II at 22 ºC, it describes the correlation in the hydrophilic 

PNIPAM shell, surrounding the collapsed PSPP in the core, and it is larger than at higher 

temperatures. The solvation Porod exponent is m = 1.94, indicating that the solvent is still 

close to a theta solvent for the PNIPAM block. The scaling factor is C = 5.8 ± 0.1, which is 

1.4-1.7 times higher than in regime II, which is an indication of the onset of phase 

separation.213 d0 is 48 nm, i.e. similar to the values obtained in regime II. The size of the very 

large aggregates cannot be resolved, but the upturn at q values below 0.08 nm-1 can be 
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approximated by the Porod law, IP(q). The Porod exponent is α = 4.1 ± 0.1, which indicates 

the presence of compact aggregates with smooth surfaces. 

The scenario for the system depicted in chapter 3 (Figure 3.2) presumes micelle formation at 

temperatures below the CPUCST, i.e. in regime I. Therefore, the curve from PSPP432-b-

PNIPAM200 solution in regime I (at 15 °C) has been additionally fitted using the model 

described in Eq. 6.1, based on spheres correlated by a hard-sphere structure factor, plus an 

Ornstein-Zernike (OZ) term describing the concentration fluctuations in the non-compact 

shell and Porod scattering due to very large aggregates (Figure A.2c in the appendix A). The 

fitting curve fits the data equally well and allows gaining additional structural information. 

The spherical particles at 15 °C have an average sphere radius ravg = 4.4 ± 0.1 nm with a 

polydispersity p = 0.48 ± 0.03 (the polydispersity can be enhanced due to aggregation) (Table 

A.3 in the appendix A, Figure 6.5A). The hard-sphere radius (or half the interparticle 

distance) is RHS = 18 ± 2 nm, which is slightly smaller than d0/2 = 24 nm obtained by the 

solvation model. The hard-sphere volume fraction of correlated micelles, , is about 0.12, the 

correlation between the spherical particles is thus very weak. The decay of the scattering 

intensity at high q-values is described by the OZ structure factor, which reveals ξOZ = 4.0 ± 

0.3 nm, which is half as large as ξsolv from the solvation model and may comprise both, the 

inner part and the shell of the particles. The best SLD value of the spherical particles was 

found at (8.0 ± 0.3) × 10-5 nm-2, which corresponds to the range of SLD values of the PSPP 

and PNIPAM blocks. Thus, the spherical particles presumably do not contain D2O. The 

Porod exponent α = 4.1 ± 0.2, which confirms the presence of compact aggregates with 

smooth surfaces. Altogether, in regime I, large aggregates seem to form, which consist of 

small correlated spheres with a highly polydisperse radius and an inner correlation length of a 

few nm. 
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Figure 6.5: Results from fitting of the model in Eq. 6.1 to the SANS curves from PSPP432-b-

PNIPAM200 and PSPP498-b-PNIPMAM144 solutions in regimes I and III (Figure 6.4). 

Temperature dependence of the sphere radius, ravg, (), the micellar radius of the core-shell 

structure, rmic (), and the core radius, rcore (), the hard-sphere radius, RHS () (a); of the 

correlation length, ξOZ (b), of the hard-sphere volume fraction, ƞ (c), and of the SLD values of 

the polymer spheres () and the core () and the shell () of the core-shell micelles (d). In 

(b) and (c), a logarithmic axis is used. In some cases, the symbol size is larger than the error 

bar. () and (): CPUCST and CPLCST values from turbidimetry. Regimes I, II and III are 

indicated on top of the graph.  

The characteristic correlation peak of the polyelectrolyte systems is not present any longer in 

regime III, i.e. at temperatures far above the CPUCST (Figure 6.4a,c). The scattering observed 

up to 0.1 nm-1 points to self-assembly of the diblock copolymers on length scales not higher 

than hundred nm. The model described in Eq. 6.1 is more applicable in regime III, where the 

form factor for core-shell spheres with a polydisperse core together with the hard-sphere and 

the OZ structure factors were used, while the Porod term was not needed (Figure A.2d in the 
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appendix A). The average core radius of the spheres is 67 ± 4 nm and 73 ± 4 nm at 39 and 49 

ºC, respectively, with a moderate polydispersity pcore = 0.26 ± 0.03 and the shell thickness t = 

19 ± 1 nm (Table A.3 in the appendix A, Figure 6.5A). Thus, the micellar radii are rmic = 86 ± 

4 nm at 39 ºC and 92 ± 4 nm at 49 ºC. Half the distance between the correlated micelles RHS 

is 52 ± 3 nm at 39 ºC and 54 ± 3 nm at 49 ºC. The hard-sphere volume fraction, , is slightly 

higher than the one in regime I, namely about 0.17. In contrast to the findings in regime I, RHS 

is smaller than the spherical micelle radius, but follows the same trend. This may be 

attributed to different species being present at the micellar surface in regimes I and III. The 

PSPP block is about 3 times longer than PNIPAM block, and in regime III, the strong 

attractive interactions in the PNIPAM block lead to the formation of a hydrophobic core and 

allow interpenetration of the hydrophilic PSPP shells. The SLD value of the core varies in the 

range of (7.9-8.2) × 10-5 nm-2, which is again comparable to the values of PSPP and 

PNIPAM, whereas the SLD of the shell is in the range (3.5-5.0) × 10-4 nm-2 (obtained 

manually during fitting), indicating a high amount of D2O in the hydrophilic shell of the 

micelles, namely 54-74 % of D2O. The correlation length ξOZ in regime III is 7.9 ± 0.7 nm at 

39 ºC and 6.7 ± 0.5 nm at 49 ºC, thus slightly higher than in regimes I and II. In regime III, 

ξOZ describes the correlation in the hydrophilic PSPP shell. The slight increase of ξOZ at 

CPLCST indicates a decrease of the osmotic compressibility and hence the shrinkage of the 

core due to the reinforced repulsive interaction in the PSPP shell. No forward scattering is 

observed in the SANS curves in regime III, which is in agreement with the results from 

turbidimetry, namely, the solution is not completely turbid.  

Results of the analysis of the SANS curves of PSPP498-b-PNIPMAM144. The scattering curves 

of the PSPP498-b-PNIPMAM144 solution are slightly different from those of the PSPP432-b-

PNIPAM200 solution (see above), but the same fitting models are applicable in all regimes.  

In good agreement with the findings for the PSPP432-b-PNIPAM200 solution, single chain 

scattering models are not applicable to the SANS curves in regime II of the PSPP498-b-

PNIPMAM144 solution (Figure 6.4b,d). The analysis of the curves is carried out using the 

model described in Eq. 6.2 (Figure A.3c,d in the appendix A), where the solvation term is 

used to describe the shallow maximum and scattering at a rather high q values, and the weak 

forward scattering observed at 49 ºC was fitted with the Guinier term. The correlation length 

from the solvation term, ξsolv, decreases from 8.5 ± 0.6 nm at 29 °C to 6.2 ± 0.4 nm at 49 °C 

(Table A.4 in the appendix A). This decrease of the ξsolv, may be due to the different 

properties of the two blocks accordingly: At 29 ºC, which is just above CPUCST, the relatively 
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high ξsolv value reflects mainly the correlation in the hydrophilic PNIPMAM shell 

surrounding the collapsed PSPP in the core. At 39 and 49 ºC, ξsolv reflects the molecular 

conformation of the entire polymer. At 29-49 °C, the solvation Porod exponent, m, is 2.0 ± 

0.1, indicating that the solvent is a theta solvent for the PNIPMAM shell at 29 ºC and for the 

entire polymer at 39 and 49 ºC. The scaling factor of the solvation term, C, decreases from 

11.1 ± 0.9 cm-1 at 29 °C to 6.1 ± 0.5 cm-1 at 49 °C, i.e. close to CPUCST the value is maximum. 

The average distance between the charged domains, d0, is 75 ± 9 nm at 29-49 °C, which is 

quite large. Most probably, this is due to the expanded state of both blocks in regime II. This 

results from (i) the ionic attraction in the PSPP block which is weak above CPUCST, and (ii) 

the stiff chain conformation of PNIPMAM below CPLCST. At 49 ºC, additional aggregates 

with an average radius of gyration Rg = 32 ± 3 nm are detected. Rg is slightly smaller than the 

half of the distance between the charged domains, d0/2 ≈ 38 nm and may reflect the scattering 

from these domains. 

In regime I, the scattering intensity at q values below 0.2 nm-1 is higher than in regime II 

(Figure 6.4b), which may be again due to higher contrast caused by aggregation. The shape of 

the curves is similar to those in regime II, but the maximum, which may be caused by ionic 

interactions in the PSPP block, is shifted to lower q values than in regime II. The difference 

at low q values is caused by an increased forward scattering due to formation of large 

aggregates. The curves in regime I are fitted using the same model as in regime II (Eq. 6.2), 

but with the Porod term (Figure A.3b in the appendix A). The solvation term reveals that ξsolv 

increases from 12 ± 1 nm at 22 ºC to 38 ± 3 nm at 15 ºC (Table A.4 in the appendix A). 

Analogous to the correlation length in regime II at 29 ºC, it describes mainly the correlation 

in the hydrophilic PNIPMAM shell. Thus, ξsolv increases with the strengthening of the 

attractive polymer-polymer interaction in the PSPP block forming the micellar core. The 

solvation Porod exponent m is 2.0 ± 0.1, indicating that the PNIPMAM block, which keep the 

system in the solvated state, is in theta conditions. The scaling factor increases steeply from C 

= 17 ± 2 cm-1 at 22 ºC to 137 ± 14 cm-1 at 15 ºC, indicating enhanced phase separation below 

CPUCST.213 d0 increases from 78 ± 8 nm at 22 ºC to 118 ± 11 nm at 15 ºC, i.e. increases 

steeply due to the increasing polymer-polymer interactions in the PSPP block, causing 

formation of larger inhomogeneities at larger distance from each other. The Porod exponent 

is α = 4.0 ± 0.4, which indicates the presence of compact aggregates with smooth surfaces. 

Due to the same reasons as for the above-described PSPP430-b-PNIPAM200, model described 

in Eq. 6.1 is additionally used for the curves fitting in regime I of the PSPP498-b-
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PNIPMAM144 solution (Figure A.3a in the appendix A). The model describes formation of 

correlated spheres with a polydisperse radius. The fits are equally good and give additional 

structural information. The average radius of the polydisperse spherical particles increases 

from ravg = 6.1 ± 0.5 at 22 °C to ravg = 15 ± 2 nm at 15 °C (Table A.5 in the appendix A, 

Figure 6.5B), and the polydispersity is rather high (p = 0.47 ± 0.09), pointing to aggregation. 

RHS, increases as well, namely from 22 ± 2 nm at 22 °C to 43 ± 3 nm at 15 °C. RHS is larger 

than ravg and follows the same trend, i.e. the spherical particles are spaced. The RHS value is 

smaller than d0/2, which is around 40 nm and 60 nm at 22 and 15 °C, respectively, but the 

trend is the same. The hard-sphere volume fraction, , is about 0.08, indicating very weak 

correlation between the spherical particles. The OZ term reveals that ξOZ increases from 7.7 ± 

0.3 nm at 22 °C to 12.3 ± 0.9 nm at 15 °C. These ξOZ values are comparable with ravg, i.e. the 

presumed PNIPMAM shells are very loosely packed. ξOZ and ξsolv cannot be compared 

directly but their values follow the same trend at low temperatures. The large values may be 

due to the stiff chain conformation of the PNIPMAM blocks, due to steric hindrance. The 

best SLD value was found at (7.3 ± 0.5) × 10-5 nm-2, which corresponds to the SLD values of 

pure PSPP and PNIPMAM, i.e. the spherical particles presumably do not contain D2O. The 

presence of compact aggregates with smooth surfaces confirmed by the Porod exponent α = 

4.1 ± 0.3. Altogether, in regime I small polydisperse spheres are present, which become 

larger upon cooling. The surface of the spheres is covered by the expanded, hydrated 

PNIPMAM blocks. Nevertheless, the spheres are weakly correlated and form large 

aggregates. 

In regime III, the SANS curve does not feature the characteristic correlation peak of the 

polyelectrolyte systems (Figure 6.4b,d) and the model of spherical core-shell particles with a 

polydisperse core (Eq. 6.2) is applicable, with the same contributions as for PSPP432-b-

PNIPAM200, except the hard-sphere structure factor (Figure A.3e in the appendix A). The 

core radius is rcore = 13 ± 1 nm with a polydispersity pcore = 0.44 ± 0.04, and the shell 

thickness is t = 15 ± 2 nm, resulting in the micellar radius is rmic = 28 ± 3 nm (Table A.5 in 

the appendix A). The SLD value of the core is (7.0 ± 0.2) ×10-5 nm-2, whereas the SLD of the 

shell is (1.5 ± 0.2) × 10-4 nm-2 (obtained manually during fitting), indicating a small amount 

of ca. 12 % of D2O in the hydrophilic shell of the micelles. ξOZ is 8.1 ± 0.8 nm, which 

describes the correlations in the PSPP shell around the collapsed PNIPMAM core. No 

forward scattering is observed in the SANS curves in regime III, which is in agreement with 

the results from turbidimetry, namely, that the solution is not completely turbid. 
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The SANS measurements are in good agreement with turbidimetry and DLS for both diblock 

copolymers. The stability in heating/cooling cycles was investigated using small-angle X-ray 

scattering (SAXS) at the example of a 150 g L-1 PSPP498-b-PNIPMAM144 solution in D2O 

(for experimental details and results see the appendix A). The same equilibration times as in 

the SANS experiments were applied. No difference between heating and cooling was found. 

6.4.2.1. Comparison of the self-assembled structures in salt-free solutions of 

PSPP432-b-PNIPAM200 and PSPP498-b-PNIPMAM144 

The structures in the three regimes of the PSPP432-b-PNIPAM200 and PSPP498-b-

PNIPMAM144 solutions, according to SANS and expectations relating to the (aggregated) 

behavior, are depicted in Figure 6.6. 

 

Figure 6.6: Schematic representation of the micelles/polymer coils in the three regimes of the 

PSPP432-b-PNIPAM200 (A) and PSPP498-b-PNIPMAM144 (B) solutions as indicated. Red: 

PSPP block, blue: PNIPAM/PNIPMAM block. () and (): CPUCST and CPLCST. 

In regime II, both blocks are soluble, and the solubility of the PSPP block is driven by the 

ionic interactions between water and the charged polymer chains, resulting in concentration 

fluctuations. In regimes I and III, the diblock copolymers are amphiphilic, but with reversed 

hydrophilic and hydrophobic blocks, and form micelles: In regime I, small spherical domain 

(5 nm and 6-15 nm in the solutions of PSPP432-b-PNIPAM200 and PSPP498-b-PNIPMAM144, 

respectively), presumably consisting of both, PSPP and PNIPAM/PNIPMAM, are immersed 

in a PNIPAM/PNIPMAM-rich matrix, are correlated and form very large aggregates. The 

expected core-shell structure of the micelles in regime I is not observed, probably because the 

PSPP and PNIPMAM blocks interact with each other. In contrast, in regime III, the micellar 

radius is much larger (90 nm and 28 nm in the solutions of PSPP432-b-PNIPAM200 and 

PSPP498-b-PNIPMAM144, respectively), and a core-shell structure is evident. Neither a 
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correlation of the micelles nor aggregation on larger length scales are observed, which may 

be due to the thick hydrophilic PSPP shell, keeping the micelles in the solvated state. The 

difference in the micellar radii in regimes I and III of both systems may be assigned to the 

block properties and the architecture of the diblock copolymers: The PSPP block, which is 

water-insoluble in regime I, is ca. 2/3 times longer than the PNIPAM/PNIPMAM block, 

which is water-insoluble in regime III.  

The different chemical nature of the shells of the particles in regime I and in regime III of the 

solutions of both diblock copolymers indicated by several parameters: The hard-sphere 

structure factor describing the spatial correlations between the particles in the PSPP498-b-

PNIPMAM144 solution applies only below CPUCST, whereas no correlations were evident 

above CPLCST. Half the interparticle distance in the PSPP432-b-PNIPAM200 solution is ca. 3 

times larger above CPLCST than below. The values of the correlation length ξOZ from the OZ 

structure factor in regime I and III for both diblock copolymers are different. Moreover, the 

different characters of the microphase-separated domains in regimes I and III are qualitatively 

corroborated by the temperature-dependent fluorescence characteristics of the solvatochromic 

end-group label at the example of the block copolymer PSPP498-b-PNIPMAM144 (for 

experimental details and results see the appendix A). 

When comparing the SANS results from the PSPP498-b-PNIPMAM144 and the PSPP432-b-

PNIPAM200 solutions in salt-free D2O, three factors have to be considered: (i) The overall 

molar mass of PSPP432-b-PNIPAM200 is slightly lower. (ii) The block lengths and, 

accordingly, the composition of the diblock copolymers are different: In PSPP432-b-

PNIPAM200, the PSPP block is 1.2 times shorter, whereas the nonionic block is 1.4 times 

longer, i.e. the fraction of PSPP is lower. (iii) PNIPMAM homopolymers forms aggregates in 

solution already below the cloud point, which is not the case in PNIPAM solutions. SANS 

curves from both diblock copolymers in regimes I-III are compiled in Figure A.4 in the 

appendix A. 

In regime I, the overall scattering intensity is higher for PSPP498-b-PNIPMAM144. This is 

mainly due to the significantly higher forward scattering due to very large aggregates, and the 

mesoscopic length scales are larger, e.g. the radii of the spherical particles are a factor 1.3-3.4 

times larger. One reason may be the higher block length of PSPP, which is at the origin of 

structure formation in this regime, i.e. below its CPUCST. Another reason may be the tendency 

of PNIPMAM to expand below CPLCST, as evidenced by our SANS measurements on 
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PNIPMAM192, even though the CPLCST is further away than it is in PSPP432-b-PNIPAM200. 

This effect may also promote the formation of very large aggregates in the PSPP498-b-

PNIPMAM144 solution.  

In regime II, the scattering intensity of the PSPP498-b-PNIPMAM144 solution is also higher, 

the polyelectrolyte peak is shifted to lower q-values and the length scales are larger: The 

average distance between the charged domains, d0, is 1.5 times larger, which is presumably 

due to the expanded conformations of PNIPMAM block. The tendency to aggregation of the 

PNIPMAM block close to its CPLCST is corroborated by the appearance of inhomogeneities 

on a length scale of around 30 nm just below CPLCST in the PSPP498-b-PNIPMAM144 solution.  

The largest differences between the two diblock copolymers are observed in regime III. In 

this regime, the overall scattering intensity of the PSPP498-b-PNIPMAM144 solution is lower, 

especially at low q-values, and the core radius is significantly smaller (13 nm vs. 73 nm). The 

core is formed by PNIPMAM which is smaller in size than the PNIPAM block, but this effect 

alone cannot explain this huge difference (using ideal chain statistics, the core radius should 

only differ by a factor (200/144)1/2 = 1.18). The core radius of 13 nm is rather close to the 

expected value of the end-to-end distance of PNIPMAM, which may be roughly estimated 

using the end-to-end distance of poly(methyl methacrylate) of a molar mass of 29,000 g mol-1 

(value from end group analysis, Table 4.1),226 namely 11 nm. Since the core radius of 73 nm 

found for PSPP432-b-PNIPAM200, is significantly larger, we suspect that for this diblock 

copolymer clusters of micelles are formed, whereas they are separated from each other for 

PSPP498-b-PNIPMAM144. This is confirmed by the absence of the spatial correlations 

between the particles in the PSPP498-b-PNIPMAM144 solution. This may be due to both, the 

longer PSPP block and the stronger tendency to aggregation of PNIPMAM .block. The 

micellar shell formed by PSPP that has a thickness of 15 nm for PSPP498-b-PNIPMAM144, is 

smaller than the one of PSPP432-b-PNIPAM200 (19 nm), and contains about 5 times less D2O. 

Thus, the PSPP shell is more compact in the solution, which may point to its interaction with 

PNIPMAM. 

6.4.3. Electrolyte effect 

Turbidimetry reveals changes of the CPUCST cloud points of the diblock copolymers in D2O 

upon addition of low molar mass electrolytes (Figure 6.1b-d). The CPUCST is found to 

increase in a 50 g L-1 solution of PSPP430-b-PNIPAM200 in 0.004 M NaBr in D2O by about 
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0.6 °C, and by about 0.8 °C and 1.8 °C in a 50 g L-1 solution of PSPP498-b-PNIPMAM144 in 

0.006 M NaCl and in 0.004 M NaBr in D2O, respectively, compared to those in salt-free D2O. 

To gain information about the structural changes caused by electrolyte addition, temperature-

dependent SANS measurements of 50 g L-1 solutions of PSPP430-b-PNIPAM200 and PSPP498-

b-PNIPMAM144 were performed in 0.004 M NaBr in D2O (Figure 6.7). Zooms of the low q 

region of the SANS curves for both systems in regime I at 15 ºC, in regime II at 22/29 ºC and 

49 ºC and in regime III at 49/59 ºC are shown in Figure A.6 in the appendix A. 

 

Figure 6.7: SANS curves from 50 g L-1 solutions of PSPP430-b-PNIPAM200 (a) and PSPP498-

b-PNIPMAM144 (b) in salt-free D2O (open symbols, from Figure 6.4) and in 0.004 M NaBr in 

D2O (closed symbols), where only every third point is shown for clarity, together with the 

fitting curves () obtained using Eq. 6.1 in regimes I and III and Eq. 6.2 in regime II. The 

curves are shifted in intensity as in Figures 6.4 (c,d). 

The SANS curves of PSPP430-b-PNIPAM200 in 0.004 M NaBr in D2O (Figure 6.7a) feature 

significantly increased forward scattering at q values below ca 0.07 nm-1 in regime I (blue) 

(Figure A.6a in the appendix A) and weakly increased forward scattering in regime II (green) 

below ca 0.16 nm-1 (Figure A.6b in the appendix A). Above these q values, the curves stay 

virtually unchanged. The shape of the curves in regime III (red) remains unchanged over the 

entire q range, and only at q values below 0.03 nm-1, the intensity is 1.5 times lower 

compared to the one in salt-free solution (Figure A.6c in the appendix A).  

Slightly different changes were observed in the SANS curves of PSPP498-b-PNIPMAM144 in 

0.004 M NaBr in D2O (Figure 6.7b): In regime I (blue), the SANS curves feature 
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significantly increased forward scattering at q values below ca 0.09 nm-1 as well as a shift of 

the shallow maximum to lower q values (Figure A.6d in the appendix A). In regime II 

(green), the forward scattering below 0.04 nm-1 at 29 and 39 ºC, and below 0.06 nm-1 at 49 ºC 

is slightly increased (Figure A.6e,f in the appendix A). The shape of the curves in regime III 

(red) remain unchanged over the q range above 0.09 nm-1, but at lower q values, the intensity 

is 1.5 times higher than in salt-free solution (Figure A.6g in the appendix A). 

The same fitting models are used as for the curves from salt-free solutions, and the resulting 

parameters are compiled in Tables A.6 and A.8 (using Eq. 6.2) and Tables A.7 and A.9 (using 

Eq. 6.1) in the appendix A. The results of the latter are shown in Figure 6.8. 

 

Figure 6.8: Results from model fitting to the SANS curves in Figures 6.4 and 6.7 from 

PSPP430-b-PNIPAM200 (A) and PSPP498-b-PNIPMAM144 (B) in salt-free D2O (black 

symbols) and in 0.004 M NaBr in D2O (red symbols), respectively. Same designations as in 

Figure 6.5. CPUCST in salt-free D2O () and in 0.004 M NaBr in D2O (), CPLCST value 

(), all determined by turbidimetry. 
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Results of the analysis of the SANS curves of PSPP432-b-PNIPAM200 in 0.004 M NaBr in D2O. 

