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Chapter 1.  Introduction 
 

Nanoscience and technology is the frontier research field since the past decade and 

rapid developments in nanotechnologies in twenty first century1 emphasize the 

miniaturization of the devices into nanometer range and ultimate performance 

concurrently enhanced.2,3,4,5 Polymers have naturally been considered as candidates to 

be used in nanometer scale devices,6 this close connection added a lot of interest to 

synthesize7 and study on nanosized polymer materials8.  

 

Nanoparticles, nanotubes, and nanoscale films along with nanofabrication 

technologies will allow for continued advancements in a wide range of 

applications.9,10,11,12 In addition nanowires13 play a vital role in nanodevices14 for 

example nano robots,15 nano electronics,16 solar cells17,18 and semiconductors19,20. Some 

nanowires are very good conductors or semiconductors and their miniscule size means 

that manufactures could fit millions more transistors on a single micro processor. As a 

result computer speed would increase dramatically. Cylindrical polymer brushes21 are 

used as template for the synthesis of these nanowires having magnetic22 and semi- 

conducting nanoparticles.23 The first part of this dissertation will focus on the structural 

characterization of the cylindrical polymer brushes. Recent developments and 

advancements of the polymer physics helped to understand in detail the structural 

characterization of these complex structures. 

 

Polymer brushes are formed when long chain molecules are grafted by one end 

either to a surface, interface or to another polymer molecule.24,25 The density of grafting 

is high enough so that chains stretch away from the attachment much further than the 

equilibrium size of the free chain. In case when several side chains are densely drafted 

to a cylindrical backbone, resulting polymer brushes are called as the comb brush 

polymers or bottle brush polymer.26 In these kinds of polymer brushes the excluded 

volume interaction of the side chains are causing the stretching of the main chain to 

adopt a cylindrical brush structure. Depending on the length, density of the side chains 

and also the interaction between the side chains causes to attain high stiffness for the 

cylindrical brushes. These cylindrical polymer brushes have potential application as 

hydrogels, thermoplastic elastomers, compatibilizers in polymer blends, dispersants and 
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many more. Another potential application of brush structures relies on their ability to 

respond to the external stimuli such as pH change,27 temperature change,28 light, heat, 

etc, thereby creating a separate class of materials known as responsive polymer brushes. 

Due to these specific applications, the tailor made cylindrical brushes have been 

synthesized by varying the parameters of the type of the main chain, side chains and 

grafting density using the controlled polymerization techniques. 

 

1.1. Cylindrical Polymer brushes 
 

The cylindrical macromonomer was first successfully synthesized by Tsukahara29 

and coworkers using anionic radical polymerization.  These cylindrical polymer brushes 

consists of  oligostyrenes macromonomer  processing with methacryloyl end groups. 

Synthesis and investigation of these comb copolymers having long side chains and high 

grafting density were reported.29,30,31,32 Besides these polymerization techniques 

recently some advanced techniques developed for the synthesis of cylindrical comb 

polymers. Most cylindrical polymer brushes investigated so far were synthesized by 

using the “grafting through” method,33,34 where the macromonomers carrying the 

polymerizable double bond end groups are grafted together. The selection of the 

macromonomer and rather stiff, bulky side chains based on Polystyrene (PS), Poly 

(methyl methacrylate )(PMMA), Poly( 2- vinyl peridine) allows us the synthesis of the 

cylindrical polymer brushes with high and uniform branching density but it have 

limitation with broad molecular weight distribution. 

 

In addition “grafting onto” technique where the backbone and side chains are 

prepared separately35,36 and grafted by using the coupling reaction. The polymer brushes 

prepared by this technique have the very narrow size distribution, but it has the 

restriction with the grafting density and efficiency. Other than “grafting to” method 

there is one more technique of “grafting from”,37,38 in this method a narrowly 

distributed long backbone is first prepared via living polymerization techniques, 

followed by functionalization to attach initiating groups to the backbone for the further 

grafting polymerizations methods.39,40 With this method well defined cylindrical 

polymer brushes with the narrow size distribution of the both backbone and side chains 
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having the high grafting density were prepared. Schematic representation of these three 

different ways of the cylindrical polymer brushes is shown in figure 1. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic representation of the synthesis of the cylindrical polymer 

brushes via three different methods. 

