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Abstract 

Molecular brushes (MBs), being densely-grafted polymers, show physical properties that 

deviate from linear polymers due to their compact architecture. In this thesis, such effect is 

studied, focusing on their conformation-concentration relation and the thermoresponsive 

behavior in solutions. The tools used for this purpose are small-angle scattering (SAS), dynamic 

light scattering and cryo-electron microscopy. The structural details of the MBs under variation 

of temperature/concentration are traced and resolved. 

Zusammenfassung 

Molekular Bürsten (MBs) sind dichtgepfropfte Polymere und zeigen physikalische 

Eigenschaften, die aufgrund ihrer kompakten Architektur von linearen Polymeren abweichen. 

In dieser Arbeit wird ein solcher Effekt untersucht, wobei der Schwerpunkt auf ihrer 

Konformations-Konzentrations-Beziehung und dem thermoresponsiven Verhalten in Lösungen 

liegt. Die dafür verwendeten Werkzeuge sind Kleinwinkelstreuung (SAS), dynamische 

Lichtstreuung und Kryo-Elektronenmikroskopie. Die strukturellen Details der MBs unter 

Variation von Temperatur/Konzentration werden verfolgt und aufgelöst. 
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1. Introduction 

Molecular brushes (MBs) are densely grafted polymers featuring a comb-like shape, as the 

polymeric main chain is grafted by the side chains with high grafting density [2-6]. By 

modifying the architectural parameters, e.g., the grafting density and the molar mass of the 

backbone and the side chains, the molecular structure of the MBs can be easily adjusted. 

Furthermore, by introducing functional segments to either the side chains or the end groups, the 

MBs can be designed to bear a wide range of properties and thus become potential candidates 

for particular applications. The versatile possibilities to add up desired functionalities, in 

combination with the significant progress on the synthesis strategies in the recent decade [7-

10], have made them attractive candidates in diverse systems from drug delivery, antifouling, 

elastomers, photonic crystals to surface manufacturing [11-23]. 

Due to the highly-grafted architecture, both the backbone and the side chains of the MBs 

feature a rather stretched conformation, and the MBs have a compact structure. Their physical 

properties are thus found to be different from the properties of their linear analogues. Since a 

better understanding on the changed properties by the compact structure is necessary to 

facilitate their application in practical use, investigations about the effects of the architectural 

parameters on the physical behavior of MBs are widely reported. These include the dynamics 

of the side chains, the conformational behavior in solutions and in melts, and the physical 

behavior with responsive polymeric segments [24-36]. 

A solution behavior of MBs that attracts fundamental interests is their conformation 

evolution with increasing polymer concentration, i.e., with an enhanced mutual interaction 

between MBs. In dilute solutions, the MBs interact by their full dimension, i.e., the backbone 

length, and the interaction therefore follows the rules as for linear polymers. When the 

concentration increases to semi-dilute condition, the interaction at smaller segmental length 

scales, e.g., the persistence length or the side chain length, dominates, making their solution 

behavior deviates from the linear polymer solution systems. Based on the molecular 

architecture, predictions have been made by theoretical and simulation work in terms of the 

relation between the end-to-end distance Ree of the MBs and the solution concentration c [37, 

38], where Ree and c display scaling behavior in double-log plots with different scaling 
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exponents in distinct interaction regimes. As for experimental work, there are only few studies 

on this topic, where the conformation of the MBs is characterized by small-angle scattering 

(SAS) at varying solution concentration [32, 39, 40]. This concerns the analysis of SAS data 

using appropriate models for the scattering of the MBs as well as the scattering of the mutual 

interaction between the MBs. For MBs with short backbone, the mutual interaction in SAS 

could be described by the simple correlation scattering, e.g., the hard-sphere structure factor; 

whereas for MBs with long backbones, the simple correlation model is invalid, as the MBs 

resemble large linear polymers with rigid main chain. In this case, i.e., for long MBs, the inter-

correlation is supposed to depend on the conformation of the MB itself. While a proper 

description of the correlation scattering would facilitate a much better understanding on the 

conformation of MBs and their mutual interactions, this, however, has not been realized by any 

of the experimental work using SAS to the best of our knowledge. 

Another interesting topic about the solution behavior of MBs is their thermoresponsive 

property, when they are composed of segments with lower critical solution temperature (LCST) 

behavior. Compared to linear polymers, MBs with LCST segments show a lowered phase 

transition temperature due to the compact structure. Furthermore, their thermoresponsive 

behavior is found tunable by the arrangements of the side chains on the backbone, the 

composition of the side chains and the architecture of the side chains when the side chains are 

copolymers [41, 42]. Thus, a series of studies on thermoresponsive MBs have been delivered 

by research groups, in the attempt to understand the impact from the complex structure while 

aiming for a controllable phase transition process. In most of the studies, this is characterized 

by the transition temperature, where the MB solutions turns from one-phase to two-phase state 

upon heating. It is measured by turbidimetry, which records the transmission of the solution 

versus temperature, and the cloud point Tcp is determined to be the transition temperature where 

the transmission shows a drastic drop. To further gain information about the transition process, 

in some studies, the hydrodynamic size of the MBs is measured using dynamic light scattering 

(DLS), which is a quick and efficient method to monitor the size-dependence of MBs on 

temperature. It provides an indirect proof to the conformational change of the thermoresponsive 

side chains, ether chain collapsing or expanding. However, using turbidimetry and DLS, the 

information is limited to the resulting transition temperature and an overall hydrodynamic size 

of the MBs, respectively, while a detailed picture of the process of the phase transition in terms 

of the inner structural variation is necessary for a deeper understanding on the thermoresponsive 

behavior. Moreover, from the above-mentioned two techniques, the information regarding the 
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two-phase state, i.e., the micro phase separation behavior and the structure of the aggregates, 

are unavailable due to the high opacity of the solutions. Thus, there are unclear parts in the 

thermoresponsive process in the one-phase state, and the aggregation behavior in the two-phase 

state of MB solutions is also left unsolved. 

In the present thesis, a series of structural investigations on MBs are delivered, focusing 

on the concentration-conformation relation and the thermoresponsive behavior of MBs in 

solutions. The main techniques used are small-angle X-ray scattering (SAXS) and small-angle 

neutron scattering (SANS). By model fitting the SAXS/SANS data, detailed information on the 

inner structure of the MBs is revealed, providing a deeper understanding on their physical 

properties. Besides, complementary information is obtained from DLS, giving the diffusional 

behavior and the hydrodynamic size, and cryo-electron microscopy, making images of the MBs 

in real space available. 

The thesis is organized in the following manner: the background knowledge about MBs is 

introduced in chapter 2, with a brief literature review on the concentration effect and the 

thermoresponsive behavior in solutions. In chapter 3, the strategy of the present work is given, 

with the specific systems under investigation. In chapter 4, the basic principles of the 

experimental techniques used are described, with a focus on the situations for measurements on 

MB solutions. Later, from chapter 5 to chapter 7, experimental results are presented and 

discussed, which is followed by a summary and outlook in chapter 8. 
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2. Background information 

In this chapter, the background knowledge for the present thesis is given. In the first section, 

the concentration effect on the chain size of linear polymers as well as the thermodynamics of 

polymer solutions are briefly explained. Subsequently, molecular brushes (MBs) are introduced. 

Next, the concentration effect for MBs in solutions is discussed with both the theoretical point 

of view and the experimental results. Later, a literature review on the thermoresponsive 

behavior of MBs exhibiting the lower critical solution temperature (LCST) behavior in aqueous 

solutions is given, focusing on the structural variation of the MBs. 

2.1 Polymer solutions: chain size and thermodynamics 

Polymers are macromolecules consisting of repeating elementary units, called monomers, 

which are covalently bonded together. The total number of monomers along the polymer chain 

is referred to as the degree of polymerization, N. When the monomers are chemically of the 

same type, the polymer is called homopolymer. In cases when there are two or more types of 

constituent monomers, the polymer is called copolymer. In copolymers, the different types of 

monomers could be arranged in a block sequences, gradient sequence, or random sequence, 

resulting in different chain architecture, as shown schematically in Figure 2.1.  

 

 

Figure 2.1 Schematic representation of homopolymer and copolymers with different 

arrangements of the monomer sequences. The circles indicate individual monomers, where 

the red and blue colors indicate the two different types of monomers. 
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2.1.1 Polymer chain size in solutions 

As dissolved in a good solvent at low concentration, polymer chains are far apart and isolated 

from each other (Figure 2.2a). Their confirmation is described by the self-avoiding walk model, 

resulting in a fractal structure in space with a fractal dimension of 5/3 ≈ 1.67 [43, 44]. The 

chains are swollen in the solution, and the end-to-end distance Ree is predicted by the Flory 

theory to be the one of the real chain, RF: 

 𝑅ee = 𝑅F ≈ 𝑏𝐾𝑁
0.6  for 𝑐 <  𝑐* (2.1) 

where bK is the Kuhn length of the polymer. With increasing polymer concentration c, Ree is 

unchanged with c until the polymer chains begin to overlap. This is called the overlap 

concentration c*, above which the polymer chains are space-filling and interpenetrating (Figure 

2.2b). The concentration dependence of Ree was derived by de Gennes scaling theory as [45]: 

 𝑅ee ≈ 𝑏𝐾𝑁
0.5𝑐−0.12  for  𝑐* < 𝑐 <  𝑐** (2.2) 

Thus, Ree decreases upon increasing c, until the chain conformation shrinks to the one of an 

ideal chain at c**, R0: 

 𝑅ee = 𝑅0 ≈ 𝑏𝐾𝑁
0.5  for  𝑐 >  𝑐** (2.3) 

Namely, above c**, the polymer chains feature a conformation as in theta solvent (Figure 2.2c). 

Based on the description above, the dependence of Ree on c is drawn in Figure 2.2d for linear 

polymers, where Ree shows a scaling relation with an exponent of -0.12 between c* and c**.  
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Figure 2.2 Schematic representation of polymer solutions in good solvent in (a) dilute (b) 

semi-dilute and (c) concentrated solutions. (d) The relation between Ree and the polymer 

concentration accordingly. 

2.1.2 Thermodynamics of mixing 

For polymer solutions, the stability and the thermodynamic equilibrium state is governed by 

the free energy of mixing of the polymer with the solvent. By Flory-Huggins theory, the Gibbs 

free energy of mixing, ΔGmix, contributed by an enthalpic and an entropic term, can be 

expressed as a function of the polymer volume fraction ϕ [46]: 

 ∆𝐺mix = ∆𝐻mix − 𝑇∆𝑆mix  (2.4) 

 ∆𝐺mix = 𝑘𝐵𝑇[
𝜙

𝑁
ln𝜙 + (1 − 𝜙)ln(1 − 𝜙) + χ𝜙(1 − 𝜙)] (2.5) 

where ΔHmix is the enthalpy of mixing, ΔSmix is the entropy of mixing, and T is the absolute 

temperature. kB is Boltzmann’s constant and χ is the Flory-Huggins interaction parameter. The 

first and the second term in equation 2.5 originate from ΔSmix, giving always negative 

contributions to ΔGmix. The third term originates from ΔHmix, and it could give positive or 

negative contribution to ΔGmix, depending on the sign of χ. By definition, χ is characterized by 

the differences of interaction energy between the species in the system, i.e., the polymer and 

the solvent, and is dependent on T, as: 
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 χ ~ 
(2𝑢ps −𝑢pp −𝑢ss)

𝑘𝐵𝑇
  (2.6) 

where ups is the interaction energy between a pair of polymer and solvent molecules, upp is the 

pairwise interaction energy of the polymer, and uss is the pairwise interaction energy of the 

solvent. Thus, χ provides indication to the question whether the two species have higher affinity 

to their own kind, or they like to stay with the other kind. 

At a given T, the concentration-dependent curve of ΔGmix shows convex curvature at both 

dilute and concentrated regimes and concave curvature at intermediate concentrations, as 

shown in Figure 2.3a. When the polymer solution has concentrations above or below the two 

local minima, i.e., c < c’ or c > c”, the system is thermodynamically stable, as it stays at the 

lowest free energy at the corresponding concentration. On the other hand, solutions with 

concentrations between c’ and c” are not stable as mixtures, as a lower free energy can be 

reached by a decomposition of the solution. In c’ < c < c”, the unstable regime and the meta-

stable regime are further defined by the two inflection points, csp1 and csp2. Within csp1 < c < 

csp2, the second derivative of ΔGmix is negative, and any small fluctuations in concentration 

could induce a decomposition. Thus, the system is unstable, and such phase separation is called 

spinodal decomposition. In the concentration range of c’ < c < csp1 and csp2 < c < c”, the solution 

stays homogeneous under small concentration fluctuation, while it could phase separate when 

large concentration fluctuation occurs. Under this circumstance, the system is considered meta-

stable, and the phase separation is called binodal decomposition. With csp1, csp2, c’ and c” values 

determined in dependence on T, phase diagram of polymer solutions is constructed, where the 

one-phase (stable), meta-stable, and the two-phase (unstable) regions are separated by the 

spinodal and the binodal curves, as demonstrated in Figure 2.3b. 
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Figure 2.3 (a) Free energy of mixing, ΔGmix, of polymer solutions in dependence on 

concentration, with the two local minima, c’ and c”, and the inflection points, csp1 and csp2. 

(b) The corresponding phase diagram constructed by c’ and c” (the spinodal curve, dashed 

line) and csp1 and csp2 (the binodal curve, solid line) at different temperatures. 

As indicated by equation 2.6, the interaction between polymer and solvent leads to 

different temperature-dependence of χ. This results in two different thermoresponsive behavior 

of polymers in aqueous solutions: one is called the upper critical solution temperature (UCST) 

behavior and the other the lower critical solution temperature (LCST) behavior. The solubility 

of the two kinds of polymers react to the variation of temperature inversely, which often reflects 

on the polymer chain conformation.  

For UCST-type polymers, (2ups - upp - uss) > 0, meaning χ decreases with increasing T. 

Thus, they feature low solubility at low temperatures, and become fully soluble as temperature 

is increased. A typical phase diagram of the UCST polymer is shown in Figure 2.4a, with the 

binodal curve splitting the diagram into the two-phase and the one-phase region. In the two-

phase state, polymer-polymer interaction is favored, so the chain conformation is collapsed; 

whereas in the one-phase state, polymer-water interaction is favored, so the chain is swollen by 

water molecules. Therefore, upon increasing temperature, the polymer chain undergoes a 

conformational transition from globule-like to coil-like, as depicted in Figure 2.4a. The phase 

transition temperature is often determined experimentally by measuring the transparency of the 
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solution, which turns turbid in the two-phase region due to the formation of aggregates. The 

temperature where a drastic change in the transmission occurs is determined to be the phase 

transition temperature, referred to as the cloud point Tcp. 

 

 

Figure 2.4 Typical phase diagrams of polymer solutions exhibiting the (a) UCST behavior 

and the (b) LCST behavior, where the diagrams are separated into the one-phase region 

and the two-phase region by the binodal curves (solid lines). The cartoons in the diagrams 

demonstrate the confomation of polymer chains (black curled lines) and the water 

molecules (blue dots). 

Opposite to the UCST-type polymers, (2ups - upp - uss) < 0 for LCST-type polymers, meaning 

χ increases with increasing T. Thus, they are soluble in water at low temperatures, and their 

solubility decreases as the temperature is increased. A typical phase diagram is shown in Figure 

2.4b. The decrease of solubility upon heating is due to the unfavorable positive entropy 

contribution to ΔGmix from the H-bonding between water and polymer, which becomes 

dominant at high temperatures [47]. Thus, with increasing temperature, the polymer-water 

interaction is weakened, while the polymer-polymer interaction becomes more favorable. As a 

result, water molecules are released from the polymer during heating, and the polymer chains 

gradually contract and collapse. At Tcp, the dehydration induces a coil-to-globule 

conformational transition of the polymer chain [48, 49], and the transparency of the aqueous 

solution shows a significant decrease [50]. 
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2.2 Molecular brushes (MBs) 

MBs are composed of a backbone and numerous polymeric side chains [2-4, 6]. Due to the high 

grafting density, the steric hindrance between the side chains results in a high stiffness of the 

backbone, compared to the bare linear polymers, and a stretched conformation of both the 

backbone and the side chains, as schematically shown in Figure 2.5. The architecture of MBs 

is characterized by the degree of polymerization of the backbone, Nbk, the degree of 

polymerization of the side chains, Nsc, and the grafting density, z, defined as the number of side 

chains grafted on each backbone monomer. z is generally larger than 0.5.  

 

 

Figure 2.5 Schematic representation of the variation of the chain conformation from a 

linear polymer to a MB via the dense grafting of the side chains. The red circles represent 

the monomers of the backbone, while the black circles are those of the side chains. 

While the high grafting density leads to a comb-like shape, changing the relative length 

ratio between the backbone and the side chains leads to various molecular structures (Figure 

2.6) [51-53], which can be characterized experimentally. When the side chains are much longer 

than the backbone, the MB has a structure close to the one of a star-like polymer and therefore 

assumes a spherical or ellipsoidal shape. In contrast, when the backbone is significantly longer 

than the side chains, the NB resembles a large worm-like chain. Rich studies addressing the 

relation between the architectural parameters and the conformation of MBs have been reported 

in terms of theoretical predictions [37, 54], simulations [38, 55-63] and experimental results 

[64-67]. 
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Figure 2.6 Schematic representation of the various structures of MBs, by adjusting the 

length ratio between the backbone and the side chains. The red lines represent the 

backbones, and the black lines the side chains. 

Because of the compact structure and the stretched conformation, the physical properties of 

MBs usually deviate from the ones of their linear analogues, for example, the responsive 

properties, concentration effects, crystallization behavior, conductivity and modulus, which 

furthermore depend on the architecture of the MBs. In the present thesis, two aspects are 

focused on: the concentration effect on the MB conformation, and the thermoresponsive 

behavior of MBs having LCST-type side chains. The background knowledge on the two topics 

is given in the following sections. 

2.3 Concentration effects on MBs in solutions 

Since the structure of MBs resembles a large linear polymer chain with a finite cross section 

[68-70], especially for MBs with long backbone, their structure is often characterized by 

parameters that are used for linear polymers chains. As schematically depicted in Figure 2.7a 

for linear polymers, the contour length Lc is the total length of the chain, and the persistence 

length lp is the segmental length below which the chain features a stiff rod, serving as a measure 

of the chain stiffness. (lp is linked to bK by bK = 2lp). For MBs, as shown in Figure 2.7b, Lc and 

lp can be determined, where lp of MBs is typically larger than the value of linear polymers due 

to the enhanced backbone rigidity by the high grafting density. Besides, the densely-grafting 

side chains form a cross section perpendicular to the chain longitudinal direction, and the cross-

sectional radius Rc can be estimated by theoretical prediction [71], or experimentally 

determined using X-ray or neutron scattering [67, 72, 73]. 
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Figure 2.7 Schematical representation of (a) linear polymer and (b) MB, shown along with 

the structural parameters including the contour length Lc, the persistence length lp and the 

cross-sectional radius Rc. 

Due to the similarity to linear polymers, the conformational behavior of MBs in solutions 

is predicted and compared with the one of linear polymers in theoretical and simulation work. 

The theoretical work by Borisov et al. addresses the relation between the end-to-end distance 

Ree of MB and the solution concentration c, from dilute to semi-dilute to concentrated solution 

[37]. In this study, extensive parameters are considered, including the solvent quality for the 

backbone and the side chains, the molar mass of the backbone and the side chains and the 

grafting density of the MB. In dilute solutions, the MBs assume their unperturbed conformation, 

which stays unchanged with increasing concentration, until the overlap concentration c* is 

reached. Above c*, the mutual interaction affects the conformation of the MBs, and quantitative 

scaling laws between Ree and c are predicted according to the dominant mutual interaction. 

When the solvent quality is good for both the backbone and the side chains, right above c*, the 

interaction between the backbones dominates, and the scaling relation of Ree ~c-0.125 is valid, 

which is the same as for linear polymers in solutions. Upon further increasing the solution 

concentration, the interaction between the side chains is involved, and a scaling relation of Ree 

~c-0.304 is predicted in this second regime. Since the interacting length scales decrease to the 

level of the local segmental lengths, the persistence length lp as well as the cross-sectional radius 

Rc are both predicted to depend on concentration. Thus, in the second interaction regime, the 

rigidity of the backbone and the side chains, which are of stretched conformation at dilute 

condition, gradually decreases with increasing concentration. Finally, in the last interaction 

regime, Ree does not show dependence on concentration, with both the backbone and the side 

chains featuring Gaussian conformation as ideal chains. 

In the simulation work by Paturej and Kreer, similar findings as in the theoretical work 

[37] are reported, with a detailed description on the different regimes of mutual interactions 

between MBs in good solvent [38]. Figure 2.8a shows the relation between Ree
2 and c, where 
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four interaction regimes are defined above the overlap concentration c* = c1: (1) the backbone 

interaction regime, yielding Ree ~c-0.125, (2) the persistence length interaction regime, yielding 

Ree ~c-0.25, (3) the inter-side chain interaction regime, yielding Ree ~c-0.308 and (4) the inter- and 

intra- side chain interaction regime, yielding Ree ~c-0.4. In regimes (3) and (4), the term “inter-” 

refers to the interaction between side chains on the adjacent MBs, while the term “intra-” refers 

to the interaction between side chains grafted on the same MB. Thus, in addition to regime (1), 

where the MBs behave like linear polymers, three more regimes accounting for the mutual 

interactions on subsequently smaller length scales are recognized for MBs, which are shown 

schematically in Figure 2.8a.  

 

 

Figure 2.8 (a) Dependence of Ree
2 on concentration c for MB solutions, as predicted 

theoretically, shown in double-logarithmic scaling. (b) Ree
2 of MB, normalized by the 

value in dilute solution RF
2 and c-4/5, as a function of c. Lines represent theoretical scaling 

laws for Ree
2 in the corresponding regime that are defined in (a): regime 1 (dotted), regime 

2 (dashed), regime 3 (dash-dotted) and regime 4 (solid). Data are shown for MBs with 

different Nsc and z, as indicated in the legend, while Nbk is fixed to 100. Reprinted with 

permission from ref [38]. Copyright (2017) Royal Society of Chemistry. The numbers of 

regimes are marked by the author of the present thesis for a better understanding. 

In the same work by Paturej and Kreer, the role of the architectural parameters, i.e., Nsc 

and z, on the relation between Ree and c is demonstrated by several examples [38]. In one 

extreme case, where Nsc is set to be 1 (Figure 2.8b, green open squares), the relation of Ree vs. 

c shows the behavior of regime 1 followed by regime 2, which lasts to higher concentration. 

Namely, no interaction between side chains is observed in this case, presumably due to the very 

short side chain length. In another case, z is set to 2 and Nsc is 16 (Figure 2.8b, red filled circles), 

the relation of Ree vs. c the shows the behavior of regime 1 directly followed by regime 4, while 
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regime 2 and regime 3 are skipped. This is explained by the high grafting density combined 

with the long side chains, resulting in the dominant side chain interaction between MBs. From 

these simulation results, it is revealed that, the occurrence of each interaction regime depends 

heavily on the MB architecture. 

As for experimental studies, in dilute solutions, the MB conformation can be resolved 

using small-angle scattering (SAS), and the relation between the architectural parameters and 

the conformation has been widely investigated [64-66, 74-76]. In SAS data, different length 

scales in real space are reflected in different ranges of momentum transfer q. The flexible 

cylinder model is usually used, giving structural parameters of Lc, lp and Rc. However, the 

structural behavior of MBs upon varying concentration is much less studied. One of the 

challenges arises from modeling the SAS data, since the data in semi-dilute solutions concern 

the interplay between several length scales, including the ones within a MB as well as the 

correlation lengths between MBs, making it difficult for the fitting software to determine the 

parameters distinctively [77]. Furthermore, it is another challenge to precisely describe the 

scattering coming from the mutual interaction in the SAS data. As indicated by theoretical and 

simulation work, the conformation of individual MBs changes with polymer concentration in 

semi-dilute solutions, and their correlation might need to be altered correspondingly to address 

such conformational evolution, which has not been considered in any of the related work yet. 

In the work by Bolisetty et al., the conformation of a long MB (Nbk = 1600, Nsc = 61) was 

traced from dilute to semi-dilute solution in a good solvent [39, 40], using small-angle neutron 

scattering (SANS). The scattering of the MBs was modeled by the flexible cylinder form factor. 

The scattering from the mutual interaction was described by a viral series of c, which has been 

proved applicable for systems like flexible polymers, anisotropic particles and dendrimers [78-

85]. Despite of the limited number of data points, the radius of gyration, Rg, of the MBs was 

found to follow the theoretical prediction by Borisov et al., showing firstly Rg ~c-0.125 and 

subsequently Rg ~c-0.304 upon increasing solution concentration. Meanwhile, lp of the MBs 

steadily decreases, implying a decreasing stiffness of the backbone. 

Sunday et al. also investigated the scaling relation between Rg and c in a good solvent 

using SANS, covering a broad range of concentration. To avoid the ambiguity raised from the 

overlapping length scales to the SANS analysis results, the data were described by the 

generalized Guinier-Porod model [86]. This allowed a precise determination of the radii of 

gyration in the longitudinal direction (Rg,2) and the perpendicular direction (Rg,1) of the 

anisotropic MB (Figure 2.9), whereas the exact values of the overall Rg and the structural 
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parameters (lp and Rc) were calculated therefrom. As for the mutual interaction between MBs, 

the Percus-Yevick hard-sphere structure factor was used, which is the simplest correlation 

model for interacting particles. From dilute to semi-dilute condition, three interaction regimes 

are distinguished, from Rg ~c-0.11 to Rg ~c-0.35 and Rg ~c-0.10 at the highest concentration. Thus, 

compared to the experimental studies by Bolisetty et al. and the theoretical prediction by Paturej 

and Kreer, different scaling exponents for the interaction regimes were found. Plotting Rg,2/Rg,1 

against c, it was found that the overall shape of the MBs become less anisotropic upon 

increasing concentration, which corresponds well to the decreasing rigidity of the backbone at 

high concentrations found by Bolisetty et al. 