In regime II, the solvation term displays ξsolv decreasing from 8.3 ± 0.3 nm at 22 °C to 6.5 ± 

0.2 nm at 29 °C (Table A.6 in the appendix A). As in salt-free conditions, ξsolv describes the 

correlations in the hydrophilic PNIPAM shell. At 22 °C, ξsolv is about 2 nm higher compared 

to the one in salt-free solution, due to the stronger attractive interactions in the PSPP block. 

Its decrease at 29 ºC indicates a weakening of the interactions between the PSPP segments. 

The solvation Porod exponent, m, is around 2.0, indicating good solvent quality. The scaling 

factor C decreases from 7.7 ± 0.2 at 22 °C to 5.5 ± 0.1 at 29 °C, indicating the onset of phase 

separation at 22 ºC, which is shifted to a higher temperature than in salt-free D2O due to the 

presence of NaBr. The average distance between the charged domains, d0, is 55 ± 3 at 22 °C 

and 59 ± 4 nm at 29 °C, i.e. on average about 6 nm higher than in salt-free polymer solution. 

Thus, in regime II, the salt screening effect causes larger distances between the 

inhomogeneities. In contrast to the salt-free polymer solution, the Porod law has to be applied 

at 22 ºC to describe the increased forward scattering. The Porod exponent  = 3.1 ± 0.1 

indicates the presence of aggregates with rough surfaces. The Porod amplitude is more than 

ten times lower than in regime I, meaning that only few aggregates are formed.  

Since the solution starts to phase separate at 22 ºC, the SANS model described in Eq. 6.1 can 

be applied as well. The fitting results are compared to the ones obtained in salt-free solution 

at 15 ºC, i.e. in regime I. The spherical particles about 1.2 nm smaller in radii and have a 

higher polydispersity p = 0.64 ± 0.07 (Table A.7 in the appendix A, Figure 6.8A). The other 

parameters reveal no or only minor changes. The Porod law has to be applied to describe 

increased forward scattering, and it reveals the same parameters as when using the solvation 

model (Eq. 6.2).  

Comparison of the resulting fitting parameters in regime I using Eq. 6.2, with and without 

NaBr addition, reveals the following changes (Table A.6 in the appendix A): With NaBr, the 

solvation term displays a slightly increased solv value (on average about 0.4 nm higher). The 

solvation Porod exponent, m, is 1.86, indicating a decline of the solvent quality. The scaling 

factor is lower (C = 4.8 ± 0.1), which is consistent with the shift of the phase separation to 

regime II to a higher temperature. d0 is about 3 nm higher. The Porod exponent, , is 4.3 ± 

0.1 with its amplitude being about 2 times higher than the one in salt-free solution. 

Comparison of the resulting fitting parameters in regime I with and without NaBr addition 

when using Eq. 6.1 reveals following changes: ravg is only 0.2 nm higher with a similar 
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polydispersity, p = 0.45 ± 0.04 (Table A.7 in the appendix A, Figure 6.8A). 2RHS is 4 nm 

lower, indicating more closely spaced spheres, but which have a lower volume fraction  = 

0.09 ± 0.1.  The correlation length OZ is unchanged. The Porod law reveals  = 4.4 ± 0.2 

with the amplitude being about 4 times higher than the one in salt-free solution, indicating 

stronger aggregation, possibly due to the screening effect. The SLD values are again 

unchanged. 

In regime III, the core-shell micelles are smaller than in salt-free solution and characterized 

by a more stable size within this temperature range: rcore = 58 ± 3 nm, and the core 

polydispersity stays unchanged within the error, pcore = 0.28 ± 0.03, the shell thickness is t = 

20 ± 1 nm and thus rmic = 79 ± 4 nm (Table A.7 in the appendix A, Figure 6.8A). The 

micelles are correlated as well, 2RHS is 100 ± 10 nm, and the volume fraction is about 0.19. 

Thus, the interparticle interactions are stronger, and the core-shell micelles are smaller in the 

presence of electrolyte.  The SLD value of the core stays in the range of (0.77 - 0.83) × 10-4 

nm-2, whereas the SLD of the shell is in the range (3.6 - 4.2) × 10-4 nm-2, indicating 55 - 59 % 

of D2O, which is less compared to the salt-free conditions. The correlation length ξOZ in 

regime III is 8.8 ± 0.3 nm at 39 ºC and 8.2 ± 0.4 nm at 49 ºC, thus comparably higher than in 

salt-free conditions. In this regime, ξOZ describes the correlation in the hydrophilic PSPP shell 

and may be increased because of the screening effect. Again, no forward scattering is 

observed. Thus, at low salt concentrations and in the region where the aggregation is induced 

by the thermoresponsive block, salt addition causes a reduction of the micellar size due to the 

shrinkage of the hydrophilic PSPP shell which contains charges. 

Results of the analysis of the SANS curves of PSPP498-b-PNIPMAM144 in 0.004 M NaBr in 

D2O. In regime II, the correlation length ξsolv (describing the correlation in the hydrophilic 

PNIPMAM shell) decreasing from 8.8 ± 0.9 nm at 29 °C to 5.8 ± 0.5 nm at 49 °C (Table A.8 

in the appendix A). This indicates weakening of the attractive interactions between the PSPP 

segments. ξsolv is unaffected by the presence of NaBr within the precision of the 

measurements. The solvation Porod exponent, m, is unchanged, i.e. around 2. The scaling 

factor C decreases from 13.4 ± 1.2 cm-1 at 29 °C to 7.1 ± 0.7 cm-1 at 49 °C. These values are 

slightly higher compared to the ones obtained in salt-free solution; thus, interpolymer 

interactions are strengthened due to the screening effect of the salt, in agreement with the 

upwards shift of CPUCST. The average distance between the charged domains, d0, is 83 ± 11 

nm at 29 °C and at 39 °C and 103 ± 10 nm at 49 ºC. d0 is on average 8 nm larger than in salt-
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free solution, which is due to the electrostatic screening, and the difference is most 

pronounced close to CPLCST. In contrast to the salt-free polymer solution, the Guinier 

approximation has to be applied to describe the observed upturn at low q values at all 

temperatures in regime II. Aggregates with radii of gyration Rg decreasing from about 91 nm 

at 29 ºC, to 60 nm at 39 ºC and further to 36 nm at 49 ºC are formed. The Guinier scaling 

factor decreases from 29 ºC to 39 ºC from about 6 to 2 cm-1, indicating a decrease of the 

fraction of the aggregates above the UCST-type transition. It increases to 10 cm-1 at 49 ºC, 

which is 3 times higher compared to the one in salt-free solution. Screening by salt thus 

breaks up the larger aggregates/more homogeneous large-scale structure observed in salt-free 

solution, and the scattering of the aggregates moves into the accessible q-range. 

In regime I, fitting Eq. 6.2 reveals a similar trend for all parameters as in salt-free solution, 

however, with the following differences (Table A.9 in the appendix A, Figure 6.8): The 

correlation length solv increases by a factor of about 1.4. Thus, the screening of ionic 

interactions causes the formation of spherical particles with a less compact (presumed) 

PNIPMAM shell. The solvation Porod exponent m is slightly higher (by 0.05 and by 0.21 at 

22 and 15 ºC, respectively), indicating that the solvent quality of the shell improves at lower 

temperatures. The scaling factor C is 2 and 4 times higher at 22 and 15 ºC, respectively, due 

to the incipient phase separation, which already starts in regime II. Moreover, d0 is on average 

about 20 nm larger. The Porod exponent and amplitude are unchanged.  

The following differences are revealed when comparing the fitting parameters using Eq. 6.1 

with and without NaBr addition: The sphere radius ravg is only 1.3 nm larger at 22 ºC, but 11 

nm larger at 15 ºC with a lower polydispersity at 15 °C:  p = 0.49 ± 0.06 at 22 ºC and p = 

0.34 ± 0.02 at 15 ºC (Table A.9 in the appendix A, Figure 6.8B). RHS is on average 8 nm 

larger, indicating an increase in the space between the (larger) spheres. OZ differs only at 15 

ºC, where it is around 4 nm smaller than in salt-free conditions. Most probably, the salt 

screening effect promotes the formation of more compact spherical particles at low 

temperatures and, at 15 ºC, the correlation length may also include contributions from the 

inner part of the sphere. The Porod law reveals  = 4.1 ± 0.3 with nearly the same amplitude 

as in salt-free solution, indicating a similar rate of aggregation. The SLD values are 

unchanged as well. 

In regime III, the core-shell micelles are still uncorrelated and, within the uncertainties, 

unchanged from the salt-free solution, but have a slightly larger core: rcore = 15 ± 2 nm (Table 
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A.9 in the appendix A, Figure 6.8B). The SLD value of the core is (7.0 ± 0.2) × 10-5 nm-2, 

whereas the SLD of the shell is (9.2 ± 0.8) × 10-5 nm-2, indicating around 5 % of D2O in the 

shell, which is much less compared to the salt-free conditions. The correlation length ξOZ in 

regime III, describing the correlation in the hydrophilic PSPP-rich shell, is 7.0 ± 0.6 nm, thus 

slightly lower than in salt-free conditions. ξOZ may be decreased because of the screening 

effect. Again, no forward scattering is observed. Therefore, in regime III, where micelles with 

a PNIPMAM-rich core and a PSPP-rich shell are formed, the addition of a small amount of 

salt causes the formation of the micelles with a slightly larger core and a slightly thinner shell 

than in salt-free conditions. 

6.4.3.1. Comparison of effect of salt in solutions of PSPP498-b-PNIPMAM144 

and PSPP432-b-PNIPAM200  

While the structural changes found in 0.004 M NaBr solutions of PSPP432-b-PNIPAM200 and 

PSPP498-b-PNIPMAM144 are only minor and follow the same trend, we nevertheless observe 

some specific differences.  

In regime I, the enhanced interpolymer interactions caused by the salt screening effect lead to 

a slight increase of the dimensions of the small spherical particles and an enhanced 

aggregation. These changes are more pronounced in the solution of PSPP498-b-PNIPMAM144, 

compared to those in solution of PSPP432-b-PNIPAM200. 

In accordance with the shift of CPUCST to higher temperatures, large aggregates appear in both 

systems upon salt addition, and the solvation scaling factor increases in both systems. 

Nevertheless, in regime II of both diblock copolymer solutions, the screening of the charges 

does not make the polyelectrolyte peak to disappear. The concentration of NaBr, 0.004 M, is 

too low to alter the general behavior. In regime II, it only causes an enhancement of the 

attractive interpolymer interactions, and hence, the distance between the charged domains 

increases. These enhanced attractive interactions cause the formation of a small fraction of 

aggregates (with radii decreasing from ca. 90 nm to ca. 40 nm during heating, i.e. larger close 

to CPUCST) in regime II of the PSPP498-b-PNIPMAM144 solution, and formation of large 

aggregates with smooth surface at temperatures slightly above CPUCST in the PSPP432-b-

PNIPAM200 solution.  

The changes of the core-shell micelles formed in regime III upon addition of electrolyte are 

only minor in PSPP498-b-PNIPMAM144, where the micelles are uncorrelated. In contrast, in 
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PSPP432-b-PNIPAM200, the micelles presumably form clusters and become more compact. 

Accordingly, the decrease of solvent content in the micellar shell in PSPP498-b-PNIPMAM144 

solution is around twice as large as in PSPP432-b-PNIPAM200 solution. This may be because 

the PSPP shell is not only sensitive to the presence of salt, but also to the interaction with the 

PNIPMAM block. The latter is characterized by a stronger tendency for aggregation due to 

the additional methyl group that increases its hydrophobicity. 

6.5. Conclusions 

This chapter presented a study of the influence of the architecture and the chemical nature of 

the individual blocks on the solution phase behavior for a doubly thermoresponsive diblock 

copolymers in D2O consisting of a zwitterionic (PSPP) block and a nonionic 

thermoresponsive (PNIPAM or PNIPMAM) block, which exhibit UCST and LCST behavior, 

respectively. We compare the "schizophrenic" responsive aggregation behavior of PSPP498-b-

PNIPMAM144 and PSPP498-b-PNIPMAM144 in D2O.  For both systems, CPUCST is lower than 

CPLCST, so that the zwitterionic and the nonionic blocks are hydrophilic at intermediate 

temperatures, and the diblock copolymers are water-soluble in the entire temperature range 

studied (10-65 °C). Their aggregation behavior can be controlled by two stimuli, namely 

temperature to which both blocks respond effectively though in opposite ways, and to added 

low molar mass electrolytes, which is particular to the zwitterionic block. 

By means of turbidimetry, we elucidated the cloud points (CPUCST and CPLCST) in semidilute 

solutions of the diblock copolymers and the corresponding homopolymers in D2O. 

Turbidimetric results show for both diblock copolymers the same general pattern, revealing 

three regimes of association and self-assembly. At low and high temperatures, namely below 

the UCST-type and above the LCST-type phase transitions of the blocks, the solutions are 

turbid indicating the formation of aggregates, while at intermediate temperatures, solutions 

are translucent. While the overall behavior of the systems is very similar, the cloud points are 

altered from the ones in the respective homopolymers in a different way: In PSPP432-b-

PNIPAM200, the CPUCST value markedly decreases as compared to the PSPP430 homopolymer 

while CPLCST is unchanged. In contrast, for PSPP498-b-PNIPMAM144, the CPLCST value 

markedly increases compared to the PNIPMAM195 homopolymer while CPUCST remains 

unchanged. This qualitative difference may be assigned to the steric hindrance in PNIPMAM 

due to the additional methyl group, resulting in a higher sensitivity to the environment, 

including the PSPP block and the dye-labeled end group attached.  
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Temperature-resolved SANS measurements of the diblock copolymers in D2O give structural 

information in the three regimes. Both PSPP432-b-PNIPAM200 and PSPP498-b-PNIPMAM144 

exhibit behavior similar to polyelectrolytes in solution, due to the ionic interactions between 

the PSPP chains. The difference in block lengths, the PSPP block being two/three times as 

large as the PNIPAM/PNIPMAM block, and their individual properties, such as dominating 

ionic interpolymer interactions versus hydrogen bonding with water, yield the marked 

differences of the aggregation behavior below CPUCST and above CPLCST, respectively: Below 

CPUCST, the turbid solutions are characterized by very large aggregates with a smooth surface. 

These are formed by correlated, small and homogeneous spherical particles, which are larger 

in the PSPP498-b-PNIPMAM144 solution than in the PSPP432-b-PNIPAM200 solution. In the 

intermediate temperature range, between the UCST- and LCST-type transitions, the solutions 

are optically not completely clear, but remains hazy. This is related to the concentration 

fluctuations due to the polyelectrolytic nature of the PSPP block. Above the LCST-type 

transition, the partially turbid solutions contain correlated spherical core-shell micelles with a 

polydisperse core in the solution of PSPP432-b-PNIPAM200 and uncorrelated ones in the 

solution of PSPP498-b-PNIPMAM144, the micelles are larger in the PSPP432-b-PNIPAM200 

solution. DLS in backscattering geometry confirmed the overall behavior of the systems. In 

addition, no differences are observed in SAXS measurements taken during heating and 

cooling runs, as shown at the example of PSPP498-b-PNIPMAM144.  

Thus, the aggregation behavior of PSPP430-b-PNIPAM200 and PSPP498-b-PNIPMAM144 

seems to be generic, but with larger spheres below CPUCST and smaller aggregates above 

CPLCST in PSPP498-b-PNIPMAM144. This may be partially due to the different ratio of the 

lengths of the zwitterionic to the nonionic blocks. A more important reason may be the 

chemical difference between the PNIPMAM and PNIPAM nonionic blocks which may favor 

the formation of associated structures of PNIPMAM below its CPLCST, and stronger 

hydrophobic aggregation of the polymer chains above. An additional reason may be 

interactions of the PNIPMAM block with the PSPP block, both disposing of the same 

polymer backbone, which do not occur for PNIPAM. 

According to the observations in the solutions of both diblock copolymers, the use of the 

LCST transition for the controlled core-shell formation and release of hydrophobic active 

substances, is more favorable than the use of the UCST transition. This conclusion is 

supported by the temperature-dependent fluorescence characteristics of hydrophobic dye 
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labels attached to the polymer ends at the example of PSPP498-b-PNIPMAM144. While the 

dye partitions preferentially into the microphase-separated domains of the nonionic block 

above its LCST-type coil-to-collapse transition, it does not incorporate into the microphase-

separated domains of the zwitterionic block provided below the UCST-type transition. 

As the CPUCST of PSPP is known to be sensitive to added electrolytes, salt effects on the 

aggregation behavior of the diblock copolymers in 0.004 M NaBr in D2O were also 

investigated by means of turbidimetry and SANS. Turbidimetry results reveal a salt-induced 

shift of CPUCST in solutions of PSPP432-b-PNIPAM200 and PSPP498-b-PNIPMAM144 to the 

higher temperature by about 1 °C and 2 °C, respectively, while CPLCST remains virtually 

unchanged. Although the salt concentration (0.004 M NaBr) is too low to alter the general 

behavior of the polymer, slight structural changes were found in all regimes for both systems: 

enhanced aggregation and increased radii of the small spheres in regime I, an increased 

distance between the charged domains in regime II, and in regime III, decreased micellar 

dimensions in the PSPP432-b-PNIPAM200 solution and increased micellar core dimensions in 

the PSPP498-b-PNIPMAM144 solution. We explain this by screening of the ionic interactions 

between the polymer attached charged groups. 

Thus, the UCST- and LCST-type transition temperatures can be controlled by the selection of 

the nonionic thermoresponsive block as well as by the lengths of both blocks. Moreover, the 

UCST-type transition can be altered by addition of low molar mass electrolytes, without 

affecting the LCST-type transition.  
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7. “Schizophrenic” behavior - substitution of the 

polysulfobetaine block 

In the previous chapter, we investigated the influence of the architecture and the nonionic 

block substitution on the self-assembly in aqueous solutions of the block copolymers 

consisting of a zwitterionic polysulfobetaine PSPP block and a nonionic thermoresponsive 

PNIPMAM or PNIPAM block.  In the present chapter, we will study the aggregation 

behavior in aqueous solution of twofold thermoresponsive diblock copolymers consisting of a 

zwitterionic polysulfobetaine PSBP block and a PNIPMAM or PNIPMAM nonionic block, 

namely PSBP78-b-PNIPAM100 and PSBP78-b-PNIPMAM115, and compare their behavior to 

those of PSPP430-b-PNIPAM200 and PSPP498-b-PNIPAM144, described in chapter 6. This way, 

we address the question how the nature of polysulfobetaine monomer influences the behavior 

of the diblock copolymers with PNIPAM and PNIPMAM blocks. PSBP has a spacer group 

extended by one methylene group and a higher CPUCST compared to PSPP (see paragraph 

4.3). Thus, in the solutions of the diblock copolymers with a PSBP block, the CPUCST is 

expected to be higher than CPLCST, i.e. regime II’ may be encountered (Figure 3.2). This 

allows us to study the aggregation behavior at each phase transition, maximizing the impact 

of the other block properties, in contrast to the previous study of the systems with a PSPP 

block (chapter 6) where the impact was minimum. 

The CPUCST of the ionic-strength sensitive PSBP has previously been found to decrease 

monotonously with increasing salt (sodium halide) concentration,32 in contrast to PSPP, 

where CPUCST has nonlinear behavior.31 Therefore, in the systems with PSBP the salting-in 

effect upon NaBr addition might result in a decrese of CPUCST, and hence, in the change of 

the regime II’ on regime II (Figure 3.2).  

The strategy of the study is similar to the one presented in chapter 6, with the only difference 

that DLS measurements was not performed. We will discuss the results of the turbidimetric 

investigations of phase behavior of the homo- and diblock copolymers and the detailed 

structural studies of the diblock copolymers explored by SANS measurements in salt-free 

solution and in the presence of electrolyte (NaBr at concentration 0.004 M). The details of 

sample preparation can be found in paragraph 4.5.1. 
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7.1. Experimental set-up 

Turbidimetry. Cloud points were determined by means of turbidimetry following the 

procedure described in chapter 6 with the only difference that measurements of the PSBP78-b-

PNIPAM100 and PSBP78-b-PNIPMAM115 solutions were performed during heating form 35 

ºC to 65 ºC and cooling from 35 ºC to 15 °C. 

Small-angle neutron scattering (SANS). SANS experiments were performed at the instrument 

KWS-1 at the JCNS outstation at MLZ in Garching, Germany. The incident neutrons had a 

wavelength λ = 0.45 nm with a spread of 10 %. A q-range from 0.03 to 4.7 nm-1 was covered. 

Samples were mounted in quartz glass cells from Hellma Analytics with a neutron path of 1 

mm. Boron carbide was used for measurement of the dark current, poly(methyl methacrylate) 

for the detector sensitivity and calibration of the intensity. The sample transmission was 

measured. The scattered intensity curves were azimuthally averaged and corrected for 

background scattering from the solvent-filled cell and parasitic scattering, taking into account 

transmissions with the software package QtiKWS provided by JCNS. 

The diblock copolymers PSBP78-b-PNIPAM100 and PSBP78-b-PNIPMAM115 were measured 

in pure D2O and PSBP78-b-PNIPMAM115 additionally in 0.004 M NaBr in D2O. 

Measurements of the PSBP78-b-PNIPAM100 solution were performed while heating from 10 

°C to 50 °C in steps of 10 °C. The PSBP78-b-PNIPMAM115 solution was heated from 20 °C 

to 65 °C in steps of 5 °C. In both cases, a copper sample holder and an inner flow circuit 

connected to a thermostat were used. After each temperature change, a thermal equilibration 

time of 15 min was applied. The measuring times were 30 min, 15 min and 5 min at the 

sample-detector distances (SDDs) of 20.00 m, 7.99 m and 1.99 m, respectively. 

Modeling of the SANS curves. To describe the SANS curves of the PSBP78-b-PNIPAM100 and 

PSBP78-b-PNIPMAM115 solutions in regimes I and III, the model function described in 

chapter 6 in Eq. 6.1, was used. For the curves in regime I, the form factor of polydisperse, 

homogeneous spheres (Eqs. 5.19-21) was applied. It reveals the average radius avgr  with the 

polydispersity p modeled by the Schulz distribution, taking into account the difference in 

scattering length densities (SLD) of the sphere, sphere , and the solvent, solvent , (values 

used see below). In regime III, the form factor of flexible cylinders with polydisperse radius 

Pcyl(q) is more applicable (Eqs. 5.24-32). Pcyl(q) reveals the average cylinder radius cylR  



7. “Schizophrenic” behavior - substitution of the polysulfobetaine block 

 

93 
 

with the polydispersity p modeled by the Schulz distribution, the contour length L and Kuhn 

length b, taking into account the differences in SLDs of the cylinder, cyl , and the solvent, 

solv . The scattering curves of the PSBP78-b-PNIPMAM115 solution in 0.004 M NaBr in 

D2O at 35-45 °C, i.e. in regime II, were additionally analyzed using the solvation model 

described in chapter 6 in Eq. 6.2. 

The incoherent background was fixed at 0.6 nm-1. The SLD value of PSBP was calculated 

using the mass density, assuming 1.0 g cm-3 for PSBP (estimated from the constituent 

elements and assuming a density of 1.0 g cm-3, typical for organic polymers), PSBP  ≈ 7.3 × 

10−5 nm−2. OD2
 = 6.3 × 10−4 nm−2,  PNIPAM  = 8.1 × 10−5 nm−2, PNIPMAM  = 6.8 × 10−5 

nm−2 (for details see chapter 6). According to the similarity of the SLD values for 

PNIPAM/PNIPMAM and PSBP, the SLD values of the spherical or cylindrical particles        

( cylinder  or sphere ) in regimes I and III, respectively, were kept in the range (7.3-8.1) × 10-5 

nm-2 for PSBP78-b-PNIPMAM100, or at (6.8-7.3) × 10-5 nm-2 for PSBP78-b-PNIPMAM115, 

which correspond to an average of the SLD values of pure PSBP and PNIPAM or 

PNIPMAM, respectively. Thus, we assumed that the micelles do not contain D2O. 