 

The cylindrical polymer brushes examined in this dissertation is composed of a 

poly(2-hydroxyethyl methacrylate) (poly(HEMA)) backbone grafted with poly(t-butyl 

acrylate) (PtBu) chains21. It has been synthesized using a “grafting from” approach 

composed of two main steps. First of all, the backbone is prepared by living anionic 

polymerization of the first monomer which has been silyl protected: 2-

(trimethylsilyloxyethyl methacrylate (TMS-HEMA). Then, after deprotection, the 

pending groups are functionalized in order to obtain the polyinitiator. In an ideal case, at 

this state, each monomer unit of the backbone must wear a side-group able to initiate 

the polymerization of the second monomer: t-butyl acrylate (tBu). This last step is here 

performed by atom-transfer radical polymerization (ATRP) and results in the formation 

of identical chains which remain attached to the backbone21. The polymerizations 

involved in this synthesis are controlled. Therefore the prepared macromolecule is 

expected to be well-defined and the polymerization degrees of the backbone and the 

side chains can be tuned directly by selecting the conditions of reaction. For the studied 

system, the backbone is composed of about 1600 units and side-chains contain 

approximately 60 monomer units. 
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1.2. Dendronized polymers 
 

Depending on the type of the side chains grafting to the backbone resulting the 

different cylindrical polymer brushes. The side chains of the type homo polymer, block 

copolymers, hetero side chains resulting to prepare the bottle brush polymer,41 core 

shell cylinder42 and janus structures43 respectively.  

 

Other than above mentioned cylindrical brushes there are some other cylindrical 

brushes which are called as dendronized polymers. Dendronized polymers, originally 

termed ‘rod-shaped dendrimers’, made their first appearance in a patent filed by 

Tomalia et al44 at Dow in 1987. Schlüter et al. had synthesized rod-like polymers with a 

conjugated backbone first recognized the significance of dendron decoration for the 

backbone conformation and the overall shape of the obtained macromolecules rendering 

them shape persistent cylindrical nanoscopic objects45. In this context, the term 

‘dendronized polymers’ was coined.  

 

 
 

 

Figure 2. Schematic representation of the second generation dendronized polymers and 

the chemical structure of second generation of ethoxy-terminated dendronized 

polymethacrylate  

 

In these polymer brushes the dendrons are grafted to the backbone. i.e the side 

chains exhibits branching points at which the chain splits up into the several others. This 

type of dendronized polymer brushes having the single and multiple generation of 

branching were reported by Schlüter and Rabe.46. Figure 2 shows the schematic 

representation of the second generation dendronized polymer and the chemical structure 

of the second generation of the etoxy terminated dendronized polymethacrylates. It is 

obvious, that the number of generations will effect on the overall shape or anisotropy of 



Introduction 

 5

the dendronized polymer due to the local motions tend to get hindered with increasing 

number of generations.  

 

 Dendronized polymer properties are fascinating compare to the conventional 

polymers. The first issue to mention here is their shape and its dependence on the 

substitution with dendrons. Depending on the dendrons’ structure, size, and attachment 

density along the backbone, conventional polymer backbones such as polyacrylate or 

polystyrene can attain conformations all the way from random-coil to fully stretched 

linear: A flexible, cooked spaghetti-like polymer can be converted into a rigid (high 

bending modulus) rod just by proper substitution with large dendrons. This stiffening of 

the backbone is caused by steric repulsion between the pendent dendrons. For this 

reason the whole matter is referred to as shape-control by implementation of steric 

strain if sequence of dense dendrons grafted to backbone with maximum space then   

dendronized polymers will attain the shape of cylindrical brushes.  

 

Thermoresponsive polymer have been attained much interest due to their promising 

applications47,48 and these polymers collapse above then lower critical solution 

temperature due to the dehydration of the polymer chains and form the aggregates. 

Their heating causes to sharp transition where as upon cooling, considerable hystereses 

are observed. So that great challenges have attained for synthesis of the novel 

thermoresponsive dendronized polymers having no hystereses at heating and cooling 

cycles. 

 

1.3. Conformational parameters of cylindrical polymer brushes 
 

The work presented in this dissertation will mainly focus on the solution structure 

properties of the cylindrical polymer brushes at the different concentration regimes. So 

far experimental and theoretical studies on the cylindrical polymer brushes have proved 

that the densely grafted side chains force the main chain into an extended worm like 

conformation. This conformational effect is caused by the competition of the entropic 

restoring force on the extended backbone and the repulsive, steric interaction forces 

between the side chains. The excluded volume interaction of the side chains causes the 
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stretching of the main chain from its equilibrium conformation to adopt a cylindrical 

brush structure. 