 

 

Figure 2.9 Schematical representation of a MB, where the structure is characterized by the 

radii of gyration in the longitudinal direction (Rg,2) and the perpendicular direction (Rg,1). 

Although rich and interesting experimental observations about the concentration effect on 

the MB conformation have been reported as discussed in the previous paragraphs, the idea that 

the mutual interaction between MBs may depend correspondingly on the conformation of 

individual MBs has not yet been realized in the SAS data analysis. Namely, the scattering 

contribution from the MB interaction should include the conformational information from the 

scattering of the individual MBs in the fitting model, in order to account for the conformational 

evolution upon variation of the solution concentration. 

2.4 Thermoresponsive MBs 

When LCST polymers are grafted on a backbone polymer with a high grafting density, a MB 

exhibiting LCST behavior is obtained. It also undergoes an overall dehydration as the 

temperature is increased, accompanied with a phase transition. The dehydration mechanism of 

MBs with LCST side chains is investigated in the study by Zhou et al., using Fourier-transform 

infrared (FTIR) spectroscopy, and the results show that a large fraction of water is expelled out 
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of the MBs upon heating, attributed to the increased intra-molecular association [87]. Regarding 

the transition temperature of MBs in aqueous solutions, there could be two scenarios: the side 

chains belong to the so-called type 1 LCST, or they belong to the type 2 LCST. In the former 

situation of type 1 LCST, Tcp of the side chain polymer is strongly dependent on the molar mass 

and the solution concentration, for example, poly(2-ethyl-2-oxazoline) (PEtOx) [88-90], 

poly(ethylene oxide) (PEO) [91, 92] and poly(propylene oxide) (PPO) [93]. In this case, Tcp of 

the MB solutions will be suppressed from the one of the linear side chains due to the compact 

architecture. This phenomenon was reported by Zhou et al. [87] and by Weber et al. [94], where 

the MBs under investigation have poly(oxazoline)-based side chains. In the latter case of type 

2 LCST, Tcp of the side chain polymer is unchanged in a wide range of molar mass and 

concentrations, and the most famous example is poly(N-isopropyl acrylamide) (PNIPAM), 

which typically shows Tcp ≈ 32 °C for its aqueous solutions [95, 96]. In the studies by Li et al. 

[97] and by Li et al. [98], where the MBs under investigation have PNIPAM side chains, despite 

of the largely different molecular architecture, Tcp of the MB aqueous solutions were found to 

be around 32 °C, meaning Tcp is not influenced by the compact structure of MB. 

For the structural variation of thermoresponsive MBs, the coil-to-globule transition as seen 

in linear polymer solution is not easily possible. Since the molecular structure of MBs is 

determined by the architectural parameters, namely the backbone length and the side chain 

length [64, 74-76, 99-101] (Figure 2.6), this further influences the structural evolution of MBs 

with LCST side chains. 

When the MBs have a long backbone and short LCST side chains, upon heating, the 

structure changes from a worm-like shape to a globular shape, which is very similar to the 

observation on the conformational transition of LCST-type linear polymers. In this case, the 

side chains are so short that they do not hinder the coiling of the long backbone, thus the 

hydrophobicity at high temperatures leads to the collapse of the whole MB. In the work by Li 

et al., the shape change of a long MB (Nbk = 558 and Nsc = 13) with LCST side chains was 

investigated using atomic force microscopy (AFM) and light scattering [97]. In the AFM 

images, the MBs are worm-like below Tcp (Figure 2.10a), while they feature a spherical shape 

above Tcp (Figure 2.10b). Thus, it is concluded that the MBs exhibit a cylinder-to-globule 

transition upon heating. This is further supported by the light scattering measurements, where 

the hydrodynamic radius Rh and the radius of gyration Rg of the MBs in aqueous solutions were 

traced upon increasing temperature, showing a gradual decrease followed by a sharp drop at Tcp 

(Figure 2.10c). Such shape transition is also reported in a similar system of a long MB having 
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short pH-responsive side chains by Nese et al., where a cylinder-to-globule shape transition is 

induced by a change in the pH value of the MB solution [24]. 

 

 

Figure 2.10 AFM images of the MB with PNIPAM side chains in water at (a) 20 °C and 

(b) 38 °C. (c) Rg (triangles, left axis), Rh (spheres, left axis), and weight-average molar 

mass Mw (squares, right axis) as a function of T, obtained by light scattering. The solid 

lines serve as guidance to the eye. Reprinted with permission from ref [97]. Copyright 

(2004) John Wiley and Sons. 

When the backbone and the LCST side chains are of similar lengths, the size of MB hardly 

changes with temperature. It is reported in the work by Li et al. [98], where the structure of two 

MBs having similar degrees of polymerization for the side chains and the backbone was 

investigated using SANS (Figure 2.11a for P(4K-PNIPAM) with Nbk = 39 and Nsc = 31, and 

Figure 2.11b for P(6K-PNIPAM) with Nbk = 36 and Nsc = 45). The analysis results show that 

their size hardly changes upon variation of temperature (Figure 2.11d). This is supposedly due 

to the dense MB central region, which limits the contraction of the side chains above Tcp. In the 

same work, another MB with the backbone much longer than the side chains (P(9K-PNIPAM) 

with Nbk = 33 and Nsc = 73) was investigated (Figure 2.11c), and a steady decrease in the size 

upon increasing temperature was observed (Figure 2.11d). Such shrinkage of MB was attributed 

to the collapse of the side chains above Tcp, which is possible due to the larger space at the 

periphery region of the MB. 
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Figure 2.11 Temperature-resolved SANS data of 1 wt% solutions in D2O for (a) P(4K-

PINPAM), (b) P(6K-PNIPAM) and (c) P(9K-PNIPAM). (d) Radius of the MB obtained 

from model fitting from 10 °C to 30 °C. Reprinted with permission from ref [98]. 

Copyright (2014) Royal Society of Chemistry. The sample names are added by the author 

of the present thesis for a better understanding. 

Based on the above-mentioned studies, the structural changes of MBs with LCST side 

chains are summarized schematically in Figure 2.12. With long backbone and short side chains, 

the increasing hydrophobicity upon heating leads to an overall collapse of the MB (Figure 

2.12a). With similar lengths of the backbone and the side chains, the collapse of the side chains 

is hindered by the high density around the backbone region, and thus the LCST behavior is 

hardly reflected on a change in size (Figure 2.12b). When the side chain is longer than the 

backbone, the collapse of the side chains is significant, thus a shrinkage of the MB can be 

detected upon heating (Figure 2.12c). 
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Figure 2.12 Schematic representation of the structural change of MBs with LCST side 

chains (red curled line: the backbone; black curled lines: the side chains). The arrows 

indicate the heating process. (a) MBs with long backbone and short side chains (b) MBs 

with similar backbone and side chain lengths. (c) MBs having shorter backbone than the 

side chains. 

2.4.1 Copolymer side chains with LCST behavior 

For MBs with LCST side chains, the temperature-dependent structural variation is influenced 

not only by the molecular architecture, as described in the previous paragraphs, but also by the 

side chain architecture. This is similar to the principle that different architectures of 

thermoresponsive linear copolymers, i.e., random- , gradient- or block- copolymer, will result 

in different phase transition behavior [102-106]. Thus, when the side chains are copolymers, 

where one or both of the components are of LCST-type, the behavior of the MB depends on the 

monomer sequence in the side chains.  

For MBs with random copolymer side chains, composed of LCST polymers, it is reported 

in several work that the MBs exhibit the intermediate characteristics of the constituent 

components [41, 42, 107], as Tcp of their aqueous solution can be easily tailored by altering the 

composition of the constituents on the side chains. In the systems investigated by Yamamoto 

et al. [41] and Zhang et al. [42], Tcp shows an almost linear dependence on the composition of 

the LCST constituents, which hints at the ease of the tunability. The observation implies that, 

the physical properties of MBs with random copolymers follow the general principle of random 

copolymerization of monomers with different properties, resulting in a polymer exhibiting a 
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mixed property [108]. 

As for MBs with block copolymer side chains of LCST-type, the behavior of the MBs 

reflects the properties of both the constituent blocks. Regarding Tcp, in the work by Yamamoto 

et al. [41] and Zhang et al. [42], it was found to be either the same or close to Tcp of the outer 

polymeric block. This is considered to be a result from the dominant interaction between the 

outer block and aqueous environment. In the work by Yamamoto et al. [41], the hydrodynamic 

size of the MBs was traced with increasing temperature, where two stages of shrinkage were 

found. The first stage, up to Tcp, was attributed to the collapse of the block with lower Tcp, while 

the second stage (above Tcp of the MB solution) was assigned to the collapse of the other block 

with higher Tcp. Thus, it could be concluded that the dehydration of the two constituent blocks 

was observed subsequently upon heating. 

Based on the previous studies, it is indicated that the choice of the side chain architecture 

provides the opportunity to control the thermoresponsive behavior of MBs. The above-

mentioned investigations were carried out using turbidimetry and dynamic light scattering 

(DLS), which provide Tcp and the hydrodynamic size of MB, respectively, while the process of 

the phase transition is not revealed. It is supposed, that a detailed structural characterization 

during heating is necessary to disclose the dehydration process of the MBs and to clarify the 

role of the side chain architecture on their thermoresponsive behavior. 

2.4.2 Aggregation in the two-phase state 

For aqueous solutions of LCST polymers, above Tcp, aggregation of polymers is observed in 

semi-dilute solutions due to the high hydrophobicity and thus the favored polymer-polymer 

interaction. Compared to linear polymers, MBs feature enhanced intra- and inter-molecular 

interactions, namely the interactions between the neighboring side chains and between different 

MBs, respectively [109]. Thus, the aggregation behavior of thermoresponsive MBs above Tcp 

is yet another aspect to investigate. 

For linear LCST polymers, upon heating, the chains gradually interpenetrate and finally 

form large homogeneous aggregates. For MBs, on the other hand, they form aggregates mainly 

by agglomerating [110], and they can only interpenetrate at the outermost periphery (if the side 

chains are long enough to allow such mobility). Thus, the aggregates formed by MBs may be 

inhomogeneous and possibly have a certain inner structure, which concerns their interaction.  
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In the work by Li et al. [98], MBs with PNIPAM side chains were investigated in aqueous 

solutions, and aggregates were formed above Tcp. The SANS data collected above Tcp show 

correlation peaks (inset of Figure 2.6c), implying that the aggregates are composed of densely 

packed MBs. However, as model fitting was not carried out for those data, the inner structure 

of the aggregates was not quantitatively determined. Further, in the cases of MBs with LCST 

copolymer side chains, we are not aware of any study addressing the aggregation behavior 

above Tcp and the inner structure of the aggregates. 
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3. Systems under investigation 

In this chapter, the strategy for the present thesis is given, and the MBs that are under 

investigation in the present thesis are introduced, including the chemical structures and the 

physical properties revealed in previous studies. 

3.1 Strategy for the present study 

As discussed in chapter 2.3, the concentration-dependent conformation of MBs in solutions is 

often investigated using small-angle scattering (SAS), while it remains a challenge to model 

the scattering contribution from the interaction between MBs. In the present thesis, we try to 

address the problem by including the structure factor for rigid polymer chains with defined 

conformational parameters into the SAS fitting model, so that the mutual interaction between 

MBs corresponds to the structure of individual MBs. The MB under investigation is a chain-

like MB, PiPOx239-g-PnPrOx14, introduced in detail in chapter 3.2. Its structure is investigated 

at a series of concentrations from dilute to semi-dilute condition. Using the above-described 

fitting model for the SAS data, the concentration-dependent conformation is nicely disclosed, 

which is then compared with theoretical predictions. The results are presented in chapter 5. 

 In chapter 2.4, the thermoresponsive behavior of MBs with LCST side chains is discussed 

in terms of their structural changes. It is known that their structural evolution upon heating 

strongly depend on their architecture (Figure 2.12), and there has been studies on chain-like 

MBs as well as ellipsoidal MBs (see ref [97] and ref [98], respectively). In the present thesis, 

the structural evolution of a cylindrical MB, PiPOx100-g-PEtOx17 (described in chapter 3.3 in 

details), featuring a unique length ratio between the backbone and the side chains, is 

investigated. As temperature varies from below to above Tcp, the structural evolution of the 

MBs and their aggregates in the aqueous solution are revealed in the one-phase and the two-

phase states. The results are presented in chapter 6. 

As for MBs having LCST copolymer side chains, the monomer sequence in the side chains 

is proven to affect the thermoresponsive behavior of the MBs, while a detailed structural trace 

upon variation of temperature has not been reported to the best of our knowledge. To resolve 

this unclear issue, the LCST behavior of two MBs, PbE and PrE, which have LCST block- or 

random- copolymer side chains, respectively (see chapter 3.4 for details), are investigated. The 
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phase transition process in the one-phase state and the aggregation behavior in the two-phase 

state are disclosed for their aqueous solutions. The analysis results from the two systems are 

compared, in order to determine the effects on the thermoresponsive behavior by different 

arrangements of the monomer sequence in the side chains, which are presented in chapter 7. 

3.2 A chain-like MB: PiPOx239-g-PnPrOx14 

The MB PiPOx239-g-PnPrOx14 features a poly(2-isopropenyl-2-oxazoline) (PiPOx) backbone 

and poly(2-n-propyl-2-oxazoline) (PnPrOx) side chains, having degrees of polymerization of 

Nbk = 239 and Nsc = 14, respectively. On the dangling ends of each side chain, the tert-

butyloxycarbonyl group, NBocPip, was added for the sake of polymer characterization. The 

chemical structure of the MB is shown in Figure 3.1. The grafting-from method was used to 

synthesize the MB. As determined by size exclusion chromatography (SEC), the weight-

average molar mass of the backbone, Mw,bk, is 29.4 kg mol-1 with a polydispersity Ð = 1.09. For 

its overall molecular weight, Mw is 413.1 kg mol-1 with Ð  = 1.01. The synthesis strategy was a 

modified method based on ref [111]. 

 

 

Figure 3.1 Chemical structure of PiPOx239-g-PnPrOx14 

Due to the long backbone and the short side chains, PiPOx239-g-PnPrOx14 resembles a large 

linear polymer, and thus is chosen to be the material for the investigation on the concentration-

conformation relation of MB systems. It is dissolved in ethanol into solutions, where ethanol is 

a good solvent for both the backbone and the side chains. 
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3.3 A thermoresponsive MB with homopolymer side chains: 

PiPOx100-g-PEtOx17 

The MB PiPOx100-g-PEtOx17 features a poly(2-isopropenyl-2-oxazoline) (PiPOx) backbone 

and poly(2-ethyl-2-oxazoline) (PEtOx) side chains, which have degrees of polymerization of 

Nbk = 100 and Nsc = 17, respectively. The side chains are end-capped with the tert-

butyloxycarbonyl group, NBocPip, to facilitate the polymer characterization. Its chemical 

structure is shown in Figure 3.2. The MB was synthesized using the grafting-from method. The 

PiPOx100 backbone has Mw,bk = 12.7 kg mol-1 and Ð = 1.14, determined by SEC. For its overall 

molecular weight, Mw = 150.5 kg mol-1 with Ð = 1.14. The synthesis strategy was a modified 

method based on ref [111]. 

 

 

Figure 3.2 Chemical structure of PiPOx100-g-PEtOx17. 

The PEtOx side chains. Poly(2-alkyl-2-oxazoline)s, with the alkyl substituents being methyl-, 

ethyl- and propyl- groups, exhibit the LCST behavior, which are attractive candidates in 

biomedical applications due to the biocompatibility as well as the tunable thermoresponsivity 

[112-120]. With the ethyl substituent, the Tcp of poly(2-ethyl-2-oxazoline) (PEtOx) in aqueous 

solutions was found to range between 61 – 70 °C, depending on the molar mass and the polymer 

concentration [88, 89], while solutions of PEtOx with N < 100 do not show a phase transition 

up to 100 °C [90, 121]. Nevertheless, altering the molecular structure from linear chain to 

grafted/branched structure, several studies have reported that star-like or comb-like polymers 

with short PEtOx arms (Nsc < 100) exhibit LCST behavior in aqueous solutions [94, 122-124].  

The thermoresponsive behavior of MBs with PEtOx side chains was investigated in 

previous studies [94, 124], where Tcp of the aqueous solutions were reported to be in the range 

of 55 – 70 °C. Besides, large aggregates were detected to coexist with the individually dissolved 

MBs below Tcp. In the work by Weber et al. [94], the structural evolution of the MBs (Nbk = 95, 
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Nsc = 5) upon varying temperature was revealed using SANS, where the MBs were found to be 

of cylindrical shape. Heating to temperatures above Tcp, they show a shrinkage in the 

longitudinal direction.  

 

LCST behavior of PiPOx100-g-PEtOx17. The LCST behavior of the MB, which is composed 

of a water-soluble PiPOx backbone [119] and short PEtOx side chains, was firstly characterized 

by turbidimetry measurements. Figure 3.3a shows the temperature-resolved light transmission 

of its solution in H2O at 30 g L-1, recorded for two cycles of heating and cooling scans. The 

light transmission slightly decreases in the beginning of heating, and sharply drops at around 

41 °C, which was reproduced during the second heating scan. Tcp of the solution is determined 

to be 40.5 ± 0.1 °C, as the temperature where the transmission drops to 90 % of the original 

value. Upon cooling, a hysteresis of about 1 °C is observed, which is also reproducible. The 

concentration dependence of Tcp is demonstrated in Figure 3.3b. It is clearly seen that Tcp 

decreases with increasing concentration, which is a typical behavior of type 1 LCST polymers 

in aqueous solutions. Such dependence diminishes as the concentration is above 10 g L-1. 

 

 

Figure 3.3 (a) Light transmission versus temperature of an PiPOx100-g-PEtOx17 solution 

in H2O at 30 g L-1, measured during two heating and cooling runs, as indicated. (b) 

Dependence of the resulting Tcp of the PiPOx100-g-PEtOx17 solution in H2O on the 

concentration, determined by turbidimetry measurements. 

Comparing Tcp of PiPOx100-g-PEtOx17 solution with the one of a linear PEtOx polymer 

with similar molar mass (Tcp > 100 °C), the former shows significantly lower values, which is 

supposedly due to the close proximity of the side chains [125].  

Compared to the Tcp values reported by similar systems [94, 124], i.e., polymers with 
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highly-grafted PEtOx chains (Tcp = 55 – 70 °C), the PiPOx100-g-PEtOx17 solutions have lower 

Tcp values. It is thus concluded that, the hydrophobic NBocPip end groups [126] seem to be 

also responsible for the reduced Tcp of its aqueous solution [98]. 

3.4 Thermoresponsive MBs with copolymer side chains: PbE and 

PrE 

Two MBs with thermoresponsive copolymer side chains are under investigation, having 

different side chain architecture. The backbone is the hydrophobic poly(para-hydroxystyrene) 

(PHOS) [127], and the side chains are composed of poly(propylene oxide) (PPO) and 

poly(ethylene oxide) (PEO), where both PPO and PEO are LCST-type polymers. While Tcp of 

PPO homopolymers is lower than 8 °C [128], Tcp of PEO homopolymers is higher than 100 °C 

[91, 129]. The two MBs have either PPO-b-PEO or P(PO-ran-EO) side chains [130, 131]. The 

total weight fraction of PPO in the MB is 59.2 % for both. In the following content, the MB 

with PPO-b-PEO side chains is given the sample name PbE, and the one having P(PO-ran-EO) 

side chains is named PrE. 

For PbE, Mw,bk is 10.5 kg mol-1 with Ð  = 1.18, determined by SEC. It gives a backbone 

degree of polymerization Nbk = 88. The overall weight-average molar mass Mw is 1135 kg   

mol-1, determined by static light scattering (SLS). Calculated from Mw and Mw,bk, weight-

average molar mass of the PPO-b-PEO side chains is Mw,sc = 13.0 kg mol-1, giving a side chain 

degree of polymerization Nsc = 253. The PPO blocks are attached to the PHOS backbone, 

leaving the PEO blocks dangling at the periphery of the MB. The chemical structure of PbE is 

shown in Figure 3.4a. 
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Figure 3.4 Chemical structures of the MBs under investigation. (a) MB with PPO-b-PEO 

side chains, PbE (b) MB with P(PO-ran-EO) side chains, PrE. 

For PrE, the backbone features Mw,bk = 17 kg mol-1 and Ð  = 1.22, from SEC, giving Nbk = 

143. The overall Mw = 1166 kg mol-1 was determined by SLS. From Mw and Mw,bk, Mw,sc = 8.2 

kg mol-1 and Nsc = 157 for the P(PO-ran-EO) side chains are calculated. The chemical structure 

of PrE is shown in Figure 3.4b. 

Both MBs were synthesized using the grafting-from method. The detailed description 

about the synthesis process and strategies is given in ref [130] for PbE, and in ref [131] for PrE. 

 

Micelles formed by PPO-b-PEO vs. MBs with PPO-b-PEO/P(PO-ran-EO) side chains. As 

PPO is essentially hydrophobic while PEO is hydrophilic at ambient temperature, copolymers 

of PPO and PEO form micelles in aqueous solutions at concentrations above the critical micelle 

concentration of the system, featuring a core-shell structure with PPO protected in the inner 

part by the water-swollen PEO in the outer part [132]. Since such a structure features a 

hydrophobic nanodomain for drug storage, in combination with the good biocompatibility and 

the tunable LCST behavior of PPO-b-PEO, the system is considered suitable for drug delivery 

applications [133-135].  

With a similar structure, the MB with PPO-b-PEO side chains, where the PPO block is 

attached to the backbone, is also considered as potential candidates as drug carriers. Moreover, 

the MB with P(PO-ran-EO) side chains may serve the same purpose, as the high polymer 

density in the core part makes it a space with low water content. In this case, the hydrophobicity 

of the core domain can supposedly be controlled by the composition of PO and EO on the side 

chains. It provides an opportunity to optimize the MB in terms of the drug loading capacity as 

well as the stability of the system, which was already realized in an amphiphilic block 

copolymer system [136, 137]. 
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LCST behavior of PbE and PrE. In previous research, the LCST behavior of PbE and PrE 

was investigated in dilute aqueous solutions at 1 g L-1 [130, 131]. (Their crystallization behavior 

in the melt was also addressed, see ref [138].) The apparent weight-average molar mass Mw,app, 

the scattering intensity ἂIἃ and the hydrodynamic radius ἂRhἃ were traced upon increasing 

temperature by SLS and DLS, where these parameters increase at high temperatures due to the 

formation of aggregates in the solution (Figure 3.5 for PbE, Figure 3.6 for PrE). The 

temperature where the aggregates appear was considered to be Tcp of the solution, which is 50 

°C for PbE and 37.5 °C for PrE. (Note that the increase in Mw,app and Rh is not obvious in the 

case of PbE (Figure 3.5), which hints that Tcp of the PbE solution could possibly be higher than 

50 °C.) Thus, even though having the same PPO/PEO composition in the MB, PbE and PrE 

exhibit different LCST behavior as a result of the different monomer sequences in the 

copolymer side chains. 

 

 

Figure 3.5 Temperature dependence of the (a) apparent weight-average molar mass Mw,app 

and (b) hydrodynamic radius ἂRhἃ of a PbE solution at 1 g L-1 in H2O, indicated by the 

sample name of “gPE2” in the graphs. Reprinted with permission from ref [130]. 

Copyright (2010) American Chemical Society. The red squares and the indication in red 

words are added by the author of the present thesis. 
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Figure 3.6 Temperature dependence of the (a) average scattering intensity ἂIἃ and (b) 

hydrodynamic radius ἂRhἃ of a PrE solution at 1 g L-1 in H2O, indicated by by the sample 

name of “gPrE1” in the graphs. Reprinted with permission from ref [131]. Copyright (2010) 

John Wiley and Sons. The red squares and the indication in red words are added by the 

author of the present thesis. 
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4. Experimental techniques 

In the present thesis, the methods used for the structural investigation on the MBs include 

dynamic light scattering (DLS), small-angle X-ray/neutron scattering (SAXS/SANS) and cryo-

electron microscopy (cryo-EM). The principles as well as the experimental setups of these 

techniques are introduced in this chapter. 

4.1 Dynamic light scattering (DLS) 

This section is written based on ref [139]. 

DLS is a technique for the determination of the hydrodynamic size of nanoparticles in 

solutions, making use of the temporal fluctuations of the scattering intensity of the sample 

solution. In a DLS setup (Figure 4.1a), a monochromatic coherent light source is aligned to 

illuminate on the sample, which is usually solutions containing colloidal particles, and the 

intensity of the scattered light is recorded by a detector positioned at a scattering angle 2θ. The 

detector is connected to a correlator. Indicated in the top view of the DLS setup (Figure 4.1b), 

the scattering vector q is defined as the difference of the incident wave vector ki and the 

scattered wave vector ks to be: 

 𝒒 = 𝒌𝐬 − 𝒌𝐢 (4.1) 

Assuming elastic scattering, the magnitude of both ki and ks is 2πn/λ, where n is the refractive 

index of the solvent, and λ is the wavelength of the incident light in vacuum. The magnitude of 

q, which is essentially the momentum transfer, is thus given as: 

 |𝒒| = 𝑞 =
4𝜋𝑛sin(𝜃)

𝜆
 (4.2) 



 4.Experimental techniques 

31 

 

 

Figure 4.1 Schematic drawing of a DLS setup. (a) An overview, showing the light source 

scattered by the scattering objects (spheres in the sample), and the signal recorded by a 

detector at a scattering angle 2θ. (b) A top view, indicating the relation between the incident 

wave vector ki, the scattered wave vector ks and the scattering vector q. 