7.2. Phase behavior 

Using turbidimetry, the cloud point of a 50 g L-1 solution of the homopolymer PSBP78 in salt-

free D2O was determined during a cooling run (not shown), CPUCST (PSBP78) = 78.2 ± 0.5 ºC. 

The cloud points of PNIPAM and PNIPMAM are known from literature to be about 32 ºC 

and 44 ºC.107-111 In solutions of both PSBP78-b-PNIPAM100 and PSBP78-b-PNIPMAM115 the 

UCST-type transition is expected to be above the LCST-type transition. The overlap of the 

cloud points is expected to be stronger in the solution of PSBP78-b-PNIPAM100. 

Figure 7.1a shows representative light transmission curves of 50 g L-1 solutions of PSBP78-b-

PNIPAM100 in salt-free D2O and in 0.004 M NaBr in D2O. In salt-free solution, only ca. 2.8 

% of light is transmitted, thus the transmission of light is virtually blocked in the entire 

temperature range investigated. An increase of the light transmission caused by macroscopic 

precipitation in the case when CPUCST is higher than CPLCST or when the chains are dissolved 

in the case of the reverse order of the cloud points, was not observed. This may be due to 

very close values of the CPUCST and CPLCST. Addition of NaBr causes a slight increase of the 
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light transmission in the range of 27-34 °C, due to a shift of CPUCST of the PSBP block to 

lower temperatures. However, the increase amounts only to 1.2 %. This may be due to the 

very gradual transmission increase below the UCST-type transition; the LCST-type transition 

occurs before the attractive interactions in the PSBP block get sufficiently weak. Therefore, 

the three regimes distinguished in the transmission curves of the diblock copolymer in 0.004 

M NaBr in D2O may be indicated as I, II and III, according to the scenario described in 

chapter 3 (Figure 3.2): In regimes I and III, the transmission of light is low due to the micelle 

formation with reversed core-shell structure. In regime II, the light transmission is enhanced 

due to the incipient weakening of the polymer-polymer interactions in the PSBP block. 

 

Figure 7.1: Light transmission curves of 50 g L-1 solutions of PSBP78-b-PNIPAM100 (a) and 

PSBP78-b-PNIPMAM115 (b) in salt-free D2O (), in 0.002 M NaBr (), and in 0.004 M 

NaBr () in D2O. The lines show the onset of CPUCST in 0.002 M NaBr () and 0.004 M 

NaBr in D2O (), as well as CPLCST in all solutions (). 

A notably higher LCST transition of PNIPMAM compared to the one of PNIPAM could 

result in the enlarged temperature window between the onset of CPUCST and CPLCST in the 

solution of PSBP78-b-PNIPMAM115 compared to the one in the solution of PSBP78-b-

PNIPAM100. Representative light transmission curves of 50 g L-1 solutions of PSBP78-b-

PNIPMAM115 in salt-free D2O, in 0.002 M and 0.004 M NaBr in D2O are shown in Figure 

7.1b. In salt-free conditions, the light transmission increases smoothly from ca. 3.2 % to 3.7 

% during heating from 15 ºC to 43 ºC. The sharp decrease of the light transmission at 43 ºC 

indicates a phase transition. Above this temperature, the transmission of light is virtually 

blocked, only ca. 2.6 % of light is transmitted. One of the possible reasons of the slightly 

higher light transmission below 43 ºC is the very gradual transmission increase below the 

UCST-type transmission of the PSBP block. Another reason may lie in the properties of 
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PNIPMAM block: its increased hydrophobicity, compared to PNIPAM, due to the additional 

methyl group, may enforce aggregation already below CPLCST (for details see paragraph 

6.4.1). The light transmission increases in the solutions of PSBP78-b-PNIPMAM115 in 0.002 

M and 0.004 M NaBr in D2O in the ranges of 33–43 °C and 27–43 °C, respectively. The 

transition at 43 °C, which is unchanged in both salt-free solution and solutions with salt, is 

assigned to the CPLCST of PNIPMAM, which is not expected to be susceptible to low molar 

mass salts, especially at low concentrations. Similar to the observations in the solution of 

PSBP78-b-PNIPAM100 in 0.004 M NaBr in D2O, the lower transition may be assigned to the 

onset of the UCST-type transition. This onset decreases with an increase of the concentration 

of NaBr, confirming sensitivity of the PSBP block to low concentrations of added salt. Three 

regimes are distinguished in the transmission curves indicated as I, II and III (Figure 7.1b). In 

regimes I and III, the transmission of light is blocked. In regime II, only ca. 3.8 % of light is 

still transmitted, i.e. only 0.4-1.0 % higher than in regimes I and III. Thus, the attractive 

interactions between PSBP segments are only slightly affected by the low concentration of 

NaBr. The light transmission in regime III (above 43 °C) is slightly higher in solutions with 

NaBr, compared to the one in salt-free conditions. This may be due to the salt screening 

effect and ion sensitivity of the zwitterionic PSBP, which presumably compose a shell 

surrounding the PNIPMAM-rich core in regime III. This indicates that attractive interactions 

in PSBP are present even above the LCST-type transition. 

The values of the CPLCST determined in the solutions of PSBP78-b-PNIPAM100 and PSBP78-b-

PNIPMAM115, namely 34 and 43 °C, respectively, are close to those known from the 

literature for PNIPAM (32 °C) and PNIPMAM (44 °C). Thus, the CPLCST values in the 

solutions of both diblock copolymers are not susceptible to the presence of salt and to the 

polymer architecture, namely presence of the PSBP block. The CPUCST values could not be 

precisely determined due to  the proximity of the CPLCST. Only the onset of the UCST-type 

transitions is observed below or close to the LCST-type transitions in the salt-free solution of 

PSBP78-b-PNIPMAM115 and in solutions with NaBr of both diblock copolymers. 

Nevertheless, we may conclude that the CPUCST in the diblock copolymers solutions has 

significantly decreased, compared to the one of the homopolymer PSBP78. Thus, the CPUCST 

of PSBP is altered by the coupling to the PNIPAM/PNIPMAM block and by low 

concentrations of added low molar mass, i.e., it depends on the polymer architecture and the 

environment. 
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When comparing the values of the cloud points in the 50 g L-1 solutions of PSBP78-b-

PNIPAM100 and PSBP78-b-PNIPMAM115 in 0.004 M NaBr in D2O, a difference is revealed in 

the CPLCST value, while the onset of CPUCST is identical. The CPLCST value of PSPP432-b-

PNIPAM200 is ca. 8 ºC lower, which is in agreement with the fact that the CPLCST value of the 

PNIPAM homopolymer is ca. 10 ºC lower than the one of PNIPMAM. Thus, the gap between 

the onset of the UCST-type transition and the LCST-type transition is maximum in the 

solution of PSBP78-b-PNIPMAM115 in 0.004 M NaBr, as intended. 

7.3. Structural investigations using SANS  

To identify the structural changes, being at the origin of the observed phase behavior of the 

diblock copolymers PSBP78-b-PNIPAM100 and PSBP78-b-PNIPMAM115, temperature-

resolved SANS measurements of a 50 g L-1 solution were carried out. 

7.3.1. Self-assembled structures in solutions of the diblock copolymers  

Figure 7.2 presents the SANS curves of the salt-free solutions of PSBP78-b-PNIPAM100 and 

PSBP78-b-PNIPMAM115 in D2O during heating. Only two regimes are clearly discernible by 

the curve shapes, presumably indicated as regimes I and III according to the turbidimetric 

measurements. The SANS curves of the PSBP78-b-PNIPAM100 solution in regime I (blue) 

feature a smooth decay starting at the lowest q values with a shallow maximum at ca. 0.1   

nm-1, which become flat above ca. 2 nm-1. The curves in regime III (red) decays up to ca. 

0.09 nm-1, then feature three peaks at 0.16, 0.28 and 0.43 nm-1 at 50 °C and at 0.17, 0.32 and 

0.46 nm-1 at 40 °C. The curve leveling off at ca. 2 nm-1. The curves of the PSBP78-b-

PNIPMAM115 solution are very similar to those of PSBP78-b-PNIPAM100, with some 

differences in regimes I and III: The overall intensity and the intensity of shallow maximum 

decrease during heating up to 45 °C. The curves in regime III (red) decay up to ca. 0.07 nm-1, 

then only two peaks are observed at 0.14 and 0.4 nm-1, and the second peak is less 

pronounced at 50 °C. 



7. “Schizophrenic” behavior - substitution of the polysulfobetaine block 

 

97 
 

 

Figure 7.2: SANS curves from a 50 g L-1 salt-free solution of PSBP78-b-PNIPAM100 (a, c) 

and PSBP78-b-PNIPMAM115 (b, d) in D2O (symbols), where every third point is shown for 

clarity, together with the fitting curves () obtained using Eq. 6.1, see details below. In (c) 

and (d) the curves are shifted in intensity by a factor of 50 with respect to each other for 

better visibility. Regimes I and III are indicated by the blue and red color, respectively. 

The dramatic changes in the curves of PSBP78-b-PNIPAM100 are observed at 30-40 °C, which 

is in agreement with the CPLCST value (ca. 34 °C) found in the turbidimetric measurements. In 

contrast, the changes in the curves of PSBP78-b-PNIPMAM115 are observed at 45-50 °C, but 

the CPLCST was found at 43 °C. Most probably this is due to the difference in the 

measurement protocols: Prior turbidimetry measurements, the sample solution was 

equilibrated at 35 °C, after which heating and cooling runs were measured. During SANS 

measurements, the sample was measured during a heating run starting at 20 °C, and 

equilibration of 15 min at each temperature may have been too short. At 45 °C, the proximity 

of the CPUCST and CPLCST may result in competition of the attractive interactions in the PSBP 
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and PNIPMAM blocks and cause a delay. The delay is observed only in solution of PSBP78-

b-PNIPMAM115, which was measured in steps of 5 °C, whereas for the solution of PSBP78-b-

PNIPAM100 the step width was 10 °C, and no delay was detected. 

To analyze the structures, model fits were carried out. Figure B.1 in the appendix B shows 

two examples of the best fits to the scattering curves for both solutions of PSBP78-b-

PNIPAM100 (Figure B.1a,c) and PSBP78-b-PNIPMAM115 (Figure B.1b,d) using the model 

function described above (chapter 6, Eq. 6.1). The fits are good in both regimes and reveal 

substantial structural changes during heating from regime I to regime III. The results of the 

fits for PSBP78-b-PNIPAM100 are summarized in Tables B.1 and B.2 in the appendix B and 

for PSBP78-b-PNIPMAM115 in Tables B.3 and B.4 in the appendix B.  

Results of the analysis of the SANS curves of PSBP78-b-PNIPAM100. In regime I of PSBP78-b-

PNIPAM100, micelle formation is expected (Figure 3.2). The SANS curves were decently 

fitted using the model described in Eq. 6.1, based on spheres correlated by a hard-sphere 

structure factor, plus an Ornstein-Zernike structure factor and a Porod term to describe 

intensity fluctuations at high and low q values, respectively (Figure B.1a in the appendix B). 

The polydisperse spherical particles have an average sphere radius ravg = 14 ± 2 nm with a 

polydispersity slightly increasing from p = 0.22 ± 0.02 at 10 °C to p = 0.28 ± 0.03 at 30 °C 

(Table B.1 in the appendix B, Figure 7.3A). The average hard-sphere radius is RHS = 25 ± 4 

nm, which is almost twice the average radius. The volume fraction of correlated micelles, , 

decreases from ca. 0.15 at 10 ºC to ca. 0.04 at 30 ºC. This indicates a weak correlation 

between the spherical particles, which becomes even weaker during heating. Ornstein-

Zernike (OZ) structure factor reveals that ξOZ increases from 1.5 ± 0.2 nm at 10 °C to 3.6 ± 

0.3 nm at 30 °C. ξOZ is much lower than the spherical radius. The low ξOZ may comprise the 

concentration fluctuations in the inner part and the shell, its increase indicates that the spheres 

(or their shells particularly) are getting more loose during heating to CPUCST. The Porod 

exponent α = 4.0 ± 0.3 indicates formation of large compact aggregates with smooth surfaces. 

However, the contribution of a Porod term is weak, indicating a low fraction of the 

aggregates. Altogether, in regime I, small correlated spheres seem to form with a 

polydisperse radius. These spheres form a low fraction of large aggregates with smooth 

surfaces.  
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Figure 7.3: Results from fitting using Eq. 6.1 to the SANS curves of (A) PSBP78-b-

PNIPAM100 and (B) PSBP78-b-PNIPMAM115 in Figure 7.2. Temperature dependence of the 

micellar radius, ravg, (), rcyl, ( ), contour cylinder length, l, (), the hard-sphere radius, RHS 

() (a); of the correlation length, ξOZ (b), of the polydispersity of the micellar radius, p (c), of 

the hard-sphere volume fraction, ƞ (d), and of the Porod exponent 𝛼 values (e). In some cases, 

the symbol size is larger than the error bar. (): CPLCST values from turbidimetry. Regimes I 

and III are indicated on top of the graph. 

The complex shape of the curves in regime III is very different from those in regime I. The 

best fits were achieved using the model (Eq. 6.1) based on flexible cylinders correlated by a 

hard-sphere structure factor, plus a solvation term, which is used to describe the correlation 

peak at a rather high q-value, which is typical of polyelectrolytes in salt-free solution,224 

together with the Porod term (Figure B.1c in the appendix B). Thus, in regime III, flexible 

cylindrical particles with a polydisperse core are formed, accompanied at small length scales 

by concentration fluctuations typical for polyelectrolytes in salt-free solution. The average 
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cylindrical core radius Ravg slightly increases from 10.6 ± 1.0 nm at 40 ºC to 11.9 ± 1.2 nm at 

50 ºC, with a moderate polydispersity, which, in turn, decreases during heating from p = 0.21 

± 0.02 at 40 ºC to 0.16 ± 0.02 at 50 ºC (Table B.2 in the appendix B, Figure 8.3A). The 

average contour length of the cylinders increases during heating from L = 23 ± 2 nm at 40 ºC 

to 36 ± 4 nm at 50 ºC, along with the increase of the average Kuhn length from b = 10 ± 1 nm 

at 40 ºC and 16 ± 2 nm at 50 ºC. Kuhn length describes the length of hypothetical segments 

that can be considered as freely joined, i.e. the local stiffness of the chain. The increase of the 

Kuhn length and the contour length during heating indicates that there is no change in the 

stiffness of the cylinders, as the ratio L/b is identical at 40 and 50 °C, namely 2.3. We 

assume, that in regime III, the strong attractive interactions in both PNIPAM and PSBP 

blocks lead to the formation of cylinders with a PNIPAM-rich core presumably covered by a 

PSBP-rich shell. The cylinders aggregate apparently by attaching to each other’s ends, thus 

forming longer cylinders with a minor increase in the core radius during heating. The hard-

sphere structure factor reveals the correlation between the micelles with distance 2RHS 

increasing from 38 ± 4 nm at 40 ºC to 44 ± 6 nm at 50 ºC. RHS is larger than the micelle 

radius, but smaller than the contour length and follows the same trend as both these 

parameters. The hard-sphere volume fraction of correlated cylindrical micelles, , is about 

0.48 ± 0.07, i.e. much stronger than in regime I. The solvation term reveals ξsolv increasing 

from 4.7 ± 0.4 nm at 40 ºC to 7.9 ± 0.8 nm at 50 ºC. We assume that ξsolv describes the 

correlation in the PSBP-rich shell surrounding PNIPAM-rich core. The increase of ξsolv may 

be assigned to the weakening of the interactions between PSBP segments. The solvation 

Porod exponent decreasing from m = 1.36 ± 0.12 at 40 °C to 0.94 ± 0.10 at 50 °C, indicating 

a decline of the solvent conditions for the entire polymer and continuous aggregation. The 

scaling factor decreased slightly from C = 1.7 ± 0.1 cm-1 at 40 °C to 1.5 ± 0.1 at 50 °C cm-1, 

the value is slightly higher closer to the cloud points. d0 is around 15 ± 2 nm, which is a 

moderate value, most probably due to the strong polymer-polymer interactions in the entire 

diblock copolymer. The d0 value is smaller than 2RHS, which is around 41 ± 9 nm, but the 

trend is the same. The Porod law indicates the presence of compact aggregates with very 

smooth surfaces, α = 4.8 ± 0.3. Moreover, the contribution of a Porod term in regime III is 

much more pronounced than in regime I, indicating much higher fraction of large aggregates. 

Altogether, in regime III, cylinders seem to form with a polydisperse radius and a correlation 

length of a few nm. These cylinders are correlated; moreover, they form large aggregates 

with very smooth surface. 
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Results of the analysis of the SANS curves of PSBP78-b-PNIPMAM115. For the fitting of the 

curves of PSBP78-b-PNIPMAM115 in regime I and III the model described in Eq. 6.1 with the 

same contributions as for PSBP78-b-PNIPAM100 was used (Figure B.1b,d in the appendix B). 

In regime I, the polydisperse spherical particles have an average sphere radius ravg = 12.0 ± 

1.3 nm with a moderate polydispersity decreasing from p = 0.27 ± 0.04 at 20-35 °C to 0.22 ± 

0.02 at 40 °C and 0.10 ± 0.01 at 45 °C (Table B.3 in the appendix B, Figure 7.3B). The 

average hard-sphere radius decreasing from RHS = 23 ± 3 nm at 10-40 °C to 19 ± 2 at 45 °C. 

RHS is twice larger than the micelle radius, i.e. the spheres are spaced. The hard-sphere 

volume fraction of spherical micelles, , decreases from ca. 0.11 at 20 ºC to ca. 0.04 at 40 ºC 

with a subsequent increase back to 0.09 at 45 °C. The very weak correlation of the spherical 

particles becomes even weaker at 40 °C and slightly enhances at 45 °C.  The Ornstein-

Zernike term reveals ξOZ increasing from 3.5 ± 0.2 nm at 20 °C to 7.3 ± 0.8 nm at 40 °C and 

decreasing to 6.9 ± 0.5 nm at 45 °C, indicating that the shell of the particles is getting less 

compact during heating and slightly back at 45 °C. The Porod exponent decreases from α = 

4.0 ± 0.2 at 20 °C to 3.5 ± 0.1 at 35 °C with a subsequent increase to 4.1 ± 0.2 at 45 °C, 

which confirms the presence of compact aggregates with smooth surfaces which are getting 

more rough during heating to 35 °C and become smooth again at 45 °C. The minor changes 

of parameters observed at 40 °C compared to those at lower temperatures, may be due to the 

improvement of the solvent conditions for the PSBP block close to its CPUCST and the 

changes at 45 °C due to the proximity of the CPLCST of the PNIPMAM block. 

In regime III, the average core radius of flexible cylindrical particles increases from 10.1 ± 

1.1 nm at 50 ºC to 13.5 ± 1.2 nm at 65 ºC, respectively, with a polydispersity decreasing 

during heating from p = 0.50 ± 0.05 at 50 ºC to 0.16 ± 0.01 at 55-65 ºC (Table B.4 in the 

appendix B, Figure 7.3B). The average contour length of the cylinders grows rapidly from L 

= 25 ± 2 nm at 50 ºC to 54 ± 5 nm at 65 ºC, with the average Kuhn length increasing from b = 

16 ± 2 nm at 50 ºC to 18 ± 2 nm at 55-65 ºC. The ratio L/b increases during heating from 1.7 

on average at 50-60 °C to 3 at 65 °C, indicating a decrease of the stiffness of the cylinders 

above 60 °C. One of the possible reasons is the weakening of the attractive interactions in the 

PSBP block. The hard-sphere structure factor reveals the correlation between the micelles 

with half the interparticle distance 2RHS = 44 ± 6 nm. 2RHS is larger than the micelle radius 

and the contour length at 50-60 ºC, but smaller than the contour length at 65 °C. The hard-

sphere volume fraction of correlated cylindrical micelles  = 0.36 ± 0.04 is much higher than 

the one of correlated spheres in regime I. The solvation term reveals ξsolv increasing from 4.2 
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± 0.2 nm at 50 ºC to 5.8 ± 0.4 nm at 65 ºC. ξsolv describes the correlations in the micellar 

PSBP-rich shell, its increase during heating is related to the continuous aggregation of the 

PNIPMAM block and the weakening of the attractive ionic interactions between the PSBP 

segments. The solvation Porod exponent decreases from m = 1.59 ± 0.21 nm at 50 ºC to 1.16 

± 0.11 nm at 65 ºC, indicating that the polymer is in bad solvent conditions, which are getting 

worse during heating. The scaling factor decreases from C = 3.2 ± 0.2 cm-1 at 50 ºC to 1.6 ± 

0.2 cm-1 at 65 ºC, which is an indication of the phase separation at 50 °C. d0 decreases from 

17 ± 2 nm at 50 ºC to 14 ± 3 nm at 55-65 ºC, due to the strengthening of polymer-polymer 

interactions in the diblock copolymer during heating related to the PNIPMAM aggregation. 

The d0 value is much smaller than 2RHS, which is around 44 ± 4 nm. The forward scattering at 

low q values is again described by the Porod law with an exponent increasing from α = 4.7 ± 

0.3 at 50 ºC to 4.9 ± 0.3 at 65 ºC, which confirms the presence of compact aggregates with 

very smooth surface. Similar to the observations in the solution of PSBP78-b-PNIPAM100, the 

contribution of a Porod term in regime III is more pronounced than in regime I, indicating 

higher fraction of large aggregates. 

7.3.1.1. Comparison of the self-assembled structures in salt-free solutions of 

PSBP78-b-PNIPAM100 and PSBP78-b-PNIPMAM115 

Figure 7.4 shows the structures in the three regimes, according to SANS and expectations 

relating to the (aggregated) behavior. The overall behavior of PSBP78-b-PNIPAM100 and 

PSBP78-b-PNIPMAM115 in salt-free solution is similar. No intermediate regime II was 

observed neither from the view of the SANS curves of both diblock copolymers, nor from 

results of their fitting. In regimes I and III of both diblock copolymers, spherical and 

cylindrical micelles are formed, respectively. Besides the different shape, the micelles in 

regime III are more strongly correlated compared to those in regime I and cause stronger 

aggregation. This results in the formation of higher fraction of large aggregates in regime III. 

The difference may be attributed to strong attractive polymer-polymer interactions in both 

blocks in regime III, while in regime I, the aggregation mainly caused by the interactions in 

the PSBP block. The concentration fluctuations in the shell of the particles in regime III, 

described by a solvation term, prove the strong interaction between PSBP segments due to 

the proximity of the CPUCST to CPLCST.  
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Figure 7.4: Schematic representation of the micelles in 50 g L-1 salt-free solutions of (A) 

PSBP78-b-PNIPMAM115 and (B) PSBP78-b-PNIPMAM115 in the two regimes as indicated. 

Red: PSBP block, blue: PNIPMAM block. Approximate value position of CPLCST (). 

Two factors have to be considered when comparing the SANS results from the PSBP78-b-

PNIPAM100 and PSBP78-b-PNIPMAM115 solutions in salt-free D2O: (i) The lengths of the 

nonionic blocks and, accordingly, the composition of the diblock copolymers are slightly 

different: in PSBP78-b-PNIPAM100, the PNIPAM block is 1.3 times longer than PSBP, 

whereas in PSBP78-b-PNIPMAM115 the PNIPMAM block is 1.5 times longer than PSBP. (ii) 

PNIPMAM forms aggregates already below the cloud point which is not the case in PNIPAM 

solutions (see paragraph 6.4.1). 