So far, there have been intensive studies on the properties of cylindrical polymer 

brushes, induced by their peculiar structure, in solution and also in bulk. Most 

investigations were performed in dilute solutions with emphasis on their molecular 

shape and dimensions. Cylindrical polymer brushes have certain parameters to define 

the conformation of the flexible cylindrical chain.50 Most important defined parameters 

are contour length (L)49, radius of cross section (Rcs) , end to end distance <R2> and 

finally the stiffness of cylindrical polymer brush system traditionally described by the 

Kuhn length lK. 

 

In addition to the Kuhn length there is another characteristic length that is often used 

to describe chain flexibility, the persistence length lp. This is based on the worm-like 

chain (WLC) model that considers the chain to be a continuous backbone with a 

correlation between chain sections that decays exponentially with distance separating 

them. That is, if we define <cosθ(s)> as the mean cosine of the angle between the chain 

segments separated by the length (S), the following relationship holds50 

 

)exp()(cos
pl
ss −=〉〈 θ  

The constant lp is the length above which the segment orientations are uncorrelated 

and it is of the similar magnitude as the Kuhn’s length. In fact, for worm like chain with 

fixed valence angle and free internal rotation, the persistence length and Kuhn’s length 

are related as lK =2 lp  
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Figure 3. Schematic representation of the flexible cylindrical polymer brush. 

L is the contour length, lK is the Kuhn length, Rcs is the cross sectional radius. 

 

The cylindrical brushes have certain internal density fluctuations on the small length 

scale of correlation length ξ (mesh size of entangled polymer network). The correlation 

length ξ of the density fluctuations defines a spherical volume called “blob”51. Below 

then this correlation length the chains of the cylindrical polymer brushes are self 

avoiding walk and above the correlation length the chains random walk and the 

excluded volume interactions have to be considered. The blob contribution from the 

backbone and side chains to the shape of cylindrical brushes is generally small but the 

consideration is required for the structural analysis. 

 

The characterization of the cylindrical brushes at the dilute solution concentration 

was analyzed by using the experimental approaches of the small angle neutron 

scattering,52 small angle X-ray scattering and the small angle light scattering.53 The 

scattering spectra obtained by these techniques were further analyzed to obtain the form 

factor54. The experimentally obtained form factor were compared with the theoretical 

modeling and distinguished with the stiff cylinders55, prolate ellipsoids56 and flexible 

cylinders49. The form factors of the flexible cylinders were modeled as worm like chain 

model with the infinite small cross section such as Koyama57 for the form factor and the 

models of the Kratky-Porod58 and Benoit-Doty49. By using the MonteCarlo simulation 

approach Pötschke 59 et al. compared the form factor of the wormlike chain described 

by various theoretical models.60,61,62,63,64 and concluded that the empirical equations 

given by Pederson model64 is the most suitable model for both with and without 

lk

L Rcs 
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excluded volume interactions. The Kholendenko model63 is also suited to describe the 

worm like flexible cylindrical model but it does not include the excluded volume 

interactions1. Using these worm like chain models the Kuhn length, the contour length 

and the radius of cross section are calculated. In addition Nemoto65 et al. discussed the 

cylindrical brushes diffusion coefficient calculated by dynamic light scattering. They 

modelled the diffusion coefficient with the prolate ellipsoids where the length of the 

semi axes are calculated assuming either coiled or fully stretched conformation for the 

backbone and the side chains.  

 

By combing gel permeation chromatography (GPC) with multi-angle light scattering 

and viscosity detectors, Schmidt et al. reported a structural characterization of 

cylindrical polymer brushes with fixed side chain length in terms of absolute molar 

mass, M, the radius of gyration, Rg, and intrinsic viscosity [η]66. Besides the 

investigations on the solution properties, there are also studies on the bulk state of 

polymer brushes, about the glass transition and film-forming properties, as well as the 

presence of liquid-crystalline mesophases resulting from the molecular anisotropy of 

polymer brushes67,68,69,70. Tsukahara et al. found that the polymer brushes with PMA 

main chain and long PS side chains and without any mesogenic groups, formed a 

mesomorphic phase.69 The formation of the liquid-crystalline phase indicates that these 

polymer brushes, possessing large branch number and sufficient branch length, behave 

as rod-like molecules.  