With the correlator, the time dependence of the scattering intensity I(t,q) is transformed to the 

normalized intensity autocorrelation function, g2(τ,q), by: 

 g2(𝜏, 𝑞) =
〈𝐼(𝑡, 𝑞)𝐼(𝑡 + 𝜏, 𝑞)〉t

〈𝐼(𝑡, 𝑞)〉t
2  (4.3) 

g2(τ,q) expresses the correlation between I(t,q) and I(t+τ,q), where τ is the delay time and the 

brackets denote the time-average. It reveals the diffusional information of the Brownian motion 

of the scattering objects, which is related to their hydrodynamic size. For example, small objects 

diffuse faster than large ones, thus the correlation between I(t,q) and I(t+τ,q) decays at smaller 

τ-values (at the same temperature and in the same solvent), characterized by the relaxation time 

τD. 

By the Siegert relation, g2(τ,q) is linked to the normalized field autocorrelation function, 

g1(τ,q), by: 

 g2(𝜏, 𝑞) − 1 = 𝛽
coh[g1(𝜏, 𝑞)]

2 (4.4) 

where βcoh is the coherence factor of the scattered light and is dependent on the instrument. 

Typically, βcoh ≤ 1 applies, with βcoh = 1 for the spatially coherent scattered light [140].  
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When the scattering objects in the sample solution are monodisperse particles, g1(τ,q) 

shows a single exponential decay: 

 g1(𝜏, 𝑞) = exp(−𝜏 𝜏D⁄ ) =  exp(−𝛤𝜏) (4.5) 

The decay rate Γ, defined as τD
-1, gives the translational diffusional coefficient D of the particles 

by: 

 𝛤 = 𝐷𝑞2 (4.6) 

Thus, D is independent of q, and it can be obtained by Γ/q2, when the DLS data are collected at 

only one q value. When DLS data are collected at multiple q values, D can be obtained by the 

slope of the Γ vs. q2 plot, setting the y-intercept to zero. From D, the hydrodynamic radius Rh 

of the particle is calculated using the Stokes-Einstein equation: 

 𝑅h =
𝑘B𝑇

6𝜋𝜂s𝐷
 (4.7) 

where kB is Boltzmann’s constant, T is the solution temperature and ηs is the viscosity of the 

solvent. Particles like hard spheres are the ideal case for the above-described monodisperse 

system. They have an isotropic shape, and a compact inner structure. In this case, the detected 

motion is the translational diffusion of the scattering objects. 

When the scattering objects feature a size distribution, g1(τ,q) can be expressed as [141]: 

 g1(𝜏, 𝑞) = exp(−𝛤𝜏) × (1 +
𝜇2
2
𝜏2 −

𝜇3
6
𝜏3) (4.8) 

Such expression is referred to as the modified cumulant method to the third-order, where Γ 

represents the mean decay rate. μ2 and μ3 are the second and third moments, respectively, 

providing hints to the standard deviation of Γ in the system. 

When there are more than one kind of scattering objects with distinctly different sizes in 

the system, g1(τ,q) can be assumed as an integral of τD: 

 g1(𝜏, 𝑞) = ∫𝐺(𝜏D) exp(−𝜏/𝜏D)d𝜏D with ∫𝐺(𝜏D) d𝜏D = 1 (4.9) 

Here, the multiplicity of the particle size is expressed by a relaxation time distribution G(τD), 

which is referred to as the regularized positive exponential sum (REPES) method. It yields the 

tD distribution and thus D, from which the Rh distribution is further obtained. Using the Gendist 

analysis software, the Rh distribution is expressed in the equal-area representation RhA(Rh) vs. 
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log(Rh). Typically, the Rh distribution features one or more peaks, and the center of mass of the 

peak is taken as the Rh value from the corresponding measurement. 

 

Scattering objects with complex inner structure. When the scattering objects are polymer 

chains, branched polymers or cross-linked polymers, where the segmental chains show certain 

degrees of mobility, the DLS data reveal not only the translational motion of the total center of 

mass, but also the internal modes of motion from the mobile segments [142, 143]. In such 

systems, the Γ vs. q2 plot is no longer linear as expressed in equation 4.6. Rather, Γ/q2 is q -

dependent: 

 𝛤 = 𝐷(1 + 𝐶h𝑅g
2𝑞2)𝑞2 (4.10) 

Rg is the radius of gyration of the scattering object, and Ch is a structure coefficient. Comparing 

equation 4.10 with equation 4.6, the additional term of ChRg
2q2 accounts for the contribution 

from the internal motions. The Γ vs. q2 plot deviates from the linear relation, especially at high 

q. Thus, for samples featuring motions of segmental chains, D should be extracted from low q, 

where the translational motion of the center of mass is reflected. Depending on the geometry of 

the scattering objects, different values of Ch are found. The simplest case is a hard sphere, which 

has a Ch value of zero [144]. Ch is 0.03 for thin rods [145], 0.2 for random coils [146], whereas 

Ch is found to be 0.1 – 0.2 for branched polymers [147, 148]. The geometry-dependent Ch values 

are schematically shown in Figure 4.2. 

 

 

Figure 4.2 Schematic representation of the particles featuring different geometries with the 

corresponding structure coefficient Ch. 

As MBs are highly-branched, and supposedly have an isotropic overall shape, it is of 

interest to determine the effect of the architecture on the Γ vs. q2 plots, and whether the internal 

modes of motion can be detected in the DLS data of their solutions. It is also important to note 

that the internal modes of motion are expected to be strongest for chain-like MBs, but not for 
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spherical or ellipsoidal MBs, as the former resemble polymer chains while the latter resemble 

hard spheres.  

 

Concentration effect on diffusion coefficient. The diffusion coefficient D measured by DLS 

is dependent on the solution concentration c, which can be approximated by the virial 

expression: 

 𝐷(𝑐) = 𝐷0[1 + 𝑘D𝑐] (4.11) 

where D0 is the diffusion coefficient as c approaches zero. The virial coefficient kD gives 

indication on a repulsion (kD > 0) or an attractive (kD < 0) interaction between the diffusing 

objects. From D0, the hydrodynamic radius of infinite dilution, Rh,0, can be calculated using the 

Stokes–Einstein equation (equation 4.7). 

 

Instrument. All the DLS measurements in the present thesis were performed using a LS 

Spectrometer (LS Instruments, Fribourg, Switzerland). It is equipped with a goniometer, two 

avalanche photodiode detectors and a polarized HeNe laser (λ = 632.8 nm) (Thorlabs, Dachau, 

Germany) with a maximum power of 21 mW. The sample was loaded in cylindrical glass 

cuvettes with 5 mm outer diameter and 0.4 mm wall thickness. The cuvettes were then mounted 

in a decalin bath, whose temperature was controlled by a Julabo CF31 Cryo-Compact Circulator 

(JULABO, Seelbach, Germany). From a two channel multi tau correlator, the recorded 

scattering intensity I(t,q) was converted to the autocorrelation functions g2(τ,q). 

 

Measurement and data analysis. For a typical measurement, the scattering intensity of the 

sample solution is traced with time at a controlled temperature with a duration of 30 s, at one 

or a wide range of q. Subsequently, the correlator transforms the signal into g2(τ,q), which is 

then analyzed by the modified cumulant method or by the REPES method. The analysis results 

give D of the scattering objects in the sample solution, from which Rh can be calculated. In the 

present thesis, the DLS results are obtained by repeating the measurement for 20 times, giving 

an average Rh value and an uncertainty from the standard deviation of Rh. 
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4.2 Small-angle X-ray/neutron scattering (SAXS/SANS) 

This section is written based on ref [149], ref [150] and ref [151]. 

Small-angle scattering (SAS) of X-rays and neutrons are fundamental tools for the 

structural investigation of macromolecules having dimensions from few nanometers to several 

hundred nanometers, as the wavelength is in the same order of magnitude as the characteristic 

length scales between atoms composing the molecules. In a typical SAS setup (Figure 4.3), a 

well-aligned X-ray/neutron beam with a finite wavelength distribution illuminates on the 

sample, and the scattering intensity is collected by a 2D detector. Generally, the refractive index 

n is slightly less than (and very close to) 1. In this context, applying n = 1 in equation 4.2, as 

sufficient for the present purpose, gives the momentum transfer q as: 

 |𝒒| = 𝑞 =
4𝜋sin(𝜃)

𝜆
 (4.12) 

As demonstrated in Figure 4.3, the available q-range depends not only on the beam wavelength 

λ, but also on the sample-to-detector distance (SDD) and the geometry of the detector. From 

sample to detector, the system is located in an evacuation tube, to reduce the scattering and 

absorption by air. 

 

 

Figure 4.3 Representation of a small-angle scattering setup, where the incident beam is 

either an X-ray or a neutron beam. The scattered beam from the sample is recorded in a 

range of scattering vectors q by a 2D detector. 

The beam is incident on the sample and interacts with the electrons (X- rays) or nuclei 

(neutrons). The scattering efficiency of elements is characterized by the scattering length b. As 

X-rays interact with electrons of the atoms, the X-ray scattering length bx is positively related 

to the atomic number; whereas this is not the case for neutron scattering length bn, which 
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concerns the nuclear structure and depends on the nucleus under question. Table 4.1 lists bx and 

bn values of the elements typically present in organic compounds. 

Table 4.1 X-ray and neutron scattering lengths of selected atoms [152]. 

Atom H D C N O P S 

Atomic mass   

[g mol-1] 
1 2 12 14 16 30 32 

Number of 

electrons 
1 1 6 7 8 15 16 

bx
(a) [10-12 cm] 0.282 0.282 1.69 1.97 2.16 3.23 4.51 

bn
(b) [10-12 cm] -0.374 0.667 0.665 0.940 0.580 0.510 0.280 

(a)X-ray scattering length. (b)Neutron scattering length. 

 

The scattering length density (SLD), ρ, is introduced as the total scattering length per unit 

volume. When the light source illuminates on the sample, the scattering amplitude from an 

illuminated volume V is expressed with ρ as: 

 𝐴(𝒒) = ∫ 𝜌(𝒓)exp (−𝑖𝒒𝒓)
V

d𝒓 (4.13) 

where ρ(r) is the SLD distribution as a function of the position vector r of the electrons/nuclei. 

equation 4.13 illustrates that the scattering intensity in the reciprocal space is related to the SLD 

distribution in the real space by a Fourier transformation. 

Usually, the scattering particles under investigation are embedded in a homogeneous 

matrix, e.g., the solvent. Thus, ρ(r) can be written as ρ(r) = Δρ(r) + ρ0, where ρ0 is the SLD of 

the matrix and Δρ(r) the excess SLD that leads to a scattering contrast. A schematic 

representation of ρ(r) in one dimension is shown in Figure 4.4, where Δρ represents the average 

excess SLD over the particle volume. As SAS arises from such scattering contrast in the system,  

the scattering amplitude from one particle in a homogeneous matrix can be rewritten from 

equation 4.13 as: 

 𝐴(𝒒) = ∫ 𝛥𝜌(𝒓)exp (−𝑖𝒒𝒓)
Vp

d𝒓 (4.14) 

with an integral over the particle volume Vp. 
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Figure 4.4 Representation of SLD 

distribution in one dimension, ρ(r), of a 

particle embedded in a matrix. ρ0 is the 

SLD of the matrix, and Δρ is the 

average excess SLD 

 

From the square of the absolute amplitude value, the scattering intensity of an individual 

particle in one dimension, Ip(q), is: 

 𝐼p(𝑞) = |𝐴(𝒒)|
2 = Vp

2𝛥𝜌2𝑃(𝑞) (4.15) 

where P(q) is the normalized scattering form factor, characterizing the size, shape and inner 

structure of the particle. Note that, Vp times the excess SLD, Δρ, is the total scattering length of 

the particle. With the expression in equation 4.15, SAS data can be commonly expressed in the 

form of: 

 𝐼(𝑞) = NpVp
2𝛥𝜌2𝑃(𝑞)𝑆(𝑞) (4.16) 

where Np is the total number of particles in the illuminated volume. S(q) is the structure factor, 

accounting for the spatial correlation between the particles. For dilute systems where particles 

are uncorrelated, S(q) = 1; whereas for semi-dilute or concentrated systems, S(q) ≠ 1. 

For solution samples, the scattering particles are randomly oriented, therefore the collected 

2D scattering intensity is isotropic (like the 2D intensity pattern shown on the detector in Figure 

4.3). After azimuthally averaged, the one-dimensional scattering intensity is plotted as a 

function of q. 

Concerning the instrumental aspects, the finite beam size, wavelength spread and detector 

resolution lead to a smearing of I(q) [153, 154]. The smearing effects can be accounted for by 

applying a standard deviation of the momentum transfer, Δq. For SAXS, the beam is highly 

monochromatic and Δq is usually small, especially under pinhole collimation, thus the smearing 

effects can be neglected. For SANS, on the other hand, the wavelength spread is significantly 

large (Δλ/λ between 10 % and 30 % by velocity selectors, and Δλ/λ between 0.1 % and 5 % by 

crystal monochromations) [155, 156], which should be taken into account during the data 
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analysis. 

 

Choice of the form factor for MBs. As discussed in chapter 2.2, the overall shape of MBs 

depends on their architectural parameters. With high grafting densities, the shape could be 

spherical, ellipsoidal, cylindrical or chain-like, relying on the length ratio between the backbone 

and the side chains. Thus, the scattering form factor is chosen according to the architectural 

parameters to be the one of a sphere, an ellipsoid, a cylinder or a flexible cylinder, as depicted 

in Figure 4.5. Besides the overall appearance, the inner structure should be considered as well. 

As the grafting structure results in a SLD gradient at the interface between the MB and the 

solvent, a fuzziness of the particle surface may be assumed. Or, in case of spherical/ellipsoidal 

MBs, where the side chain length is comparable to the backbone length, a core-shell structure 

is assumed to account for the significant density difference between the inner and the outer part 

of the MB. 

 

 

Figure 4.5 Schematic representation of the overall shape of MBs with increasing length 

ratio of backbone to side chain (upper row), and the corresponding choice of the scattering 

form factor (bottom row). 

The mathematical expression of the form factors used in the present thesis are listed below: 

(i) Fuzzy sphere form factor Pfz(q) [157]: 

 𝑃fz(𝑞) = 𝐼0 {
3[sin(𝑞𝑅fz) − 𝑞𝑅fz cos(𝑞𝑅fz)]

(𝑞𝑅fz)3
exp(−

(𝑓𝑞)2

2
)}

2

 (4.17) 

I0 is a scaling factor. Rfz is the fuzzy sphere radius, and f is the fuzziness. The SLD profile along 
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the radial direction of a fuzzy sphere is shown in Figure 4.6, where the SLD is homogeneous in 

the central region and starts to decrease at Rfz - 2f until it reaches zero at Rfz + 2f.  

 

 

Figure 4.6 SLD profile of the fuzzy sphere form factor 

Pfz(q), in the radial direction. The blue sphere has a 

constant SLD in the core region, and the bluish corona 

indicates a gradual decrease of SLD at the sphere surface, 

which is characterized by the fuzzy sphere radius Rfz and 

the fuzziness f. 

 

Example curves of Pfz(q) are given in Figure 4.7. At fixed f, the sharp fringes in the SAS 

data shift towards low q with increasing Rfz (Figure 4.7a). At fixed Rfz, the fringes smear with 

increasing f (Figure 4.7b). 

 

 

Figure 4.7 Example curves of the fuzzy sphere form factor Pfz(q). (a) Curves with selected 

values of Rfz at fixed f. (b) Curves with selected values of f at fixed Rfz. 

(ii) Core-shell ellipsoid form factor Pcs(q) [158, 159]: 

 
𝑃cs(𝑞) = 𝐼0∫[f(𝑞, 𝑅p, 𝑅e, 𝑎 ) + f(𝑞, 𝑅p+𝑇p, 𝑅e+𝑇e, 𝑎 )]

2

𝜋
2

0

sin(𝑎) d𝑎 (4.18) 

and 

 f(𝑞, 𝑅p, 𝑅e, 𝑎 ) =
3∆𝜌𝑉p{sin[𝑞r(𝑅p, 𝑅e, 𝑎)] − cos[𝑞r(𝑅p, 𝑅e, 𝑎)]}

[𝑞r(𝑅p, 𝑅e, 𝑎)]3
 (4.19) 
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with r(𝑅p, 𝑅e, 𝑎) = {[𝑅esin(𝑎)]
2 + [𝑅pcos(𝑎)]

2
}
0.5

 

I0 is a scaling factor. Rp and Re are the radii in the core part along the polar and the equatorial 

axes, respectively. Tp and Te are the shell thicknesses along the polar and the equatorial axes, 

respectively. a is the angle between the polar axis and q. Δρ is the scattering contrast. In f(q, Rp, 

Re, a), Δρ is the SLD difference between the core and the shell, i.e., (ρc - ρs); while in f(q, Rp+Tp, 

Re+Te, a), it is the SLD difference between the shell and the solvent, i.e., (ρs - ρ0). 

Example curves of Pcs(q) are given in Figure 4.8. Changing the core radii and the shell 

thicknesses, the curves shift towards low q or high q when the particle size increases or 

decreases, respectively (Figure 4.8a,b). At fixed core radii and shell thicknesses, large Δρ 

between the shell and the solvent leads to higher absolute scattering intensity (Figure 4.8c). 

 

 

Figure 4.8 Example curves of the core-shell ellipsoid form factor Pcs(q). (a) Curves with 

selected values of Rp and Re, at fixed shell thicknesses and Δρ between the shell and the 

solvent. (b) Curves with selected values of Tp and Te, at fixed core radii and Δρ. (c) Curves 

with selected values of Δρ at fixed core radii and shell thicknesses. 
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(iii) Cylinder form factor Pcyl(q) [160-162]: 

 𝑃cyl(𝑞) = 𝐼0∫ {
2𝐽1[𝑞𝑅 sin(𝑎)]

𝑞𝑅 sin(𝑎)

𝑠𝑖𝑛[1
2
𝑞𝐿 cos(𝑎)]

1
2 𝑞𝐿 cos 𝑎

}

2

sin(𝑎) d𝑎
𝜋/2

0

 (4.20) 

I0 is a scaling factor. J1 is the Bessel function of the first kind, and a is the angle between the 

longitudinal axis of the cylinder and q. R and L are the cross-sectional radius and the length of 

the cylinder, respectively.  

Example curves of Pcyl(q) are given in Figure 4.9, which all feature I(q) ~q-1 between the 

range of 1/L < q < 1/R. At fixed R, a variation of L is reflected at low q of the curve (Figure 

4.9a), since L determines the largest length of the scattering particle. With a larger L value, the 

curve starts obeying I(q) ~q-1 at a lower q. At fixed L, the curve shifts towards low q with 

increasing R (Figure 4.9b).  

 

 

Figure 4.9 Example curves of the cylinder form factor Pcyl(q). (a) Curves with selected L 

at fixed R. (a) Curves with selected R at fixed L. The dashed line corresponds to I(q) ~q-1. 

(iv) Flexible cylinder form factor Pfc(q): This form factor was developed by Monte Carlo 

simulation to describe the scattering of a worm-like chain with a finite cross section [163-165]: 

 𝑃fc(𝑞) = 𝑃wlc(𝑞)𝑆xs(𝑞𝑅c) (4.21) 

Pwlc(q) is the scattering of a single worm-like chain, featuring the contour length Lc and the 

persistence length lp, as schematically shown in Figure 4.10. The detailed expression of Pwlc(q) 

is given in Method 3 of ref [163]. Sxs(qRc) accounts for the cross section of the segmental 

cylinder, providing the cross-sectional radius Rc. It reads: 
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 𝑆xs(𝑞𝑅c) = [
2𝐽1(𝑞𝑅c)

𝑞𝑅c
]

2

 (4.22) 

 

 

Figure 4.10 Schematic representation of the flexible cylinder form factor Pfc(q), composed 

of continuously connected rigid cylinders (greyish rectangles) with a length lp and a cross-

sectional radius Rc, resulting in a total length of Lc (red line). 

Example curves of Pfc(q) are given in Figure 4.11. The curves all feature I(q) ~q-5/3 

between the range of 1/Lc < q < 1/Rc, i.e., around 1/lp, except for the case when these values are 

very close (see the red curve with lp = 25 Å  and Rc = 20 Å  in Figure 4.11b). Different from the 

cylinder length L from Pcyl(q) mentioned above, Lc from Pfc(q) concerns a wider length scale in 

the particle, thus, a variation of Lc is reflected from low to intermediate q range (Figure 4.11a). 

With increasing lp, the q-range featuring I(q) ~q-5/3 shifts towards low q (Figure 4.11b). With 

increasing Rc, the curves shift towards low q (Figure 4.11c). 
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Figure 4.11 Example curves of the flexible cylinder form factor Pfc(q). (a) Curves with 

selected values of Lc at fixed lp and Rc. (b) Curves with selected values of lp at fixed Lc and 

Rc. (c) Curves with selected values of Rc at fixed Lc and lp. The dashed line corresponds to 

I(q) ~q-5/3. 

Choice of the structure factor for MBs. For semi-dilute or concentrated systems, a structure 

factor is often needed to describe the correlation between the MBs, and the suitable choice of 

the structure factor is related to the shape of the MBs. For MBs featuring an overall spherical, 

ellipsoidal or cylindrical shape, the Percus-Yevick hard-sphere structure factor, SHS(q), is the 

simplest way to describe their spatial correlation, which assumes the potential energy, U(rint), 

between neighboring MBs as a function of the distance rint between their center of masses to be 

[166]: 

 𝑈(𝑟int) = {
∞  for 𝑟int < 2𝑅HS

0  for 𝑟int ≥ 2𝑅HS
 (4.23) 

where RHS is the hard-sphere radius. Since the relation between MBs is modeled as the one 

between hard spheres, the value of 2RHS provides an estimate of the average distance between 

the correlated MBs in the system. This is schematically represented in Figure 4.12. 
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Figure 4.12 The potential energy (blue line), 

U(rint), as a function of the inter-particle distance 

rint in the Percus-Yevick hard-sphere structure 

factor SHS(q). The cartoon demonstrates two 

hard spheres separated by a distance rint. 

 

It has the mathematical expression of: 

 𝑆HS(𝑞) =
1

1 + 24𝜂𝐺(𝑥)/𝑥
 with 𝑥 =  2𝑞𝑅HS (4.24) 

and  

 𝐺(𝑥)

= 𝛾
sin(𝑥) − 𝑥cos(𝑥)

𝑥2
+  𝛿

2𝑥sin(𝑥) + (2 − 𝑥2)cos(𝑥) − 2

𝑥3

+  휀
−𝑥4cos(𝑥) + 4[3𝑥2 − 6cos(𝑥) + (𝑥3 − 6𝑥)sin(𝑥) + 6]

𝑥5
  

with 𝛾 =
(1 + 2𝜂)2

(1 − 𝜂)4
, 𝛿 =

−6𝜂(1 + 𝜂/2)2

(1 − 𝜂)4
 and 휀 =

𝛾𝛿

2
 

(4.25) 

where η is the hard-sphere volume fraction. It is the volume fraction occupied by the hard 

spheres with a radius of RHS.  

Example curves of SHS(q) are given in Figure 4.13. The curves feature peaks which 

originate from a spatial ordering in the system. The peaks shift towards low q with increasing 

RHS (Figure 4.13a), and they become sharper with increasing η (Figure 4.13b). 
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Figure 4.13 Example curves of the Percus-Yevick hard-sphere structure factor SHS(q). (a) 

Curves with selected values of RHS at fixed η. (b) Curves with selected values of η at fixed 

RHS. 

For chain-like MBs, their interaction is better described by the one between polymer chains, 

instead of hard spheres. The closest case is the interaction between rigid polymers, which 

feature large persistence lengths. Such a structure factor was developed using Monte Carlo 

simulation by Pedersen and Schurtenberger, and was successfully applied to similar systems 

including worm-like micelles and rigid polymers in solutions [167-174]. It reads [174]: 

 𝑆wlc(𝑞) =
1

1 + 𝛽𝑐(𝑞)𝑃wlc(𝑞)
 (4.26) 

where β is the interaction factor, reflecting the interaction strength. For β = 0, there is no 

interaction, and Swlc(q) = 1; whereas β > 0 hints at the presence of mutual interaction. The 

relation of β = [1- Swlc(0)]/Swlc(0) is fulfilled for the scattering intensity of polymer solutions. 

Swlc(0), being the structure factor at zero scattering, can be expressed as a function of the 

reduced concentration X ≈ c/c*, where c is the polymer concentration and c* the overlap 

concentration of the solution: 

 

𝑆wlc
−1(0) = 1 +

1

8
(9𝑋 − 2 +

2 ln(1 + 𝑋)

𝑋
) 

exp {
1

2.565
[
1

𝑋
+ (1 −

1

𝑋2
) ln(1 + 𝑋)]} 

(4.27) 

c(q) in equation 4.26 is the direct correlation function in a multi-particle system, which is 

chosen to be in the form of the scattering from an infinitely thin rod with a rod length Lint: 

 𝑐(𝑞) = 2
Si(𝑞𝐿int)

𝑞𝐿int
− 4

sin2(𝑞𝐿int/2)

(𝑞𝐿int)2
 (4.28) 
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Si(qLint) is the sine integral. The physical meaning of Lint in the model is a characteristic 

interaction length in the system, having a length between the overall chain size and the cross-

sectional radius.  