In regime I, the overall scattering intensity is similar at low temperatures, but during heating 

it decreases for the PSBP78-b-PNIPMAM115 solution, which is mainly due to the decrease of 

the forward scattering. This is related to an increase of the roughness of the aggregates 

surfaces, and, on mesoscopic length scales, to the pronounced increase of the correlation 

length, which describes mainly the correlation in the hydrophilic PNIPMAM shell 

surrounding the collapsed PSBP in the core, in the PSBP78-b-PNIPMAM115 solution. A 

possible reason may be start of disengagement of the overlapped PSBP coils in accordance 

with turbidimetry measurements results, which reveal a very gradual increase of the 

transmission below the UCST-type transition. Nevertheless, the average radius of small 

spherical particles is stable during heating and is about 13 ± 1 nm in both PSBP78-b-

PNIPAM100 and PSBP78-b-PNIPMAM115 solutions.  

In regime III, the overall scattering intensity in PSBP78-b-PNIPAM100 is lower, especially at 

q-values below 0.2 nm-1, which is due to the lower PNIPAM block length, compared to 

PNIPMAM. Very large aggregates in regime III are formed from cylindrical micelles with 

the comparable micellar radius in the solutions of PSBP78-b-PNIPAM100 (about 11 nm) and 
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PSBP78-b-PNIPMAM115 (about 13). The contour length increases during heating from 23 nm 

at 40 °C to 36 nm at 50 °C in the solution of PSBP78-b-PNIPAM100 and from 25 nm at 50 °C 

to 54 nm at 65 °C in the solution of PSBP78-b-PNIPMAM115. Thus, the dimensions of the 

cylindrical particles are slightly larger in the PSBP78-b-PNIPMAM115 solution, moreover, the 

micelles are more correlated. We suspect that, in the PSBP78-b-PNIPMAM115 solution, 

aggregation of the cylindrical micelles proceeds more easily compared to the one in PSBP78-

b-PNIPAM100 due to both, the lover fraction of PSBP and hence the comparably smaller 

impact of the polyelectrolyte properties of the PSBP block, and the stronger tendency to 

aggregation of PNIPMAM. The stiffness of the cylinders is unchanged in the solution of 

PSBP78-b-PNIPAM100, while in the solution of PSBP78-b-PNIPMAM115 it is decreased at 65 

°C, which may be caused by changes in the interactions in PSBP, namely achievement of the 

CPUCST. 

The core-shell structure of the micelles expected in regimes I and III could not be resolved, 

which may be due to the fact that the aggregation is governed by ionic interactions in the 

PSBP block in regime I, and by interactions in the PNIPAM/PNIPMAM block in regime III, 

which are, in turn, complicated by the interactions with PSBP block due to the proximity of 

the values of CPUCST and CPLCST. Thus, in both regimes, homogeneous micelle-like 

associates are formed instead of distinct core-shell micelles.  

7.3.2. Electrolyte effect 

Turbidimetry results reveals a marginal increase of the light transmission in the intermediate 

temperature ranges, from 27 °C to 35 °C and from 27 °C to 43 °C for the PSBP78-b-

PNIPAM100 and PSBP78-b-PNIPMAM115 solutions, respectively (Figure 7.1). Temperature-

dependent SANS measurements were performed at the example of a 50 g L-1 solution of 

PSBP78-b-PNIPMAM115 in 0.004 M NaBr in D2O in order to gain information about the 

structural changes caused by electrolyte addition (Figure 7.5). The onset of CPUCST of 

PSBP78-b-PNIPMAM115 is found to decrease by about 6 °C in 0.004 M NaBr in D2O, 

compared to the one in 0.002 M NaBr in D2O. From these we assume that the decrease of the 

CPUCST is more than 6 °C compared to the value in salt-free D2O, which cannot be resolved 

precisely (see above). 
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Figure 7.5: SANS curves from a 50 g L-1 solution of PSBP78-b-PNIPMAM115 in salt-free 

D2O (open symbols, from Figure 7.2d) and in 0.004 M NaBr in D2O (closed symbols), where 

every third point is shown for clarity, together with the fitting curves () obtained using Eq. 

6. The curves are shifted in intensity as in Figure 7.2. Regimes I, II and III are indicated by 

the blue, green and red color, respectively. 

At 20-45 °C, i.e. below CPLCST, the SANS curves of PSBP78-b-PNIPMAM115 in 0.004 M 

NaBr in D2O feature significantly decreased forward scattering at q values below ca 0.2 nm-1 

as well as a shift of the peak to lower q values, compared to the ones in salt-free D2O (Figure 

7.2d). The shape of the curves at 45-65 °C, i.e. in regime III (red), remains unchanged in the 

q range above 0.08 nm-1; at lower q values, the intensity is slightly lower compared to the one 

in salt-free conditions. The same fitting model with the same contributions as for the curves 

from salt-free solution was used in regimes I, II (Figure B.2a in the appendix B) and III. The 

scattering curves at 35-45 °C, were additionally analyzed using the model described in Eq. 

6.2 (Figure B.2b in the appendix B). The resulting parameters for regimes I, II and III are 

compiled in Tables B.5-7 in the appendix B. 

Comparison of the fitting parameters at 20-45 °C, i.e. with regime I of the salt-free polymer 

solution, using Eq. 6.1 with and without NaBr addition reveals the following changes: In the 

solution with NaBr, the sphere radius ravg continuously decreasing during heating from 12 to 

10 nm at 20-30 ºC, i.e. around 1-2 nm lower than in salt-free conditions, and from 3 to 2 nm 

35-45 ºC, i.e. around 9 nm lower on average (Table B.5 in the appendix B, Figure 7.6). The 
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polydispersity of the radius is unchanged at 20-30 ºC, by ca. 0.6 higher at 35-40 ºC and by ca. 

0.4 higher at 45 ºC. RHS is by ca. 3 nm smaller at 20-30 °C and by ca. 6 nm at 35-45 °C, 

indicating a decrease in the distance between the (larger) spheres at 20-30 °C and an increase 

in the distance between the (smaller) spheres at 35-45 °C, where RHS is almost 6 times larger 

than ravg. The hard-sphere volume fraction is unchanged at 20-30 °C, and slightly higher at 

35-45 °C (ca. 0.03). The correlation length OZ at 20-30 ºC is around 2-3 nm higher than in 

salt-free conditions, at 35 ºC, it is nearly equal (ca. 5.7 nm) and at 40-45 ºC, it is around 2 nm 

lower. The overall trend of OZ during heating is different: while in salt-free conditions it is 

increases during heating, in 0.004 M NaBr in D2O, it increases up to 30 °C with a subsequent 

decrease. Most probably, at 20-30 °C, OZ describes the correlation length in the PNIPMAM-

rich shell of the spherical particles, while above 30 °C, the correlation length may also 

include contributions from the inner part of the sphere. The Porod term reveals  = 3.9 ± 0.3 

at 20-35 °C, which decreases to 3.3 ± 0.3 at 40-45 °C with slightly lower amplitude than in 

salt-free solution, indicating a lower rate of aggregation and change of the aggregates 

surfaces from smooth to rough above 30 °C. Similar to the salt-free solution, the Porod 

amplitude increases at 45 °C, together with the changes in other parameters (decrease of p, 

increase of η) mentioned above this indicate an increase in aggregation due to the proximity 

of the LCST-type transition. Altogether, small correlated spherical micelles seem to form in 

PSBP78-b-PNIPMAM115 in 0.004 M NaBr in D2O at 20-45 °C, with decreasing radius and 

increasing polydispersity at 35-45 °C. These micelles form large aggregates having surface 

changing from smooth to rough at 35 °C. Thus, the temperature range at 35-45 °C may be 

identified as regime II, where the attractive interactions in the PSBP block are weakened, and 

the range at 20-30 °C may be assigned to regime I, respectively. However, according to the 

turbidimetry measurements, regime II appears in solution of PSBP78-b-PNIPMAM115 in 

0.004 M NaBr in D2O at 27-43 °C, i.e. expected to be detected during SANS measurement at 

30-40 °C, i.e. at temperature on ca. 3 °C lower. The possible reason of the difference in the 

cloud points measured by turbidimetry and SANS may be related to the difference in the 

protocol and described above at the example of the curves obtained in salt-free solution. 
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Figure 7.6: Results from model fitting using Eq. 6.1 to the SANS curves in Figure 7.2 and 

7.5 from PSBP78-b-PNIPMAM115 in salt-free D2O (black symbols) and in 0.004 M NaBr in 

D2O (red symbols), respectively. Same designations as in Figure 7.3. () and (): the 

approximate onset of CPUCST and CPLCST values. Regimes I, II and III are indicated on top of 

the graph. 

According to the previous observation for the diblock copolymers with PSPP block (see 

chapter 6), namely PSPP432-b-PNIPAM200 and PSPP498-b-PNIPMAM144, in regime II was 

used the model (Eq. 6.2) describing the concentration fluctuations caused by the 

polyelectrolytic nature of the PSPP block. Therefore, the SANS curves at 35-45 °C were 

additionally fitted using this model (Eq. 6.2), were the solvation and a Porod terms are used 

to describe the correlation peak at rather high q-values and forward scattering at low q values, 

respectively. The equally well curves fit allows gaining additional structural information. The 

correlation length from the solvation term, ξsolv, decreases from 8.6 ± 0.6 nm at 35 °C to 5.1 ± 
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0.3 nm at 45 °C (Table B.6 in the appendix B). At 35 ºC, ξsolv most probably describes mainly 

the correlations in the hydrophilic PNIPMAM-rich shell surrounding the collapsed PSBP-rich 

core, while at 45 °C ξsolv reflects the molecular conformation of the entire polymer. The 

average solvation Porod exponent m = 2.0 ± 0.2, indicating tetha solvent conditions. The 

scaling factor of the solvation term, C, decreases from 40 ± 3 cm-1 at 35 °C to 22 ± 2 cm-1 at 

45 °C, i.e. the value increases close to the onset of the gradual CPUCST. The average distance 

between the charged domains is quite large and increases from d0 = 85 ± 7 nm at 35 °C to 

105 ± 10 nm at 45 °C, indicating an expanded state of both blocks in regime II. This is the 

result of (i) the ionic attraction in the PSPP block which weakens above the onset of CPUCST, 

and (ii) the stiff chain conformation of PNIPMAM below CPLCST. The Porod law reveals  

decreasing from 3.3 ± 0.1 at 35 °C to 2.8 ± 0.1 at 45 °C, with slightly lower amplitude than in 

salt-free solution, indicating a lower rate of aggregation and change of the aggregates surface 

from smooth to rough. 

In regime III, the average radius of the flexible cylinders is unchanged, only close to CPLCST, 

namely at 50 °C, a slightly larger radius compared to the one in salt-free conditions was 

found (ca. 2 nm larger). The average contour length of the cylinders is decreased by ca. 5 nm 

at 50-60 °C and by ca. 9 nm at 65 °C and follow the same trend; the average Kuhn length is 6 

nm smaller at 50 ºC and ca. 1 nm at 55-65 ºC. Thus, besides the core radius, the cylindrical 

dimensions are decreased upon addition of NaBr at low concentration. The hard-sphere 

structure is unchanged, as well as the hard-sphere volume fraction, . The correlation length 

ξsolv in regime III increases from 4.8 ± 0.3 nm at 50 °C to 8.0 ± 0.7 nm at 65 °C, thus it is 

slightly larger than in salt-free conditions. In regime III, ξsolv presumably describes the 

correlation in the PSBP-rich shell and may be increased because of the weakening of the 

attractive interactions in PSBP block due to the salt-screening effect. The other parameters, 

including the solvation Porod exponent m, the scaling factor C and the distance between the 

charged domains d0 are nearly unchanged within the error. Thus, in the regime where 

cylindrical micelles with a PNIPMAM-rich core and a PSBP-rich shell are formed, the 

addition of a small amount of salt causes the formation of the micelles with a slightly larger 

core and smaller length than in salt-free solution. 

7.4. Influence of the zwitterionic block nature on the aggregation behavior 

To answer the question how the nature of the zwitterionic block may influence the 

aggregation behavior of the diblock copolymers with PNIPAM and PNIPMAM blocks, we 
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compare the turbidimetry and SANS results for the diblock copolymers with PSBP and PSPP 

blocks, namely PSBP78-b-PNIPAM100 and PSBP78-b-PNIPMAM115 with PSPP432-b-

PNIPAM200 and PSPP498-b-PNIPMAM144. Several factors have to be considered when 

comparing the behavior of the polymer solutions in salt-free D2O: (i) The overall molar mass 

of the PSPP432-b-PNIPAM200 is about 4 times higher compared to PSBP78-b-PNIPAM100 as 

well as the overall molar mass of the PSPP498-b-PNIPMAM144 compared to PSBP78-b-

PNIPMAM115 (i) The composition of the diblock copolymers is different: in PSPP432-b-

PNIPAM200 and PSPP498-b-PNIPMAM144, the zwitterionic PSPP block lengths are 2 or 3 

times longer than nonionic PNIPAM or PNIPMAM block lengths, respectively. Whereas, the 

block lengths in PSBP78-b-PNIPAM100 and PSBP78-b-PNIPMAM115 differ only slightly, and 

the fraction of zwitterionic block is slightly lower: PNIPAM and PNIPMAM are 1.3 and 1.5 

times longer than PSBP. (ii) PSBP is more hydrophobic and reveals much higher cloud points 

than analogous PSPP of identical molar mass and even higher. 

7.4.1. Phase behavior of the systems with PSBP and PSPP 

The overall behavior of the diblock copolymers with PSBP as the ionic-strength sensitive 

block differs strongly from the one with PSPP blocks: In salt-free conditions, solutions of the 

diblock copolymers with PSPP exhibit three different regimes, which are not distinguished in 

solutions of the diblock copolymers with PSBP. The maximum change of the light 

transmission of the PSPP432-b-PNIPAM200 and PSPP498-b-PNIPMAM144 solutions is about 40 

and 60 % in regime II, respectively. In addition, the light transmission in the solutions of both 

diblock copolymers with PSPP block in regime III is higher than in regime I, while in the 

solutions of the diblock copolymers with PSBP block, it is equally low for PSBP78-b-

PNIPAM100, and for PSBP78-b-PNIPMAM115 few percentage higher in regime I than in 

regime III. We attribute this difference to the stronger attractive interactions between the 

PSBP segments compared to PSPP, which result in close position of the cloud points. 

Therefore, the attractive interactions in the PSBP block are still strong in a certain 

temperature range in regime III, i.e. above the CPLCST, and result in enhanced aggregation, 

which cause high turbidity. In the PSBP78-b-PNIPMAM115 solution, the light transmission 

starts to increase when approaching the onset of the gradual UCST-type transition, but the 

LCST-type transition occurs before the clearing point is reached.  

In both PSBP78-b-PNIPAM100 and PSBP78-b-PNIPMAM115 solutions, the cloud points are 

altered from the ones of the respective homopolymers in a similar way: the values of CPUCST 
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are decreased due to the presence of PNIPAM or PNIPMAM block, respectively, compared 

to those obtained for PSBP78 homopolymer solution. The values of CPLCST stay unaffected. In 

contrast, the cloud points in PSPP432-b-PNIPAM200 and PSPP498-b-PNIPMAM144 solutions 

are altered from the ones of the respective homopolymers in a different way: Whereas in 

PSPP432-b-PNIPAM200, CPUCST decreases strongly compared to the one of PSPP430 

homopolymer, but CPLCST is unchanged; in PSPP498-b-PNIPMAM144, CPLCST increases 

strongly compared to the one of PNIPMAM195 homopolymer, and CPUCST is unaffected. The 

increase of the CPLCST in PSPP498-b-PNIPMAM144, assigned to a higher sensitivity of 

PNIPMAM to the environment, including the PSPP block and the dye-labeled end group 

attached, compared to PNIPAM (see chapter 6), was not observed in PSBP78-b-

PNIPMAM115. This may be ascribed to the difference in the properties of PSBP and PSPP 

and their interactions with PNIPMAM. 

7.4.2. Self-assembled structures in solutions of the polymers with PSBP and 

PSPP 

Besides the difference in the phase behavior described above, the structures formed in the 

systems with PSPP and PSBP blocks in regimes I and III are variant. The comparison of the 

SANS results is presented below according to the nonionic blocks of the diblock copolymers 

with PSBP and PSPP, namely PNIPAM and PNIPMAM. In addition, the SANS results set 

only two regimes (I and III) in the PSBP78-b-PNIPAM100 and PSBP78-b-PNIPMAM115 

solutions, which thus will be compared. 

Comparison of the self-assembled structures in the solutions of PSBP78-b-PNIPAM100 and 

PSPP430-b-PNIPAM200. In regime I, the SANS curves look similar, but by virtue of the higher 

forward scattering and higher intensity of the shallow maximum, which is shifted to the lower 

q values, the overall scattering intensity is higher for the PSBP78-b-PNIPAM100 solution 

compared to the one for the PSPP430-b-PNIPAM200 solution. This is due to the formation of 

larger aggregates with smoother surfaces composed from the spheres with radius ca. 3 times 

larger compared to those in solution of PSPP430-b-PNIPAM200, even though PSBP78-b-

PNIPAM100 has the lower molar mass and the fraction of zwitterionic block, which is at the 

origin of structure formation in regime I, compared to PSPP430-b-PNIPAM200. Moreover, the 

small spheres in solution of PSPP430-b-PNIPAM200 are more polydisperse and less correlated 

with each other. A reason for the structural difference in regime I of the PSBP78-b-

PNIPAM100 and PSPP430-b-PNIPAM200 solutions may lie in the stronger tendency of PSBP to 
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aggregation, which is consistent with the ca. 50 °C higher CPUCST of the PSBP78 compared to 

the CPUCST of the PSPP430. 

In regime III, the shape of the SANS curves from the solutions of PSBP78-b-PNIPAM100 and 

PSPP430-b-PNIPAM200 is completely different at q values below 1 nm-1, as well as the 

resolved structures. In contrast to the structures found in the PSPP430-b-PNIPAM200 solution, 

namely spherical micelles having a core-shell structure, in the solution of PSBP78-b-

PNIPAM100, cylindrical micelles without a detectable core-shell structure were determined. 

The dimensions of the spherical micelles formed in the PSPP430-b-PNIPAM200 solution are 

higher compared to the cylindrical micelles formed in the PSBP78-b-PNIPAM100 solution, 

which is consistent with the higher molar mass of PSPP430-b-PNIPAM200. Cylindrical 

micelles, in turn, form large aggregates with smooth surfaces, which were not observed in the 

PSPP430-b-PNIPAM200 solution. In addition, the volume fraction of the correlated cylinders is 

ca. 2.8 times higher than the one of the correlated core-shell spheres. The possible reasons of 

stronger tendency to aggregation in the PSBP78-b-PNIPAM100 solution may be (i) the higher 

fraction of PNIPMAM, which is at the origin of micelle formation in regime III, compared to 

PSPP430-b-PNIPAM200, and (ii) still strong attractive interactions in the PSBP block close to 

its CPUCST, which presumably forms a shell surrounding the PNIPAM-rich core.   

Comparison of the self-assembled structures in the solutions of PSBP78-b-PNIPMAM115 and 

PSPP498-b-PNIPMAM144. The shape of the SANS curves in regime I is similar, but the curves 

from the PSPP498-b-PNIPMAM144 solution display a shallow maximum at lower and higher q 

values at 15 °C and 22 °C, respectively; and higher scattering intensity at high q values at 22 

°C. This is confirmed by the ca. 1.3 times larger radius of the spherical particles found in the 

PSPP430-b-PNIPAM200 solution at 15 °C, and ca. 2 times smaller radius at 22 °C, compared to 

the spherical particles found in the PSBP78-b-PNIPMAM115 solution. The higher radius at 15 

°C is consistent with the higher molar mass of PSPP498-b-PNIPMAM144, the smaller radius at 

22 °C is due to the weakening of the attractive interactions in the PSPP block close to its 

CPUCST. Again, the particles in the solution of PSPP430-b-PNIPAM200 are more polydisperse 

and less correlated, than in the solution of PSBP78-b-PNIPMAM115, where the aggregation is 

governed by stronger interactions in the PSBP block. Nevertheless, the large aggregates in 

the solution of PSPP430-b-PNIPAM200 have smooth surfaces at all temperatures below the 

CPUCST, while in the solution of PSBP78-b-PNIPMAM115, the aggregates surfaces change 

from smooth to rough during heating due to the gradual weakening of the attractive 
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interactions between the PSBP chains at the onset of the gradual CPUCST which occur above 

the CPLCST.  

In regime III, the shape of the SANS curves from the solutions of PSBP78-b-PNIPMAM115 

and PSPP498-b-PNIPMAM144 is different as well, especially at q values below 1 nm-1. 

Different structures are found in the systems, namely spherical micelles having a core-shell 

structure in the PSPP498-b-PNIPMAM144 solution and cylindrical micelles without a 

detectable core-shell structure in the PSBP78-b-PNIPMAM115 solution. In contrast to the 

systems with PNIPAM, the dimensions of the cylindrical micelles formed in PSBP78-b-

PNIPMAM115 solution are higher compared to spherical micelles formed the PSPP498-b-

PNIPMAM144 solution. Moreover, the cylindrical micelles are correaleted and form large 

aggregates with smooth surfaces, in contrast to uncorrelated core-shell spherical mielles in 

the PSPP498-b-PNIPMAM144 solution. Which is assigned to the higher fraction of PNIPMAM 

and presence of attractive interactions in both PNIPMAM and PSBP in regime III due to the 

proximity of CPUCST to CPLCST. 

7.5. Conclusions 

In this chapter of the thesis, we have studied the aggregation behavior of doubly 

thermoresponsive diblock copolymers consisting of zwitterionic PSBP block and a nonionic 

PNIPAM or PNIPMAM block, exhibiting both UCST and LCST behavior, respectively. We 

studied the "schizophrenic" responsive aggregation behavior of PSBP78-b-PNIPAM100 and 

PSBP78-b-PNIPMAM115 in D2O and compared with the behavior of PSPP432-b-PNIPAM200 

and PSPP498-b-PNIPMAM144 described in Chapter 6, in order to investigate the influence of 

the zwitterionic block nature on the phase behavior of the diblock copolymers with PNIPAM 

and PNIPMAM blocks. 

The phase behavior of the diblock copolymers and the corresponding PSBP homopolymer in 

D2O is investigated using turbidimetry. The high value of the CPUCST found in the solution of 

the PSBP homopolymer (ca. 80 °C) is expected to lead to more than 30 °C and 40 °C higher 

CPUCST than the CPLCST in the corresponding block copolymers with PNIPMAM and 

PNIPAM, respectively. Against the expectations, in the entire temperature range studied, the 

PSBP78-b-PNIPAM100 solution is turbid indicating the formation of aggregates. In the 

PSBP78-b-PNIPMAM115 solution a marginal, gradual increase of the light transmission up to 

43 °C with following decrease, indicate a phase transition, which could not be identified as a 
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LCST- or an UCST-type. We assume that the presence of the nonionic block causes a 

decrease of CPUCST of the PSBP block, which then become close to CPLCST of the 

PNIPAM/PNIPMAM block. The difference in the light transmission of the solutions of the 

diblock copolymers may be due to the higher CPLCST of PNIPMAM compared to PNIPAM. 

The increase of the light transmission detected in the PSBP78-b-PNIPMAM115 solution is 

assigned to the onset of the gradual CPUCST. 

The CPUCST of the PSBP block has been previously found to decrease by ca. 13 °C in 0.004 

M NaBr solution in H2O.32 The electrolyte effect on the phase behavior of the diblock 

copolymers solutions in 0.004 M NaBr in D2O was investigated by means of turbidimetry. 