 

1.4. Microgels 

 
Microgels are cross linked sub-micrometer sized particles made of hydrophilic 

polymers. In recent years, many investigations of microgels have been carried out.71,72 

Of the many kinds of microgels, one of the most interesting observed is the spherical 

microgel with a core-shell morphology (the core-shell microgel), because it is 

composed of two different chemical components and it has the microphase separated 

structure. Generally, the microgels showed a lot of interesting properties.73,74,75 

Especially, strong dependence has been observed between the swelling behaviour and 

the diameter of the partic1e. This dependence was usually observed on the microgel 

without microphase separation.  
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Microgels can be synthesized by combined polymerization and cross linking, 

usually in emulsion76. They are soluble in water, but have properties different from 

linear macromolecules of similar molecular weight. Such structures, along with their 

bigger analogues, microgels have a number of practical applications, mostly in 

medicine, pharmacy (stimuli-sensitive drug delivery systems), nanocatalysts and water 

purification systems. 

 

The studied core-shell particles consist of a poly (styrene)-core onto which a 

thermosensitive shell of poly (N-isopropylacrylamide) (PS-NIPA) has been affixed in a 

seeded emulsion polymerization. It undergoes completely swollen by the solvent water 

at the temperature below than the lower critical solution temperature of 32° C and above 

this temperature the water will be expelled from the shell. The study of coupling, shape 

fluctuations and rotational motion is extremely interesting with the thermosensitive 

microgel of poly( N-isopropylacrylamide) (P-NIPA) network77. Figure 4 represent the 

scheme of the thermosenitive core shell microgel system and their response and change 

in the volume transition with the temperature. 

 

 
Figure 4. Schematic representation of the thermosensitive core shell microgel system 

and the change in volume transition at different temperature conditions. 

 

This dissertation focuses on the translational and rotational dynamics of the well 

defined thermosensitive microgel systems studied by using the polarized and the 

depolarized dynamic light scattering techniques. The motivation for this study is 

microgel plays major role in many potential applications.78,79 Understanding the 

Brownian motion80 includes the translational motion, rotational motion and internal 
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deformation is an important prerequisite to explain the stability of suspensions, their 

transport mechanism and flow property. These fundamental studies help to solve the 

application oriented problems for the particles suspensions like pigment dispersion 

particles (inks, paints), silver bromide grains (photographic films), clays, ceramics and 

cells. Besides their applications these thermosensitive microgels are very interesting 

model systems in basic science research 81 with the aim to improve the understanding 

on the colloidal stability and Brownian dynamics of the shape fluctuation systems.  
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1.5. Objectives of this thesis 
 

The main aim of this thesis is to understand the solution properties of flexible 

cylindrical polymer brushes, dendronized polymers and the thermosensitive microgel 

systems. The work comprises of different polymer nanostructured systems mainly 

studied by using the scattering techniques at the solution state . The importance of the 

studying the solution properties of the polymer systems can be related to the solution 

related applications. In this context the solution properties of the flexible cylindrical 

brushes and spherical microgels are studied at dilute and semi dilute concentration 

regime by using scattering techniques. The structure of the cylindrical polymer brushes 

and understanding the conformational changes of the flexible cylinders with the 

concentration was especially studied by using the small angle neutron scattering 

(SANS) and small angle light scattering (SLS).  The change in dynamics of the 

cylindrical polymer brushes at the dilute and semi-dilute concentration regimes was 

studied by using the dynamic light scattering. 

 

The thermodynamic transition and kinetics of the cylindrical thermosensitive 

dendronized polymers to fully reversible mesoglobule structure formation at high 

temperature conditions (above than lower critical solution temperature) was studied by 

using the dynamic light scattering. The kinetics of the mesoglobule formation is 

carefully examined by using the time resolved dynamic light scattering measurements. 

 

The aim of this thesis is not only the study of the cylindrical brushes but also to 

understand the dynamics of the spherical microgel system. The last part of the thesis is 

focused on the solution dynamics (translational and the rotational dynamics) of the 

thermosensitive core shell microgel characterized by using the polarized and 

depolarized dynamic light scattering. In order to understand the shape fluctuations, the 

coupling phenomenon of the microgel and the influence in the rotational dynamics by 

embedding the nanoparticles within the thermosensitive shell is studied by the light 

scattering technique.  
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Chapter 2 

2.1 Overview of the thesis 
 

In chapter 3.1 we measured the full formfactor of the cylindrical polymer brushes by 

the combination of small angle neutron scattering (SANS)1,2,3 and the static light 

scattering4 (SLS) of the cylindrical brushes synthesized by using the “grafting from” 

route via atom transfer radical polymerization (ATRP) method. The polymer brush 

consists of poly (tetrabutyl acrylate) side chains, which are grafted to the backbone of 

the poly (2-hydroxy ethylmethacrylate)5. The measured scattering intensities (SANS, 

SLS) at different polymer concentrations are extrapolated to vanishing concentration 

were done for all q values. The scattering intensity measured at different techniques of 

static light scattering and the small angle neutron scattering are normalized with the 

contrast for calculating the form factor at the wide range of the q-region.  