Example curves of Swlc(q) are given in Figure 4.14. Different from SHS(q) mentioned above, 

the curves do not feature peaks from spatial ordering, but a suppressed intensity at low q. The 

q-range with suppressed intensity shifts towards low q with increasing Lint (Figure 4.14a), and 

the suppression is enhanced with increasing β (Figure 4.14b). 

 

 

Figure 4.14 Example curves of the structure factor of worm-like chains Swlc(q). (a) Curves 

with selected values of Lint at fixed β. (a) Curves with selected values of β at fixed Lint. 

Other scattering contributions in MB solutions. Apart from the scattering of MBs and their 

interaction, scattering contributions from aggregates are often seen in the SAS data of MB 

solutions. Usually, aggregates do not feature a well-defined shape like a sphere or a cylinder, 

and their inner structure may resemble a fractal (Figure 4.15). The scattering of aggregates, 

Iagg(q), may be described by the Guinier-Porod empirical model as [175]: 

 𝐼agg(𝑞) =

{
 
 

 
 𝐼G
𝑞𝑠
exp [

−(𝑞𝑅g,agg)
2

3 − 𝑠
] for 𝑞 ≤ 𝑞1

𝐼D
𝑞𝛼
 for 𝑞 ≥ 𝑞1

 (4.29) 

The regions in aggregates that are described by the Guinier term and the Porod term, 

respectively, are depicted in Figure 4.15. The Guinier term, having a scaling factor of IG, 

describes the low q region, giving the radius of gyration of the aggregate, Rg,agg, and the shape 

factor, s. s reveals the geometric symmetry of the aggregates with s = 0 for spheres, s = 1 for 

thin rods, and s = 2 for flat disks. The Porod term, with a scaling factor of ID, accounts for the 
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high q region, giving the Porod exponent α. With 1.67 < α < 3, it describes the mass fractal, and 

a higher α value indicates a more compact inner structure. For 3 < α < 4, it refers to the surface 

fractal, and α = 3 stands for rough surfaces, whereas α = 4 for smooth surfaces. Furthermore, α 

> 4 could imply a concentration gradient at the surface [176, 177]. During model fitting, q1 and 

ID in equation 4.29 are automatically adjusted by the fitting software to achieve a continuous 

curve in the full q range, following the equations: 

 

𝑞1 =
1

𝑅g,agg
[
(𝛼 − 𝑠)(3 − 𝑠)

2
]
1/2

𝐼D = 𝐼Gexp [
−(𝑞1𝑅g,agg)

2

3 − 𝑠
] 𝑞1

(𝛼−𝑠)

 (4.30) 

  

 

Figure 4.15 Schematic representation 

of an aggregate of MBs. The regions 

described by the Guinier term (blue 

circle) and the Porod term (green 

circle) are marked out, respectively. 

 

When the aggregates are larger than the detectable length scales of the q range, the SAS 

data just show the feature of the fractal structure, thus only the Porod term is used. Namely, 

only the information on the interior structure is acquired, while the overall size and shape of the 

aggregates cannot be determined in such cases. 

Example curves of the Guinier-Porod model are given in Figure 4.16 and Figure 4.17. In 

the intermediate q range, a decay is present in the curves, which shifts towards low q with 

increasing Rg,agg (Figure 4.16a). For s = 0, the curves show no q-dependence at low q, while for 

s ≠ 0 they show a linear q-dependence, which becomes steeper with increasing s (Figure 4.16b). 

α determines the q-dependence at intermediate q, which becomes steeper with increasing α 

(Figure 4.17). 

 

 



4.Experimental techniques 

 

48 

 

 

Figure 4.16 Example curves of the Guinier-Porod model with varying parameters from the 

Guinier term. (a) Curves with selected values of Rg,agg at fixed s and α. (b) Curves with 

selected values of s at fixed Rg,agg and α. 

 

Figure 4.17 Example curves of the Guinier-Porod model with selected values of the Porod 

exponent α at fixed Rg,agg and s. 

In the SAS data of MB solutions, the scattering contribution from the local concentration 

fluctuation, Ifluct(q), is often observed at high q. This is attributed to the scattering of the 

dissolved side chains. As schematically depicted in Figure 4.18, the side chains dangling at the 

periphery of the MBs are dissolved in the solvent, resulting in a local SLD fluctuation. Such 

chain scattering can be described by the modified Ornstein-Zernike structure factor [178, 179]: 

 𝐼fluct(𝑞) =
𝐼oz

1 + (𝑞𝜉)𝑚
 (4.31) 

Ioz is a scaling factor. ξ is the characteristic correlation length of the SLD fluctuations. The 

exponent m is related to the chain conformation and thus provides an indication of the solvent 
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quality. As m = 5/3 is expected for swollen chains in a good solvent, m = 2 implies the Gaussian 

chain conformation in a theta solvent, and m = 3 stands for collapsed chains in a poor solvent. 

 

 

Figure 4.18 Schematic representation of the chain scattering 

of MBs. The large purple square shows an enlarged view of 

the periphery region of MB, where the side chains (black 

curled lines) are dissolved in the solvent (blue dots and 

blueish background). The red double headed arrow marks the 

approximate length scale of ξ. 

 

Example curves of the modified Ornstein-Zernike structure factor are given in Figure 4.19. 

The curves feature a plateau at low q, followed by a smooth decay at high q. The decaying q-

position shifts towards low q with increasing ξ (Figure 4.19a), and the decay becomes steeper 

with increasing m (Figure 4.19b). 

 

 

Figure 4.19 Example curves of the modified Ornstein-Zernike structure factor. (a) Curves 

with selected values of ξ at fixed m. (b) Curves with selected values of m at fixed ξ. 

Pair distance distribution function p(r) [149]. In systems containing identical non-interacting 

particles, e.g., in dilute solutions, p(r) can be calculated from the SAS data, giving the 

geometrical information of the particles. The principle is introduced as followed. Considering 

the scattering intensity by a single particle, the scattering amplitude in equation 4.14 can be 

rewritten by introducing r = r1 - r2, giving: 



4.Experimental techniques 

 

50 

 

 

𝐼p(𝒒) = |𝐴(𝒒)|2 =∬ 𝛥𝜌(𝒓1)𝛥𝜌(𝒓1 − 𝒓) exp(−𝑖𝒒𝒓) d𝒓1d𝒓
𝑉𝑝

= ∫𝛾(𝒓) exp(−𝑖𝒒𝒓) d𝒓  

with 𝛾(𝒓) = ∫ 𝛥𝜌(𝒓1)𝛥𝜌(𝒓1 − 𝒓)d𝒓1
𝑉𝑝

 

(4.32) 

γ(r) is the spatial autocorrelation function of the particle. Its physical meaning is the probability 

of finding another point inside the particle at a distance |r| from an arbitrary starting point. 

Therefore, at a distance |r| larger than the maximum dimension rmax of the particle, γ(r) = 0. 

Averaging over all possible directions of r, the relation between I(q) and γ(r) in one dimension 

is given to be: 

 𝐼p(𝑞) = 4𝜋∫ 𝛾(𝑟)𝑟2
sin(𝑞𝑟)

𝑞𝑟

∞

0

d𝑟 (4.33) 

The pair distance distribution function, p(r), is introduced as: 

 𝑝(𝑟) = 𝛾(𝑟)𝑟2 (4.34) 

The value of p(r) at a given r is proportional to the number of pair distances r found within the 

particle. Thus, the geometry, the symmetry and the dominant lengths of the particle are revealed 

by p(r). Furthermore, Rg of the particle is obtained from p(r) by: 

 𝑅g
2 =

∫ 𝑝(𝑟)𝑟2
𝑟max
0

d𝑟

2 ∫ 𝑝(𝑟)
𝑟max
0

d𝑟
 (4.35) 

From equation 4.32, it is clearly seen that, the scattering intensity of individual particles is the 

Fourier transform of its spatial autocorrelation function in terms of the SLD contrast Δρ(r). 

Therefore, it is possible to obtain p(r) from the experimentally measured I(q) by an inverse 

Fourier transformation: 

 𝑝(𝑟) =
1

2𝜋2
∫ 𝐼(𝑞)𝑞𝑟sin(𝑞𝑟)
∞

0

d𝑞 (4.36) 

However, in the practical SAS measurements, the available q range is limited, so p(r) is usually 

obtained via: 
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 𝑝(𝑟) =
1

2𝜋2
∫ 𝐼(𝑞)𝑞𝑟sin(𝑞𝑟)
𝑞max

𝑞min

d𝑞 (4.37) 

where qmax and qmin are the maximum and the minimum q of the experiment data, respectively. 

Ideally, this q range covers the full length scale of the particle, with the longest dimension rmax 

obeying the condition rmax × qmin < π. Another concern for the p(r) analysis comes from the 

prerequisite in equation 4.32, that the scattering intensity is exclusively due to the particle 

scattering Ip(q). However, the measured I(q) in equation 4.37 sometimes contains other 

scattering contributions, which could be the correlation scattering, i.e., the structure factor, or 

the scattering of other kinds of particles, e.g., large aggregates. Thus, to gain the geometrical 

information of individual particles, their scattering, i.e., the form factor, should be isolated from 

the total scattering. 

 

Instruments and measurement. SAXS measurements were conducted at the high brilliance 

synchrotron SAXS beamline – P12 at the Deutsches Elektronen Synchrotron (DESY), 

Hamburg, Germany [180]. The wavelength of the X-ray source was l = 0.124 nm, and the 

sample-to-detector distance (SDD) was 3.0 m, together providing a q-range of 0.03 – 7 nm-1. 

The 2D Pilatus 6M detector was used, recording the scattering as 2D intensity pattern. The 

illumination time for each measurement was 45 ms. During data acquisition, the solution flowed 

continuously through a thermo-controlled capillary (50 μm in wall thickness and 1.7 mm in 

inner diameter) for X-ray illumination, using a robotic sample changer [181]. The data were 

corrected by the transmission, brought to absolute scale using water as a standard. After the 2D 

intensity being azimuthally averaged, the 1D SAXS data of the solvent is subtracted from that 

of the sample, delivered by the automated data processing pipeline SASFLOW [182]. 

SANS measurements were performed at the KWS-1 instrument of the Jülich Centre for 

Neutron Science (JCNS) at the Heinz Maier-Leibnitz Zentrum (MLZ), Garching, Germany 

[183, 184]. The neutron wavelength λ was 5 Å (Δλ/λ = 10 %), and the SDDs were 1.5 m, 8.0 m 

and 20 m, yielding a q-range of 0.02 – 4.5 nm-1. The exposure times were 8 min, 15 min and 

30 min at the 3 SDDs, respectively. The samples were loaded in quartz glass cuvettes (Hellma 

Analytics) with 2 mm neutron path length and 1.25 mm wall thickness, mounted in a Peltier-

controlled thermostat. The scattering data were recorded by a scintillation detector having an 

active area of 60 cm × 60 cm and a spatial resolution of 5.3 mm × 5.3 mm. The scattering 

intensities were corrected by the transmission and the dark current, and then brought to absolute 

value using poly(methyl methacrylate). The corrected intensities were azimuthally averaged to 
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give an intensity plot versus q. Finally, the SANS data of the solvent-filled cuvette was 

subtracted from that of the sample solutions. All the above-described data reduction were 

carried out with the QtiKWS software by JCNS. 

 

Data analysis. The scattering contributions from different scattering objects, e.g, aggregates or 

MBs, in the system are added up in the fitting model. These contributions could be a form factor, 

a form factor multiplied with a structure factor, or the chain scattering. As introduced in the 

previous paragraphs, the type of form factor and structure factor is chosen according to the 

structure of the MB under study. Thus, the fitting models used to describe the SAS data for 

different systems are explained correspondingly in the respective chapters. For model fitting, 

the software SASfit 0.94.12 [1] was used for the SAXS data analysis, and the software SasView 

4.2.2 [185] was used for the SANS data. The p(r) plots were calculated using the software 

ATSAS 3.0 [186]. 

4.3 Cryo-electron microscopy (cryo-EM) 

This section is written based on ref [187] and ref [188]. 

cryo-EM is a type of transmission electron microscopy. It is applied on samples that are 

prepared to be thin films of sample solution by delicate procedures and cooled to cryogenic 

temperatures. In a typical cryo-EM instrument (Figure 4.20a), the high voltage electron beam, 

emitted from an electron gun, is controlled by a series of lenses and directed to transmit the 

sample, enabling the projection images of particles with size as small as few nanometers. The 

resolution of cryo-EM images is generally several tens of angstroms, with the highest resolution 

being as low as 3 – 4 angstroms [189].  

During imaging, the electron beam passes through two condenser lenses, and the 

condenser aperture filters out the rays that are far from the optical axis. This results in a coherent 

beam with a narrow energy spread and a small spot size, which then strikes on the sample and 

is elastically scattered by the atoms composing the particles under investigation. Thus, only a 

portion of the incident beam is transmitted, which is then focused by the objective lens into an 

image, while the scattered beam is blocked out by the objective aperture. The image is further 

enlarged by the projection lens and is visible to the users on the image screen. The cryo-EM 

column is maintained to be evacuated (ideally at ultrahigh vacuum, < 10–9 mbar) [190], to 



 4.Experimental techniques 

53 

 

reduce the scattering of the electron beam from the atmospheric environment.  

 

 

Figure 4.20 (a) Representation of a cryo-EM setup. The yellow lines indicate the electron 

beam. The vertical dashed line indicates the optical axis. (b) Schematic representation of 

the grid, serving as the sample holder for cryo-EM. An enlarged view of the indicated 

region is drawn and marked out, to show further details in the grid. 

Based on the above-described imaging procedure, the brighter region on the image marks 

the region with lower electron density, whereas the darker region on the image is the region 

with higher electron density (under bright field mode). Namely, the contrast in a cryo-EM image 

originates from the atomic density and provides information about the appearance and the 

structure of the particles in the sample. 

To account for the vacuum environment, the sample solution is prepared as a free-standing 

thin film in frozen state with a thickness of few hundred nanometers to few micrometers. During 

the sample preparation, a small amount of the solution is applied to a metal grid (Figure 4.20b), 

which supports a holey carbon film. After removing the excess amounts of solution, the grid is 

dipped into liquid ethane (boiling temperature Tb = -89 °C) for vitrification, where the liquid 

ethane environment is kept by a liquid nitrogen (Tb = -196 °C) bath. Thus, a thin film of the 

solution is obtained, in which the particles under investigation are embedded. As a result, under 

cryo-EM, the structure of the nanoparticles is observed, being at the frozen state in solution. 

Instrument and measurement. The cryo-EM images were taken using a Titan Krios G2 
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electron microscope, operated at 300 kV. This is equipped with a Falcon 3EC direct detector, a 

Volta Phase Plate (FEI, now Thermo Scientific), and a Cs Corrector (CEOS GmbH), where the 

EPU software is used for automated data and the TIA software for manual data collection (FEI, 

now Thermo Scientific). For the image acquisition, micrograph movies comprising 9-20 frames 

were recorded in linear and in electron counting mode for high precision. A calibrated 

magnification of 120k was achieved, with a corresponding magnified pixel size of 0.53 Å , 

namely a total dose of around 100 electrons per Å 2. A few hundred nanometer defocus was 

applied, using the phase plate for contrast enhancement. The image processing was performed 

using RELION 2.1 and RELION 3.0 [191, 192], where the MotionCor2 program [193] 

facilitates the micrograph movie-alignment. 

To prepare a frozen thin film of the sample solution for imaging, the samples were applied 

on the copper grid (trade name: C-Flat 1.2/1.3 4C, Protochips, Morrisville, USA), and were 

subsequently plunge-frozen with no waiting time. The blot time was set for 2 s, the blot force 

parameter -1 and the drain time 0 s. The whole procedure was performed in the Vitrobot Mark 

V (FEI, now Thermo Scientific) environment which allows controlled temperature at 22 °C and 

humidity of 100 %. 

 

Data analysis. The Fiji image processing package was used for the cryo-EM image analysis 

[194]. The images were adjusted to show optimized contrast for better recognition of the 

backbone and side chains of the MBs. Scale bars were labeled, and the real distance between 

two defined points on the image was calculated. 
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5. Concentration effect on the structure of a chain-

like MB 

In the present chapter, the structure of a chain-like MB is studied from dilute to semi-dilute 

solution in a good solvent. 

5.1 Introduction 

As discussed in chapter 2.3, the solution concentration c systematically affects the end-to-end 

distance Ree of MBs, where Ree and c shows different scaling relations in different concentration 

regimes. Such effects are especially observable for chain-like MBs, as their overall shape 

resembles linear polymer chains while the local structure is brush-like.  

In the present work, the conformation of a chain-like MB is resolved in dependence on the 

MB concentration in a good solvent. DLS measurements were carried out on the MB solutions 

from dilute to semi-dilute condition, so that the diffusional behavior of the MBs is revealed. 

Furthermore, SAXS data collected in a wide range of concentration disclose the conformational 

change of the MBs, and the different interaction regimes are resolved. 

5.2 Experimental details 

Sample preparation. The six samples for DLS measurements are PiPOx239-g-PnPrOx14 

solutions in ethanol, where the concentrations are 0.5, 1, 2.5, 5, 10 and 20 g L-1. To prepare 

solutions with a series of concentrations, the dry polymer powder was firstly dissolved in 

ethanol at a concentration of 20 g L-1. The as prepared solution was place on the shaker 

overnight for homogeneous mixing. Then, a portion of the solution at 20 g L-1 was taken for 

further dilution to get the solution at 10 g L-1. The rest of the diluted samples were prepared 

subsequently in the same manner.  

The seven samples for SAXS measurements are solutions at 1.25, 2.5, 10 g L-1 in ethanol-

d6 (99.00 %, Deutero GmbH, Kastellaun, Germany), and solutions at 5, 20, 30, 46 g L-1 in 

ethanol. Although different solvent was used, it has been reported that the resulting SAXS curve 
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will not be heavily affected by the deuteration of ethanol, meaning the overall conformation of 

the species in the sample does not significantly differ [195]. The preparation procedure is the 

same as the samples for DLS measurement. Namely, the most concentrated solution was firstly 

made, and it was later used to prepare the diluted samples.  

Before the solution preparation, the solvents had been filtered previously with a syringe 

filter (pore size 0.8 mm, mixed cellulose ester membrane). The solutions were placed on a shaker 

for at least two weeks before the measurements to ensure equilibrium. 

 

Dynamic Light Scattering (DLS). For all the sample solutions, DLS data at 17 scattering 

angles from 30° to 120° were collected, with 3° per step between 30° – 60° and 10° per step 

between 60° – 120°. At each angle, 20 measurements were performed, and the duration for each 

was 30 s. The temperature was fixed at 20 °C. The normalized intensity autocorrelation 

functions, g2(τ,q), were analyzed using the modified cumulant method to the third-order, where 

the normalized field autocorrelation function, g1(τ,q), is expressed as equation 4.8. 

 

Small-Angle X-ray Scattering (SAXS). The SAXS data of the MB solutions were collected 

at 20 °C. For dilute solutions, i.e., 1.25 – 5 g L-1, the fitting model reads: 

 𝐼(𝑞) = 𝑃fc(𝑞) + 𝐼bk (5.1) 

where Pfc(q) is the flexible cylinder form factor (equation 4.21). Ibk is the scattering background.  

Pfc(q) is chosen to describe the scattering of a single MB. As the MB studied in this work, 

PiPOx239-g-PnPrOx14, features a long backbone and relatively short side chains, its 

conformation in the solution is expected to resemble a semi-flexible polymer chain with a large 

cross section. From Pfc(q), the contour length Lc, the persistence length lp and the cross-sectional 

radius Rc of the MB are obtained. Figure 5.1a shows how each term in equation 5.1 contributes 

to the total scattering I(q), taking data from the solution at 1.25 g L-1 as an example. 
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Figure 5.1 Demonstration of model fits to the SAXS data (symbols) of PiPOx239-g-

PnPrOx14 solutions in ethanol. (a) Dilute solutions, taking 1.25 g L-1 for example, using 

equation 5.1. (b) Semi-dilute solutions, taking 10 g L-1 for example, using equation 5.2. 

As for the semi-dilute solutions, i.e., 10 – 46 g L-1, the contribution from the interaction 

between the MBs and the chain scattering are additional included in the fitting model: 

 𝐼(𝑞) = 𝑃fc(𝑞)𝑆wlc(𝑞) + 𝐼fluct(𝑞) + 𝐼bk (5.2) 

where Swlc(q) is the structure factor describing the interaction between worm-like chains 

(equation 4.26), and Ifluct(q) is the scattering from the local density fluctuation (equation 4.31). 

Swlc(q) is multiplied with Pfc(q) to account for the correlation between the chain-like MBs, 

giving the interaction factor β, and a characteristic interaction length Lint. As Swlc(q) is defined 

to contain Pfc(q), it is thus dependent on the MB conformation. The contribution from the local 

concentration fluctuation, Ifluct(q), is described by the Ornstein-Zernike structure factor, with 

the exponent fixed at 2. It presumably accounts for the scattering from the side chains, giving 

the correlation length ξ of the concentration fluctuation. Figure 5.1b demonstrates the 

contributions from each term in equation 5.2 to the SAXS data, taking data from the solution at 

10 g L-1 as an example. Ibk is taken as a free fitting parameter for the dilute solutions, i.e., 1.25 

– 5 g L-1, while it is fixed at 2.36 × 10-4 cm2 g-1 for the semi-dilute solutions, i.e., 10 – 46 g L-1. 

The software SASfit 0.94.12 was used for model fitting [1]. 

5.3 Diffusional behavior 

To investigate the diffusional behavior of PiPOx239-g-PnPrOx14 from dilute to semi-dilute 
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condition, DLS measurements were performed on its six solutions at 20 °C in ethanol, where 

the concentration ranges from 0.5 to 20 g L-1. For each solution, data were collected at a total 

of seventeen scattering angles 2θ between 30° – 120°. The normalized intensity autocorrelation 

curves at four selected scattering angles, 2θ = 30°, 60°, 90° and 120°, are shown in Figure 5.2 

along with the fitting lines. It is clearly demonstrated that, the relaxation time τD, defined by the 

decay position of the curve, is dependent on 2θ. 

 

 

Figure 5.2 The representative normalized intensity autocorrelation data (symbols) along 

with the fitting lines (solid lines) of PiPOx239-g-PnPrOx14 solutions from 0.5 to 20 g L-1 in 

ethanol. The solution concentration and the scattering angles are indicated in the legend. 

The relation between τD and 2θ is further used to characterize the diffusional motion of the 

MBs, by plotting the mean relaxation rate Γ = 1/τD as a function of q2. It is found that, a nice 

linear trend between Γ and q2 is shown for all the samples (Figure 5.3), regardless of the varying 

solution concentration. The linear relation indicates that only translational motion of the MBs 

is observed in the q range, while no internal modes of motion is detected. The result, however, 

is unexpected, since the architecture of PiPOx239-g-PnPrOx14 suggests an anisotropic shape due 

to the vastly different backbone and side chain length, which might lead to non-translational 

diffusion especially in dilute solution. 

 



 5.Concentration effect on the structure of a chain-like MB 

59 

 

 

Figure 5.3 The mean relaxation rate Γ versus q2 of PiPOx239-g-PnPrOx14 solutions from 

0.5 to 20 g L-1 in ethanol. The solution concentration is indicated on each figure. The red 

straight lines are the linear regressions, passing through the origin. 

From the Γ vs. q2 plots, the translational diffusion coefficient D of the MB (Figure 5.4) is 

given by the slope of the linear regression (red straight lines in Figure 5.3). It is important to 

note that, for particle-like samples, the hydrodynamic radius Rh at different concentrations can 

be directly derived from the corresponding D using the Stokes-Einstein equation (equation 4.7), 

whereas for polymer solutions or chain-like samples, this is not the case. For chain-like samples, 

the self-diffusion coefficient at infinitely dilute solution, D0, should be used to calculate the 

hydrodynamic radius of infinite dilution Rh,0. In such systems, the relation of D = D0(1 + kD × 

c) applies, as introduced in equation 4.11, and a regression line to the experimental data of D 

vs. c (red straight line in Figure 5.4) provides D0 by the y-intercept. It results in D0 = 15.1 ± 0.3 

μm2 s-1, and thus Rh,0 = 12.2 ± 0.3 nm is obtained for the MB. 
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Figure 5.4 The relation between the translational diffusion coefficient D (symbols) and the 

concentration c for PiPOx239-g-PnPrOx14 in ethanol from 1.25 to 20 g L-1. The red straight 

line is a linear regression. 

From the DLS data, pure translational motion is found for the MB in the concentration range 

of 0.5 – 20 g L-1, with its hydrodynamic radius of infinite dilution being disclosed. However, it 

is still unclear whether the MBs feature an anisotropic shape in dilute solution or not. Moreover, 

their shape evolution upon variation of concentration remains unsolved. Therefore, a structural 

study is necessary to gain a better understanding of the system. This is realized by the small-

angle scattering measurements described in the next section. 

5.4 Structural changes upon enhanced mutual interaction 

SAXS measurements were performed on PiPOx239-g-PnPrOx14 solutions in a concentration 

range from 1.25 to 46 g L-1 at 20 °C. The concentration range is chosen to cover most of the 

concentrations in the DLS measurements, while higher concentrations are reached for a more 

complete observation on the scaling relation between the molecular size and the polymer 

concentration. 

The SAXS data of the most dilute sample, i.e., 1.25 g L-1, is shown in Figure 5.5a, which 

has the typical scattering features of worm-like particles. In the low q range (q < 0.08 nm-1), 

where structure at large scales is reflected, the scattering intensity I(q) is a plateau, and its 

absolute value determines the contour length Lc of the MB. At intermediate q (0.1 < q < 0.5  

nm-1), the relation of I(q) ~q-5/3 is observed, indicating a self-avoiding-walk of the segmental 

length [196]. For polymer chains dissolved in a good solvent, the SAXS data usually features 

I(q) ~q-5/3, and the segment length is characterized as the persistence length lp, which can be 
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applied to the chain-like MB. Further at 0.7 < q < 1.5 nm-1, I(q) shows a decay of I(q) ~q-4. This 

is a result from the finite cross section of the MB, formed by the densely-grafted side chains on 

the backbone. The decaying q position implies the length scale of the cross-sectional radius Rc. 