Upon addition of small amount of NaBr in the diblock copolymers solutions an intermediate 

temperature range has been derived, which allows to estimate the values of the cloud points. 

Turbidimetry results reveal a salt-induced shift of the onset of CPUCST in both solutions of 

PSBP78-b-PNIPAM100 and PSBP78-b-PNIPMAM115 to the lower temperature by about 10 and 

20 °C (when compared to the CPLCST assuming its proximity with CPUCST in salt-free 

solution), respectively, while CPLCST remains virtually unchanged. Thus, the distance 

between CPUCST and CPLCST in 0.004 M NaBr in D2O is larger in the solution of PSBP78-b-

PNIPMAM115, as intended. 

Temperature-resolved SANS measurements of the solutions of PSBP78-b-PNIPAM100 and 

PSBP78-b-PNIPMAM115 in D2O reveal only two regimes in dependence of temperature, 

indicated as I and III. This is due to close positions of the cloud points, which is in agreement 

with the results from turbidimetry. The transition from regime I to regime III was observed at 

30-40 °C and 45-50 °C, i.e. at CPLCST determined by turbidimetry, in solutions of PSBP78-b-

PNIPAM100 and PSBP78-b-PNIPMAM115, respectively. The individual properties of the 

blocks, such as dominating ionic interpolymer interactions versus hydrogen bonding with 

water, yield the marked differences of the aggregation behavior in regime I and III, 

respectively: In regime I, i.e. below the UCST-type transition, where PSBP block is at the 

origin of structure formation, SANS reveals formation of small homogeneous spherical 

particles with a polydisperse radius of about 14 nm in the PSBP78-b-PNIPAM100 solution and 

about 12 nm in the PSBP78-b-PNIPMAM115 solution, which are correlated and form small 

fraction of very large aggregates. The surface of the large aggregates in the PSBP78-b-

PNIPMAM115 solution changes from smooth to rough during heating. A reason for this may 

lie in the gradual weakening of the attractive interactions between PSBP segments below 

CPUCST, which presumably occur later than the CPLCST. In regime III, i.e. above the LCST-
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type transition, PNIPAM/PNIPMAM block is at the origin of structure formation, but 

attractive interactions in PSBP are still string due to the close positions of CPUCST and 

CPLCST. This lead to the formation of very large aggregates, but in a larger fraction than in 

regime I. The aggregates are formed by correlated flexible cylinders with a polydisperse 

radius and a contour length increasing during heating. The radius of cylindrical micelles is 

about 11 nm and 13 nm in solutions of PSBP78-b-PNIPAM100 and PSBP78-b-PNIPMAM115, 

respectively. The contour length is larger than the radius of the cylinders by factor which 

increases during heating from 2 to 3 in the PSBP78-b-PNIPAM100 solution and from 2 to 4 in 

the PSBP78-b-PNIPMAM115 solution.  

Thus, the difference in the architecture affects the conformation of the diblock copolymers in 

solution: larger spheres below CPUCST and smaller cylinders above CPLCST are formed in the 

PSBP78-b-PNIPAM100 solution. This may be partially due to the slightly different ratio of the 

lengths of the zwitterionic to the nonionic blocks and partially due to the chemical difference 

between the PNIPMAM and PNIPAM nonionic blocks: In regime I, PNIPMAM may prevent 

continuous aggregation of PSBP due to the formation of stiff conformations below its 

CPLCST. In regime III of the PSBP78-b-PNIPMAM115 solution, the stronger tendency to 

aggregation of PNIPMAM compared to PNIPAM and the smaller impact of the 

polyelectrolyte properties due to the smaller fraction of PSBP compared to PSBP78-b-

PNIPAM100 promote slightly stronger aggregation.  

The electrolyte effect on the self-assembled structure formation was investigated at the 

example of the PSBP78-b-PNIPMAM115 solution in 0.004 M NaBr in D2O by means of 

SANS. Structural changes caused by the screening of the ionic interactions were found in 

both regimes I and III: lower rate of aggregation and decrease of the small spheres radius in 

regime I and a decrease of the length of the cylinders in regime III. Moreover, regime II was 

identified in good agreement with the turbidimetry measurements. In regime II, the system 

exhibit behavior similar to polyelectrolytes in solution, due to the ionic interactions between 

the PSBP chains. The interactions are strong enough to cause formation of low fraction of 

large aggregates with rough surfaces. 

The CPUCST of the homopolymer PSBP78 is ca. 50 °C higher compared to the CPUCST of the 

homopolymers PSPP430 and PSPP498 described in chapter 6, even though the molar mass of 

PSBP78 is ca. 4.3 and ca. 5 times lower than the one of PSPP430 and PSPP498, respectively. 

This is due to the higher hydrophobicity of the PSBP block, which spacer group is extended 
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by one methylene group between the charged groups, compared to PSPP. The difference in 

the properties of the zwitterionic blocks enforces the difference in the phase behavior and the 

structural changes in solutions of the corresponding diblock copolymers with 

PNIPAM/PNIPMAM block upon temperature variation. We observe the following difference 

in the phase behavior of the diblock copolymers with PSPP or PSBP zwitterionic block and a 

PNIPAM/PNIPMAM nonionic block: Whereas the light transmission in salt-free solutions of 

the systems with PSBP block is virtually blocked, the transmission is varied in solutions of 

the diblock copolymers with PSPP block, namely assigned to three regimes where the 

solution is turbid, semi-transparent and semi-turbid. For both systems with PSPP, CPUCST is 

lower than CPLCST, so that the zwitterionic and the nonionic blocks are hydrophilic at 

intermediate temperatures, while no intermediate temperature range was observed in the 

systems with PSBP due to the close positions of CPUCST and CPLCST. 

The SANS results reveal two regimes in solutions of the diblock copolymers with PSBP and 

PNIPAM/PNIPMAM blocks, indicated as I and III. The structures formed in regimes I and 

III of the systems with PSPP and PSBP block are accordingly different: In regime I, large 

aggregates formed by small homogeneous spheres are detected in both systems, but the 

dimensions are different: Despite the lower molar mass of PSBP78-b-PNIPAM100 and lower 

fraction of zwitterionic block, which is at the origin of micelle formation in regime I, 

compared to PSPP430-b-PNIPAM200, the high tendency to aggregation of PSBP results and in 

higher dimensions in the PSBP78-b-PNIPAM100 solution. Whereas the aggregation is less 

favored in the PSBP78-b-PNIPMAM115 solution compared to PSPP498-b-PNIPMAM144, which 

is consistent with the higher molar mass of PSPP498-b-PNIPMAM144 and lower fraction of 

zwitterionic block, but mainly due to the gradual weakening of the attractive interactions in 

PSBP at the onset of the gradual CPUCST. In regime III, the determined structures are 

different: spherical micelles having a core-shell structure in solutions of the diblock 

copolymers with PSPP and PNIPAM/PNIPMAM blocks, and large aggregates formed by 

flexible cylinders in solution of the diblock copolymers with PSBP and PNIPAM/PNIPMAM 

blocks. Formation of large aggregates indicates higher tendency to aggregation in both 

solutions of the diblock copolymers with PSBP zwitterionic block, where the attractive 

interactions in both zwitterionic and nonionic block are present due to the close positions of 

CPUCST and CPLCST and properties of PSBP. The mesoscopic length scales are larger in the 

PSPP430-b-PNIPAM200 solution, i.e. the dimensions of core-shell micelles are higher 

compared to the cylindrical particles in the PSBP78-b-PNIPAM100 solution.  This tendency is 
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reversed in the systems with PNIPMAM, the dimensions of the cylindrical micelles formed in 

PSBP78-b-PNIPMAM115 solution are higher compared to spherical micelles formed the 

PSPP498-b-PNIPMAM144 solution. This qualitative difference in the mesoscopic structures 

may be due to the higher tendency to aggregation of the PNIPMAM compared to PNIPAM 

above CPLCST (see chapter 6). 

Thus, the UCST- and LCST-type transition temperatures can be controlled by the selection of 

both zwitterionic and nonionic thermoresponsive blocks as well as their molar masses. 

Addition of low molar mass electrolytes to the polymer solution may cause changes of the 

UCST-type transition without affecting the LCST-type transition, and the effect depends on 

the nature of the zwitterionic block. 
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8. “Schizophrenic” behavior - variation of the block 

lengths 

In the previous chapters 6 and 7, we investigated the influence of the nature of a nonionic 

thermoresponsive block (PNIPAM or PNIPMAM) and a zwitterionic polysulfobetaine block 

(PSPP or PSBP) on the self-assembly in aqueous solution of the corresponding twofold 

thermoresponsive diblock copolymers of different architecture. In the present chapter, we aim 

to study the influence of the composition of the diblock copolymers, namely the relative 

lengths of the zwitterionic and nonionic blocks, on the aggregation behavior at the example 

of the diblock copolymers with a PSBP and a PNIPMAM block. In other words, we will 

investigate the systems in which the impact of the properties of the zwitterionic block prevail 

over those of the nonionic block and vice versa. To this end, we will investigate the 

aggregation behavior in aqueous solution of the diblock copolymers PSBP51-b-PNIPMAM156 

and PSBP243-b-PNIPMAM103, with ca. 3 times lower or ca. 2.5 times higher block lengths of 

PSBP than those of PNIPMAM, respectively. We will compare their behaviors to the one of 

PSBP78-b-PNIPMAM115, described in chapter 7, where the block length of PSBP is only 1.5 

times lower than the one of PNIPMAM. According to the previously described observations 

of the behavior of PSBP78-b-PNIPMAM115 in salt-free solution, which is characterized by the 

close position of the CPUCST and CPLCST, due to a reduction of the CPUCST caused by the 

presence of PNIPMAM block, in salt-free solutions of PSBP51-b-PNIPMAM156 and PSBP243-

b-PNIPMAM103, the CPUCST is expected to be lower and higher than CPLCST, respectively. 

Thus, the transition from the core-shell micelles of one type to the opposite one via a 

molecularly dissolved state in the PSBP51-b-PNIPMAM156 solution and via precipitation in 

the PSBP243-b-PNIPMAM103 solution is expected. Therefore, with these systems, regimes II 

and II’ indicated in Figure 3.2 may be encountered. 

In this part of the work, we discuss the results of the turbidimetric investigations of phase 

behavior of the corresponding homopolymers and the detailed structural studies of the 

diblock copolymers by SANS measurements in salt-free solution. The details of sample 

preparation can be found in in paragraph 4.5.1. 
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8.1. Experimental set-up 

Turbidimetry. The cloud points of the homopolymers PSBP51 and PSBP243 were determined 

following the procedure described in chapter 6. 

Small-angle neutron scattering (SANS). SANS experiments were performed following the 

procedure described in chapter 7. The diblock copolymers PSPP51-b-PNIPMAM156 and 

PSPP243-b-PNIPMAM103 were measured in salt-free D2O. Measurements were performed 

while heating from 20 °C to 60 °C in steps of 10 °C. 

Modeling of the SANS curves. To describe the SANS curves of the PSBP51-b-PNIPMAM156 

and PSBP243-b-PNIPMAM103 solutions in regimes I and III, the model function described in 

chapter 6 in Eq. 6.1, based on polydisperse spheres or flexible cylinders, was used. For the 

SANS curves of the PSBP51-b-PNIPMAM156 solution, the form factors of polydisperse, 

homogeneous spheres (Eqs. 5.19-21) and the form factor of flexible cylinders with 

polydisperse radius (Eqs. 5.24-32) were applied in regimes I and III, respectively. For the 

SANS curves of the PSBP243-b-PNIPMAM103 solution, the form factor of polydisperse, 

homogeneous spheres was applied in both regimes I and III. The form factors of polydisperse 

spheres and of flexible cylinders take into account the difference in scattering length densities 

(SLD) of the particles ( sphere  or cylinder ) and the solvent, solvent  (values used see in 

paragraph 7.1). Additionally, the scattering curves of PSBP51-b-PNIPMAM156 at 30 °C 

(regime I) and 40 °C (regime II), were analyzed using the solvation model described in 

chapter 6 in Eq. 6.2. The incoherent background was fixed at 0.6 nm-1. 

8.2. Phase behavior of the homopolymers 

The cloud points, CPUCST, of 50 g L-1 solutions of the homopolymers PSBP51 and PSBP243 in 

salt-free D2O were determined via turbidimetry during cooling runs (not shown): CPUCST 

(PSBP51) = 75.6 ± 0.5 ºC and CPUCST (PSBP243) > 100 ºC. The cloud point of PNIPMAM is 

about 44 ºC.107-110 In the PSPP51-b-PNIPAM156 solution, the UCST-type transition is 

expected to be close to or below than the LCST-type transition, which is due to the expected 

reduction of the CPUCST caused by the presence of PNIPMAM block, in accordance with our 

previous observation of the aggregation behavior of PSBP78-b-PNIPMAM115 in D2O, as 

mentioned above. In solutions of PSPP243-b-PNIPMAM103, the UCST-type transition is 

expected to be above the LCST-type transition. 



8. “Schizophrenic” behavior - variation of the block lengths 

 

119 
 

8.3. Structural investigations using SANS 

In order to get insight into the structural changes of PSBP51-b-PNIPMAM156 and PSBP243-b-

PNIPMAM103 in salt-free D2O during temperature variation, temperature-resolved SANS 

measurements of 50 g L-1 solutions of the diblock copolymers were carried out. Figure 8.1 

presents the SANS curves of the salt-free solutions of PSBP51-b-PNIPMAM156 and PSBP243-

b-PNIPMAM103 in D2O during heating.  

 

Figure 8.1: SANS curves from 50 g L-1 salt-free solutions of PSBP51-b-PNIPMAM156 (a, c) 

and PSBP243-b-PNIPMAM103 (b, d) in D2O (symbols), where every third point is shown for 

clarity, together with the models fits () obtained using Eq. 6.1 in regimes I and III and Eq. 

6.2 in regime II of the PSBP51-b-PNIPMAM156 solution, and using Eq. 6.1 at all temperatures 

for PSBP243-b-PNIPMAM103, see details below. In (c) and (d) the curves are shifted in 

intensity by a factor of 50 with respect to each other for better visibility. Regimes I, II and III 

are indicated by the blue, green and red color, respectively. 

Three regimes are discernible by the curve shapes of the PSBP51-b-PNIPMAM156 solution, 

indicated as regimes I, II and III (Figure 8.1a). The SANS curves in regime I (blue) feature a 
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smooth decay starting at the lowest q values with a shallow maximum at ca. 0.1 nm-1. The 

curves level off at ca. 2 nm-1. In regime II (green), the curve looks similar to those in regime 

I, except the weaker decay at low q values. The curves in regime III (red) decay up to ca. 0.09 

nm-1, then two peaks are observed at 0.16 and 0.43 nm-1. The curves become flat above ca. 2  

nm-1. The SANS curves from the PSBP243-b-PNIPMAM103 solution look very different from 

those of PSBP51-b-PNIPMAM156, as well as from those of PSBP78-b-PNIPMAM115 (see 

Figure 7.2). Moreover, the shape of the SANS curves from the PSBP243-b-PNIPMAM103 

solution at different temperatures is very similar to each other, due to the very strong forward 

scattering, Therefore, the regimes could not be distinguished by the curve shapes. At 20-40 

°C, the SANS curves feature a pronounced decay up to ca. 0.3 nm-1 and become flat above 

ca. 1 nm-1. Above this temperature range, the SANS curves exhibit slightly different features: 

At 50 °C, the decay is pronounced up to ca. 0.2 nm-1, then the curve decays steeply up to 0.5 

nm-1. At 60 °C, the curve decays starting at the lowest q values with three shallow maxima at 

ca. 0.09, 0.17 and 0.39 nm-1. The curves become flat at ca. 1 nm -1.  

To analyze the structures, the SANS data were fitted using the model functions described in 

chapter 6. The best fits to the scattering curves of the PSBP51-b-PNIPMAM156 solution in 

regime II using model functions described in Eq. 6.1 and 6.2 are shown in Figure C.1 in the 

appendix C. The ones of the PSBP51-b-PNIPMAM156 and PSBP243-b-PNIPMAM103 solutions 

using the model function described in Eq. 6.1 are presented in Figure C.2 in the appendix C. 

The fits reveal substantial structural changes during heating in the three different regimes of 

the PSBP51-b-PNIPMAM156 solution. The results of the fits for PSBP51-b-PNIPMAM156 in 

regime II and in regime I at 30 °C (additionally) using Eq. 6.2 are summarized in Table C.1 

in the appendix C, and in regimes I, II (additionally) and III using Eq. 6.1 are summarized in 

in Table C.2 in the appendix C. The results of the fits of the SANS curves of the PSBP243-b-

PNIPMAM103 solution using Eq. 6.1 are summarized in Table C.3 in the appendix C. 

Results of the analysis of the SANS curves of PSBP51-b-PNIPMAM156. According to the 

findings for the solutions of PSPP430-b-PNIPAM200 and PSPP498-b-PNIPMAM144, where 

regime II was discernible as well (see chapter 6 for details), the analysis of the SANS curves 

of the PSBP51-b-PNIPMAM156 solution in regime II was carried out using the model 

described in Eq. 6.2. The shallow maximum observed at a rather high q-value is typical for 

polyelectrolyte systems in salt-free solution and described with the solvation term (Figure C.1 

in the appendix C). The forward scattering at low q values is fitted with a Porod term. The 
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solvation Porod exponent is m = 2.01 ± 0.02 (Table C.1 in the appendix C), indicating that 

the solvent is a theta solvent. The scaling factor is C = 19 ± 2 cm-1. The average distance 

between the charged domains is d0 = 15 ± 2 nm, which is a moderate value. The moderate 

value of d0 may be the result of the strong polymer-polymer interactions in the entire diblock 

copolymer. The correlation length is ξsolv = 4.8 ± 0.2 nm, it may reflect the molecular 

conformation of the entire polymer. The Porod term reveals the exponent α = 3.3 ± 0.2, 

which indicates the presence of compact aggregates with rough surfaces. 

 The shape of the curve at 30 °C in regime I is similar to those in regime II with some 

differences (Figure 8.1a): The overall scattering intensity is higher than in regime II, which 

may be due to a higher contrast caused by aggregation. The scattering intensity is also higher 

at low q values, where large aggregates cause an increased forward scattering. The shallow 

maximum is shifted to lower q values. Nevertheless, the curve at 30 °C can be fitted using the 

same model as in regime II (Eq. 6.2). The fitting results reveal the following changes, 

compared to those in regime II (Table C.1 in the appendix C): The solvation Porod exponent 

m = 1.82 ± 0.2, indicating a decline of the solvent conditions. The scaling factor increases up 

to C = 42 ± 4 cm-1, indicating progressive phase separation. d0 decreases to 8 ± 1 nm, i.e. it 

decreases strongly due to strengthening of the attractive polymer-polymer interaction in the 

PSBP block. ξsolv is almost twice higher, namely 9.9 ± 0.3 nm, and describes mainly the 

correlation in the hydrophilic, presumably PNIPMAM-rich shell surrounding the collapsed 

PSBP in the core. Its increase is caused by the attractive interactions between the PSBP 

segments. The Porod exponent is α = 3.8 ± 0.2, which indicates the presence of compact 

aggregates with smooth surfaces. 

In accordance with the previously described observations on the analogously designed 

copolymers with a PSBP block (chapter 7), which suggests the formation of spherical 

micelles below CPUCST, the curves in regime I were fitted using the model described in Eq. 

6.1, based on correlated and homogeneous spheres with polydisperse core. The model 

includes an Ornstein-Zernike (OZ) term describing the concentration fluctuations and Porod 

scattering due to very large aggregates (Figure C.2a in the appendix C), The fitting curves fit 

the data equally well and allow gaining additional structural information. The spherical 

particles have an average sphere radius ravg = 11 ± 1 with a moderate polydispersity p = 0.25 

± 0.04 (Figure 8.2, Table C.2 in the appendix C). Half the interparticle distance RHS = 20 ± 3 

nm. RHS is larger than ravg and, at 30 °C, it is much larger than d0/2, which is around 4 nm. 

The volume fraction of correlated spheres, , is about 0.08, indicating very weak correlation. 
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The OZ term reveals that ξOZ increases from 5.4 ± 0.5 nm at 20 °C to 6.5 ± 0.6 nm at 30 °C. 

These values are half as large as the average sphere radii, which means that the presumed 

PNIPMAM-rich shell is loosely packed. The large values of ξOZ may reflect the stiff chain 

conformation of the PNIPMAM blocks, due to steric hindrance (see chapter 6 for details). 

The Porod exponent is α = 4.5 ± 0.3, confirming the presence of compact aggregates with 

smooth surfaces. 

 

Figure 8.2: Results from model fitting using Eq. 6.1 to the SANS curves of (A) PSBP51-b-

PNIPMAM156 and (B) PSBP243-b-PNIPMAM103 solutions in Figure 8.1. Temperature 

dependence of the micellar radius, ravg, (), rcyl, ( ), contour cylinder length, l, (), the 

hard-sphere radius, RHS () (a); of the correlation length, ξOZ (b), of the polydispersity of the 

micellar radius, p (c), of the hard-sphere volume fraction, ƞ (d), and of the Porod exponent 𝛼 

values (e). In some cases, the symbol size is larger than the error bar. () and (): 

approximate values of CPUCST and CPLCST. Regimes I, II or II’ and III are indicated on top of 

the graph. 
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The model based on polydisperse spheres, can be applied to the curve in regime II as well, 

but this time a hard-sphere structure factor is not needed (Figure C.1b in the appendix C). The 

fits are equally good, and the fitting results reveal the following changes compared to regime 

I (Table C.2 in the appendix C, Figure 8.2A): ravg is decreased to 1.7 ± 0.2 nm with twice 

higher polydispersity, p = 0.59 ± 0.05, which can be enhanced due to the weakening of the 

interpolymer interactions in the PSBP block above CPUCST. ξOZ = 5.1 ± 0.5 nm, which is 

about 1.4 nm lower than at 30 °C. In regime II, ξOZ may reflect the molecular conformation of 

the entire polymer. The Porod exponent α = 3.6 ± 0.2, confirming the presence of compact 

aggregates with rough surfaces. Nevertheless, on the mesoscopic level the spheres are not 

correlated. 

The overall shape of the curves in regime III is different from those in regimes I and II, but 

similar to those in regime III of the PSBP78-b-PNIPAM100 and PSBP78-b-PNIPMAM115 

solutions described in chapter 7. By parity of reasoning the curves are fitted using the model 

described in Eq. 6.1, based on the flexible cylinders correlated by a hard-sphere structure 

factor, plus a solvation and a Porod term (Figure C.2c in the appendix C). Thus, in regime III, 

flexible cylindrical particles with a polydisperse core are formed. The average cylindrical 

core radius is 11 ± 1 nm, with a narrow polydispersity p = 0.14 ± 0.01 (Table C.2 in the 

appendix C, Figure 8.2A). The average contour length of the cylinders increases during 

heating from L = 12 ± 1 nm at 50 ºC to 22 ± 2 nm at 60 ºC, along with an increase of the 

average Kuhn length, describing the local stiffness of the chain, from b = 3.3 ± 0.2 nm at 40 

ºC to 10 ± 1 nm at 50 ºC. The ratio L/b increases during heating from 4 to 5, indicating a 

decrease in the stiffness of the cylinders. Analogously to the findings for PSBP78-b-

PNIPAM100 and PSBP78-b-PNIPMAM115, we assume, that the cylinders in regime III of the 

PSBP51-b-PNIPMAM156 solution aggregate by attaching to each other’s ends, thus forming 

longer cylinders during heating. The hard-sphere structure factor reveals RHS = 19 ± 3 nm, i.e. 

almost twice as large as the micelle radius. The volume fraction of correlated cylindrical 

micelles is  = 0.32 ± 0.03, which is much higher than the one of correlated spheres in 

regime I (ca. 0.08). Thus, apart from the different shape, the particles in regime III are more 

strongly correlated with each other compared to those in regime I. The solvation correlation 

length ξsolv increases from 3.2 ± 0.3 nm at 50 ºC to 6.0 ± 0.5 nm at 60 ºC. This increase may 

be assigned to the continuous aggregation of the PNIPMAM block forming a core and 

weakening of the attractive interactions in the PSBP-rich shell between the PSBP segments, 

which may still present in regime III. The solvation Porod exponent decreases from m = 1.67 
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± 0.15 at 50 °C to 1.13 ± 0.10 at 60 °C, which may indicate a decline of the solvent 

conditions for a fraction of PSBP involved in the core due to the strengthening of the 

polymer-polymer interactions in the PNIPMAM block against the backdrop of still strong 

interactions in the PSBP block. The scaling factor C is higher at 50 ºC (2.0 ± 0.2 cm-1) than at 

60 ºC (0.8 ± 0.1 cm-1), which is due to progressive phase separation right above CPLCST. d0 

decreases from about 16 nm at 50 ºC to about 11 nm at 60 ºC, which is due to the 

strengthening of the polymer-polymer interactions in the PNIPMAM block. The Porod 

exponent α = 4.8 ± 0.3, which confirms the presence of compact aggregates with smooth 

surfaces.  