 

The interpretation of the form factor determined by SANS data we used the 

empirical equations derived by Pederson and Schurtenberger model6. The polymer 

brushes are not all in same size and have some dissimilarity in sizes so that for 

modeling the form factor the polydispersity of the cross section is taken into the 

consideration and it is included using the Schulz-Zimm distribution. In addition to these 

structural parameters the cylindrical polymer side chains exhibit certain internal density 

fluctuations (blob scattering) contribute effectively at the large q region. The scattering 

intensity aroused from these internal density fluctuations was approximated by using the 

Dozier approach7. 

 

Comparison of the measured scattering intensity was done with the theoretical 

model of the Pederson Schurtenberger model for semiflexible polymer chains having 

the excluded volume interactions. The parameters used for the fit are with the contour 

length of the 380 nm, persistence length of the 17.5 nm and the radius of cross section 

of the 5 nm. These fit parameters are comparable with the degree of polymerization and 

the length of the repeating unit. 

 

The determined structure factors were analyzed by the theoretical approach to 

understand the interaction between polymer conformations at different concentration of 
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the solutions. The structure factor at different concentration is calculated by using the 

determined form factor. The quantitative theoretical approach was done by using the 

integral equation theory of polymer reference interaction site model (PRISM), which 

has been already successfully applied to explain the interactions between the polymer 

species. Figure 5 shows the structure factor determined for the various concentration 

regimes. The experimental structure factors are compared with the result of integral 

equation theory of polymer reference interaction site model8. For the comparison of the 

experimental structure factor with the theory we have used the form factor as input.  

 

The dashed lines in figure 5 are the theoretical structure factor calculated with the 

persistence length of the 17.5 nm. The pronounced deviations from the experimental 

and the theoretical data were obtained at the concentration above 2.5 g/l and it 

demonstrates the concentration dependent conformation change was observed. The 

solid lines represent the modeling of the data with the concentration dependent 

persistence length of polymer brush. Alternative persistence lengths were used for the 

solid lines in the figure 5 is as follows at different concentration of the solution. The 

used persistence lengths for the solid lines at different concentration were as follows 

(6.45 g/l-13 nm; 14.45 g/l-9 nm; 40.59 g/l- 5 nm). Increase in concentration above 2.5 

g/l leads to the decreasing of the persistence length from the 17.5 nm to the 5 nm. It is 

due to the increase of the concentration leads to the softening of the stiffness of flexible 

cylindrical brushes5 due to the excluded volume interaction with the other polymer 

brushes. 

 

Chapter 3.1 and 3.2 shows the dynamic properties of the polymer brushes are 

calculated by using the dynamic light scattering and depolarized dynamic light 

scattering. No contributions from the rotation, bending and stretching to the dynamics 

have been found. The slow mode and fast modes in translation diffusion were observed 

at high concentration regime. Moreover at the dilute concentration regime we have 

determined the hydrodynamic radius of 39 nm calculated from the measured 

translational diffusion coefficient using the Stokes Einstein relation.  
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Figure 5. The structure factor S(q) calculated experimentally for four different 

concentrations of (circles – 2.5 g/l, squares- 6.45 g/l, triangles 14.45 g/l, filled 

circles 40.59 g/l ). The dashed lines represent the structure factors as obtained 

from the PRISM integral equation theory with the counter length of the 380 nm 

and persistence length of 17.5 nm). The solid lines represent the structure factors 

as obtained from the PRISM integral equation theory and using the 

concentration-dependent persistence lengths. 

 

Kinetics of formation of mesoglobules by thermosensitive dendronized 

polymers. 
 

Chapter 3.3 shows the thermodynamic transition of the dendrons from coil to 

globule due to thermosensitive etoxy terminated oligoethyleneoxide (OEO) second 

generation dendrons9. The transition was investigated by using the dynamic light 

scattering. Also we calculated the kinetics of formation of the mesoglobule with the 

time and compared with the theoretical models10,11 . 
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The change in hydrodynamic radius at different heating and cooling cycles 

measured with the solution concentration of 0.016 wt-% of the dendronized polymer 

was shown in figure 4. Initially at the room temperature the particles are having the 

hydrodynamic radius of the 18 nm. The chains shrink with increase in temperature 

before reaching the LCST temperature of 35 °C with the small change of the 

hydrodynamic radius from 18 nm to 16 nm. Further increase of the solution temperature 

with the rate of 0.1° C/min leads to sudden jump of the hydrodynamic radius from 16 

nm to 317 nm. The size of the mesoglobule is constantly increased with increase in 

temperature till the solution temperature of 40 °C. At all the temperatures the local 

equilibrium state was found with steady hydrodynamic radius. But after 40 °C further 

increase in solution temperature lead to shrinkage of the mesoglobule hydrodynamic 

radius from 600 nm to 450 nm result to form the well defined monodisperse aggregates. 