At q > 1.5 nm-1, I(q) is independent of q, which is considered as the background scattering. 

 

 

Figure 5.5 The concentration normalized SAXS data (symbols) of the PiPOx239-g-

PnPrOx14 solutions at 20 °C in ethanol. (a) 1.25 g L-1. (b) 1.25 – 46 g L-1. The 

concentrations of the corresponding symbol color/shape are indicated in the legend. In the 

intermediate q and the high q region, lines corresponding to I(q) ~q-5/3 and I(q) ~q-4 are 

drawn, respectively. 

In Figure 5.5b, SAXS data of all samples are shown, normalized by concentration. From 

1.25 g L-1 up to 5 g L-1, the curve stays nearly unchanged. Above 5 g L-1, the low q scattering 

intensity is successively suppressed with increasing concentration. Furthermore, the relation of 

I(q) ~q-5/3 at intermediate q gradually disappears (see Figure 5.6 for the vertically shifted data), 

implying a change in lp. In the range of 0.7 < q < 1.5 nm-1, SAXS data overlap for all 

concentrations, indicating a constant Rc. At the highest q range, namely q > 1.5 nm-1, I(q) stays 

independent of q from 1.25 up to 5 g L-1 (Figure 5.6a), while a shallow decay of I(q) is 

recognizable from 10 to 46 g L-1 (Figure 5.6b). This shallow decay is attributed to the 

concentration fluctuations at small length scales, which are presumably caused by the side chain 

scattering and are observable when the concentration is high enough. At the high q range, the 

data from 10 to 46 g L-1 overlap very well, suggesting that the scattering from the side chains 

hardly depend on concentration. 
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Figure 5.6 SAXS data (symbols) of the PiPOx239-g-PnPrOx14 solutions at 20 °C in ethanol, 

shown together with the model fits (solid lines). (a) The dilute solutions (b) The semi-

dilute solutions. The concentrations are indicated in the graphs. The data are vertically 

shifted by a factor of 10 with respect to each other for better visibility. 

From the SAXS data, the pair distance distribution functions, p(r), are derived (Figure 

5.7a), giving hints to the overall geometry of the MBs at various concentrations. The p(r) 

function of the most dilute sample, c = 1.25 g L-1, is asymmetric. It shows two maxima at the 

pair distances r = 5 nm and r = 11 nm, and the curve decays steadily between r = 11 – 47 nm. 

Upon increasing concentration to 10 g L-1, the p(r) function stays overall asymmetric. The 

maximum at r = 5 nm is unchanged, while the one at r = 11 nm becomes shallower and nearly 

disappear. Meanwhile, the decaying distribution at r > 11 nm gradually shifts toward lower r-

values by around 3-5 nm, meaning the rmax slightly shrinks. The asymmetric shape of p(r) 

implies that the MB features an anisotropic geometry, and the two maxima are possibly related 

to the segmental length of the MB. For a precise analysis, the physical meaning of these two 

pronounced r should be disclosed after the structural parameters are resolved by model fitting 

the SAXS data. 

 



 5.Concentration effect on the structure of a chain-like MB 

63 

 

 

Figure 5.7 Normalized pair distance distribution functions, p(r), of the PiPOx239-g-

PnPrOx14 solutions in ethanol. (a) 1.25 – 46 g L-1. (b) 10 g L-1. The horizontal red solid 

line indicates p(r) = 0. 

At 10 g L-1, the p(r) plot shows negative values at r = 35 – 40 nm (Figure 5.7b), indicating 

the presence of the correlation scattering in the data. This means, the SAXS data not only 

contain the scattering of the MBs, i.e., the form factor, but also the structure factor. The 

influence from the interference scattering becomes more obvious for the data at higher 

concentrations, as the p(r) plots obviously show negative values (Figure 5.7a). Thus, the plots 

above 10 g L-1 do not directly reflect the conformational information of individual MBs unless 

the form factor scattering can be isolated from the total scattering. This is intendedly achieved 

by model fitting the SAXS data, described in the following content. 

For model fitting, the form factor, describing the scattering of the MB, is chosen to be the 

flexible cylinder form factor Pfc(q). It gives the conformational parameters, including Lc, lp and 

Rc of the chain-like MB. Above 10 g L-1, Pfc(q) is multiplied by the structure factor of the worm-

like chain Swlc(q), which applies the Lc and lp from Pfc(q). Namely, Swlc(q) describes the 

interaction between semi-flexible chains featuring the exact conformational parameters from 

Pfc(q). From Swlc(q), an interaction factor β, revealing the interaction strength, and the 

interaction length Lint are obtained. The scattering from the side chains, namely the intensity 

tail at q > 1.5 nm-1 (Figure 5.6b), is modeled by the Ornstein-Zernike structure factor, from 

which the correlation length ξ of the local density fluctuation in the solution is given. With the 

described model (equations 5.1 and 5.2), nice fits were obtained (Figure 5.6, solid lines). 

By fitting the data, Pfc(q) is isolated from the total scattering for each sample (Figure 5.8a). 

The p(r) plots derived from these Pfc(q) curves (Figure 5.8b) are supposed to contain only the 

conformational information of the MB. It is found that, from 1.25 to 20 g L-1, the p(r)-functions 
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are asymmetric, and they shift to slightly smaller r-values with increasing concentration. 

Further, from 20 to 46 g L-1, the p(r)-functions become steadily less asymmetric, while they 

substantially shift to smaller r. The asymmetric p(r)-functions suggest an anisotropic overall 

shape of the MBs at all concentrations, and the changes from 1.25 to 46 g L-1 indicate a gradual 

shape transition from an extended coil to a prolate ellipsoid. 

 

 

Figure 5.8 (a) Curves of the flexible cylinder form factor Pfc(q) obtained by model fitting 

the SAXS data of PiPOx239-g-PnPrOx14 solutions. (b) Normalized pair distance 

distribution functions, p(r), derived from Pfc(q). The horizontal red solid line indicates p(r) 

= 0. 

The analysis result at 1.25 g L-1 gives Lc of the MB to be 56.7 nm with an uncertainty of 

1.5 nm. Meanwhile, an estimate of Lc can be obtained by multiplying the total degree of 

polymerization along the MB, i.e., Nbk + 2Nsc, with the monomer length, which is calculated 

based on the C-C and C-N chemical bonds and the bond angles [197]. Such estimation provides 

the contour length of the MB having a fully stretched conformation to be 66.75 nm. Thus, the 

experimentally obtained Lc is 84.9 % of the fully extended length, implying a rather stretched 

chain conformation of the backbone. Since Lc is supposed to be independent on the solution 

concentration, Lc = 56.7 nm is applied to all the samples. 

The radius of gyration, Rg, of the MB (Figure 5.9) is obtained from the p(r)-functions of 

Pfc(q) (with equation 4.35). From 1.25 up to 20 g L-1, Rg stays unchanged at around 11.5 nm. 

This, together with the Rh,0 from DLS, results in the characteristic ratio Rg/Rh,0 = 0.94, providing 

hints to the structural compactness as well as the geometric symmetry of the MB. For solid 

spheres, Rg/Rh,0 = 0.775 is obtained. For elongated particles and rod-like particles, Rg/Rh,0 ranges 

from 1 to 2 or even above, depending on the aspect ratio between the longitudinal to the 
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perpendicular length. For polymers, the degree of branching will make an influence on Rg/Rh,0. 

For example, polymers as random coils usually show Rg/Rh,0 = 1.1 – 1.6 [198, 199], while 

Rg/Rh,0 of the highly grafted polymer is suppressed to values less than 1 [200]. For the PiPOx239-

g-PnPrOx14 MB, the Rg/Rh,0 value of 0.94 fits the value expected for a highly grafting polymer. 

This result reflects the significance of the side chains on the geometry of the MB. From 20 to 

46 g L-1, Rg decreases with increasing c, with the scaling relation of Rg ~c-0.8 (Figure 5.9). As 

reviewed in chapter 2.3, based on the theoretical prediction, the scaling exponent of -0.8 

suggests the dominant role of the inter- and intra- side chain interactions between the MBs. 

Noticeably, neither the scaling regime of the backbone interaction nor the one of the persistence 

segments are observed here. This might be attributed to the molecular architecture, i.e., the side 

chains are grafted on the backbone with a high density and are long enough to influence the 

overall structure of the MB. 

 

 

Figure 5.9 Radius of gyration Rg as a function of concentration c of PiPOx239-g-PnPrOx14 

solutions in ethanol from 1.25 to 46 g L-1. The red straight line is a linear regression of the 

data points from 20 to 46 g L-1. 

The dependence of lp on c is also resolved (Figure 5.10). Its value stays constant from 1.25 

g L-1 up to 10 g L-1, being around 10 nm. This is close to the maximum at r ≈ 11 nm in the p(r)-

functions (Figure 5.8b). Thus, based on the model fitting result, the maximum at r ≈ 11 nm in 

the p(r)-functions can be attributed to the segmental persistence length along the MB. 

Comparing with the lp value of the bare linear backbone, being around 1.5 nm [201-204], the lp 

of the MB is significantly larger, implying an increase of the main chain rigidity due to the 

dense grafting of the side chains. Above 10 g L-1, lp steadily decreases with increasing c until it 

reaches 3 nm at 46 g L-1 (Figure 5.10). This means, the rigidity of the MB is severely weakened, 

which is supposedly a result of the enhanced mutual interaction between the MBs [40]. 
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Interestingly, the concentration where lp starts to decrease, i.e., 10 g L-1, is slightly mismatched 

with the one observed in Rg (Figure 5.9), i.e., 20 g L-1. It indicates that the rigidity decreases a 

bit prior to the decrease of the overall size upon increasing c. Still, based on the c-dependence 

of Rg as well as lp, it is fair to state that the overlap concentration c* of the solution could 

possibly fall in the range of 10 – 20 g L-1. 

 

 

Figure 5.10 Persistence length lp as a function of concentration c of PiPOx239-g-PnPrOx14 

solutions in ethanol from 1.25 to 46 g L-1. 

In the theoretical estimation on the chain size of rigid polymers, the predicted radius of 

gyration Rg_theo is expressed as a function of Lc and lp by the equation [205]: 
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In Figure 5.11, Rg_theo with defined Lc (56.7 nm) is plotted against lp (values from Figure 5.10), 

which is shown together with the Rg values obtained from p(r). It turns out that the Rg from p(r) 

nearly coincide with the theoretical curve. Still, it should be noted that the conformational 

behavior of MBs might not be exactly the same as rigid linear polymers, since the effect from 

the large cross section of MBs is not considered in equation 5.3, This might be the reason for 

the slightly higher Rg than the theoretical values at the same lp. 
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Figure 5.11 Theoretically predicted radius of gyration Rg_theo against persistence length lp 

of rigid polymer chains (blue smooth curve) based on equation 5.3, in comparison with 

the experimental Rg value (black squares). The arrow points at the direction of increasing 

solution concentration. 

In the measured concentration range, Rc fluctuates around 2.5 nm without obvious trend 

(Figure 5.12a). Cross-comparing with the maxima r-values in the p(r)-functions (Figure 5.8b), 

the cross-sectional diameter, i.e., 5 nm, is found to correspond very well to the maximum at r 

≈ 5 nm in the p(r)-functions for all concentrations. Thus, the cross section of the MB is supposed 

to be responsible for the maxima at r ≈ 5 nm in the p(r)-functions. At similar length scales of 

the cross section, the correlation length ξ, from the Ornstein-Zernike structure factor, 

characterizes the local concentration fluctuation presumably from the side chains at the 

periphery of the MBs. This is found to be around 1 nm (Figure 5.12b), showing no clear 

dependence on c. In general, these two structural parameters at small length scales in the MB 

hardly change, implying a stable local structure upon variation of the solution concentration.  

 

 

Figure 5.12 Structure parameters at small length scales of PiPOx239-g-PnPrOx14 solutions 

in ethanol from 1.25 to 46 g L-1. (a) Cross-sectional radius Rc and (b) correlation length ξ 
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as a function of concentration c.  

Considering now the variation of the correlation between individual MBs in the solution, 

to draw a picture of the influence from the mutual interaction on the MB conformation. The 

average distance between MBs, Davg,, is plotted (Figure 5.13, smooth curve). It is estimated by 

the solution concentration [g L-1], where the number of MBs in a unit volume is calculated and 

converted to the space occupied by each MB. Davg is compared with the size of the MBs, rmax 

(Figure 5.13, symbols), where rmax is taken as the largest r-value in the p(r)-functions (Figure 

5.8b) at the corresponding concentration. Plotting Davg and rmax together, an intersection at 

around 10 g L-1 is shown. This essentially means that the MBs are isolated from each other 

below 10 g L-1, while they experience the mutual interference above 10 g L-1, and such result 

furthermore confirms the deduction in the previous discussion that c* = 10 – 20 g L-1. Between 

20 – 46 g L-1, Davg is larger than rmax, attributed to the coil-like shape or the anisotropic shape 

of the MBs. 

 

 

Figure 5.13 Comparison between the average distance between individual MBs, Davg 

(smooth curve), and the largest dimension within a MB, rmax (symbols), as a function of 

concentration c of PiPOx239-g-PnPrOx14 in ethanol from 1.25 to 46 g L-1. 

For SAXS data above 10 g L-1, the structure factor is involved, indicating the presence of 

the interference between MBs in the solution. In the fitting model, the structure factor 

describing interaction between worm-like polymer chains, Swlc(q), is combined with Pfc(q), 

where Swlc(q) contains the structural parameters from Pfc(q), i.e., Lc and lp. The returned 

parameters from Swlc(q) are Lint, which marks a characteristic length scale between the overall 

size and the cross section of the MB, and β, which is positively related to the interaction strength 

between the MBs. The resulting Lint shows a decrease upon increasing c (Figure 5.14a), and the 
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values fall into the reasonable length range between rmax (Figure 5.13, symbols) and Rc (Figure 

5.12a). β increases with increasing c (Figure 5.14b, symbols), reflecting the enhanced 

interaction strength. Using the relation of β = [1- Swlc(0)]/Swlc(0) in combination with equation 

4.27, assuming c* = 10 and 20 g L-1, theoretical plots of β are obtained as a function of c (Figure 

5.14b, blue curve and black curve, respectively). The experimental data falls nicely in the range 

within the two theoretical curves, which justifies the validity of Swlc(q) in the MB solution 

system. 

 

 

Figure 5.14 Structural parameters from the structure factor of worm-like chains Swlc(q), 

obtained by model fitting the SAXS data of the PiPOx239-g-PnPrOx14 solution in ethanol 

from 1.25 to 46 g L-1. (a) Characteristic interaction length Lint. (b) Interaction parameter β 

(symbols). The theoretical curves of β, assuming c* = 10 g L-1 (blue curve) and c* = 20 g 

L-1 (black curve). 

Based on the structural analysis results from SAXS, the conformational change of 

PiPOx239-g-PnPrOx14 in dependence on solution concentration in a good solvent can be drawn, 

as in Figure 5.15. It has a worm-like shape in dilute solution, and the structure is unchanged up 

to 10 g L-1. At 20 g L-1, while the overall size is similar to the one as in dilute solution, lp gets 

shorter. As the concentration increases from 20 to 46 g L-1, both the brush size and lp decrease 

steadily upon increasing concentration, resulting in a reduced backbone rigidity of the MB. 

Despite of the significant changes of the overall size and lp, the crosse section formed by the 

densely grafted side chains keeps its dimension all along during the variation of concentration. 
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Figure 5.15 Schematic representation of the structural evolution upon increasing solution 

concentration of the chain-like MB, PiPOx239-g-PnPrOx14, in a good solvent. The black 

arrows point at the direction of increasing concentration. 

5.5 Conclusion 

The diffusional behavior and the conformation of a chain-like MB, PiPOx239-g-PnPrOx14, is 

resolved in dependence on the solution concentration in ethanol, which is a good solvent. The 

DLS data reveal that, the MBs perform the pure translational motion in the concentration range 

of 0.5 – 20 g L-1, i.e., from dilute to semi-dilute condition. The hydrodynamic radius Rh,0 from 

DLS, together with Rg from SAXS, give the value of the characteristic ratio Rg/Rh,0 = 0.94, 

indicating the highly branched structure and the important role of the side chains on the MB 

geometry. Using SAXS, its conformation is found to resemble a worm-like chain with a large 

cross section in the dilute and unperturbed state. This conformation persists from 1.25 up to 10 

g L-1. Above 10 g L-1, the MB conformation is influenced by the mutual interaction between 

the MBs, and a rigid-to-soft transition of the backbone rigidity is observed, which is driven by 

the interaction between the side chains. Namely, a direct transition from the non-interacting 

state to the side chain interaction state is found, while neither the backbone interaction nor the 

persistence length interaction state are observed. The result is tentatively attributed to the 

dominant role of the side chains in the architecture of the MB. 
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6. Structural investigation on MB with LCST 

homopolymer side chains 

In this chapter, the thermoresponsive behavior of a MB with lower critical solution temperature 

(LCST) homopolymer side chains is investigated in terms of the structural changes. The main 

results in this chapter were previously published in J.-J. Kang et al., Colloid Polym. Sci 2021, 

299, 193-203 [206]. 

6.1 Introduction 

As discussed in chapter 2.4, when the thermoresponsive polymers are attached to the backbone 

of the MB as its side chains, their thermoresponsivity will be largely influenced by the dense-

grafting architecture. Furthermore, the structural evolution of the MB upon variation of 

temperature is dependent on the architecture of the MBs, i.e., the length ratio between the 

backbone and the side chains. In the present work, a MB with the LCST side chains, poly(2-

ethyl-2-oxazoline) (PEtOx), is studied in an aqueous solution. The MB has a unique length ratio 

between the backbone and the side chain lengths, and it supposedly features a shape between a 

prolate to a cylinder at the dissolved state, i.e., at low temperatures. Due to such length ratio, 

the MB is expected to show a non-typical structural change upon heating.  

The LCST behavior of the MB is investigated at 30 g L-1 in D2O. DLS as well as SANS 

measurements were performed on the MB solution during a temperature scan, and the data 

reveal the influence of the continuous dehydration of the LCST side chains on the structure of 

the MB. 

6.2 Experimental details 

Sample preparation. The sample for both DLS and SANS measurements is a PiPOx100-g-

PEtOx17 solution in D2O at 30 g L-1. During preparation, the dry polymer powder was dissolved 

in D2O (99.95 %, Deutero GmbH, Kastellaun, Germany), which had been filtered previously 

using a syringe filter (pore size 0.8 mm, mixed cellulose ester membrane). The solution was 
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placed on a shaker for at least one week before the measurements to ensure equilibrium. 

 

Dynamic light scattering (DLS). DLS data were collected during a temperature scan from 25 

to 41 °C at a scattering angle of 90°. At each temperature, 20 measurements were carried out 

with a duration of 30 s each. The temperature scanning procedure was repeated twice, and the 

sample was left to equilibrate at 25 °C for 2.5 h between the two scans. For all temperatures, 

the thermal equilibration time was set to 10 min, before the data collection. The normalized 

intensity autocorrelation functions, g2(τ,q), were analyzed using the REPES algorithm 

implemented in the Gendist software [140, 207, 208], where the normalized field 

autocorrelation function, g1(τ,q), is assumed as equation 4.9. 

 

Small-angle neutron scattering (SANS). SANS data were collected during a temperature scan 

from 25 to 50 °C. Before the measurement at each temperature, the thermal equilibration time 

was set to 3 min. 

In the measured temperature range, the total scattering is contributed by the scattering of 

the aggregates, the MB, and the local density fluctuation and the background scattering. Thus, 

the SANS data were fitted by the model: 

 𝐼(𝑞) = 𝐼agg(𝑞) + 𝑃cyl(𝑞)𝑆HS(𝑞) + 𝐼fluct(𝑞) + 𝐼bk (6.1) 

where Iagg(q) is the scattering of the aggregates, Pcyl(q) is the cylinder form factor (equation 

4.20), SHS(q) is the Percus-Yevick hard-sphere structure factor (equations 4.24 and 4.25) and 

Ifluct(q) is the scattering from the local density fluctuation (equation 4.31). Ibk is the incoherent 

background. 

Iagg(q) is the Porod term of the Guinier-Porod empirical model (equation 4.29 for q > q1) , 

which characterizes the inner structure of the aggregates by the Porod exponent α. 

The scattering of the individual MBs is modeled by Pcyl(q). Considering the backbone-to-

side chain length ratio as well as the SAS data modeling results from previous studies [75, 94, 

209], the shape of the PiPOx100-g-PEtOx17 molecule was expected to be either ellipsoidal or 

cylindrical. While the trial fits using the ellipsoid form factor returns unphysical structural 

parameters, Pcyl(q) gives reasonable results. From Pcyl(q), the cross-sectional radius R and the 

length L of the cylinder are provided, and a Gaussian distribution is considered for both R and 

L. Thus, their polydispersity is characterized by the standard deviation of the Gaussian 

distribution. For example, the polydispersity for R is defined as σR/Rmean, where σR is the 
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standard deviation of R and Rmean is the mean of the Gaussian distribution. The same applies 

for the polydispersity of L. 

SHS(q) is multiplied with Pcyl(q) to account for the correlation between the cylindrical MBs. 

It gives the hard-sphere radius RHS and the hard-sphere volume fraction η, where the former is 

an approximation of half the distance between the MBs, and the latter being the volume fraction 

of the correlated MBs in the sample. 

Ifluct(q) presumably comes from the dissolved side chains at the periphery parts of the MB, 

resulting in an electron density gradient at small length scales. It has the form of the Ornstein-

Zernike structure factor, with the exponent fixed to be 2. The correlation length ξ of the 

concentration fluctuation is obtained. 

During model fitting, Ibk is set to be a free parameter to account for the decreasing overall 

scattering due to the precipitation of the MBs at high temperatures. 

Figure 6.1 demonstrates how each term in equation 6.1 contributes to the total scattering 

I(q) below and above the cloud point Tcp = 40.5 °C (Figure 3.3a), taking the data at 25 °C and 

46 °C as examples, respectively. 

 

 

Figure 6.1 Demonstration of model fits to the SANS data of PiPOx100-g-PEtOx17 solution 

in D2O using equation 6.1 at (a) 25 °C and (b) 46 °C, which are below and above Tcp, 

respectively. 

The software SasView 4.2.2 was used for model fitting [185], where the q-smearing effects 

were taken into consideration by using a Gaussian function with standard deviation Dq as a 

weight function. 
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6.3 Temperature-resolved diffusional behavior 

In order to gain a first knowledge on the thermal responsivity of PiPOx100-g-PEtOx17, heating 

scans of DLS measurements were carried out on its aqueous solution at 30 g L-1, from 25 to 41 

°C, i.e., from room temperature to just above Tcp = 40.5 °C (Figure 3.3). The heating scan was 

repeated twice, with 2.5 h of waiting time at 25 °C in-between, so that the reproducibility of the 

thermal behavior is observed. 

During the first heating scan, at all measured temperatures, the normalized intensity 

autocorrelation curves show two decays (Figure 6.2a), a fast mode and a slow mode. This 

indicates that there are two kinds of diffusing particles having distinctively different sizes in 

the solution. Considering the hydrodynamic radii Rh distributions of the fast and slow modes 

(Figure 6.2b), which have maxima at around 8 nm and few micrometers, respectively, the 

former is attributed to the individual MBs and the latter to the aggregates of the MBs. From the 

areas under the fast and the slow peaks, it is seen that 80 – 90 % of the scattering intensity stem 

from the fast mode, and this stays true for all the measured temperatures. Namely, at 

temperatures below Tcp, individual MBs are the majority in the solution, while few of their 

aggregates coexist with them in the solution. Data collected during the second scan show similar 

features as in the first scan (Figure 6.2c,d). 
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Figure 6.2 Temperature-resolved DLS data collected during two heating scans for 

PiPOx100-g-PEtOx17 solution at 30 g L-1 in D2O. (a,c) The normalized intensity 

autocorrelation. (b,d) Hydrodynamic radii, Rh, distribution. (c) and (d) are from the second 

scan. 

Rh at each measured temperature is obtained as described in chapter 4.1. For the 

molecularly dissolved MBs, Rh increases from 7.8 ± 0.4 nm to 8.6 ± 0.4 nm (Figure 6.3a) during 

the first heating scan. During the second scan, Rh of the MBs increases from 8.4 ± 1.1 nm to 

9.3 ± 1.0 nm. Comparing Rh values during the two scans, in the second scan Rh is generally 

about 0.5 nm higher than the one in the first scan, while the uncertainty in the second scan is 

about two to three times of the one in the first scan. These findings suggest that, the 2.5 h of 

equilibrium time at 25 °C between the two scans might not be long enough for the system to 

reverse to its stable state after it is heated up above Tcp. The trend of increasing particle size 

upon heating is actually an unusual observation for LCST MBs [94, 97, 98], since the 

dehydration of the LCST PEtOx side chains is supposed to result in a shrinkage. The increase 

of Rh might imply a change in the inner structure of the individually dissolved MBs upon 

heating towards Tcp. 
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Figure 6.3 Rh as a function of temperature during the first (black squares) and the second 

(red spheres) heating scan. (a) Rh of individually dissolved MBs (b) Rh of the aggregates. 

The vertical dashed lines indicate Tcp of the solution. 