To summarize, the micelles formed in the PSBP51-b-PNIPMAM156 solution feature change of 

the shape upon heating from spherical in regime I, to cylindrical in regime III, through an 

intermediate state, where the block copolymer exhibits behavior similar to polyelectrolytes in 

solution, due to the ionic interactions between the PSBP chains. The average spherical radius 

in regime I is comparable to that of the cylinders in regime III, i.e. ca. 11 nm. But the length 

of the cylinders increases from 12 to 22 nm during heating from 50 to 60 °C. ξOZ and ξsolv 

cannot be compared directly, but the trend of their values indicates changes, which reflects 

rearrangement of the core and shell during heating. Apart from the difference in the shape, 

the micelles in regime III are more correlated compared to those in regime I. The difference 

may be assigned to the block properties and the block copolymer architecture: The PSBP 

block, which is water-insoluble in regime I, is shorter than the PNIPMAM block, which is 

water-insoluble in regime III. The particles form large aggregates in all regimes, but the 

aggregates have smooth surfaces in regimes I and III, while in regime II the aggregates 

surfaces change to rough. Thus, attractive interactions between the PSBP segments dominate 

over the interactions of the PSBP with water molecules even in regime II according to the 

presence of large aggregates. These interactions in the PSBP block may cause an additional 

impact on the formation of large aggregates in regime III as well. 

According to the SANS results for PSBP51-b-PNIPMAM156 we assume that the CPUCST value 

is in the range of 30-40 °C and the CPLCST is in the range of 40-50 °C. The CPUCST of the 

diblock copolymer is much lower than the CPUCST of the corresponding homopolymer 

PSBP51 (ca. 76 °C), while the values of CPLCST of PNIPMAM and the diblock copolymer are 

in the same range. Thus, the CPUCST is altered by the presence of PNIPMAM, whereas the 

CPLCST may be unaffected by the presence of the second block or shifted for a few degrees 

only. 
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Results of the analysis of the SANS curves of PSBP243-b-PNIPMAM103. As mentioned above, 

the SANS curves of the PSBP243-b-PNIPMAM103 solution reveal very strong forward 

scattering in in the entire temperature range studied. The curves were fitted using the model 

described in Eq. 6.1, based on polydisperse spheres plus an Ornstein-Zernike and a Porod 

terms, the contribution of the latter term is dominant; a hard-sphere structure factor is needed 

at 60 °C only (Figure C.2b,d in the appendix C). The spherical particles have an average 

sphere radius increasing from ravg = 32 ± 2 at 20-30 °C to 42 ± 4 at 40 °C, then decreasing to 

9 ± 1 nm at 50 °C with following increase to 13 ± 1 nm at 60 °C (Table C.3 in the appendix 

C, Figure 8.2B). The polydispersity of the radius is moderate and decreases from p = 0.23 ± 

0.02 at 20-30 °C to 0.10 ± 0.01 at 40 °C with a subsequent increase to 0.28 ± 0.05 at 50-60 

°C. The spheres are correlated only at 60 °C, and half the interparticle distance is RHS = 35 ± 

3 nm, which is almost 5 times larger than the average micellar radius, indicating weak 

correlation. The hard-sphere volume fraction of correlated micelles, , is about 0.22. ξOZ 

increases from 1.2 ± 0.1 nm at 20 °C to 2.6 ± 0.2 nm at 50 °C with a subsequent decrease to 

1.9 ± 0.2 nm at 60 °C. ξOZ at 60 °C is ca. 0.3 nm higher than ξOZ at 40 °C, but ca. 0.7 nm 

smaller than the one at 50 °C. The Porod exponent α = 4.6 ± 0.6 indicates formation of 

compact aggregates with very smooth surfaces.  

Altogether, in the solution of PSBP243-b-PNIPMAM103, large aggregates with smooth 

surfaces seem to form at all investigated temperatures. The aggregates, in turn, are formed by 

spherical particles with a polydisperse radius. Formation of the spheres below 50 °C, having 

radius 3 times as large as the radius of the spheres formed at higer temperatures, may be 

assigned to the attractive interactions between the PSBP chains below its CPUCST. An increase 

of the radius at 40 °C may be due to the tendency to aggregation of the PNIPMAM block 

close to its CPLCST, which occurs below the CPUCST. We assume that the sudden decrease of 

the radius of the spherical particles at 50 °C with following increase at 60 °C, as well as the 

increase of the polydispersity of the radius and the increase of the correlation length at 50 °C 

with following decrease at 60 °C, indicating shrinkage of PNIPMAM above its CPLCST and 

following continuous aggregation. In accordance with this stronger aggregation, the particles 

are correlated at 60 °C. At 50 °C ξOZ may describe the formed PSBP-rich shell around the 

collapsed PNIPMAM right above its CPLCST. ξOZ is smaller than the average sphere radii, 

which mean that the particles are closely packed. Thus, the SANS curves at 50-60 °C may 

belong to regime II’ according to the scenario depicted in Figure 3.2 
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in chapter 3, where the formation of macroscopic precipitates is expected between CPLCST 

and CPUCST. The curves at 20-40 °C are ascribed to regime I, respectively. 

From the SANS results for the PSBP243-b-PNIPMAM103 solution, we assume that CPLCST is 

below CPUCST and that its value is in the range of 40-50 °C, which is consistent with CPLCST 

of PNIPMAM. The CPUCST of the diblock copolymer could not be discerned, as it is 

apparently above 60 °C, which does not contradict to the value of the CPLCST of the 

corresponding homopolymer PSBP243 (>100 °C). 

8.4. Influence of the zwitterionic and nonionic blocks ratio on the 

aggregation behavior 

To answer the question how the ratio of the molar masses or the lengths of the zwitterionic 

and nonionic blocks may influence the aggregation behavior of the diblock copolymers, we 

compare the SANS results from the PSBP51-b-PNIPMAM156, PSBP78-b-PNIPMAM115 (for 

details see chapter 7) and the PSBP243-b-PNIPMAM103 solutions in salt-free D2O. Two 

factors have to be considered: (i) The overall molar mass of PSBP243-b-PNIPMAM103 is 

about two times higher, than those of PSBP51-b-PNIPMAM156 and PSBP78-b-PNIPMAM115, 

which are almost equal. (ii) The composition of the diblock copolymers is different: in 

PSBP51-b-PNIPMAM156, the PNIPMAM block is 3 times longer than the PSBP block; in 

PSBP78-b-PNIPMAM115, the PNIPMAM block is 1.5 times longer than the PSBP block, i.e. 

the values of the block lengths are closer to each other, and in PSBP243-b-PNIPMAM103, the 

PNIPMAM block is 2.4 times shorter than the PSBP block. 

The structures, according to the SANS results from the PSBP51-b-PNIPMAM156 and 

PSBP243-b-PNIPMAM103 solutions and expectations relating to the (aggregated) behavior, are 

depicted in Figure 8.3. An analogous schematic representation of the structures in the 

PSBP78-b-PNIPMAM115 is shown in Figure 7.4.  

Hereinafter, the PSBP51-b-PNIPMAM156, PSBP78-b-PNIPMAM115 and PSBP243-b-

PNIPMAM103 solutions for convenience will be abbreviated as BC1 (BC denotes block 

copolymer), BC2 and BC3, respectively. 
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Figure 8.3: Schematic representation of the micelles in (A) PSBP51-b-PNIPMAM156 and (B) 

PSBP243-b-PNIPMAM103 solutions in the three/two regimes as indicated. Red: PSPP block, 

blue: PNIPMAM block. () and (): approximate values positions of CPUCST and CPLCST. 

The cloud point/points in BC1 and BC3 are assumed from the SANS results. The step of the 

SANS measurements of 10 °C allows to assume only the range of the values of the cloud 

points. The difference in the cloud points determined in BC2 by means of SANS, compared 

to those determined by means of turbidimetry (see chapter 7), namely the delay of ca. 2 °C 

during heating, may indicate that the systems with PSBP block need longer equilibration time 

than used in SANS experiments (15 min) and cause a minimum deviation of 2 °C. Moreover, 

only the onset of CPUCST could be observed in BC1 and BC2, due to very gradual transition 

of PSBP. Nevertheless, we may conclude that in these two systems the value of CPUCST is 

sensitive to the polymer architecture, namely to the presence of the PNIPMAM block: 

CPUCST in BC1 and BC2 is shifted to lower values by more than 10 °C when comparing with 

the cloud points of the corresponding homopolymers. In BC3, the CPUCST could not be 

determined, because its value is higher than the maximum measuring temperature, namely 60 

°C. CPLCST in all three systems under investigation is found to be in the range of 40-50 °C, 

which does not contradict the value of CPLCST of PNIPMAM, but does not allow to conclude 

about its susceptibility to the presence of PSBP block due to the large temperature range. 

In regime I, the overall scattering intensity in BC3 is much higher compared to the one in 

BC1 and BC2 due to the strong forward scattering originating from very large aggregates, 

which make the shape of its SANS curves very different. The scattering intensity for BC2 in 

regime I is higher than for BC1, while the shape of the SANS curves for these two systems is 

very similar. At the mesoscopic length scales, formation of spherical particles with 

polydisperse radius was found for all three systems, but the overall behavior in BC3 is very 

different, compared to BC1 and BC2. The radius of the spherical particles is stable during 
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heating in BC1 and BC2, while it increases in BC3. The average radius of the spherical 

particles in BC3 is ca. 3 times larger than in BC1 and BC2. This is in agreement with the 

higher overall molar mass of BC3 compared to BC1 and BC2 and the higher fraction of 

PSBP, which is at the origin of the structure formation in regime I. The radius of the spheres 

in BC1 is only ca. 1 nm smaller than in BC2, due to the smaller molar mass of BC1 and the 

smaller fraction of PSBP in this system. The polydispersity of the radius is comparable in all 

three systems. The correlation length increases during heating in all three systems, indicating 

that the packing density of the presumably PNIPMAM-rich micellar shells is decreases. The 

values of the correlation length are comparable for the systems BC1 and BC2 and ca. 3 times 

smaller in BC3, which may be due to the higher fraction of PSBP and smaller fraction of 

PNIPMAM in BC3, resulting in the formation of larger particles with thinner shell. A weak 

correlation of the spheres is detected only in BC1 and BC2. On the large scales, the 

aggregates’ surfaces changes from smooth to rough in BC2 during heating, due to the onset 

of the gradual CPUCST, while in BC1 and BC3, the aggregates surfaces are smooth at all 

temperatures. 

As intendent, regime II, in which a diblock copolymer exhibits behavior similar to 

polyelectrolytes in solution, due to the ionic interactions between the PSBP chains, was found 

in BC1. Nevertheless, the attractive interactions between the PSBP segments are strong 

enough to cause formation of small fraction of large aggregates with rough surfaces. Regime 

II’, with macroscopic precipitates formed due to attractive polymer-polymer interactions in 

both PSBP and PNIPMAM, was detected in BC3. In regime II’ of BC3, very large aggregates 

are formed by polydisperse spherical particles with radius about 10 nm. We may conclude 

that the absolute molar mass of the PNIPMAM block should be at least 1.3 times higher than 

PSBP in order to obtain a system, in which CPUCST would be lower than CPLCST, and about 6 

times lower to obtain a system with reverse position of the cloud points. 

Regime III will be compared only for the systems, in which it was observed, namely BC1 and 

BC2. The shape of the SANS curves for these two systems is similar. Results of the SANS 

curves fitting reveal the formation of large aggregates with smooth surfaces composed by the 

cylindrical micelles with polydisperse radius. The average radius of the cylinders formed in 

BC2 increases from 10 to 14 during heating, while for BC1 it is stable and is about 11 nm. 

The polydispersity of the radius is higher in BC2. The contour length of the cylinders 

increases during heating and in BC2 it is almost twice as high as in BC1, despite the fact that, 
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in BC2, the fraction of PNIPMAM, which is at the origin of the micelle formation in regime 

III, is smaller than in BC1. This indicates that the attractive interactions in PSBP block, the 

fraction of which is higher in BC2, play an important role in the formation of the cylinders. 

Thus, in BC2, the longer cylinders are formed due to longer block length of PSBP, i.e. higher 

fraction of PSBP, and hence comparably higher impact of the ionic attractive interactions in 

PSBP. The correlation of the cylinders is alike, while the volume fraction of correlated 

cylinders is slightly higher in BC2. The other parameters are similar. 

For all described above systems, the expected core-shell structure of the micelles in regimes I 

and III (when applicable) could not be resolved due to the similarity of the SLD values of the 

PSBP and PNIPMAM blocks (see paragraph 7.3). 

8.5. Conclusions 

This part of the thesis is devoted to studies of the influence of the architecture and 

particularly the blocks lengths on the self-assembly in aqueous solution of the doubly 

thermoresponsive diblock copolymers consisting of a zwitterionic PSBP block and a nonionic 

PNIPMAM block. We investigated the "schizophrenic" responsive aggregation behavior of 

PSBP51-b-PNIPMAM156 and PSBP243-b-PNIPMAM103 in D2O using temperature-resolved 

SANS. For completeness, we compare the results with the observations described in chapter 

7 on the analogous copolymer PSBP78-b-PNIPMAM115.  

The length of the PSBP and PNIPMAM blocks and their ratio play an important role in the 

self-assembly of the diblock copolymers in aqueous solution. The architecture of these three 

diblock copolymers lead to three possible options for the positions of the cloud points in 

dependence on temperature, as depicted in Figure 3.2 in chapter 3: the diblock copolymers 

are amphiphilic and form micelles in solution below UCST- and above LCST-type 

transitions, but with reversed hydrophilic and hydrophobic blocks. The transition from the 

presumably core-shell micelles of one type to the opposite one, i.e. from regime I to regime 

III, proceeds via precipitation in the PSBP243-b-PNIPMAM103 solution (regime II’), via the 

regime where the polymer chains are in expanded state in the PSBP51-b-PNIPMAM156 

solution (regime II) and without an intermediate state in the PSBP78-b-PNIPMAM115 

solution, due to close positions of the cloud points. We note, that in the PSBP243-b-

PNIPMAM103 solution, the regime III was not identified, due to the very high value of 

CPUCST and an insufficient number of measurements at high temperature.   
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Similar to the observations for the diblock copolymers with PSPP blocks (described in 

chapter 6), the diblock copolymers with PSBP block exhibit behavior similar to 

polyelectrolytes in solution, due to the ionic interactions between the PSBP chains. In all 

three systems with PSBP and PNIPMAM blocks below CPUCST, the attractive interactions 

between the PSBP chains lead to the formation of very large aggregates with smooth surfaces 

by correlated, small and homogeneous spherical particles, resulting in a turbid solution. The 

dimensions of the structures formed in the PSBP51-b-PNIPMAM156 and PSBP78-b-

PNIPMAM115 solutions are similar and lower than in the PSBP243-b-PNIPMAM103 solution. 

We assume that the higher overall molar mass of the diblock copolymer, together with the 

higher fraction of PSBP lead to an enhanced aggregation in the PSBP243-b-PNIPMAM103 

solution. In regime II of the PSBP51-b-PNIPMAM156 solution, high number of ionic groups 

bound to the PSBP block cause the formation of a small fraction of large aggregates and 

concentration fluctuations. In regime II’ of the PSBP243-b-PNIPMAM103 solution, a high 

fraction of large aggregates with smooth surfaces formed by small spherical particles is 

formed due to the attractive interactions in both PSBP and PNIPMAM blocks. The individual 

properties of the blocks, such as dominating ionic interpolymer interactions versus hydrogen 

bonding with water, yield the marked differences of the aggregation behavior below CPUCST 

and above CPLCST, respectively. In regime III, the PSBP51-b-PNIPMAM156 and PSBP78-b-

PNIPMAM115 solutions contain correlated flexible cylinders with a polydisperse radius and 

increasing contour length during heating. The dimensions of the cylinders are larger in the 

PSBP78-b-PNIPMAM115 solution, which is contradictory to the higher fraction of PNIPMAM 

in PSBP51-b-PNIPMAM156, which is at the origin of the micelle formation in regime III. 

Thus, the structure formation in regime III is governed by the attractive interactions in both 

PSBP and PNIPMAM. 

Thus, a double switchable system (Figure 3.2) where the transition from the core-shell 

micelles of one type to the opposite one may proceed depending on temperature via 

precipitation, or via the molecularly dissolved state, or directly, can be obtained by variation 

of the polymer architecture, namely the blocks lengths. Moreover, the structure of the 

micelles depends strongly on the lengths of the blocks of different nature, which predict the 

impact of the block features in the self-assembly of the block copolymers. In addition, as it is 

shown at the example of the PSBP78-b-PNIPMAM115 solutions, the cloud points and hence 

the behavior of the diblock copolymer in aqueous solution may be additionally controlled by 

the concentration of added low molar mass electrolytes. 
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9. Summary and conclusion 

This dissertation discussed the “schizophrenic” self-organization in aqueous solution of 

twofold thermoresponsive diblock copolymers consisting of a zwitterionic polysulfobetaine 

block and a nonionic thermoresponsive block, exhibiting UCST and LCST behavior, 

respectively.  

In the first part, we focused on the influence of the architecture and the chemical nature of the 

individual blocks on the aggregation behavior of the diblock copolymers consisting of a 

zwitterionic PSPP block and a nonionic thermoresponsive PNIPAM of PNIPMAM block, 

namely PSPP432-b-PNIPAM200 and PSPP498-b-PNIPMAM144, in D2O. For both systems, 

CPUCST is lower than CPLCST, so that the diblock copolymers are water-soluble in the entire 

temperature range studied (10 - 65 °C). Turbidimetry, DLS, and temperature-resolved SANS 

show for the diblock copolymers the same general pattern, revealing three regimes of 

association and self-assembly in solution. Between CPUCST and CPLCST, the polymer solutions 

are translucent due to concentration fluctuations caused by ionic interactions between the 

PSPP chains. At low temperatures, namely below CPUCST, the polyelectrolyte nature of the 

PSPP block induce formation of very large aggregates with smooth surfaces by correlated, 

small and homogeneous spherical particles, which result in a high turbidity of the polymer 

solutions. At high temperatures, namely above CPLCST, the solutions are partially turbid due 

to the attractive interactions in the nonionic PNIPAM/PNIPMAM blocks, which do not lead 

to the formation of large aggregates as below CPUCST, but to the formation of spherical core-

shell micelles with a polydisperse core. The core-shell structure of the micelles expected 

below CPUCST could not be resolved, which may be due to the fact that the aggregation is 

governed by ionic interactions in the PSPP block and due to the interactions between the 

PSPP and PNIPAM/PNIPMAM blocks. The marked differences of the aggregation behavior 

below CPUCST and above CPLCST may be assigned to the difference in block lengths and their 

individual properties, such as dominating ionic interpolymer interactions versus hydrogen 

bonding with water, respectively. 

The aggregation behavior of PSPP432-b-PNIPAM200 and PSPP498-b-PNIPMAM144 in solution 

seems to be generic, yet, the cloud points are different: higher values of CPUCST and CPLCST as 

well as a larger temperature range between the cloud points was observed in the PSPP498-b-

PNIPMAM144 solution, compared to PSPP432-b-PNIPAM200. Moreover, the cloud points are 

altered in the copolymers from the ones in the respective homopolymers in a different way, 
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partially due to the different ratio of the lengths of the zwitterionic to the nonionic blocks and 

partially due to the chemical difference between the nonionic PNIPMAM and PNIPAM 

blocks. The choice of PNIPMAM as nonionic thermoresponsive block increases not only the 

width of the intermediate temperature regime by increasing CPLCST. The apparently small 

molecular change by adding one methyl group to the repeat unit modulates markedly the 

interaction of the nonionic block with adjacent zwitterionic and hydrophobic segments in the 

block copolymer, quite differently from PNIPAM. In addition, SANS revealed the formation 

of larger spheres below CPUCST and smaller core-shell micelles above CPLCST in the PSPP498-

b-PNIPMAM144 solution compared to PSPP430-b-PNIPAM200. The reasons for the findings 

seem complex, suggesting a certain extent of hydrophobic interaction between PNIPMAM 

chains already below the phase transition, as well as interactions with the zwitterionic block, 

and a stronger hydrophobic aggregation of the polymer chains above CPLCST.  

The sensitivity of PSPP to the addition of low molar mass salts was investigated by means of 

turbidimetry and SANS. Presence of an electrolyte, namely NaBr at a concentration of 0.004 

M, results in a salt-induced increase of the CPUCST in both systems, due to screening of the 

ionic interactions between the charged groups, while CPLCST stays unaffected. The shift of the 

CPUCST is smaller than the temperature range between the CPUCST and CPLCST, and the general 

pattern of the systems is unchanged. Although, the salt concentration is very low, it causes 

minor structural changes in the entire investigated temperature range.  

The second part of the thesis was devoted to the influence of the nature of the zwitterionic 

polysulfobetaine block (PSPP or PSBP) on the self-assembly in aqueous solution of the 

corresponding twofold thermoresponsive diblock copolymers with a nonionic 

PNIPAM/PNIPMAM block. We investigated the aggregation behavior of the PSBP78-b-

PNIPAM100 and PSBP78-b-PNIPMAM115 diblock copolymers in D2O by means of 

turbidimetry and SANS and compared their behavior to those of PSPP430-b-PNIPAM200 and 

PSPP498-b-PNIPMAM144. Similar to the diblock copolymers with PSPP, the diblock 

copolymers with the PSBP block reveal water-solubility in the entire temperature range 

studied (10-65 °C). The spacer group in PSBP which is extended by one methylene group 

between the charged groups compared to the one in PSPP results in stronger ionic 

interactions between the PSBP chains and a much higher CPUCST. The presence of the 

nonionic PNIPAM/PNIPMAM block causes a decrease of CPUCST of the PSBP block, 

compared to the respective homopolymer, so that CPUCST is close to CPLCST for both systems. 

SANS revealed a generic pattern of the aggregation behavior and only two different regimes 
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in the solutions of PSBP78-b-PNIPAM100 and PSBP78-b-PNIPMAM115 in dependence on 

temperature, i.e. below CPUCST and above CPLCST. The transitions from one regime to another 

one occur close to the CPLCST values of the PNIPAM and PNIPMAM homopolymers, 

accordingly. CPUCST seems to be very gradual and presumably lies above the CPLCST in both 

systems. Both at low and high temperatures, namely below CPUCST and above CPLCST, strong 

ionic interactions in the PSBP block cause the formation of rather micelle-like associates than 

distinct core-shell micelles. Below CPUCST, formation of very large aggregates with smooth 

surfaces by correlated, small and homogeneous spherical particles was found, similar to the 

findings in the solutions of the diblock copolymers with the zwitterionic PSPP block. The 

spherical particles are less polydisperse, more correlated and larger in size, compared to those 

in solutions of the diblock copolymers with PSPP. Above CPLCST, still strong ionic 

interactions between the PSBP chains together with the polymer-polymer interactions in the 

nonionic PNIPAM/PNIPMAM block lead to the formation of large aggregates, which was 

not found in the systems with the PSPP block. Moreover, the aggregates are formed by 

correlated cylindrical particles with a polydisperse radius and a contour length increasing 

during heating. 