Cooling the solution temperature follow on the dissociation of the mesoglobule to the 

individual chains. Apparently no hysteresis was found. The inset of the figure 7 shows 

the particles size distribution at different temperature conditions calculated by CONTIN 

2DP program. The higher heating rate of 1° C/min also leads to the well defined 

mesoglobule however size of the mesoglobule is smaller in size compare to the  

0.1 °C/min.  
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Figure 7. Hydrodynamic radius Rh of the dendronized polymer PG2(ET) as a function 

of temperature. The solution (0.016 wt-%) was heated from 20 °C to the temperature 

indicated in the graph. Heating and cooling was done using rates of 0.1 °C/min and 1 

°C/min, respectively. The inset shows the corresponding particles size distribution at the 

heating and cooling rate of 0.1 °C/min calculated from CONTIN fits at 25 °C and 40 °C 

and again at 25 °C after cooling to the respective temperature. Higher concentration 

leads to the increase of the aggregate size at 40°C. However the size merges to common 

size of the 500 nm at 50 °C. Also the LCST depends slightly on the solution 

concentration.  

 

Further the kinetics of the formation of the mesoglobule investigated by using the 

time resolved dynamic light scattering measurements. The analysis of the complete 

coagulation aggregation kinetics was done with the approach followed up by Wagner 

and coworker10. The change of the hydrodynamic radius with time at different 

temperature above then LCST temperature was measured and normalized with initial 

hydrodynamic radius. At different temperature conditions reducing the time t using the 

characteristic time for Brownian aggregation tp as a fit parameter yields a master curve. 
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For t/tp ≤ 10 the early stage single polymer chains begin to merge into clusters. At 10 ≤ 

t/tp ≤100, all data points measured at different temperatures fall onto one master curve. 

Obviously, the mesoglobule formation can be accurately described by this cluster-

cluster aggregation approach in this intermediate stage. The slope is related to the 

fractal dimension of the aggregates df. In our case the slope is compatible with the 

established value 1.86 for the DLCA. Beyond t/tp ≥ 100, however, the growth rate of the 

aggregates rapidly slows down as the globules become stable. The Brownian 

aggregation time tp for the formation of the mesoglobules in this intermediate stage is 

decreasing with increasing temperature. This clearly indicates that the formation of 

aggregates at high temperatures is much faster compared to low temperature conditions. 

 

Solution dynamics of thermosensitive microgel 
 

Chapter 3.4 shows the solution dynamics of the thermosensitive microgel and their 

shape fluctuations studied by using the polarized and depolarized dynamic light 

scattering.12,13 The studied microgel consists of polystyrene solid core and the 

thermosensitive shell of poly(N-isopropylacrylamide) (P-NIPA) with and without 

palladium nanoparticles14. The solution dynamics mainly translational and rotational 

dynamics are investigated to understand the shape fluctuations of the microgel with and 

without embedded metal nanoparticles at the different temperature conditions.  

 

With increase in the temperature the thermosensitive shell undergoes volume 

transition at the temperature of 32 °C resulting to decreasing the hydrodynamic radius15. 

These shape fluctuations of the core shell microgel lead to a significant optical 

anisotropy to give finite depolarized signal. We found out that embedding the 

nanoparticles to the microgel network only weakly influences the dynamics of these 

core shell microgel particles.  

 

The auto correlation function of depolarized dynamic light scattering16 g(2)
VH (q,t) is 

sum of two discrete exponentially decay functions. Where the slow relaxation mode 

characterizes the translational diffusion coefficient and the faster relaxation is 

correspond to the rotational diffusion and shape fluctuations. Whereas for the polarized 

dynamic light scattering autocorrelation function have the slow mode single exponential 
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decay. The corresponding translational (DT) and rotational diffusion (DR) coefficient of 

the spherical particles given by  
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=
           (7) 

Where T is the temperature, KB is the Boltzmann constant, a is the particle 

hydrodynamic radius, η is the viscosity and α =1 for the hard sphere. 