Rh of the aggregates is found to range from several to tens of micrometers (Figure 6.3b) in 

the two scans, which exceeds the reliable detecting length scale of DLS. Thus, it is concluded 

that the aggregates have sizes on the micrometer scale, but their Rh cannot be determined 

precisely from the DLS data. 

In summary, a coexistence of the molecularly dissolved MBs and the aggregates is found in 

the solution in D2O at 30 g L-1. During the heating scan from 25 to 41 °C, the Rh of the MBs 

shows a slight increase by 0.8 ± 0.4 nm, and a repeated measurement confirms the increase of 

Rh upon heating. It is now of interest to characterize the inner structure variation in the same 

temperature range, in order to explain the increase of Rh. 

6.4 Temperature-resolved structural evolution 

To disclose the inner structure of the PiPOx100-g-PEtOx17 molecule and the aggregates, SANS 

measurements were performed on the identical solution as in the DLS measurements. Ths data 

during a heating scan from 25 °C up to 50 °C were collected, revealing structural changes from 

room temperature to far above Tcp. 

The SANS data are shown in Figure 6.4 along with the model fits, which have several 

shared features. At q < 0.06 nm-1, the scattering intensity shows a power law relation with q, 

namely I(q) ~qα, which indicates the presence of large fractal objects. This is attributed to the 

scattering of the aggregates in the solution. The scattering from the aggregates is modeled by 
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the Porod term, where the power law exponent, α, reveals the structural compactness of the 

aggregates. Comparing data below and above Tcp, α is apparently larger at temperatures above 

Tcp, implying more compact aggregates at high temperatures. 

 

 

Figure 6.4 SANS data (symbols) of the PiPOx100-g-PEtOx17 solution in D2O at 30 g L-1 at 

the indicated temperatures. (a) and (b) are the data below and above Tcp, respectively, and 

only data from selected temperatures are shown, to avoid the unclarity due to overlapping 

data. Data at all temperatures are shown in (c) and (d) along with the model fits (solid 

lines), and the intensity is shifted by a factor of 5 with respect to each other. 

In the mid-q region (0.06 – 1 nm-1), I(q) shows a broad peak at q ≈ 0.2 nm-1 followed by a 

monotonic decay. As this q range fits to the approximate length scale of the MB, it is supposedly 

contributed by the individually dissolved MBs in the solution, and the broad peak is due to the 

spatial correlation between them. In the range of 0.06 – 0.3 nm-1, I(q) increases upon heating 

from 25 to 38 °C, and decreases again when heated up to 40 °C (Figure 6.4a). In the range of 

0.6 – 1 nm-1, on the other hand, SANS curves hardly change with increasing temperature from 

25 to 40 °C. The MB is modeled to be a rigid cylinder having polydisperse cross-sectional 
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radius R and length L. The above-mentioned observations indicate that increasing temperature 

mainly influences the large length scale, i.e., the cylinder length L, while the small length scale, 

i.e., the cylinder radius R, is unaffected. The maximum at q ≈ 0.2 nm-1 originates from the 

spatial correlation between the MBs, and it slightly shifts towards lower q upon heating to 40 

°C, implying that the average distance between MBs becomes larger. The correlation is 

modeled by the Percus-Yevick hard-sphere structure factor SHS(q), giving the hard-sphere 

radius RHS, and the hard-sphere volume fraction η. (Above 40 °C, due to the overall decrease 

of the scattering intensity, it is difficult to make comments on the changes of SANS data during 

heating from the SANS curves.)  

In the high-q region (1 – 5 nm-1), the intensity shows a shallow decay with q. This is 

attributed to the presence of concentration fluctuations at small length scales, which is 

presumably from the dissolved side chains. Upon variation of temperature, it stays rather 

unchanged. The Ornstein-Zernike structure factor is used to model this scattering contribution, 

giving the characteristic correlation length ξ of the local density fluctuation.  

Despite of the wide detecting temperature range, crossing the phase transition temperature, 

SANS data contain all the three above-mentioned contributions. Therefore, the same fitting 

model (equation 6.1) is used for data at all temperatures, and nice fits were obtained (Figure 

6.4c,d, solid lines).  

Above 40 °C, i.e., right above Tcp, clearly visible precipitates appear in the solution, 

resulting in a steadily decrease of the overall scattering intensity upon heating (Figure 6.4b). 

From 40 to 50 °C, the incoherent scattering background, Ibk, decreases from 0.0139 cm-1 to 

0.0078 cm-1, implying that about 44 % of the MBs precipitate. The precipitates again dissolve, 

after few weeks of storage at room temperature, even without shaking the solution.  

In the following, the dependence of the structural parameters on temperature is discussed. 

Scattering from large-scale inhomogeneities or aggregates is observed in the entire temperature 

range. The inner structure of the aggregates is evaluated by the Porod exponent α. It is around 

2.7 at 25 °C, and slightly decreases to 2.5 upon heating to 36 °C (Figure 6.5a). At 38 °C, α 

increases abruptly to 3.1 and then fluctuates around 3.0. Above Tcp, α steadily increases until it 

reaches 3.5 at 50 °C. Overall, α shows an increasing trend, meaning the aggregate becomes 

more compact upon heating. Judging by the α value, the aggregates have a loose inner structure 

at room temperature, and they transform into compact ones with rough surface at high 

temperatures. The structural evolution of the aggregates is schematically demonstrated in 

Figure 6.6. The scaling factor of the Porod term, ID, shows a significant decrease above Tcp 
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(Figure 6.5b), which is presumably due to the precipitation. 

 

 

Figure 6.5 Structural parameters from the Porod term for the aggregate scattering Iagg(q) 

from 25 to 50 °C, obtained by modeling the SANS data of PiPOx100-g-PEtOx17 solution at 

30 g L-1 in D2O. (a) Porod exponent α. (b) Scaling factor ID. The vertical dashed lines 

indicate Tcp of the solution. 

 

 

Figure 6.6 Schematic representation of the structural changes of the aggregates in the 

PiPOx100-g-PEtOx17 aqueous solution at 30 g L-1, from below to above Tcp. The arrow 

indicates the heating process. 

The individually dissolved MBs are modeled by the cylinder form factor. At 25 °C, R is 

found to be 2.8 nm, and L is 12.5 nm (Figure 6.7a). The polydispersity of R and L are 0.25 and 

0.14, respectively, and the high polydispersity values imply that the shape of the MBs is 

between a rigid cylinder and a prolate ellipsoid. While R stays nearly unchanged, L shows a 

clear dependence on temperature. From 25 to 38 °C, L increases to 21.0 nm, and then decreases 

above 38 °C until it becomes 12.4 nm at 50 °C. The increasing trend between 25 and 38 °C 

suggests that the backbone is straightened, which explains the increasing Rh found by DLS 

(Figure 6.3a). The backbone extension is thought to be related to the dehydration of the PEtOx17 
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side chains, which shrink upon heating. The shrinkage of the side chains leads to an increasing 

density around the backbone, and thus the backbone is straightened to account for the spatial 

limitation. Above 38 °C, the decrease of L is supposed to be an overall collapse of the MBs due 

to the continuously increased hydrophobicity of PEtOx17. It should be noted that, although the 

changes in L mainly originates in the LCST property of the PEtOx17 side chains, R does not 

show variation with temperature accordingly. This is attributed to the high grafting density of 

the side chains, making the change in the lateral direction too small to be detected.  

 

 

Figure 6.7 Structural parameters from the cylinder form factor Pcyl(q) from 25 to 50 °C, 

obtained by modeling the SANS data of PiPOx100-g-PEtOx17 solution at 30 g L-1 in D2O. 

(a) The cylinder radius R (black circles) and the cylinder length L (red triangles). (b) 

Scaling factor I0. The vertical dashed lines indicate Tcp of the solution. 

The two-step variation in shape is presumably linked to the architectural parameters of the 

MB. As discussed in chapter 2.4, regarding the thermoresponsive behavior of MBs with LCST 

side chains, in case the backbone is much longer than the side chains, the increasing 

hydrophobicity upon heating leads to a cylindrical-to-globule shape transition due to the coiling 

of the backbone. On the other hand, in case of similar backbone and side chain length, coiling 

of the backbone is unlikely, thus the hydrophobic side chains lead to a shrinkage of the overall 

MB size. In the present case of PiPOx100-g-PEtOx17, the backbone length is neither very long 

nor close to its side chain length. Therefore, the continuous dehydration of the PEtOx side 

chains firstly leads to a straightening of the MB due to the spatial limitation in the central part 

of the MB, before the overall collapse above Tcp. 

The scaling factor of the cylinder form factor, I0, stays unchanged between 25 to 38 °C, 

and continuously decreases above 38 °C (Figure 6.7b). The decreasing I0 is related to the 
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decreasing number of individually dissolved MBs, which could be a result from the aggregation 

of these MBs, or due to the precipitation at high temperatures. 

The spatial correlation between the MBs is modeled by the Percus-Yevick hard-sphere 

structure factor. RHS, which can be seen as half the average distance between the MBs, is found 

to be 11.9 nm at 25 °C (Figure 6.8a, black circles, left scale), and increases with increasing 

temperature up to 40 °C. Further heating above 40 °C, RHS decreases. The variation of RHS is 

supposed to correspond to the variation of the size of MB in its longitudinal direction, i.e., L 

from the form factor (Figure 6.7a, red triangles). Considering the spatial correlation, one might 

ask if the cylindrical MBs are closely packed. This could be answered by comparing the value 

of 2 × RHS with L, to see if the MBs are aligned due to the limited space or even overlapping. 

The values of (2RHS - L)/L are plotted in Figure 6.8b against temperature, providing hints to the 

distance between neighboring MBs relative to their own size. It is found that, at all temperatures, 

(2RHS - L)/L is always above zero, i.e., the MBs are well separated from each other and their 

correlation is weak. It is 90 % at 25 °C, and decreases to 38 % at 38 °C, indicating the MBs 

become closer upon heating towards Tcp, probably due to the increasing hydrophobicity. Above 

38 °C, (2RHS - L)/L continuously increases until it reaches 105 % at 50 °C, meaning the MBs 

become far apart from each other. This is presumably due to the precipitation of MBs, leading 

to a decreasing number of MBs in the solution. η is found to be small (Figure 6.8a, blue triangles, 

right scale), i.e., between 0.08 and 0.13, which is in line with the weak spatial correlation 

described above. It shows a slight increase by around 0.05 upon heating from 25 °C to Tcp, 

implying an enhancement of the correlation strength. Above Tcp, it decreases by around 0.02 

due to the decreasing number of dissolved MBs. 

 

 

Figure 6.8 (a) Structural parameters from the Percus-Yevick hard-sphere structure factor 

SHS(q) from 25 to 50 °C, obtained by modeling the SANS data of PiPOx100-g-PEtOx17 
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solution at 30 g L-1 in D2O. The hard-sphere radius RHS (black circles, left scale) and the 

hard-sphere volume fraction η (blue triangles, right scale). (b) Values of (2RHS - L)/L, 

where L is the cylinder length from Figure 6.7a. The vertical dashed line indicates Tcp of 

the solution. 

The scattering at small length scales from the side chains is modeled by the Ornstein-

Zernike structure factor. ξ is 0.3 nm at 25 °C and sees an increase upon heating towards Tcp to 

reach 1.6 nm (Figure 6.9a), where a sharp upturn appears at 38 °C. The scaling factor Ioz also 

shows such sharp increase starting at 38 °C (Figure 6.9b). The increasing trend of both ξ and 

Ioz is the same behavior as the LCST linear polymers in aqueous solutions, meaning that the 

local chain conformation becomes more compact due to the increasing hydrophobicity. 

Compared to linear chains, the ξ values in MB solution are much smaller than the ones from 

linear polymer systems [210, 211]. This is attributed to the densely grafted structure, and thus 

the high chain density. Above Tcp, ξ shows a shallow increase along with large uncertainties, 

and Ioz scatters without clear trend. These might be due to both the effects from the collapsed 

side chains and the precipitation of the MBs, thus the scattered data points. 

 

 

Figure 6.9 Structural parameters from the density fluctuation Ifluct(q), using the modified 

Ornstein-Zernike structure factor, from 25 to 50 °C, obtained by modeling the SANS data 

of PiPOx100-g-PEtOx17 solution at 30 g L-1 in D2O. (a) Correlation length ξ. (b) Scaling 

factor Ioz. The vertical dashed lines indicate Tcp of the solution. 

Based on the SANS analysis, a schematic representation can be drawn, regarding the 

structural evolution of the PiPOx100-g-PEtOx17 molecules in an aqueous solution (Figure 6.10). 

Upon heating, the MBs firstly stretch and then overall collapse above Tcp, which is due to the 

dehydration of the side chains and the continuously increasing hydrophobicity. 
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Figure 6.10 Schematic representation of the structural variation of the PiPOx100-g-PEtOx17 

molecules at 30 g L-1 in aqueous solutions, from below to above Tcp. The arrows indicate 

the heating process, and the blue circles are the water molecules. 

6.5 Conclusion 

The LCST behavior of the MB PiPOx100-g-PEtOx17 at 30 g L-1 in D2O is investigated, and the 

temperature-dependent inner structure is resolved, from room temperature up to 50 °C, i.e., 10 

°C above its Tcp = 40.5 °C. The coexistence of the large aggregates and the individually 

dissolved MBs is found in the full temperature range. Namely, not all of the MBs become parts 

of the aggregates above Tcp. Due to the fact that the length ratio between the backbone and the 

side chain is neither very large nor very small, the MBs show an extension upon heating towards 

Tcp before it shrinks above Tcp, instead of the continuous shrinkage that is generally observed 

for MBs with LCST side chains. 
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7. Structural investigation on MBs with LCST 

copolymer side chains 

As a following study of chapter 6, the thermoresponsive behavior of two MBs having LCST 

copolymer side chains is investigated in this chapter. The main results in this chapter were 

previously published in J.-J. Kang et al., Macromolecules 2020, 53, 4068-4081 [212]. 

7.1 Introduction 

As discussed in chapter 2.4.1, when the MB has thermoresponsive copolymer side chains, 

different monomer sequence is expected to result in different thermoresponsive behavior. In the 

present work, two MBs having PPO-co-PEO side chains are studied, where both 

poly(propylene oxide) (PPO) and poly(ethylene oxide) (PEO) are LCST-type polymers. Their 

Tcp are, however, vastly different. It is only 8 °C for PPO, while it is above 100 °C for PEO. 

Thus, at ambient temperature, PPO is insoluble in water, while PEO is completely soluble. The 

two MBs differ in the side chain architecture, where one has PPO-b-PEO side chains (called 

PbE in the following content) and the other has P(PO-ran-EO) side chains (called PrE). Cryo-

electron transmission (cryo-EM) and small-angle neutron scattering (SANS) were performed 

on their dilute aqueous solutions, to gain structural information about the isolated MBs. Further, 

DLS and SANS measurements were performed on their semi-dilute solutions during a 

temperature scan, so that the differences in the LCST behavior are characterized by resolving 

the inner structure evolution in a wide temperature range. 

7.2 Experimental details 

Sample preparation. The sample solutions for cryo-EM images are PbE and PrE solutions in 

deionized H2O at 2.5 g L-1. For DLS measurements, the samples are PbE and PrE solutions in 

D2O at 20 g L-1. For SANS measurements, the samples are solutions in D2O at 5 g L-1 or 20 g 

L-1. For preparing the solutions, the dry polymer powder was dissolved in the solvent, which 

had been filtered previously using a syringe filter (pore size 0.8 mm, mixed cellulose ester 
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membrane). The solutions were placed on a shaker for at least one week before the 

measurements to ensure equilibrium. 

 

Dynamic light scattering (DLS). DLS data were collected during a heating scan between 25 

and 60 °C for the PbE solution, and between 25 to 38 °C for the PrE solution. Above the 

respective highest temperature, the solutions become so turbid that the recording of scattering 

intensity is impossible. The scattering angle was fixed at 90°. At each temperature, 20 

measurements were performed, and the duration for each was 30 s. 10 min of waiting time was 

set for thermal equilibrium before data collection at each temperature. The normalized intensity 

autocorrelation functions, g2(τ,q), were analyzed using the REPES algorithm implemented in 

the Gendist software [140, 207, 208], where the normalized field autocorrelation function, 

g1(τ,q), is assumed as equation 4.9. 

 

Small-angle neutron scattering (SANS). SANS data were collected for dilute solutions of PbE 

and PrE at 5 g L-1, at 25 °C. Also, data were collected during a heating scan for their semi-

dilute solutions at 20 g L-1, where the temperature range is 25 – 66 °C for PbE, and 25 – 46 °C 

for PrE. At each measured temperature, a thermal equilibration time of 3 min was set. 

For data collected below and above the cloud point Tcp of the solution, the fitting model 

contains different contributions respectively. Below Tcp, the scattering mainly comes from the 

individually dissolved MBs, while above Tcp, it is the scattering of their aggregates. Besides, 

slightly different models are used for PbE and PrE to account for the different features in their 

SANS data, revealing the structural details in the two systems. 

The fitting model for PbE solution at 5 g L-1 (25 °C) is: 

 𝐼(𝑞) = 𝑃cs(𝑞)𝑆HS(𝑞) + 𝐼bk (7.1) 

where Pcs(q) is the core-shell ellipsoid form factor (equations 4.18 and 4.19) and SHS(q) is the 

Percus-Yevick hard-sphere structure factor (equations 4.24 and 4.25). Ibk is the incoherent 

background. 

Pcs(q) is chosen to model the PbE MB, because of its intrinsic core-shell structure as a 

result from the block copolymer side chains. More importantly, the high grafting density of the 

side chains supposedly leads to a distinct difference in the polymer-water composition between 

the central part and the outer part of the MB. It gives the polar radius Rp and the equatorial 

radius Re in the core, as well as the polar thickness Tp and the equatorial thickness Te in the shell. 
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The SLDs in the core (ρc) and shell (ρs) parts are also free variables during fitting, while the 

SLD of the solvent D2O was fixed at 6.33 × 10-6 Å -2, considering its mass density 1.1 g/cm3. 

The fitting results of ρc and ρs are compared with the SLDs of pure PPO and PEO, 0.34 × 10-6 

Å -2 and 0.64 × 10-6 Å -2 [213], respectively, thus providing an estimate of the D2O content in the 

core and the shell parts of the ellipsoid. SHS(q) is used to describe the correlation between MBs. 

It gives the hard-sphere radius RHS, which is half the average distance between the correlated 

MBs, and the hard-sphere volume fraction η, namely the volume fraction of the correlated MBs. 

For PbE solution at 20 g L-1, data between 25 and 58 °C, i.e., below Tcp, were also fitted 

by equation 7.1. Figure 7.1a shows the contribution by each term in equation 7.1 to the SANS 

data for PbE solution at 20 g L-1 below Tcp, demonstrated by the data at 25 °C. 

 

 

Figure 7.1 Demonstration of model fits to the SANS data of PbE at 20 g L-1 (symbols). (a) 

25 °C, using equation 7.1. (b) 60 °C, using equation 7.2. (c) 62 °C, using equation 7.3. (d) 

64 °C, using equation 7.4. 

For SANS data of PbE solution (20 g L-1) at Tcp = 60 °C, the fitting model include 

contribution from the scattering of the aggregates, which are composed of several MBs. 

Meanwhile, the scattering of the individually dissolved MBs is still present between 60 and 62 

°C, coexisting with the large aggregates. Above 64 °C, all of the MBs become a part of the 
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aggregates, so no scattering of individual MBs is observed in SANS data. Thus, between 60 

and 64 °C, the fitting model is modified to accordingly include the scattering contributions as 

described. At 60 °C, the model includes the scattering of the aggregates, Iagg(q), and the the 

scattering of individual MBs as at lower temperatures. The fitting equation reads: 

 𝐼(𝑞) = 𝐼agg(𝑞) + 𝑃cs(𝑞)𝑆HS(𝑞) + 𝐼bk (7.2) 

At 62 °C, the MBs composing the aggregates are closely packed and this is modeled by the 

fuzzy sphere form factor Pfz(q) (equation 4.17), which is combined with another hard-sphere 

structure factor SHS’(q). Considering the aggregates with the presence of the individual MBs, 

the fitting equation is: 

 𝐼(𝑞) = 𝐼agg(𝑞) + 𝑃fz(𝑞)𝑆HS'(𝑞) + 𝑃cs(𝑞)𝑆HS(𝑞) + 𝐼bk (7.3) 

Above 64 °C, contribution from individual MBs no longer appear in SANS data, so the fitting 

equation is: 

 𝐼(𝑞) = 𝐼agg(𝑞) + 𝑃fz(𝑞)𝑆HS'(𝑞) + 𝐼bk (7.4) 

For Iagg(q), the empirical Guinier-Porod model (equation 4.29) is used. The Guinier term 

gives the radius of gyration of the aggregate, Rg,agg, and the shape factor, s. The Porod term 

gives the Porod exponent α, which characterizes the surface roughness of the aggregates. Pfz(q) 

is essentially a sphere having a density gradient at the surface (see Figure 4.6), giving the fuzzy 

sphere radius Rfz and the fuzziness f. Figure 7.1b-d clearly show the contribution from each 

term in the fitting models at 60 °C, 62 °C and above 64 °C for PbE solution, where equation 

7.2, equation 7.3 and equation 7.4 are used, respectively.  

The fitting model for PrE solution at 5 g L-1 (25 °C) is: 

 𝐼(𝑞) = 𝑃cs(𝑞) + 𝐼fluct + 𝐼bk (7.5) 

Pcs(q) is again used to model the MBs, considering a polymer-rich central part and a water-rich 

outer part. Ifluct(q) is the scattering from the local concentration fluctuations (equation 4.31). It 

is presumably the scattering of the side chains. This is modeled by the modified Ornstein-

Zernike equation, giving the correlation length ξ and the exponent m. 

For PrE solution at 20 g L-1, the fitting model between 25 and 36 °C, i.e., below Tcp, is: 
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 𝐼(𝑞) = 𝑃cs(𝑞)𝑆HS(𝑞) + 𝐼fluct + 𝐼bk (7.6) 

where SHS(q) describes the correlation between the MBs. Figure 7.2a shows the contribution by 

each term in equation 7.6 to the SANS data for PrE solution at 20 g L-1 below Tcp, demonstrated 

by the data at 25 °C. 

 

 

Figure 7.2 Demonstration of model fits to the SANS data of PrE at 20 g L-1 (symbols). (a) 

25 °C, using equation 7.6. (b) 42 °C, using equation 7.7. 

For SANS data of PrE solution (20 g L-1) above Tcp = 38 °C, the fitting model is: 

 𝐼(𝑞) = 𝐼agg(𝑞)𝑆HS,agg(𝑞) + 𝑃fz(𝑞)𝑆HS'(𝑞) + 𝐼fluct(𝑞) + 𝐼bk (7.7) 

The hard-sphere structure factor SHS,agg(q) is multiplied to the aggregate scattering Iagg(q) to 

account for the spatial correlation between the aggregates. This gives the hard-sphere radius, 

RHS,agg, and the hard-sphere volume fraction, ηagg. Figure 7.2b shows the contribution by each 

term in equation 7.7 to the SANS data for PrE solution above Tcp, demonstrated by the data at 

42 °C. 

The software SasView 4.2.2 was used for model fitting [185], where the q-smearing effects 

were taken into consideration by using a Gaussian function with standard deviation Dq as a 

weight function. 

7.3 Cryo-EM images 

The cryo-EM images of PbE and PrE solutions at 2.5 g L-1 in H2O were taken, where the 

samples were prepared at 25 °C. It reveals the overall shape and size of the two kinds of MBs 
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in real space under ambient temperature. 

Images of PbE and PrE are shown in Figure 7.3a and Figure 7.3b, respectively, where the 

individual MBs are clearly recognized: the dark lines are the polymeric backbones, which is 

surrounded by the greyish region of side chains. In general, a shape of elongated ellipsoid is 

found for both kinds of MBs, while PrE appears to be more anisotropic than PbE. The different 

aspect ratio, i.e., the ratio between the dimensions along the longitudinal and the perpendicular 

direction, of the ellipsoidal MBs is explained by the degrees of polymerization of the backbone 

and the side chains (Table 7.1). For PbE, Nsc is almost triple of Nbk; whereas for PrE, Nbk and 

Nsc are comparable. Thus, a lower aspect ratio is observed for PbE, compared to PrE. 

 

 

Figure 7.3 Cryo-EM images of (a) PbE and (b) PrE solutions at 2.5 g L-1 in H2O. 

Table 7.1 The degrees of polymerization and the estimated lengths for the backbone and 

the side chains of PbE and PrE molecules. 

Sample Nbk
(a) Nsc

(b) Lbk
(c) [nm] Lsc

(d) [nm] 

PbE 88 253 22.2 91.2 

PrE 143 157 36.0 56.6 

(a)Degree of polymerization of the backbone. (b)Degree of polymerization of the side chain. 
(c)Estimate of the fully stretched backbone length. (d)Estimate of the fully stretched side 

chain length. 

 

Nbk and Nsc further allow an estimate of the backbone lengths and the side chain length by 

multiplying the degree of polymerization with the corresponding monomer length, considering 

the C-C bond and the C-O bond lengths as well as the bond angle [197]. The backbone length 
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with a stretched conformation, Lbk, is thus obtained (Table 7.1), which is 22.2 nm for PbE and 

36.0 nm for PrE. These values are compared with the lengths of the backbones on the image, 

which are labeled by numbers in Figure 7.4, and the corresponding lengths are given in Table 

7.2. For PbE, the length range is 15.6 – 20.1 nm, and for PrE it is 17.0 – 36.5 nm. Considering 

that the cryo-EM image is a 2D projection of the MBs embedded in the thin frozen film, where 

MBs are oriented in all directions in the 3D space, only the maximum values in Table 7.2 should 

be taken as the full length of the backbones. Thus, it is reasonable to compare Lbk values in 

Table 7.1 with the maximum values in Table 7.2, respectively for PbE and PrE, which provides 

the conformational information of the backbones. It turns out that the maximum values for both 

samples are found to be close to the corresponding Lbk, implying a stretched chain conformation 

of the backbones. 