Distinct differences of the properties of the nonionic PNIPAM and PNIPMAM blocks cause 

structural differences also in the diblock copolymers solutions with the PSBP block. In the 

PSBP78-b-PNIPMAM115 solution, which features a higher CPLCST compared to PSBP78-b-

PNIPAM100, weakening of the attractive interactions between the PSBP chains, due to the 

onset of the gradual CPUCST, are detected already below CPLCST: The surface of the 

aggregates changes from smooth to rough which goes along with the decrease of the radius of 

the small spheres during heating, resulting in very low and gradual increase of the light 

transmission. In contrast, in the PSBP78-b-PNIPAM100 solution, neither changes in the light 

transmission nor structural changes are observed below CPLCST. In addition, SANS revealed 

the formation of larger spheres below CPUCST and smaller cylindrical micelles above CPLCST 

PSBP78-b-PNIPAM100 solution, compared to PSBP78-b-PNIPMAM115. This may be partially 

due to the difference in the lengths of both blocks as well as different nature the nonionic 

blocks and their interactions with PSBP. 

Addition of NaBr at a concentration of 0.004 M causes a shift of the CPUCST in both solutions 

of PSBP78-b-PNIPAM100 and PSBP78-b-PNIPMAM115 to lower temperatures, in contrast to 

the diblock copolymers with the PSPP block where a salt-induced increase of CPUCST was 

detected; and CPLCST remains virtually unchanged, as intended. This way, an intermediate 
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temperature range between CPUCST and CPLCST has been derived, which is larger in the 

solution of PSBP78-b-PNIPMAM115, accordingly. The intermediate range is again 

characterized by the concentration fluctuations due to the polyelectrolyte nature of the PSPP 

block, as found at the example of the PSBP78-b-PNIPMAM115 solution by means of SANS. 

Again, minor salt-induced structural changes were found both below CPUSCT and above 

CPLCST. 

In the last part of the work, we focused on the architecture of diblock copolymers consisting 

of a zwitterionic PSBP block and a nonionic thermoresponsive PNIPMAM block in D2O, 

namely the relative lengths of the constituting blocks. By means of SANS, we studied the 

aggregation behavior in aqueous solution of PSBP51-b-PNIPMAM156 and PSBP243-b-

PNIPMAM103, with ca. 3 times lower or ca. 2.5 times higher block lengths of PSBP than 

those of PNIPMAM, respectively. Additionally, we compared their behavior to the behavior 

of PSBP78-b-PNIPMAM115, where the block length of PSBP is only 1.5 times lower than the 

one of PNIPMAM. Below CPUCST, ionic interactions between the PSBP chains cause the 

formation of very large aggregates with smooth surfaces in all three systems. The largest 

aggregates are found in the solution of PSBP243-b-PNIPMAM103, which has the highest molar 

mass, together with the highest block length of PSBP, which is at the origin of aggregation at 

low temperatures. An intermediate temperature range, between CPUCST and CPLCST, was 

detected only in the PSBP51-b-PNIPMAM156 and PSBP243-b-PNIPMAM103 solutions. In the 

PSBP51-b-PNIPMAM156 solution, where CPUCST is below CPLCST, a high number of ionic 

groups bound to the PSBP block cause the formation of a small fraction of large aggregates 

and concentration fluctuations. In the PSBP243-b-PNIPMAM103 solution, where CPUCST is 

above CPLCST, a high fraction of large aggregates with smooth surfaces are formed due to the 

attractive interactions in both PSBP and PNIPMAM blocks. Above CPLCST, correlated 

cylinders with a polydisperse radius and increasing contour length during heating were found 

in the PSBP51-b-PNIPMAM156 and PSBP78-b-PNIPMAM115 solutions. The dimensions of the 

cylinders are larger in the PSBP78-b-PNIPMAM115 solution, although the fraction of 

PNIPMAM, which is at the origin of the micelle formation above CPLCST, is higher in 

PSBP51-b-PNIPMAM156. Thus, the structure formation above CPLCST is governed by the 

attractive interactions in both PSBP and PNIPMAM. We note, that in the PSBP243-b-

PNIPMAM103 solution, the CPUCST value as well as the structures above CPUCST was not 

identified, due to and an insufficient number of measurements at high temperatures and 

further investigation is needed. 
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Thus, the variation of the relative lengths of the zwitterionic PSBP and the nonionic 

PNIPMAM blocks, allows to obtain a double switchable systems which exhibits a switch 

from micelles with a non-ionic shell and a polysulfobetaine core at low temperatures to the 

reverse micelles at high temperatures in three different ways: via precipitation, when CPUCST 

is above CPLCST, as in the PSBP243-b-PNIPMAM103 solution; via a molecularly dissolved 

state of the polymer chains with concentration fluctuations, when CPUCST is below CPLCST, as 

in the PSBP51-b-PNIPMAM156 solution; and directly, when the cloud points are close to each 

other, as in the PSBP78-b-PNIPMAM115 solution. The structure of the micelles depends 

strongly on the precise molecular structure of the diblock copolymers. 

Summarizing the above mentioned results, we conclude that a proper selection of the diblock 

copolymer's architecture, namely the chemical structures of the zwitterionic and nonionic 

thermoresponsive blocks as well as their molar masses, allows to control the UCST- and 

LCST-type transition temperatures and determines the detailed responsive self-assembly. 

Moreover, addition of low molar mass salt to the polymer solution may cause changes of the 

UCST-type transition without affecting the LCST-type transition, giving rise to an orthogonal 

switch from the system with molecularly dissolved polymers in the intermediate state to the 

system with large aggregates, or vice versa, depending on the zwitterionic block properties 

and the initial intermediate state.  

The diblock copolymers investigated in the present work showed a “smart” behavior in 

aqueous solution, as the reversible formation and disruption of the micelles, as well as an 

intermediate stage, which can be controlled by the architecture of the diblock copolymers and 

triggered by tuning the temperature and, due to the ion sensitivity of the polysulfobetaine 

block, by the ionic strength of the solution. Such materials might have a great potential for 

several applications, e.g. in the biomedical field and in the development of switchable 

surfaces and thermo-optical devices.81  

The usefulness of these materials for encapsulation of a hydrophobic substances in the core of 

the micelle was demonstrated at the example of PSPP144-b-PNIPMAM498. The results of the 

temperature-dependent fluorescence characteristics of hydrophobic dye labels attached to the 

polymer ends show the dye partitions into the microphase-separated domains, but 

preferentially of the nonionic block above its LCST-type transition. Accordingly, the use of 

the LCST-type transition is more favorable than the use of the UCST-type transition for the 
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transport and release of hydrophobic active substances. Moreover, above the LCST-type 

transition in the diblock copolymers with the PSPP and PNIPAM or PNIPMAM blocks, a 

core-shell structure was detected, whereas below the UCST-transition, structure formation is 

much less pronounced. This is attributed to the different types of interactions, namely 

hydrophobic and ionic ones, dominating in the different regimes. For the systems with PSBP 

and PNIPAM/PNIPMAM blocks, where the strong ionic interactions between the PSBP 

chains affect the micelle formation below the UCST-type transition as well as above LCST-

type transition, further investigations of its capability to transfer hydrophobic substances are 

needed.  

Of course, other questions concerning the structure formation in the solutions of the diblock 

copolymers remain, and further experiments will certainly add significant information to the 

ongoing discussion. For instance, the detection of core-shell structure, which is of great 

interest for further application, using SANS is complicated because of the similarity of the 

SLD values of the zwitterionic and nonionic blocks of the investigated diblock copolymers. 

Further experiments with the deuteration of one of the blocks, which will allow to follow the 

block in the formation of the core or shell, will certainly add significant information to the 

ongoing discussion. Another interesting aspect for all potential applications in biological or 

environmental systems that inherently contain low molar mass electrolytes is the sensitivity 

of the investigated diblock copolymers to different environments. 
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Appendix A. Supporting information for chapter 6 

The present appendix is based on ref. [219,220]. 

In the appendix, will be presented: 

• 
1H NMR results from PSPP498-b-PNIPMAM144 in D2O obtained in heating/cooling cycles 

• Best fit parameters for the SANS data of a 50 g L-1 solutions of PNIPMAM195. 

• Fits to the SANS curves from a 50 g L-1 solutions of PSPP430-b-PNIPAM200, and 

PSPP498-b-PNIPMAM144 and best fit parameters for the SANS data. 

• Comparison of the SANS curves from PSPP498-b-PNIPMAM144 and PSPP430-b-

PNIPAM200 solutions in salt-free D2O. 

• Temperature-dependent fluorescence characteristics of the solvatochromic end-group. 

• SAXS results from PSPP498-b-PNIPMAM144 in D2O obtained in heating/cooling cycles. 

• Comparison of the low q region in the fits to the SANS curves from PSPP498-b-

PNIPMAM144 and PSPP430-b-PNIPAM200 solutions in salt-free D2O and in 0.004 M 

NaBr in D2O. 

• Best fit parameters for the SANS data of a 50 g L-1 solutions of PSPP430-b-PNIPAM200 

and PSPP498-b-PNIPMAM144 in 0.004 M NaBr in D2O. 
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Characterization of the PSPP498-b-PNIPMAM144 solution using 1H nuclear 

magnetic resonance (NMR) 

The present paragraph is based on ref. [220]. 

Temperature-resolved 1H NMR of 10 g L-1 solutions of PSPP498-b-PNIPMAM144 in D2O 

were carried out using a Bruker Avance 500 spectrometer (500 MHz). The measurements 

were performed during heating and cooling starting at 40 °C, respectively, in intervals of 5 

°C. Samples were equilibrated at each temperature 30 min before measurement.  

Results from 1H NMR 

The temperature-dependent solution phase behavior of the PSPP498-b-PNIPMAM144 diblock 

copolymer in D2O was explored using temperature-resolved 1H NMR measurements. The 

three regimes in the PSPP498-b-PNIPMAM144 solution determined by turbidimetry are also 

reflected in temperature-resolved 1H NMR spectra of the block copolymer (10 g L-1 in D2O) 

(Figure A.1). In regime II, at 35-45 °C, the proton signals of both the PSPP and PNIPMAM 

blocks are well visible, relatively narrow, and the values of their integrals agree with the 

copolymer composition. In regime I, however, the signals characteristic for the PSPP block 

(e.g. at ~2.0, ~2.25, and 2.8-3.6 ppm)31 broaden increasingly and loose much of their 

intensity with decreasing temperature, while the signal characteristic for the PNIPMAM 

block at ca. 3.9 ppm remains virtually unchanged. Also, the intensity of the signal centered at 

~0.95 ppm, which is characteristic for the methyl group on the polymer backbone is markedly 

reduced, as the PSPP block is considerably longer than the PNIPMAM block. In comparison, 

the intensity of the signal centered at ~1.15 ppm, which has contributions from the methylene 

protons of the backbone, but is in large parts due to the methyl groups of the isopropyl moiety 

of PNIPMAM, becomes much less attenuated when lowering the temperature. The scenario 

of regime I is reversed in regime III, when heating above 45 °C. Whereas the signals 

characteristic for the PSPP block remain nearly unchanged, the signal at 3.9 ppm of the 

PNIPMAM block continuously decreases with heating. Further, the intensity of the mixed 

signal group at 1.15 ppm is increasingly reduced in comparison to the mixed signal centered 

at 0.95 ppm, in agreement with the relative contributions of the two blocks to these signals 

(see above). The broadening and attenuation of the NMR signals is explained by aggregation 

and desolvatation of the individual PSPP and PNIPMAM blocks below CPUCST or above 

CPLCST, respectively. This behavior corroborates our view of temperature-controlled 
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schizophrenic micellization of polymer PSPP498-b-PNIPMAM144, with the PSPP blocks 

forming the micellar core in regime I, and the PNIPMAM blocks in regime III. Nevertheless, 

we note that these changes do not take place abruptly, but rather gradually. Even at 10 °C, 

i.e., well below CPUCST, the signals of the PSPP block are still well visible, implying an 

appreciable residual hydration of the collapsed PSSP chains. The same remark holds true for 

the PNIPMAM signal at 3.9 ppm, which even at 70 °C, i.e., well above CPLCST, has not 

completely vanished. 

 

Figure A.1: Temperature dependent 1H NMR spectra of PSPP498-b-PNIPMAM144 in D2O. 

Temperature decreases from 70 °C (top curve) to 10 °C (bottom curve) in steps of 5 °C. Left: 

full spectra. Right: section between 4.2 and 3.6 ppm, with signal intensities magnified by a 

factor of 12.5. The weak highly resolved signals originate from incomplete deuteration of the 

internal reference 3-trimethylsilylpropanesulfonic acidd6 sodium salt. 
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Table A.1. Best fit parameters of Eq. 6.1 for the SANS data of a 50 g L-1 PNIPMAM195 

solution in D2O at different temperatures. 

 22 ºC 29 ºC 39 ºC 49 ºC 

I0 [cm-1] (2.9 ± 0.1)×10-3 (3.5 ± 0.1)×10-3   

ravg [nm] 25 ± 3 26 ± 3   

p 0.20 ± 0.02 0.22 ± 0.02   

IP  (1.3 ± 0.1) × 10-5 (8.0 ± 0.1) × 10-6 (2.3 ± 0.1) × 10-6 (5.0 ± 0.4) × 10-6 

𝛼 3.0 ± 0.2 3.1 ± 0.2 4.0 ± 0.3 4.3 ± 0.3 

Ioz [cm-1] 1.4 ± 0.1 1.9 ± 0.2 4.8 ± 0.4 0.18 ± 0.02 

ξOZ [nm] 2.4 ± 0.2 2.7 ± 0.2 4.2 ± 0.3 4.1 ± 0.3 

SLD sphere 

[nm−2] 
(9.0± 1.0) × 10-4 (9.0± 1.0) × 10-4   
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Figure A.2: Representative SANS curves from a 50 g L-1 PSPP430-b-PNIPAM200 solution in 

D2O, where only every third data point is shown for clarity, together with the model fits () 

obtained using Eq. 6.1 in regimes I and III and Eq. 6.2 in regime II, see details in the chapter 

6 in the main text. The symbols show the experimental data at 15 °C (regime I, a, c), 29 °C 

(regime II, b) and 49 °C (regime III, d), respectively. The other lines represent the 

contributions to the models as described in the graphs. 
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Figure A.3: Representative SANS curves from a 50 g L-1 PSPP498-b-PNIPMAM144 solution 

in D2O, where every third point is shown for clarity, together with the model fits () 

obtained using Eq. 6.1 in regimes I and III and Eq. 6.2 in regime II, see details in the chapter 

7 in the main text. The symbols show the experimental data (a,b) at 15 °C (regime I), (c) 39 

°C (regime II), (d) 49 °C (regime II) and (e) 59 °C (regime III), respectively. The other lines 

represent the contributions to the models as described in the graphs. 
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Table A.2. Best fit parameters of Eq. 6.2 for the SANS data of a 50 g L-1 PSPP430-b-

PNIPAM200 solution in D2O in regimes I and II. 

 
Regime I Regime II 

15 °C 22 °C 29 °C 

IP (3.2 ± 0.1)×10-10 - - 

𝛼 4.1 ± 0.1 - - 

C [cm-1] 5.8 ± 0.1 4.2 ± 0.1 3.5 ± 0.1 

ξsolv [nm]  8.6 ± 0.2 6.5 ± 0.2 6.0 ± 0.1 

m 1.94 ± 0.03 2.00 ± 0.03 1.93 ± 0.02 

d0 [nm] 48 ± 2 52 ± 3 50 ± 3 

 

Table A.3. Best fit parameters of Eq. 6.1 for the SANS data of a 50 g L-1 PSPP430-b-

PNIPAM200 solution in D2O in regimes I and III. 

 Regime I Regime III 

 15 ºC 39 ºC 49 ºC 

ravg [nm] 4.4 ± 0.1 - - 

p 0.48 ± 0.03 - - 

rmic [nm] - 86 ± 4 92 ± 4 

rcore [nm] - 67 ± 4 73 ± 4 

pcore - 0.26 ± 0.02 0.26 ± 0.03 

RHS [nm] 18 ± 2 52 ± 3 54 ± 3 

ƞ 0.12 ± 0.01 0.17 ± 0.02 0.17 ± 0.01 

IP (1.5 ± 0.5) × 10-10 - - 

𝛼 4.1 ± 0.2 - - 

Ioz [cm-1] 1.9 ± 0.2 8.6 ± 0.7 6.2 ± 0.5 

ξOZ [nm] 4.0 ± 0.3 7.9 ± 0.9 6.7 ± 0.5 

SLD sphere/core [nm-2] (8.0 ± 0.3) × 10-5 (8.0 ± 0.2) × 10-5 (8.0 ± 0.2) × 10-5 

SLD shell [nm-2] - (3.7 ± 0.2) × 10-4 (4.8 ± 0.2) × 10-4 
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Table A.4. Best fit parameters of Eq. 6.2 for the SANS data of a 50 g L-1 PSPP498-b-

PNIPMAM144 solution in D2O in regimes I and II. 

 
Regime I Regime II 

15 °C 22 °C 29 °C 39 °C 49 °C 

IP (2.1 ± 0.1)×10-6 (2.4 ± 0.2)×10-6    

𝛼 4.0 ± 0.2 3.5 ± 0.2    

IG [cm-1]     2.8 ± 0.3 

Rg [nm]     32 ± 3 

C [cm-1] 137 ± 14 17 ± 2 11.1 ± 0.9 7.0 ± 0.6 6.1 ± 0.5 

ξsolv [nm]  38 ± 3 12 ± 1 8.5 ± 0.6 6.8 ± 0.5 6.2 ± 0.4 

m 2.01 ± 0.10 1.96 ± 0.09 2.03 ± 0.08 2.03 ± 0.09 2.00 ± 0.11 

d0 [nm] 118 ± 11 78 ± 8 77 ± 7 72 ± 8 75 ± 7 

 

Table A.5. Best fit parameters of Eq. 6.1 for the SANS data of a 50 g L-1 PSPP498-b-

PNIPMAM144 solution in D2O in regimes I and III. 

 Regime I Regime III 

 15 ºC 22 ºC 59 ºC 

ravg [nm] 15 ± 2 6.1 ± 0.5 - 

p 0.45 ± 0.03 0.49 ± 0.07 - 

rmic [nm] - - 28 ± 3 

rcore [nm] - - 13 ± 1 

pcore - - 0.44 ± 0.04 

RHS [nm] 43 ± 3 22 ± 2 - 

ƞ 0.08 ± 0.01 0.07 ± 0.01 - 

IP (7.6 ± 0.3) × 10-7 (6.1 ± 0.6) × 10-8 - 

𝛼 4.1 ± 0.3 4.1 ± 0.2 - 

Ioz [cm-1] 16.3 ± 0.9 9.1 ± 0.2 11.6 ± 0.9 

ξOZ [nm] 12.3 ± 0.9 7.7 ± 0.3 8.1 ± 0.8 

SLD sphere/core [nm−2] (7.3 ± 0.5) × 10-5 (7.3 ± 0.5) × 10-5 (7.3 ± 0.2) × 10-5 

SLD shell [nm−2] - - (1.5 ± 0.2) × 10-4 
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Figure A.4: Comparison of the SANS curves from a 50 g L-1 PSPP498-b-PNIPMAM144 

(closed symbols) and PSPP430-b-PNIPAM200 (open symbols) solutions in salt-free D2O at (a) 

15 ºC (regime I), (b) 39 °C (regime II) and (c) 59 °C (PSPP498-b-PNIPMAM144) and 49 ºC 

(PSPP432-b-PNIPAM200) (regime III). Only every second point is shown for clarity. 
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Temperature-dependent fluorescence characteristics of the solvatochromic 

end-group label 

The present paragraph is based on ref. [220]. 

The fluorescence behavior of the PSPP498 and PNIPMAM195 homopolymers and the block 

copolymer PSPP498-b-PNIPMAM144 was investigated. Fluorescence spectra were recorded by 

a Perkin Elmer Luminescence Spectrometer LS 50 B.  

In the case of homopolymer PNIPMAM195, the emission maximum of the fluorophore shifts 

in dilute solution from 546 nm below CPLCST to 536 nm above CPLCST, which goes in parallel 

with a strong increase of the fluorescence intensity. This indicates a less polar environment of 

the fluorophore above the coil-to globule phase transition, quite similar to the behavior of 

analogously labeled PNIPAM.221 Accordingly, the hydrophobic dye partitions preferentially 

into the PNIPMAM-rich microphase. In contrast, in the case of PSPP498, the emission 

maximum of the fluorophore stays at 544 nm independently of the temperature and of the 

coil-to globule phase transition, while the fluorescence intensity is always weak. 

Accordingly, the collapsed zwitterionic block does not accommodate the polar, but 

hydrophobic dye. The fluorescence behavior of the block copolymer PSPP498-b-

PNIPMAM144, in which the solvatochromic label is attached to the zwitterionic block, 

corresponds to the one of the PSPP homopolymer. Below CPUCST, at ambient temperature, 

and above CPLCST, the emission maximum is always found at about 543 nm, supporting the 

view that the microphase separated domains of PSPP formed below CPUCST are much less 

hydrophobic than the domains formed by PNIPAM above CPLCST. This would account for the 

reduced disposition of the block copolymer to produce well-defined core-shell aggregate 

structures below CPUCST. 
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Small-Angle X-ray Scattering (SAXS)  

The present paragraph is based on ref. [220]. 

SAXS measurements were performed using a SAXS GANESHA 300XL instrument. The X-

ray wavelength was λ = 1.54 Å and the sample-detector distance (SDD) 1.08 m, resulting in a 

q-range of 0.06 – 2.1 nm-1. Two-dimensional scattering patterns were recorded on a Pilatus 

300K detector with a pixel size of 172 μm × 172 μm. The scattering data were analyzed using 

the Fit2d software.227 The 2D images were normalized to the intensity of the incident beam, 

azimuthally averaged and corrected for background scattering from the quartz capillary and 

for electronic noise. Samples were loaded in 1 mm quartz capillaries in a heatable sample 

holder. A 150 g L-1 PSPP498-b-PNIPMAM144 solution in D2O was prepared at room 

temperature and was stirred for 2 days in a thermo-shaker at 40 °C. Measurements were 

performed according to the following protocols: (i) heating from 40 °C to 60 °C and 

subsequent cooling back in steps of 5 °C; (ii) cooling from 40 °C to 20 °C and subsequent 

heating back in steps of 4 °C. At each step, the equilibration time was 15 min. The exposure 

time at each temperature was 30 min. 

To model the SAXS curves, the two level Beaucage model was used:228-230 
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where  x  is the gamma function. 

The SANS curves were modeled using the SANS Data Reduction and Analysis software 

provided by the NIST Center for Neutron Research within the IGOR Pro software 

environment.218 
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Results from SAXS  

Temperature-resolved SAXS measurements of a 150 g L-1 PSPP498-b-PNIPMAM144 solution 

in D2O were performed in order to get additional information on the structural changes and to 

detect a possible influence of the thermal history. Figure A.5a presents the SAXS curves from 

a heating/cooling run between 40 °C and 60 °C and from a cooling/heating run between 40 

°C and 20 °C. They are characterized by one or two smooth decays and become flat above ca. 