 

At the temperature above than the 45 °C the shell is completely collapsed and the 

microgel behaves like as hard sphere. Depolarized dynamic light scattering (DDLS)17 

measurements given very good photon counts (IVH) and also results the good intensity 

auto correlation. From the determined translational diffusion coefficient and rotational 

diffusion coefficient the hydrodynamic radius is calculated with α=1. The full 

agreement between the experimental and the theoretical approach was obtained with the 

hydrodynamic radius of 78 nm. But at the room temperature conditions of 25 °C the 

shell is completely swollen and it is not perfect hard sphere and the additional dynamics 

results from the shape fluctuations. In figure 8 shows the depolarized dynamic light 

scattering intensity (IVH) autocorrelation function as the function of time at the 

temperature of 25 °C. The corresponding auto correlation function was analyzed by 

using CONTIN regularization algorithms to determine the decay time.  
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Figure 8. Intensity autocorrelation functions obtained by DDLS  for the microgel 

having Pd nanoparticles at 30°(O) to 60°(∆) at 25 °C. And the corresponding 

distribution function analyzed by using CONTIN fit. For the sake of clarity only two 

autocorrelations are displayed.  

 
At room temperature the DDLS intensity correlation functions fit well only at α=1.6 

with the hydrodynamic radius of the 115 nm. The pronounced deviations from the 

theoretical model of the fast mode (dotted line) with α =1 is clearly visible in fig 8b. 

This clearly indicates that swollen microgel at 25 °C exhibit the additional dynamics 

resulting from the shape fluctuations. The value of α (deviations from hard sphere 

model) was increasing with decreasing the temperature. At the 15 °C the value of the α 

parameter is of 2.5 with the hydrodynamic radius of the 128 nm and rotational diffusion 

coefficient of 168 s-1. It clearly explains the interplay between the shape fluctuations 

and rotational motion of the deformable objects which profoundly affects their 

dynamics. 
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The following publications and manuscripts are enclosed in this Ph.D. 

thesis: 

 
 “Softening of the Bottle brush polymers by mutual Interaction” 

Bolisetty, S.; Airaud, C.; Xu, Y.; Müller, A.H.E.; Harnau, L.; Rosenfeldt, S.; 
Lindner, P.; Ballauff, M.; Phys. Rev. E., 2007, 75, 040803. 
 

  “Interaction of the Cylindrical Bottlebrush polymers in dilute and 

semidilute solution”  

Bolisetty, S.; Rosenfeldt, S.; Rochette, C.; Harnau, L ; Lindner, P.; Xu, Y.; 

Müller, A.H.E.; Ballauff, M.: has been accepted at Colloid and Polymer science, 

2009, 287, 129   

 

 

 “Formation of the stable Mesoglobules by thermosensitive Dendronized 

polymers” 

Bolisetty, S.; Schneider, C.; Zhang, A.; Li, W.; Schlüter, D.; Ballauff, M.;  

Written in the form of a manuscript and to be submitted under this title 

 

 “Coupling of the rotational motion and the shape fluctuations of the tunable 

core-shell microgels”  

Bolisetty, S.; Hoffmann, M.; Hellweg, T.; Harnau, L.; Ballauff, M. has been 

accepted Macromolecules, 2009, 42, 1264 . 
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The following publications have been additionally published 

within the scope of my Ph.D. thesis: 
 “Manipulating cylindrical polyelectrolyte brushes on the nanoscale by 

counterions Collapse transition to helical structures” 

Xu, Y.; Bolisetty, S.; Dreschler, M.; Yuan, J.; Ballauff, M.; Müller, A.H.E.; 

Softmatter, 2009, 5, 379.  

 

 “Water-Soluble Organo-Silica Hybrid nanowires”  

Yuan, J.; Xu, Y.; Walther, A.; Bolisetty, S.; Schumacher, M.; Schmalz, H.; Ballauff, 

M.; Muller, A.H.E.; Nature materials, 2008, 7, 679 

  
 “pH and Salt Responsive Poly(N,N-dimethylaminoethyl methacrylate) 

Cylindrical Brushes and their Quaternized Derivatives ”  

Xu, Y.; Bolisetty, S.; Dreschler, M.; Yuan, J.; Ballauff, M.; Müller, A.H.E,; 

Polymer, 2008, 49, 3957. 

 

 “Double Grafted Cylindrical Brushes: Synthesis and Characterization of 

Poly(lauryl methacrylate) Brushes ” 

Xu, Y;Becker, H; Yuan, J; Burkhardt, M; Zhang, Y; Walther, A; Bolisetty, S; 

Ballauff, M; Müller, AHE,: Macromol. Chem. Phys., 2007, 208, 1666. 