 

 

Figure 7.4 The identical cryo-EM images in Figure 7.1 of (a) PbE and (b) PrE, where 

selective dark lines in the image are marked by the yellowish lines along with a labeled 

number for each. The corresponding length for the yellowish lines in real space are given 

in Table 7.2 

Table 7.2 Length of the labeled yellowish lines in Figure 7.4. 

Figure 7.4a (PbE) Figure 7.4b (PrE) 

Labeled # Length [nm] Labeled # Length [nm] 

1 20.1 1 34.2 

2 17.3 2 34.3 

3 19.0 3 27.4 

4 16.4 4 17.8 
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5 19.1 5 20.4 

6 17.5 6 25.9 

7 16.6 7 22.1 

8 18.5 8 25.0 

9 19.8 9 22.7 

10 16.9 10 32.2 

11 16.8 11 17.0 

12 20.1 12 24.7 

13 18.0 13 31.8 

14 15.6 14 36.5 

  15 25.5 

  16 33.3 

  17 17.2 

 

In summary, from the cryo-EM images of PbE and PrE dilute aqueous solutions, it is found 

that both of the MBs feature an overall shape of prolate ellipsoid, and the backbone has a rather 

straight conformation. Among the two MBs, PbE shows a smaller aspect ratio due to the fact 

that its side chain length is much longer than the backbone length. 

7.4 Structure in dilute and semi-dilute solution 

To investigate the inner structure of PbE and PrE at ambient temperature, SANS measurements 

were performed on their solutions at 5 g L-1 and 20 g L-1 in D2O at 25 °C. The data are shown 

in Figure 7.5a and Figure 7.5b for PbE and PrE, respectively.  

For PbE, the curves at the two concentrations feature a monotonic decay and an additional 

fringe at q ≈ 0.7 nm-1. For PrE, the two curves feature a monotonic decay and a scattering tail 

at q > 0.1 nm-1. For both kinds of the MBs, at 5 g L-1, the decay of the scattering intensity 

appears at lower q (0.1 – 0.5 nm-1), compared to the one at 20 g L-1 (0.2 – 0.9 nm-1), implying 

a lager particle size at 5 g L-1. Also, the data at 20 g L-1 additionally show a broad maximum at 

q ≈ 0.15 nm-1, which is the correlation peak between the MBs. On the other hand, the data at 5 

g L-1 do not have such broad peak, indicating that the inter-particle correlation is either not 

present or very weak.  
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Figure 7.5 SANS data of (a) PbE and (b) PrE solutions at 5 (black circles) and 20 g L-1 

(blue squares) in D2O, shown together with the corresponding model fits (solid lines). 

The scattering of the MBs is modeled by the core-shell ellipsoid form factor Pcs(q). It gives 

the core radius in the polar (Rp) and the equatorial (Re) directions, the shell thickness in the 

polar (Tp) and the equatorial (Te) directions, and the SLDs in the core (ρc) and the shell (ρs) 

region. At 5 g L-1, the presence of the inter-particle correlation is found only for PbE, and not 

for PrE. At 20 g L-1, both kinds of the MBs feature inter-particle correlation, which is described 

by the hard-sphere structure factor SHS(q). Additionally, for PrE, the scattering contribution 

from the chain scattering is included in the fitting model. This is described by the modified 

Ornstein-Zernike equation, giving the correlation length ξ of the local density fluctuations and 

the exponent m. With the described model, nice fits were obtained (Figure 7.5, solid lines). 

The resulting structural parameters from Pcs(q) for PbE solution at 5 g L-1 and 20 g L-1 are 

shown in Figure 7.6, for a comparison between the dilute and the semi-dilute solutions. At 5 g 

L-1, The radii in the core part are Rp = 6.4 nm and Re = 8.6 nm, and the shell thicknesses, i.e., 

Tp and Te, are both 8.7 nm (Figure 7.6a, black closed circles), which together give a nearly 

spherical shape. (Here, one might be confused by the SANS results when recalling the 

ellipsoidal shape observed under cryo-EM (Figure 7.1a). It is supposed that, it is the backbone 

region, with a high electron density, that is observed in cryo-EM, while SANS reflects the 

structure of the whole MB.) At 20 g L-1, Rp = 7.4 nm and Re = 8.2 nm (Figure 7.6a, blue hollow 

circles), which are similar to the values at 5 g L-1. Thus, the dimensions of the core part hardly 

change with varying concentration. Meanwhile, Tp (16.8 nm) is much larger than Te (4.3 nm), 

meaning the shell is much thicker in the polar direction than in the equatorial direction. Namely, 

upon increasing concentration, the shell thickness grows in the polar direction, while it shrinks 

in the equatorial direction. Thus, the dimensions of the shell part show a significant dependence 
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on the solution concentration. The value of ρc yields 3 vol% of D2O content in the core, and the 

ρs value yields 85 vol% of D2O in the shell (Figure 7.6b), which are insensitive to the 

concentration variation. 

 

 

Figure 7.6 Structural parameters from the core-shell ellipsoid form factor Pcs(q) at 25 °C, 

obtained by modeling the SANS data of PbE solution at 5 (black closed circles) and 20 g 

L-1 (blue hollow circles) in D2O. (a) Polar radius Rp, equatorial radius Re, polar thickness 

Tp and equatorial thickness Te. (b) SLDs in the core ρc and the shell ρs. 

The core part of PbE is composed of the hydrophobic, collapsed PPO blocks, which 

probably form a robust core. Therefore, the structure of the core part is not very sensitive to the 

varying concentration. On the other hand, the shell is composed of the water-swollen PEO 

blocks, which are mobile chains and able to adapt to the spatial limitation due to the 

concentration change. As the value of Tp ≈ Te at 5 g L-1 is just between the value of Tp and Te at 

20 g L-1, it is supposed that the spatial limitation at high concentration results in a distortion of 

the shell part. At high concentration, a mutual alignment of the MBs along the polar axis 

possibly happens, leading to a larger dimension in the polar direction than the equatorial 

direction. Similar observation has been reported for amphiphilic block copolymers, which form 

elongated micelles for the sake of reducing the interaction energy in equatorial direction [214, 

215]. Thus, with increasing concentration, PbE keeps the size and shape of its PPO-rich core, 

while the water-swollen PEO blocks in the shell rearrange differently in the polar and the 

equatorial direction due to the mutual interaction between the MBs, as schematically shown in 

Figure 7.7. 
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Figure 7.7 Schematic representation of the structural evolution of PbE from dilute to semi-

dilute solutions. The brown arrow indicates an increase of the concentration. The black, 

dark blue and light blue lines mark the backbone, the PPO and the PEO, respectively. The 

bluish shading indicates the water-rich region. 

For PrE, the structural parameters from Pcs(q) at 5 and 20 g L-1 are shown together in 

Figure 7.8 for comparison. At 5 g L-1, Rp = 12.0 nm and Re = 7.5 nm, and Tp = 7.4 nm and Te = 

8.4 nm (Figure 7.8a, black closed circles), yielding an elongated ellipsoidal shape. This result 

matches the observation in the cryo-EM image of PrE (Figure 7.1b). At 20 g L-1, Rp grows to 

14.1 nm, while Re stays at similar value to be 7.8 nm (Figure 7.8a, blue hollow circles). Thus, 

the core part becomes slightly larger with increasing concentration, implying a larger polymer-

rich region in the MB. Regarding the shell thickness, Tp and Te, are 5.8 nm and 6.0 nm at 20 g 

L-1, respectively. Therefore, with increasing concentration, the shell thickness shrinks by 2-3 

nm evenly at all directions. At 5 g L-1, ρc (2.1 × 10-6 Å -2) indicates 28 vol% of D2O in the core, 

and ρs (5.9 × 10-6 Å -2) indicates 93 vol% of D2O in the shell (Figure 7.8b). These are compared 

with the D2O content at 20 g L-1, which are 9 vol% and 91 vol% in the core and the shell, 

respectively. Thus, it is found that the D2O content in PrE generally decreases from low to high 

concentration, especially in its core part. 
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Figure 7.8 Structural parameters from the core-shell ellipsoid form factor Pcs(q) at 25 °C, 

obtained by modeling the SANS data of PrE solution at 5 (black closed circles) and 20 g 

L-1 (blue hollow circles) in D2O. (a) Polar radius Rp, equatorial radius Re, polar thickness 

Tp and equatorial thickness Te. (b) SLDs in the core ρc and the shell ρs. 

As the PO and EO monomers are randomly distributed in the side chains of PrE, it is 

supposed that the side chains are flexible, being able to adapt to the spatial change. Upon an 

increase of the concentration, the polymer-rich core part slightly expands, while the water-rich 

shell part shrinks, which together suggest a decreasing water content in the MB. Moreover, the 

random distribution of the hydrophobic PO segment allows more water content especially in 

the core region at low concentration, and the amount of D2O in the MB sees a decrease at a 

higher concentration. Thus, from low to high concentration, the random copolymer side chains 

rearrange to adapt to the decreasing space, shrinking evenly in all directions with a loss in the 

D2O content, as schematically shown Figure 7.9. 

 

 

Figure 7.9 Schematic representation of the structural evolution of PrE from dilute to semi-

dilute concentration. The brown arrow indicates an increase of the concentration. The 

black, dark blue and light blue lines mark the backbone, the PO and the EO monomers, 

respectively. The bluish shading indicates the water-rich region. 
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In terms of the correlation between the MBs, the PbE molecules seem to have stronger 

inter-correlation in the solution than the PrE molecules, since the structure factor is found only 

necessary for fitting the SANS data of the PbE solution at 5 g L-1. At such low concentration, 

the presence of the inter-particle correlation between PbE is attributed to the relatively long side 

chains compared to the backbone length. As the fully stretched side chain length is about four 

times longer than the length of the backbone (Table 7.1), it is much likely for PbE to correlate 

with each other in space. On the contrary, for PrE, the side chain length is similar to the 

backbone length. As a result, the PrE molecules are not correlated in the solution at 5 g L-1. The 

difference in the correlation strength further explains the structural change of PbE from 5 to 20 

g L-1, where the shell part shows unbalanced thickness in the polar and the equatorial direction 

at higher concentration, while such distortion in the shell part is not observed for PrE. The 

correlation between the MBs at 20 g L-1 is discussed in detail in chapter 7.6. 

7.5 Temperature-resolved diffusional behavior 

The LCST behavior below Tcp is investigated by DLS measurements on the solutions of PbE 

and PrE at 20 g L-1 in D2O. Data were collected for both solutions during a heating scan starting 

from 25 °C. As the DLS measurement is prohibited above 60 °C for PbE and 38 °C for PrE, 

due to the high turbidity of the solution, these temperatures are considered the cloud points Tcp 

of the corresponding solution.  

Shown in Figure 7.10a,b are the normalized intensity autocorrelation curves along with 

the fitting lines for both samples, where the bluish curves are data below Tcp and the reddish 

ones are data at Tcp. For PbE, the curves below Tcp shows single decay and gradually shifts 

toward lower delay time τ upon heating. At Tcp = 60 °C, the decay becomes broader and 

suddenly jumps to higher τ. For PrE, the curves do not change significantly below Tcp, while a 

slight shift at its Tcp = 38 °C to higher τ is observed. Figure 7.10c,d show the corresponding 

hydrodynamic radii Rh distribution. For PbE below Tcp, Rh distribution shows one peak 

attributed to the individually dissolved MBs, while at Tcp, there are two peaks, one has similar 

size as those below Tcp, and the other is larger by 1-2 orders of magnitude. Considering the 

increased hydrophobicity at high temperatures, the large one is supposedly contributed by the 

aggregates of the MBs. Namely, at Tcp of PbE solution, individual MBs are still present in the 

solution, with the appearance of the aggregates. For PrE solution, on the other hand, Rh 
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distribution always shows a single peak, which shifts to lager value at Tcp. Here, the diffusing 

particles below Tcp are considered to be individual MBs, while at Tcp they are aggregates. 

Namely, the coexistence of individual MBs and aggregates is not observed in PrE solution. 

 

 

Figure 7.10 Temperature-resolved DLS data of PbE and PrE solutions at 20 g L-1 in D2O. 

The representative normalized intensity autocorrelation data (symbols) along with the 

fitting lines (solid lines) of (a) PbE and (b) PrE. Hydrodynamic radii, Rh, distribution of 

(c) PbE and (d) PrE. Temperatures are as indicated. 

Rh is plotted as a function of temperature in Figure 7.11, where its thermal dependence is 

clearly demonstrated. For PbE, Rh is around 16 nm at 25 °C, and it shows a continuous shrinkage 

as heating up to 58 °C, where it decreases to around 13 nm. At 60 °C, i.e., its Tcp, Rh of the MB 

is around 15 nm while Rh of the aggregates is about 450 nm. The decreasing MB size upon 

heating is presumably due to the dehydration and thus the collapse of the LCST side chains. 

For PrE, Rh is around 16 nm at 25 °C, which shows a shrinkage by around 1.5 nm in the 

beginning stage of heating, i.e., between 25 – 32 °C. Above 32 °C, Rh slightly increases by 

around 1 nm upon heating until aggregates form at 38 °C, which feature Rh ≈ 23 nm. The initial 

shrinkage of PrE is attributed to the dehydration of the LCST side chains like the case in PbE 

solution. However, despite of the small variation, the reason for the subsequent increase of Rh 
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is not so clear. It could possibly be a result from the change in the MB shape, which needs to 

be clarified by a further investigation on the inner structure. 

 

 

Figure 7.11 Temperature dependence of hydrodynamic radius Rh of individual MB 

(spheres) and aggregates (triangles) in (a) PbE solution and (b) PrE solution. The vertical 

dashed lines indicate Tcp of the solution. 

From the DLS measurements, significantly different Tcp are found for PbE (60 °C) and 

PrE (38 °C) solutions in D2O at 20 g L-1, despite of the same PO weight fraction in the MBs. 

The high Tcp of PbE solution is attributed to the block copolymer side chain architecture, where 

the hydrophobic PPO inner block (Tcp = 8 °C) is well protected from the aqueous environment 

by the hydrophilic PEO outer block (Tcp > 100 °C). On the contrary, in PrE molecule, the PO 

and EO monomers are randomly distributed, thus the aggregation happens at a lower 

temperature.  

The monomer sequence also seems to result in different phase transitions at the 

corresponding Tcp. It reflects on the presence of the individually dissolved MB at Tcp, which is 

the case for PbE solution but not for PrE solution. Supposedly, the high Tcp of the PEO block 

in PbE facilitates the solubility in water at high temperatures. Thus, for PbE solution at 60 °C, 

the overall hydrophobicity leads to the aggregation of a portion of the MBs, while the rest of 

the MBs are still molecularly dissolved in the solution. Such phenomenon is again observed in 

the small-angle scattering measurements, and is discussed in details in chapter 7.6.1. 
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7.6 Temperature-resolved structural evolution 

SANS measurements were performed on the same PbE and PrE solutions as for the DLS 

measurements, namely solutions in D2O at 20 g L-1. Data were collected for both samples during 

a heating scan. For PbE (Tcp = 60 °C), the temperature range was 25 – 66 °C, and for PrE (Tcp 

= 38 °C), it was 25 – 46 °C. 

Figure 7.12 shows the SANS data below Tcp for both sample solutions, along with the 

model fits. The data of PbE below Tcp, i.e., from 25 to 58 °C, show a broad maximum at q ≈ 0.1 

nm-1 and an additional fringe at 0.7 nm-1 (Figure 7.12a,c). During heating from 25 °C, the 

scattering curves show little dependence on temperature until 58 °C, where there is a rather 

clear shift of the maximum position towards low q and the peak becomes shallower. For PrE, 

the data between 25 – 32 °C feature a broad maximum at q ≈ 0.15 nm-1, a decay shoulder 

between 0.2 – 0.6 nm-1 and a scattering tail at q > 0.1 nm-1, showing weak temperature-

dependence (Figure 7.12b,d). Further heating above 32 °C, the intensity successively increases, 

and the maximum position shifts gradually towards lower q while the peak becomes more 

pronounced. For the two kinds of MBs, the different features of the SANS data imply different 

inner structure and the structural dependence on temperature. This is supposedly due to the 

different dehydration process of the copolymer side chains with random or block monomer 

sequence.  

The scattering below Tcp is contributed by the individually dissolved MBs, and the broad 

maximum is coming from their spatial ordering. Therefore, the data is modeled by the core-

shell ellipsoid form factor Pcs(q) for the MB, which is combined with the hard-sphere structure 

factor SHS(q) for the correlation between them. Additionally for PrE solution, a modified 

Ornstein-Zernike equation is included in the model for the scattering at q > 0.1 nm-1, coming 

from the density fluctuation at small length scales in the solution. 
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Figure 7.12 SANS data (symbols) below Tcp of (a,c) PbE and (b,d) PrE solutions at 20 g 

L-1 in D2O. In (c) and (d), the data are shown together with the model fits (solid lines), 

which are vertically shifted by a factor of 10 with respect to each other for better visibility. 

The temperatures are indicated in the graphs. 

The SANS data above Tcp with the model fits are shown in Figure 7.13. Compared to the 

data below Tcp, a significant increase in the low q scattering intensity is observed for both 

samples, which is attributed to the presence of aggregates in the solution. The data of PbE 

solution show a series of changes between 60 – 64 °C (Figure 7.13a,c): at Tcp = 60 °C, it features 

the low q scattering and the decay shoulder between 0.2 – 0.6 nm-1, namely the scattering of 

the aggregates and the individual MBs, respectively; at 62 °C, the low q scattering is enhanced, 

and the decay shoulder is weakened, while an additional peak emerges at 0.3 nm-1, which is 

supposedly due to the correlation between the aggregating MBs; further at 64 °C, the decay 

shoulder completely disappears, leaving the strong low q scattering and the sharp peak at 0.3 

nm-1. At 66 °C, the data slow down the evolution with temperature, and is very similar to the 

curve at 64 °C. As for PrE solution (Figure 7.13b,d), at Tcp = 38 °C, the low q scattering is 
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shown together with a maximum at 0.08 nm-1, and a correlation peak appears at 0.6 nm-1. As 

the maximum at low q (0.08 nm-1) is attributed to the spatial correlation between the aggregates, 

the peak (0.6 nm-1) is supposed to come from the correlation between the closely packed MBs 

composing the aggregates. Further heating to 40 °C, the low q intensity grows by 10 times, and 

all the above-mentioned features shift to lower q: the maximum shifts to 0.05 nm-1, and the 

correlation peak shifts to 0.4 nm-1. At higher temperatures, i.e., 42 – 46 °C, the data only show 

small change with temperature, and the major features are the same as at 40 °C. For the two 

samples, above the corresponding Tcp, the different characteristics in SANS data as well as its 

dependence on temperature point to the differences in the aggregation behavior at high 

temperatures.  

For the SANS modeling, scattering of the aggregates are described by the Guinier-Porod 

empirical model, revealing their size and shape as well as the surface roughness. This term is 

used as it is for PbE, while it is combined with a hard-sphere structure SHS,agg(q) for PrE, due to 

the spatial correlation of the PrE aggregates. As for the closely packed MBs composing the 

aggregates, the fuzzy sphere form factor Pfz(q) is used, and the hard-sphere structure factor 

SHS’(q) is combined with Pfz(q) to account for their correlation. The fitting model for PrE 

additionally includes the modified Ornstein-Zernike term. 
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Figure 7.13 SANS data (symbols) above Tcp of (a,c) PbE and (b,d) PrE solutions at 20 g 

L-1 in D2O. In (c) and (d), the data are shown together with the model fits (solid lines), 

which are vertically shifted by a factor of 10 with respect to each other for better visibility. 

The temperatures are indicated in the graphs. 

For both samples, the temperatures, where the aggregates show up are consistent with the 

temperatures found in the DLS measurements. Moreover, the coexistence of individual MBs 

and aggregates in PbE solution at 60 °C is again observed by SANS measurements. From the 

model fitting results, the structural changes of the MBs as well as the aggregates are revealed. 

These are discussed in detail in the following two sections for PbE and PrE, respectively. 

7.6.1 MB with block copolymer side chains 

Dehydration process below Tcp. For PbE solution at 20 g L-1 in D2O, the scattering of the 

individually dissolved MBs is found between 25 – 62 °C in the SANS data (Figure 7.12a,c and 

Figure 7.13a,c), which is modeled by the core-shell ellipsoid form factor Pcs(q). The structural 
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parameters from Pcs(q) are plotted against temperature in Figure 7.14, including the core polar 

radius Rp, the core equatorial radius Re, the core SLD ρc, the shell polar thickness Tp, the core 

equatorial radius Te and the shell SLD ρs. 

 

 

Figure 7.14 Structural parameters from the core-shell ellipsoid form factor Pcs(q) from 25 

to 62 °C, obtained by modeling the SANS data of PbE solution at 20 g L-1 in D2O. (a) 

Dimensions in the core part: polar radius Rp (closed black circles) and equatorial radius Re 

(open red circles). (b) Dimensions in the shell part: polar thickness Tp (closed black circles) 

and equatorial thickness Te (open red circles). (c) SLD in the core, ρc. (d) SLD in the shell, 

ρs. The vertical dashed lines indicate Tcp of the solution. 

It is shown that, despite of the small inequality, Rp and Re are around 7.5 nm between 25 

and 54 °C (Figure 7.14a), meaning a spherical core region of the MBs. At 58 °C, Rp becomes 

obviously larger than Re, and the inequality is even more significant at Tcp = 60 °C, where Rp = 

12.5 nm and Re = 8.1 nm. Thus, the core region keeps the spherical shape upon heating up to 

Tcp, where it transforms to an elongated shape. ρc is found to be 0.6 × 10-6 Å -2 in the full 

temperature range (Figure 7.14c), which is close to the SLD of the inner PPO block (0.34 × 10-

6 Å -2). An estimate of the D2O content can be made by the SLD of PPO and D2O (6.33 × 10-6 

Å -2), which are supposed to be the main components in the core part of PbE. This gives a D2O 

content of 3 vol%, unchanged with temperature. The stable size in the core, in combination with 

the low D2O content, is explained by the low Tcp (8 °C) of PPO, making it essentially water-
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insoluble in the detected temperature range, thus staying hydrophobic and collapsed all along. 

The elongated shape at 60 and 62 °C, however, is related to the continuous dehydration of the 

outer PEO block in the shell part, influencing the overall shape of the MB. It is discussed 

together with the parameters from the shell in the following paragraph. 

At 25 °C, Tp (16.8 nm) is significantly larger than Te (4.3 nm) (Figure 7.14b), resulting in 

an overall elongated shape of the MB. With increasing temperature, Tp shows a decreasing trend 

down to 8.1 nm at 58 °C and then slightly increases to 10.2 nm at 60 °C, while Te stays 

unchanged between 25 – 58 °C and decreases to 3.0 nm at 60 °C. The shrinking Tp is presumably 

due to the dehydration and thus a contraction of the PEO blocks, while the unchanged Te is due 

to the spatial restriction in the equatorial direction. The dehydration of the PEO blocks is 

characterized by the variation of ρs (Figure 7.14d), where D2O content decreases from 84.9 

vol% at 25 °C to 80.1 vol% at 58 °C, estimated by the SLD of PEO (0.64 × 10-6 Å -2) and D2O. 

Namely, PbE features a water-rich shell at room temperature, and it undergoes a very weak 

dehydration upon heating to 58 °C. At Tcp, the D2O content in the shell further drops to 70.3 

vol%, implying a larger amount of water repelled out of the MB. Meanwhile, from 58 to 60 °C, 

the aspect ratio of the ellipsoidal MB slightly increases, since the total length in the polar 

direction (Rp + Tp) increases while that in the equatorial direction (Re + Te) decreases. Such 

shape change indicates that, the further dehydration at 60 °C possibly leads to a rearrangement 

of the PEO blocks during the continuous collapse. 

The spatial correlation between the MBs is modeled by the hard-sphere structure factor 

SHS(q). RHS, considered as half the average distance between the MBs, is 22 nm at 25 °C. It 

stays constant between 25 – 50 °C and starts increasing at 54 °C until it reaches 32 nm at 54 °C 

(Figure 7.15a), indicating the MBs become further away from each other as the temperature 

approaches Tcp. η is regarded as the volume fraction of the correlated MBs in the sample, so it 

further indicates the correlation strength. It stays at 0.17 between 25 – 45 °C, and then starts to 

decrease in small steps upon further heating, until it becomes 0.11 at 60 °C (Figure 7.15b). Thus, 

the correlation strength gets weaker as temperature approaches Tcp. For the dependence on 

temperature of both RHS and η, especially above 50 °C, an explanation could be that the total 

number of the correlated MBs is decreasing. Namely, a certain amount of the MBs become 

randomly distributed in the solution, resulting in a longer distance as well as a weaker 

correlation between the MBs.  
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Figure 7.15 Structural parameters from the hard-sphere structure factor SHS(q) from 25 to 

62 °C, obtained by modeling the SANS data of PbE solution at 20 g L-1 in D2O. (a) Hard-

sphere radius RHS. (b) Hard-sphere volume fraction η. The vertical dashed lines indicate 

Tcp of the solution. 

The SANS model fitting results of PbE solution between 25 – 60 °C reveal that the inner 

structure of PbE is rather stable upon heating from room temperature up to 45 °C. Above 45 

°C, PbE shows firstly a shrinkage between 45 – 58 °C, and then a slight extension at 60 °C. As 

the inner PPO blocks are water-insoluble and thus stays collapsed in the core region all along, 

the temperature dependence of the MB structure above 45 °C is driven by the dehydration of 

the outer PEO blocks, with a moderate decrease in the D2O content.  