2.5 nm-1. 

Since the q range of the SAXS measurement is limited, we refrain from fitting the more 

detailed models used for the SANS curves which are described in the main text. Moreover, a 

higher polymer concentration was chosen for SAXS to increase the scattering signal. 

Therefore, we use a two-level Beaucage model (Eqs. A1 and A2) to detect and quantify 

possible differences according to the protocol.  

 

Figure A.5: (a) Representative SAXS-curves from a 150 g L-1 PSPP498-b-PNIPMAM144 

solution in D2O together with the model fits () during heating from 40 °C to 60 °C and 

during cooling from 40 °C to 20 °C (closed symbols) and during the subsequent cooling back 

and heating back runs (open symbols). The curves are shifted vertically by a factor of 10. The 

colors blue, green and red indicate the three regimes I, II and III as determined by 

turbidimetry at 50 g L-1. (b) Resulting radii of gyration. Symbols correspond to the two types 

of particles: smaller (up and down triangles) and larger ones (black squares and diamonds). 

Red and blue dashed lines indicate CPUCST and CPLCST, respectively, as determined by 

turbidimetry at 50 g L-1. 
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Figure A.5b presents the results from model fitting. Two kinds of length scales are identified. 

The smaller ones correspond to a radius of gyration of ca. 1-3 nm in regimes I and II and of 

ca. 10 nm in regime III. This contribution may be due to the concentration fluctuations in the 

micellar shell, i.e. the  values. Moreover, larger particles are observed whose radius of 

gyration decreases from 26 nm at 20 °C to 10 nm at 45 °C, i.e. in regimes I and II, and which 

is 30 nm and 36 nm at 54 °C and 60 °C, i.e. in regime III. These may correspond to the 

micelles observed by SANS in regimes I and III and to the large-scale concentration 

fluctuations in regime II. Upon cooling, very similar values are obtained in the entire 

temperature range. (The minor changes in the SAXS data seen in Figure S4a give rise to 

minor changes in the other fitting parameters, but not in the radii of gyration.) We conclude 

that there is no hysteresis between heating and cooling and that the sample is in equilibrium 

at all temperatures. 
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Figure A.6: Zooms of the low q region of the SANS curves from 50 g L-1 solutions of 

PSPP430-b-PNIPAM200 (a-c) and PSPP498-b-PNIPMAM144 (d-g) in salt-free D2O (open 

symbols, from Figures 6.4 in the main text) and in 0.004 M NaBr in D2O (closed symbols), 

where only every third point is shown for clarity, together with the fitting curves () 

obtained using Eq. 6.1 in regimes I and III and Eq. 6.2 in regime II, see details in the chapter 

6 in the main text.  Curves in regime I at 15 ºC (a, d), in regime II at 22/29 ºC (b, e) and 49 ºC 

(f) and in regime III at 49/59 ºC (c, d), where every second point is shown for clarity. 
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Table A.6. Best fit parameters of Eq. 6.2 to the SANS data of a 50 g L-1 PSPP430-b-

PNIPAM200 solution in 0.004 M NaBr in D2O in regimes I and II. 

 Regime I Regime II 

 15 °C 22 °C 29 °C 

IP (7.4 ± 0.3)×10-10 (2.1 ± 0.1)×10-8  

𝛼 4.3 ± 0.1 3.1 ± 0.1  

C [cm-1] 4.8 ± 0.1 7.7 ± 0.2 5.5 ± 0.1 

ξsolv [nm]  8.2 ± 0.3 8.3 ± 0.3 6.5 ± 0.2 

m 1.86 ± 0.03 1.95 ± 0.04 2.00 ± 0.03 

d0 [nm] 51 ± 3 55 ± 3 59 ± 4 

 

Table A.7. Best fit parameters of Eq. 6.1 for the SANS data of a 50 g L-1 PSPP430-b-

PNIPAM200 solution in 0.004 M NaBr in D2O in regimes I, II and III. 

 Regime I Regime II Regime III Regime III 

 15 ºC 22 ºC 39 ºC 49 ºC 

ravg [nm] 4.6 ± 0.1 3.3 ± 0.1 - - 

p 0.45 ± 0.04 0.64 ± 0.07 - - 

rmic [nm] - - 78 ± 3 79 ± 4 

rcore [nm] - - 58 ± 3 60 ± 3 

pcore - - 0.28 ± 0.02 0.28 ± 0.03 

RHS [nm] 16 ± 2 18 ± 2 49 ± 3 51 ± 3 

ƞ 0.09 ± 0.01 0.12 ± 0.02 0.19 ± 0.03 0.18 ± 0.03 

IP (6.0 ± 0.3) × 10-10 (2.1 ± 0.2) × 10-8 - - 

𝛼 4.4 ± 0.2 3.1 ± 0.3 - - 

Ioz [cm-1] 1.9 ± 0.2 3.0 ± 0.4 12.6 ± 1.1 11.5 ± 0.9 

ξOZ [nm] 4.0 ± 0.4 4.5 ± 0.4 8.8 ± 0.3 8.2 ± 0.4 

SLD 

sphere/core 

[nm-2] 

 

(8.0 ± 0.3) × 10-5 

 

(8.0 ± 0.3) × 10-5 

 

(8.0 ± 0.2) × 10-5 

 

(8.0 ± 0.2) × 10-5 

SLD shell 

[nm-2] 
- - 

(3.8 ± 0.2) × 10-4 (4.0 ± 0.2) × 10-4 
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Table A.8. Best fit parameters of the model in Eq. 6.2 for the SANS data of a 50 g L-1 

PSPP498-b-PNIPMAM144 solution in 0.004 M NaBr in D2O in regimes I and II. 

 
Regime I Regime II 

15 °C 22 °C 29 °C 39 °C 49 °C 

IP × 10-6 (2.6 ± 0.6) (3.9 ± 0.4)    

𝛼 4.0 ± 0.2 3.8 ± 0.3    

IG [cm-1]   6.0 ± 0.6 2.0 ± 0.2 9.8 ± 0.9 

Rg [nm]   91 ± 9 60 ± 6 36 ± 4 

C [cm-1] 550 ± 20 33 ± 3 13.4 ± 1.2 8.1 ± 0.8 7.1 ± 0.7 

ξsolv [nm]  54 ± 5 15 ± 1 8.8 ± 0.9 6.8 ± 0.5 5.8 ± 0.5 

m 2.24 ± 0.12 2.01 ± 0.08 2.05± 0.07 2.03 ± 0.05 2.03 ± 0.13 

d0 [nm] 140 ± 12 94 ± 9 85 ± 8 80 ± 9 103 ± 10 

 

Table A.9. Best fit parameters of the model in Eq. 6.1 for the SANS data of a 50 g L-1 

PSPP498-b-PNIPMAM144 solution in 0.004 M NaBr in D2O in regimes I and III. 

 Regime I Regime III 

 15 ºC 22 ºC 59 ºC 

ravg [nm] 26 ± 3 7.4 ± 0.6 - 

p 0.34 ± 0.02 0.49 ± 0.06 - 

rmic [nm] - - 29 ± 3 

rcore [nm] - - 15 ± 2 

pcore - - 0.41 ± 0.04 

RHS [nm] 47 ± 5 28 ± 3 - 

ƞ 0.09 ± 0.01 0.06 ± 0.01 - 

IP  (6.9 ± 0.4) × 10-7 (8.5 ± 0.9) × 10-8 - 

𝛼 4.1 ± 0.3 4.0 ± 0.3 - 

Ioz [cm-1] 8.1 ± 0.6 9.7 ± 0.9 9.5 ± 1.0 

ξOZ [nm] 8.7 ± 0.8 7.6 ± 0.5 7.0 ± 0.6 

SLD sphere/core 

[nm−2] 
(7.3 ± 0.5) × 10-5 (7.3 ± 0.5) × 10-5 (7.0 ± 0.2) × 10-5 

SLD shell [nm−2] - - (9.2 ± 0.8) × 10-5 
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Appendix B. Supporting information for chapter 7 

In this appendix, will be presented:  

• Fits to the SANS curves from 50 g L-1 solutions of PSBP78-b-PNIPAM100 in D2O and 

PSBP78-b-PNIPMAM115 in D2O and in 0.004 M NaBr (at 40 °C).  

• Best fit parameters for the SANS data of a 50 g L-1 solutions of PSBP78-b-PNIPAM100 

and PSBP78-b-PNIPMAM115 in D2O and in 0.004 M NaBr in D2O. 
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Figure B.1: Representative SANS curves from a 50 g L-1 PSBP78-b-PNIPAM100 (a, c) and 

PSBP78-b-PNIPMAM115 (b, d) solutions in D2O, where every second point is shown for 

clarity, together with the model fits () obtained using Eq. 6.1, see details in the chapters 6-7 

in the main text. The symbols show the experimental data from a 50 g L-1 PSBP78-b-

PNIPAM100 solution in D2O at 10 °C (regime I, a) and 50 °C (regime III, c) and data from a 

50 g L-1 PSBP78-b-PNIPAM100 solution in D2O at 20 °C (regime I, b) and 65 °C (regime III, 

d). The other lines represent the contributions to the models as described in the graphs. 
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Table B.1. Best fit parameters of Eq. 6.1 for the SANS data of a 50 g L-1 PSBP78-b-

PNIPAM100 solution in D2O in regimes I. 

 10 ºC 20 ºC 30 ºC 

ravg [nm] 14.4 ± 1.4 13.8 ± 1.3 13.8 ± 1.3 

p 0.22 ± 0.02 0.24 ± 0.02 0.28 ± 0.03 

RHS [nm] 26 ± 3 24 ± 2 24 ± 2 

ƞ 0.15 ± 0.01 0.10 ± 0.01 0.04 ± 0.01 

IP (8.6 ± 0.8) × 10-9 (1.2 ± 0.1) × 10-9 (3.2 ± 0.3) × 10-9 

𝛼 3.9 ± 0.2 4.1 ± 0.3 4.1 ± 0.3 

IOZ [cm-1] 1.4 ± 0.1 3.4 ± 0.2 8.3 ± 0.7 

ξOZ [nm]  1.5 ± 0.2 2.4 ± 0.2 3.6 ± 0.3 

SLD sphere (7.7 ± 0.4) × 10-5 

 

Table B.2. Best fit parameters of Eq. 6.1 for the SANS data of a 50 g L-1 PSBP78-b-

PNIPAM100 solution in D2O in regime III. 

 40 ºC 50 ºC 

Ravg [nm] 10.6 ± 1.0 11.9 ± 1.2 

L [nm] 23 ± 2 36 ± 4 

b [nm] 10 ± 1 16 ± 2 

p 0.21 ± 0.02 0.16 ± 0.02 

RHS [nm] 19 ± 2 22 ± 3 

ƞ 0.44 ± 0.02 0.52 ± 0.03 

IP (4.9 ± 0.4) × 10-10 (7.0 ± 0.6) × 10-10 

𝛼 4.9 ± 0.3 4.8 ± 0.3 

C [cm-1] 1.7 ± 0.1 1.5 ± 0.1 

ξsolv [nm]  4.7 ± 0.4 7.9 ± 0.8 

m 1.36 ± 0.12 0.94 ± 0.10 

d0 [nm] 15 ± 2 15 ± 2 

SLD cylinder (7.7 ± 0.4) × 10-5 
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Table B.3. Best fit parameters of equation 6.1 for the SANS data of a 50 g L-1 PSBP78-b-

PNIPMAM115 solution in D2O in regime I. 

 20 ºC 25 ºC 30 ºC 35 ºC 40 ºC 45 ºC 

ravg [nm] 12.7 ± 1.3 12.3 ± 1.2 12.1 ± 1.2 11.7 ± 1.1 11.5 ± 1.2 11.5 ± 1.2 

p 0.25 ± 0.02 0.27 ± 0.03 0.27 ± 0.03 0.27 ± 0.03 0.22 ± 0.02 0.10 ± 0.01 

RHS [nm] 24 ± 2 23 ± 2 23 ± 2 23 ± 2 24 ± 2 19 ± 2 

ƞ 0.11 ± 0.01 0.09 ± 0.01 0.07 ± 0.01 0.05 ± 0.01 0.04 ± 0.01 0.09 ± 0.01 

IP × 10-8 10.0 ± 1.0 1.3 ± 0.1 8.4 ± 0.9 8.6 ± 0.9 1.6 ± 0.2 14.7 ± 1.2 

𝛼 4.0 ± 0.2 3.9 ± 0.2 3.5 ± 0.1 3.5 ± 0.1 3.7 ± 0.1 4.1 ± 0.2 

IOZ [cm-1] 7 ± 1 10 ± 1 17 ± 2 25 ± 2 46 ± 3 46 ± 3 

ξOZ [nm]  3.5 ± 0.2 3.9 ± 0.3 4.8 ± 0.4 5.6 ± 0.5 7.3 ± 0.7 6.9 ± 0.5 

SLDsphere (7.1 ± 0.3) × 10-5 

 

Table B.4. Best fit parameters of equation 6.1 for the SANS data of a 50 g L-1 PSBP78-b-

PNIPMAM115 solution in D2O in regime III. 

 50 ºC 55 ºC 60 ºC 65 ºC 

Ravg [nm] 10.1 ± 1.0 13.1 ± 1.1 13.5 ± 1.2 13.5 ± 1.2 

L [nm] 25 ± 2 29 ± 3 34 ± 3 54 ± 5 

b [nm] 16 ± 2 18 ± 2 18 ± 2 18 ± 2 

p 0.50 ± 0.05 0.20 ± 0.02 0.16 ± 0.01 0.16 ± 0.2 

RHS [nm] 21 ± 2 22 ± 2 22 ± 2 22 ± 2 

ƞ 0.34 ± 0.02 0.35 ± 0.03 0.36 ± 0.03 0.37 ± 0.03 

IP × 10-9 2.2 ± 0.2 0.8 ± 0.1 0.9 ± 0.1 1.2 ± 0.1 

𝛼 4.7 ± 0.3 4.9 ± 0.3 4.9 ± 0.3 4.9 ± 0.3 

C [cm-1] 3.2 ± 0.2 1.6 ± 0.1 1.5 ± 0.1 1.6 ± 0.2 

ξsolv [nm]  4.2 ± 0.2 3.9 ± 0.2 5.5 ± 0.3 5.8 ± 0.4 

m 1.59 ± 0.21 1.53 ± 0.13 1.13 ± 0.10 1.16 ± 0.11 

d0 [nm] 17 ± 2 15 ± 2 14 ± 1 14 ± 1 

SLD cylinder (7.1 ± 0.3) × 10-5 
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Figure B.2: Representative SANS curves from a 50 g L-1 PSBP78-b-PNIPMAM115 solution in 

0.004 M NaBr in D2O, together with the model fits obtained using Eqs. 6.1 (a) and 6.2 (b) 

(). The symbols show the experimental data obtained at 40 °C (regime II). The other lines 

represent the contributions to the models as described in the graphs. 

Table B.5. Best fit parameters of Eq. 6.1 for the SANS data of a 50 g L-1 PSBP78-b-

PNIPMAM115 solution in 0.004 M NaBr in D2O in regimes I and II. 

 
Regime I Regime II 

20 ºC 25 ºC 30 ºC 35 ºC 40 ºC 45 ºC 

ravg [nm] 11.8 ± 1.2 11.1 ± 1.0 10.0 ± 1.0 2.9 ± 0.3 2.3 ± 0.2 2.3 ± 0.2 

p 0.26 ± 0.03 0.27 ± 0.03 0.29 ± 0.03 0.85 ± 0.08 0.80 ± 0.07 0.53 ± 0.05 

RHS [nm] 22 ± 2 21 ± 2 20 ± 2 17 ± 2 17 ± 2 18 ± 2 

ƞ 0.10 ± 0.01 0.08 ± 0.01 0.07 ± 0.01 0.08 ± 0.01 0.08 ± 0.01 0.11 ± 0.01 

IP × 10-9 11.1 ± 1.1 2.1 ± 0.2 1.4 ± 0.1 0.5 ± 0.1 62 ± 2 459 ± 57 

𝛼 3.8 ± 0.1 4.0 ± 0.1 4.1 ± 0.2 3.8 ± 0.2 3.4 ± 0.1 3.2 ± 0.1 

IOZ [cm-1] 21 ± 21 31 ± 3 36 ± 4 26 ± 3 23 ± 3 23 ± 3 

ξOZ [nm]  6.2 ± 0.4 6.8 ± 0.5 7.0 ± 0.6 5.8 ± 0.5 5.3 ± 0.4 5.4 ± 0.5 

SLDsphere (7.1 ± 0.3) × 10-5 
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Table B.6. Best fit parameters of Eq. 6.2 for the SANS data of a 50 g L-1 PSBP78-b-

PNIPMAM115 solution in 0.004 M NaBr in D2O in regime II. 

 35 ºC 40 ºC 45 ºC 

IP×10-7 1.8 ± 0.1 3.9 ± 0.2 19 ± 2 

𝛼 3.3 ± 0.1 3.1 ± 0.1 2.8 ± 0.1 

C [cm-1] 40 ± 3 27 ± 2 22 ± 2 

ξsolv [nm]  8.6 ± 0.6 6.2 ± 0.4 5.1 ± 0.3 

m 1.93 ± 0.13 1.99 ± 0.13 2.05 ± 0.15 

d0 [nm] 85 ± 7 90 ± 8 105 ± 10 

 

Table B.7. Best fit parameters of Eq. 6.1 for the SANS data of a 50 g L-1 PSBP78-b-

PNIPMAM115 solution in 0.004 M NaBr in D2O in regime III. 

 50 ºC 55 ºC 60 ºC 65 ºC 

Ravg [nm] 12.3 ± 1.2 12.6 ± 1.1 13.3 ± 1.2 13.8 ± 1.3 

L [nm] 20 ± 21 25 ± 3 30 ± 37 45 ± 5 

b [nm] 10 ± 1 17 ± 2 17 ± 2 19 ± 2 

p 0.27 ± 0.02 0.16 ± 0.01 0.14 ± 0.01 0.13 ± 0.01 

RHS [nm] 21 ± 2 21 ± 3 22 ± 2 22 ± 2 

ƞ 0.32 ± 0.02 0.34 ± 0.03 0.35 ± 0.03 0.35 ± 0.03 

IP × 10-9 4.3 ± 0.2 0.7 ± 0.1 0.9 ± 0.1 0.7 ± 0.1 

𝛼 4.5 ± 0.3 4.8 ± 0.3 4.9 ± 0.3 4.9 ± 0.3 

C [cm-1] 3.8 ± 0.3 1.6 ± 0.1 1.5 ± 0.1 1.4 ± 0.2 

ξsolv [nm]  4.8 ± 0.3 4.2 ± 0.3 7.0 ± 0.61 8.0 ± 0.7 

m 1.49 ± 0.13 1.50 ± 0.11 1.10 ± 0.11 1.13 ± 0.12 

d0 [nm] 17 ± 2 15 ± 2 13 ± 1 13 ± 1 

SLD cylinder (7.1 ± 0.3) × 10-5 
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Appendix C. Supporting information for chapter 8 

In the present appendix, will be presented: Fits to the SANS curves from 50 g L-1 solutions of 

PSBP51-b-PNIPAM156 and PSBP243-b-PNIPMAM103 in D2O and best fit parameters for the 

SANS data. 
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Figure C.1: Representative SANS curves from a 50 g L-1 PSBP51-b-PNIPMAM156 solution 

in D2O, where every second point is shown for clarity, together with the model fits obtained 

using Eqs. 6.1 (a) and 6.2 (b) (). The symbols show the experimental data obtained at 40 °C 

(regime II). The other lines represent the contributions to the models as described in the 

graphs. 

 

Figure C.2: Representative SANS curves from 50 g L-1 PSBP51-b-PNIPMAM156 (a, c) and 

PSBP243-b-PNIPMAM103 (b, d) solutions in D2O in regimes I (a, b) and III (c, d), where every 

second point is shown for clarity, together with the model fits obtained using Eq. 6.1 (). 

The symbols show the experimental data at 20 °C (regime I, a, b) and 60 °C (regime III, c, d). 

The other lines represent the contributions to the models as described in the graphs. 
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Table C.1. Best fit parameters of Eq. 6.2 for the SANS data of a 50 g L-1 PSBP51-b-

PNIPMAM156 solution in D2O in regime I at 30 °C and regime II. 

 Regime I Regime II 

 30 °C 40 ºC 

IP (1.4 ± 0.1) × 10-8 (9.7 ± 0.8) × 10-8 

𝛼 3.8 ± 0.2 3.3 ± 0.2 

C [cm-1] 42 ± 4 19 ± 2 

ξsolv [nm]  9.9 ± 0.3 4.8 ± 0.2 

m 1.82 ± 0.02 2.01 ± 0.02 

d0 [nm] 8 ± 1 15 ± 2 

 

Table C.2. Best fit parameters of Eq. 6.1 for the SANS data of a 50 g L-1 PSBP51-b-

PNIPMAM156 solution in D2O in regimes I, II and III. 

 Regime I Regime II Regime II 

 20 ºC 30 ºC 40 ºC 50 ºC 60 ºC 

ravg [nm] 11.1 ± 1.0 10.7 ± 1.1 1.7 ± 0.2   

Ravg [nm]    11.1 ± 1.1 11.1 ± 1.0 

L [nm]    12 ± 1 22 ± 2 

b [nm]    3.3 ± 0.2 10 ± 1 

p 0.26 ± 0.03 0.23 ± 0.02 0.59 ± 0.05 0.14 ± 0.01 0.14 ± 0.01 

RHS [nm] 20 ± 2 19 ± 2  19 ± 2 18 ± 2 

ƞ 0.07 ± 0.01 0.08 ± 0.01  0.31 ± 0.02 0.32 ± 0.03 

IP×10-9 3.5 ± 0.3 0.6 ± 0.1 0.8 ± 0.1 16 ± 1 53 ± 4 

𝛼 4.4 ± 0.2 3.9 ± 0.2 3.6 ± 0.2 4.7 ± 0.3 4.9 ± 0.3 

IOZ [cm-1] 20 ± 2 33 ± 3 20 ± 2   

ξOZ [nm]  5.4 ± 0.5 6.5 ± 0.6 5.1 ± 0.4   

C [cm-1]    2.0 ± 0.2 0.8 ± 0.1 

ξsolv [nm]     3.2 ± 0.3 6.0 ± 0.5 

m    1.67 ± 0.15 1.13 ± 0.10 

d0 [nm]    16 ± 2 11 ± 1 

SLDsphere (7.1 ± 0.3) × 10-5 
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Table C.3. Best fit parameters of equation 6.1 for the SANS data of a 50 g L-1 PSBP243-b-

PNIPMAM103 solution in D2O. 

 20 ºC 30 ºC 40 ºC 50 ºC 60 ºC 

ravg [nm] 32 ± 3 33 ± 3 42 ± 4 9 ± 1 13 ± 1 

p 0.23 ± 0.02 0.23 ± 0.02 0.10 ± 0.01 0.26 ± 0.03 0.29 ± 0.03 

RHS [nm]     35 ± 3 

ƞ     0.22 ± 0.01 

IP × 10-8 7.1 ± 0.6 6.2 ± 0.1 5.7 ± 0.5 3.2 ± 0.2 7.7 ± 0.7 

𝛼 4.5 ± 0.2 4.5 ± 0.2 4.5 ± 0.1 4.9 ± 0.3 4.6 ± 0.2 

IOZ [cm-1] 0.4 ± 0.1 0.6 ± 0.1 0.8 ± 0.2 1.6 ± 0.3 0.9 ± 0.2 

ξOZ [nm] 1.2 ± 0.1 1.5 ± 0.1 1.6 ± 0.1 2.6 ± 0.2 1.9 ± 0.2 

SLDsphere (7.1 ± 0.3) × 10-5 
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