Upon heating the PbE solution, aggregates appear at 60 °C due to the increasing 

hydrophobicity, evidenced by the high scattering intensity at low q of the SANS data (Figure 

7.13a,c). Meanwhile, some of the MBs are still present as individual ones in the solution during 

60 – 62 °C. At 62 °C, these individually dissolved MBs feature similar inner structure as at 60 

°C (Figure 7.14), while there is no correlation between them (SHS(q) = 1). Further at 64 °C and 

66 °C, no contribution from the individual MBs is observed, and the scattering comes 

completely from the aggregates. 

 

Aggregation above Tcp. The scattering of the aggregates between 60 – 66 °C is described using 

the empirical Guinier-Porod model, which gives the size and the approximate shape of the 

aggregates. From the Guinier term, the gyration of gyration of the aggregates, Rg,agg, and the 

shape factor s are obtained. Rg,agg is 73 nm when the aggregates show up in the solution at 60 

°C, and gradually decreases to 58 nm at 66 °C (Figure 7.16a). The shrinkage is possibly due to 

the continuous dehydration and thus a contraction of the PEO blocks in this temperature range . 

Meanwhile, s stays around zero (Figure 7.16b), implying the spherical overall shape of the 
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aggregates all along. From the Porod term, the Porod exponent α is found to be around 4 and 

hardly changes with temperature (Figure 7.16c), which hints at smooth surfaces of the 

aggregates. 

 

 

Figure 7.16 Structural parameters from the Guinier-Porod model for the aggregate 

scattering Iagg(q) from 60 to 66 °C, obtained by modeling the SANS data of PbE solution 

at 20 g L-1 in D2O. (a) Radius of gyration of the aggregates, Rg,agg. (b) Shape factor, s. (c) 

Porod exponent α. The vertical dashed lines indicate Tcp of the solution. 

At 62 °C, a peak emerges at q = 0.3 nm-1 in the SANS data and this is enhanced with 

increasing temperature up to 66 °C (Figure 7.13a,c), which is attributed to the correlation 

between the closely packed MBs in the aggregates. These constituent MBs are modeled by the 

fuzzy sphere form factor Pfz(q), and the fuzzy sphere radius Rfz and the fuzziness f are resolved. 

Pfz(q) is combined with the hard-sphere structure factor SHS’(q), giving the hard-sphere radius 

RHS’ as well as the hard-sphere volume fraction η’ of the MBs composing the aggregates. From 

Pfz(q), Rfz is found to be around 10 nm, which faintly decreases upon heating, and f being 3 nm, 

independent on temperature (Figure 7.17a). In Pfz(q), the SLD smoothly varies in the radial 

direction until it reaches the SLD value of the solvent at radius Rfz + 2f (see Figure 4.6), which 

is thus considered the overall radius of the MBs composing the aggregates. The values of Rfz + 

2f are calculated to be around 16 nm (Figure 7.17a, open circles), and compared with the values 

of RHS’, which are around 11 nm (Figure 7.17b, closed black circles, left scale). As Rfz + 2f is 

always lager than RHS’, it is indicated that the MBs partially overlap at the periphery. This is 

further interpreted as the interpretation of the side chains. Based on this finding, the spatial 

correlation between MBs in the aggregates can be drawn schematically in Figure 7.17c. 

Moreover, the high η’ value of about 0.5 (Figure 7.17b, open blue circles, right scale) indicates 

high correlation strength between these MBs. Considering the partial interpenetration as well 
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as the high correlation strength, the MBs are strongly connected with each other to form the 

PbE aggregates. 

 

 

Figure 7.17 Structural parameters from the fuzzy sphere form factor Pfz(q) and the hard-

sphere structure factor SHS’(q) from 60 to 66 °C, obtained by modeling the SANS data of 

PbE solution at 20 g L-1 in D2O. (a) Dimensions in Pfz(q): fuzzy sphere radius Rfz (closed 

circles), fuzziness f (closed triangles) and Rfz + 2f (open circles). (b) Parameters from 

SHS’(q): hard-sphere radius RHS’ (closed black circles, left scale) and volume fraction η’ 

(open blue circles, right scale). The vertical dashed lines indicate Tcp of the solution. (c) 

Schematic representation of the correlation between the MBs composing the aggregates, 

comparing Rfz + 2f with RHS’. The vertical dash-dotted line indicates the center between 

two fuzzy spheres. 

To summarize the structural evolution of PbE in aqueous solutions in dependence on 

temperature, the results from SANS analysis are shown schematically in Figure 7.18. Upon 

heating from room temperature to just below Tcp, the MBs show a shrinkage in size due to the 

dehydration of the PEO block, accompanied by a moderate decrease of the water content. At 

Tcp, some individually dissolved MBs present together with large aggregates, which are 

composed of loosely structured MBs, in the solution. Further above Tcp, individual MBs 

disappear, and aggregates are formed by closely packed MBs. The aggregates feature a 

spherical shape and smooth surfaces, and the constituent MBs strongly connect with each other 

in the aggregates. 
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Figure 7.18 Schematic representation of the structural evolution of PbE in aqueous 

solutions, from room temperature to Tcp and further above. The black arrows indicate the 

heating process. The black, dark blue and light blue lines mark the backbone, the PPO and 

the PEO blocks, respectively. The bluish shading indicates the water-rich region. 

7.6.2 MB with random copolymer side chains 

Dehydration process below Tcp. For PrE solution at 20 g L-1 in D2O, individually dissolved, 

corelated MBs are found between 25 – 34 °C in the SANS data (Figure 7.12b,d), modeled by 

the core-shell ellipsoid form factor Pcs(q). In Figure 7.14, the structural parameters from Pcs(q) 

are plotted with temperature, including the core polar radius Rp, the core equatorial radius Re, 

the core SLD ρc, the shell polar thickness Tp, the core equatorial radius Te and the shell SLD ρs. 
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Figure 7.19 Structural parameters from the core-shell ellipsoid form factor Pcs(q) from 25 

to 36 °C, obtained by modeling the SANS data of PrE solution at 20 g L-1 in D2O. (a) 

Dimensions in the core part: polar radius Rp (closed black circles) and equatorial radius Re 

(open red circles). (b) Dimensions in the shell part: polar thickness Tp (closed black circles) 

and equatorial thickness Te (open red circles). (c) SLD in the core, ρc. (d) SLD in the shell, 

ρs. The vertical dashed lines indicate Tcp of the solution. 

At 25 °C, Rp and Re are 14 and 8 nm, respectively (Figure 7.19a), while Tp and Te show 

similar values to be 6 nm (Figure 7.19b). Between 25 – 32 °C, Rp slightly increases by 2 nm 

and Re shows a small decrease by 2 nm, while Tp and Te both decrease by about 1 nm. Estimated 

by ρc, ρs and the volume-weighted average SLD of PPO and PEO (0.43 × 10-6 Å -2), the D2O 

content in the core decreases from 9 vol% (25 °C) to only 0.5 vol% (32 °C) (Figure 7.19c), 

while the D2O content in the shell also shows a decreasing trend from 90.7 vol% to 81.9 vol% 

(Figure 7.19d). Thus, between 25 – 32 °C, the temperature dependence of the parameters 

implies a slight extension of the MB upon heating, accompanied by a moderate dehydration. 

Further heating from 32 to 34 °C, Rp suddenly drops to 6 nm, while Re jumps to 15 nm, and 

then both grow faintly at 36 °C. Meanwhile, Tp decreases down to only 1 nm and Te to 2.5 nm. 

Between 32 – 36 °C, the core D2O content stays almost water-free, namely 0.5 vol%, and the 

D2O content in the shell show a drastic drops, where it reaches 6.3 vol% at 36 °C. Thus, during 

32 – 36 °C, the MBs significantly dehydrate. The gradual collapse of the P(PO-ran-EO) side 

chains upon heating is supposed to be responsible for the mild shape change between 25 – 32 
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°C and the following severe transformation at 34 °C, where the polymeric backbone firstly 

straightens and then coils up due to the strong dehydration. 

Regarding the correlation between PrE, RHS is 20 nm at 25 °C, which firstly shows a vague 

increase upon heating, followed by a steady rise to 26 nm at 36 °C (Figure 7.20a), meaning the 

MBs become further away from each other upon heating towards Tcp. This might be attributed 

to the change in size and shape of the MBs, described in the previous paragraph, especially the 

noticeable structural changes during 32 – 36 °C. Meanwhile, η shows firstly a shallow and then 

significant increase from 0.16 (25 °C) to 0.27 (36 °C) (Figure 7.20b), implying the interaction 

between MBs is strengthened by heating. Considering the large loss of the D2O content with 

increasing temperature, the hydrophobicity of the MBs is supposed to increase fiercely, leading 

to the enhanced interaction. 

 

 

Figure 7.20 Structural parameters from the hard-sphere structure factor SHS(q) from 25 to 

36 °C, obtained by modeling the SANS data of PrE solution at 20 g L-1 in D2O. (a) Hard-

sphere radius RHS. (b) Hard-sphere volume fraction η. The vertical dashed lines indicate 

Tcp of the solution. 

The structural changes of PrE in the aqueous solution between 25 – 36 °C is resolved by 

SANS. From 25 to 32 °C, a mild dehydration and thus a slight straightening of the MBs is 

observed. This is followed by a subsequent drastic loss in water content during 32 – 36 °C, and 

the sever collapse of the LCST side chains results in a significant deformation of the MB from 

a rod-like to a disk-like shape. It is supposed that, the continuous dehydration of the P(PO-r-

EO) side chains is responsible for the above described structural variations upon heating, until 

aggregates set in at Tcp = 38 °C. 

 

Aggregation above Tcp. At 38 °C, the MBs gather closely to form aggregates, leaving no 
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individually present ones, which is different from the case in PbE solution at its Tcp. The 

Guinier-Porod model is used to account for the scattering from the aggregates Iagg(q), and a 

hard-sphere structure factor, SHS,agg(q), is multiplied with Iagg(q) to describe the correlation 

between the aggregates. Rg,agg, is only 14 nm at 38 °C (Figure 7.21a), then grows to 26 nm at 

40 °C, which decreases vaguely upon further heating. It is indicated that the MBs possibly 

rearrange to form into larger aggregates from 38 to 40 °C, while the increasing hydrophobicity 

leads to the subsequent slight shrinkage. RHS,agg, which hints at the inter-aggregate distance, 

shows an increase accordingly with the growing size at 40 °C (Figure 7.21b, closed black circles, 

left scale) and stays constant above 40 °C. Meanwhile, ηagg stays nearly unchanged all along 

(Figure 7.21b, open blue circles, right scale). Thus, the variation of both RHS,agg and ηagg supports 

the hypothesis about a rearrangement of the aggregates between 38 and 40 °C. The shape factor 

s stays at zero (Figure 7.21c), suggesting a spherical overall shape. The Porod exponent α has 

values above 4 and close to 5 (Figure 7.21d), meaning there is a local concentration gradient at 

the aggregate surface.  

 

 

Figure 7.21 Structural parameters from the Guinier-Porod model for the aggregate 

scattering Iagg(q), combined with the hard-sphere structure factor SHS,agg(q), from 38 to 46 

°C, obtained by modeling the SANS data of PrE solution at 20 g L-1 in D2O. (a) Radius of 

gyration of the aggregates, Rg,agg. (b) Parameters from SHS,agg(q): hard-sphere radius RHS,agg 
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(closed black circles, left scale) and volume fraction ηagg (open blue circles, right scale). 

(c) Shape factor, s. (d) Porod exponent α. The vertical dashed lines indicate Tcp of the 

solution. 

The MBs composing the aggregates is modeled in the same way as the ones in PbE solution. 

At 38 °C, they feature Rfz of 4 nm and f of 0.6 nm (Figure 7.22a). Thus the overall size, i.e., Rfz 

+ 2f (Figure 7.22a, open circles), is very close to RHS’ (Figure 7.22b, closed black circles, left 

scale). Based on these values, the spatial correlation between the MBs in the aggregates is 

drawn in Figure 7.22c, where the MBs do not interpenetrate with their neighboring ones. At 40 

°C, both Rfz + 2f and RHS’ increase by about 2 nm, keeping the correlation between the MBs. 

Above 42 °C, Rfz + 2f steadily increases, while RHS’ stays unchanged, implying a closer packing 

between the MBs at temperatures much above Tcp. As for η’, it shows a sudden drop from 0.32 

at 38 °C to 0.19 at 40 °C (Figure 7.22b, open blue circles, right scale). This is explained by the 

rearrangement of the aggregates mentioned in the previous paragraph, which results in a loss 

of the inter-correlation between the MBs. Above 40 °C, η’ continuously increases until it 

reaches similar values before the rearrangement, i.e., η’ ≈ 0.3, at 46 °C. Thus, between 40 – 46 

°C, the interaction between the MBs is gradually enhanced, and it finally reaches the interaction 

strength as it is at 38 °C. 

 

 

Figure 7.22 Structural parameters from the fuzzy sphere form factor Pfz(q) and the hard-

sphere structure factor SHS’(q) from 38 to 46 °C, obtained by modeling the SANS data of 

PrE solution at 20 g L-1 in D2O. (a) Dimensions in Pfz(q): fuzzy sphere radius Rfz (closed 

circles), fuzziness f (closed triangles) and Rfz + 2f (open circles). (b) Parameters from 

SHS’(q): hard-sphere radius RHS’ (closed black circles, left scale) and volume fraction η’ 

(open blue circles, right scale). The vertical dashed lines indicate Tcp of the solution. (c) 

Schematic representation of the correlation between the MBs composing the aggregates, 

comparing Rfz + 2f with RHS’. The vertical dash-dotted line indicates the center between 
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two fuzzy spheres. 

A comparison between PbE and PrE aggregation. Comparing the aggregates of PrE with the 

ones of PbE in aqueous solutions, it is found that, the PbE aggregate size is significantly larger 

than the size of PrE aggregates, revealed by their Rg,agg (Figure 7.16a and Figure 7.21a). 

Moreover, in PbE solution, MBs composing the aggregates are strongly connected with each 

other, while the MBs in PrE solution merely agglomerate together without close connection, 

reflected by the relative values between Rfz + 2f and RHS’ (Figure 7.17a,b and Figure 7.22a,b). 

The different aggregation behavior is supposedly related to the dehydration level, which 

influences the side chain mobility [216-218], before the formation of aggregates at the 

corresponding Tcp. Evaluated by comparing the length scale of the ellipsoid from Pcs(q) below 

Tcp, and the length scale of the sphere from Pfz(q) above Tcp, PbE features similar size below 

and above Tcp. It could be thus deduced that PbE own high D2O content above Tcp, just like 

below Tcp. The side chains, or more precisely the PEO blocks, in the dehydrated state have high 

mobility, and it is thus easier for the MBs to grow into large aggregates by interacting and 

connecting with the neighboring MBs with the mobile side chains. On the other hand, the size 

of PrE becomes much smaller from below to above Tcp. This points to an extremely low D2O 

content in PrE above Tcp, as they are already severely dehydrated below Tcp. The low D2O 

content results in a low chain mobility, hampering the growth of the aggregates. Therefore, the 

PrE aggregates seem like small clusters, where the MBs are loosely connected. 

Besides the dehydration level, the molecular architecture also affects the side chain 

mobility. As listed in Table 7.1, PbE has a larger length ratio between the backbone and the 

side chains, compared to PrE. With such structure, the side chains on PbE experience less 

spatial constraint, compared to those on PrE, especially at the periphery part of the MB. This is 

also considered to be the reason why PbE grows into larger aggregates, since less spatial 

limitation brings higher chain mobility. 

 

Local concentration fluctuations. In the full temperature range, from below to above Tcp, the 

scattering due to the concentration fluctuation, Ifluct(q), is included in the fitting model for PrE 

solution, where the modified Ornstein-Zernike structure factor is used. The characteristic 

correlation length ξ of the local concentration fluctuation has a value around 1.5 nm all along, 

showing no particular trend (Figure 7.23a). The exponent m is 1.8 at 25 °C, and gradually 

increases to 2.8 at 36 °C (Figure 7.23b), meaning the solvent quality becomes poorer upon 
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heating towards Tcp. Above Tcp, m stays around 2.8, insensible to the temperature variation. 

Ifluct(q) is only found necessary for the PrE system, while not for PbE, indicating a higher degree 

of local inhomogeneity in PrE solution, which might be due to the randomly distributed 

hydrophobic PO segments. 

 

 

Figure 7.23 Structural parameters from the intensity fluctuation Ifluct(q), using the modified 

Ornstein-Zernike structure factor, from 25 to 46 °C, obtained by modeling the SANS data 

of PrE solution at 20 g L-1 in D2O. (a) Correlation length ξ. (b) Exponent m. The vertical 

dashed lines indicate Tcp of the solution. 

Based on the SANS data analysis results, the structural evolution of PrE in aqueous 

solutions is constructed schematically in dependence on temperature, as shown in Figure 7.24. 

From room temperature to just below Tcp, the MBs undergo severe dehydration, where the 

collapse of the LCST side chains leads to a drastic deformation from a rod-like to a disk-like 

shape. At Tcp, the strongly dehydrated MBs agglomerate in small numbers to form spherical 

aggregates with a SLD gradient at their surface, creating a certain spatial order between the 

aggregates. Two degrees above Tcp, the MBs rearrange into slightly larger aggregates than 

before, showing still spatial order. Within the PrE aggregates, the MBs are only weakly 

connected to each other. 
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Figure 7.24 Schematic representation of the structural evolution of PrE in aqueous 

solutions, from room temperature to Tcp and further above. The black arrows indicate the 

heating process. The black, dark blue and light blue lines mark the backbone, the PO and 

the EO monomers, respectively. The bluish shading indicates the water-rich region. 

7.7 Conclusion 

The inner structure of two MBs having either PPO-b-PEO side chains or P(PO-ran-EO) side 

chains, called PbE and PrE, respectively, are investigated. The cryo-EM images are taken at 

low concentration, revealing the stretched conformation of the backbones for both kinds of the 

MBs. Using SANS, their inner structure at room temperature is studied in dilute and semi-dilute 

solutions. It is found that, both of the MBs feature a core-shell ellipsoid structure, with a 

polymer-rich core region and a water-rich shell region. Upon increasing concentration, the side 

chains of the MBs either rearrange or shrink to adapt to the limited space. For PbE, only the 

water-swollen PEO outer blocks are responsible for the adjustments; whereas for PrE, it is the 

full length of the P(PO-ran-EO) side chains that make the adjustments. 

Next, the LCST behavior of PbE and PrE is investigated by their semi-dilute solutions. 

DLS data collected during a temperature scan show that Tcp of PbE solution (Tcp = 60 °C) is 

much higher than the one of PrE solution (Tcp = 38 °C). This is attributed to the side chain 

architecture of PbE, making the hydrophobic PO segments well-protected by the hydrophilic 

EO segments. The temperature-dependent structure is further resolved by SANS, giving hints 

to the dehydration process and the aggregation behavior. Upon heating toward the 

corresponding Tcp, the different side chain architecture, and thus the different distribution of the 

hydrophobic PO segments, leads to a weak dehydration of PbE, while a strong dehydration of 

PrE. Above Tcp, PbE are closely connected by their hydrated, mobile side chains, thereby 

forming large aggregates. On the contrary, due to the low water content and thus the lack of 

side chain mobility, PrE are loosely connected into small aggregates. 
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8. Summary and outlook 

In the present thesis, molecular brushes (MBs) are studied in solution, focusing on their 

concentration-conformation dependence and their thermoresponsive behavior. Using small-

angle X-ray/neutron scattering (SAXS/SANS), with complementary information from dynamic 

light scattering (DLS) and cryo-electron microscopy (cryo-EM), the structures of the MBs are 

resolved in detail, giving the structural evolution related to the variation of solution 

concentration or temperature.  

 Regarding the concentration effect on the MB conformation, in chapter 5, a chain-like MB 

(with long backbone and short side chains), PiPOx239-g-PnPrOx14, is investigated in a good 

solvent. DLS and SAXS data were collected for the MB solutions from dilute to semi-dilute 

condition. The DLS data suggest that, the MBs perform purely translational diffusion in a wide 

concentration range (0.5 – 20 g L-1), despite of their anisotropic overall shape. The SAXS data 

are model-fitted in the way that the mutual interaction between the MBs is related to the 

conformation of individual MBs, so that their interaction as well as the confirmation in semi-

dilute regime can be precisely described, giving the structural parameters. In dilute solution, 

the MBs feature the structure of rigid linear polymers, having a large persistence length lp and 

a large cross-section Rc. Upon increasing concentration, lp decreases, meaning the backbones 

of the MBs soften as a result of the enhanced mutual interaction. In the semi-dilute regime, the 

radius of gyration Rg of the MB shows a scaling dependence on the solution concentration with 

an exponent of -0.8 (Rg ~ c -0.8), which deviates from the theoretical prediction for solutions 

from linear polymers (Rg ~c-0.125). The result implies that the interaction between the MBs is 

significantly dominated by the side chain interactions, and this is missing for the linear 

polymers. Thus, our results show how far the conformation of chain-like MBs deviates from 

the conformation of linear polymers in dilute and semi-dilute solutions, and in which way the 

complex architecture affects the scaling exponent between the size and concentration in the 

semi-dilute regime. As a potential step of further studies on this project, a systematic 

investigation on how each architectural parameter (molar mass of the backbone/side chains, 

grafting density) affects the scaling relation between Rg and c can be delivered. From the 

obtained information, a comparison between the experimental results and the theoretical 

predictions [37, 38, 54] on the structural parameters (Rg, lp and Rc) of MBs could provide a 

more complete picture. 



 8.Summary and outlook 

117 

 

As for the thermoresponsive behavior, MBs having LCST side chains are investigated in 

aqueous solution using SANS. In chapter 6, a MB with homopolymer side chains, PiPOx100-g-

PEtOx17, is investigated. While Tcp of the PEtOx17 homopolymer is higher than 100 °C, the MB 

solution shows Tcp ~ 40.5 °C, which is attributed to the compact structure of the MB and the 

hydrophobic end groups on the side chains. At room temperature, the MBs are soluble, and 

found to feature a cylindrical shape. Upon heating towards Tcp, the MBs extend along the 

longitudinal direction, while above Tcp, they shrink again. It is supposed, that the dehydration 

of the LCST side chains leads to a gradual increase of the polymer density in the central part of 

the MB, resulting in an extension of the backbone, before the occurrence of an overall collapse 

above Tcp. Such two-step structural change has not been reported by previous studies on MBs 

with LCST side chains, where the MBs either have a chain-like shape or an ellipsoidal shape. 

Thus, our analysis results are attributed to the specific length ratio between the backbone and 

the side chains of the MB, PiPOx100-g-PEtOx17, enabling an elongation of its shape at the 

beginning of the heating process. 

For MBs with copolymer side chains, Tcp is furthermore dependent on the architecture of 

the side chains. To investigate this case, in chapter 7, the behavior of two MBs with copolymer 

side chains are compared, where the side chains are composed of poly(propylene oxide) (PPO, 

Tcp ≈ 8 °C) and poly(ethylene oxide) (PEO, Tcp > 100 °C). In one of the MBs, called PbE, the 

two LCST polymers on the side chains are in block sequence; whereas in the other MB, called 

PrE, they are in random sequence. Although the PPO weight fraction in the two MBs is the 

same, i.e., 59 %, the Tcp of PbE (Tcp = 60 °C) is found to be significantly higher than the one of 

PrE (Tcp = 38 °C). The higher Tcp of PbE is supposed to be a result from the fact that the 

hydrophobic PPO blocks are attached to the backbone and are thus well-protected from the 

aqueous environment by the hydrophilic PEO blocks, which are at the periphery part of the MB. 

At room temperature, both kinds of the MBs feature a core-shell ellipsoidal structure, with a 

polymer-rich core and a water-rich shell. Upon heating, however, they show very different 

structural evolution, as a result from the different dehydration processes. During heating, for 

PbE, the PPO blocks stay hydrophobic, while the PEO blocks undergo a weak dehydration. 

Therefore, only a slight shrinkage of PbE is observed upon heating towards Tcp. Since a small 

amount of water is repelled out of PbE, a high water content is remained. This allows a high 

mobility of the side chains, which further facilitates the growth of large aggregates above Tcp. 

For PrE, the PO and EO monomers are randomly distributed, thus the MB shows an 

intermediate LCST property of the two components. Upon heating, the side chains severely 
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dehydrate, so water is mostly repelled out of the MBs, resulting in an overall collapse of the 

MBs at Tcp. Due to this drastic dehydration, the side chains of PrE feature low mobility and 

thus merely gather into small clusters above Tcp, lacking inter-connection between individual 

MBs. Our research suggests that the phase transition processes can be induced by choosing the 

appropriate side chain architecture, providing opportunities for a controllable thermoresponsive 

behavior. It is of interest to further investigate whether such a phenomenon is generally 

applicable to MBs with different LCST side chains. Thus, a possible extension of the work on 

this topic would be the examination on the phenomenon when the copolymer side chains are 

composed of other kinds of LCST polymers. 

To summarize, MBs are polymers of complex architectures, and their physical properties 

in solutions are investigated in terms of the structural information. It is found that, from dilute 

to semi-dilute solutions, the chain-like MB shows a softening of its rigid main chain due to the 

significant side chain interaction. For the MBs with thermoresponsive segments, they feature 

rich structural behavior around the transition temperatures, which depends on the molecular 

architecture. These observations are revealed by the scattering methods, providing insight into 

structures on a wide range of length scales, and the cryo-electron microscopy give their real-

space images which supports the findings. 
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