 

 “Interparticle spacing for the surface modified gold nanoparticle aggregates” 

Basu, S.; Pande, S.; Jana, S.; Bolisetty, S. ; Pal, T. ; Langmuir , 2008, 24, 5562. 

 

 “Switching the Morphologies of cylindrical Polycataion brushes by Ionic and 

Supramolecular Inclusion Complexs” 

Xu, Y.; Bolisetty, S.; Ballauff, M.; Müller, A.H.E.; Submitted to J. Am. Chem. 

Soc.,2009, 131, 1640  

 

 “Salt –induced Aggregation of Polyelectrolyte-amphiphilic Dendron Complexes 

in THF Solutions” 

Zhang, X.; Bolisetty, S.; Wang, Y.; Lu, Y.; Ballauff, M.; Wang. W.; Accepted  

Langmuir 2009, 25, 2075. 
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2.2 Individual Contribution to Joint Publications 
 

The publications/manuscripts, which are presented in the dissertation, were obtained 

in cooperation with other co-workers in different departments. My contributions to each 

publication are specified below. 

 

Chapter 3.1. 
This work has been published with the title “Softening of the Bottle brush 

polymers by mutual Interaction”by Bolisetty, S.; Airaud, C.; Xu, Y.; Müller, A.H.E.; 

Harnau, L.; Rosenfeldt, S.; Lindner, P.; Ballauff, M.; in Phys. Rev. E., (2007), 75, 

040803.  

 I have performed all the scattering experiments (SLS, DLS, SANS, SAXS) and 

analysis of the formfactor and structure factor characterization. 

 Youyong Xu from Macromolecular Chemistry II, synthesized TBA bottle brush. 

 Dr. Ludger Harnau performed the theoretical analysis of the structure factors by 

using PRISM model. 

 Airaud Cedric and Dr. Sabine Rosenfeldt helped me for the interpretation of 

scattering data.  

 Prof. Matthias Ballauff and Prof. Axel H. E. Mueller contributed to the 

discussion. 

 

Chapter 3.2. 
This work with the title “Interaction of the Cylindrical Bottlebrush polymers in 

dilute and semidilute solution” by Bolisetty, S.; Rosenfeldt, S.; Rochette, C.; Harnau, 

L ; Lindner, P.; Xu, Y.; Müller, A.H.E.; Ballauff, M.: has been accepted Colloid and 

Polymer science (DOI: 10.1007/s00396-008-1962-3) 

 I have performed all the scattering experiments (SLS, DLS, SANS, SAXS) and 

analysis of the scattering data. 

 Youyong Xu from Macromolecular Chemistry II, synthesized TBA bottle brush. 

 Dr. Ludger Harnau performed the theoretical analysis of the structure factors by 

using PRISM model. 

 Christope Rochette and Dr. Sabine Rosenfeldt helped me for the interpretation 

of scattering data.  
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 Prof. Matthias Ballauff and Prof. Axel H. E. Mueller contributed to the 

discussion. 

 
 
Chapter 3.3. 

This work with the title “Formation of the stable Mesoglobules by 

thermosensitive Dendronized polymers” by Bolisetty, S.; Schneider, C.; Zhang, A.; 

Li, W.; Schlüter, D.; Ballauff, M:  to be submitted 

 I have performed all the dynamic light scattering measurements and kinetic 

measurements. 

 Dr. Afang Zhang from ETH, Zurich synthesized dendronized polymer brush. 

 Christian Schneider helped me for interpretation of the kinetic measurement 

data. 

 Prof. Matthias Ballauff and Prof. Dieter Schlüter contributed to the discussion 

 
Chapter 3.4. 

This work with the title “Coupling of the rotational motion and the shape 

fluctuations of the tunable core-shell microgels” by Bolisetty, S.; Hoffmann, M.; 

Hellweg, T.; Harnau, L.; Ballauff, M. Macromolecules, 2009, 42, 1264. 

 I have performed all the depolarized and polarized dynamic light scattering 

measurements. 

 Dr. Ludger Harnau performed the theoretical analysis of the light scattering 

autocorrelation functions 

 Prof. Matthias Ballauff, Martin Hoffmann and Prof. Thomas Hellweg 

contributed to the discussion. 
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Softening of the stiffness of bottle-brush polymers by mutual interaction
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Pfaffenwaldring 57, D-70569 Stuttgart, Germany

4Institut Laue-Langevin, B. P. 156X, 38042 Grenoble CEDEX 9, France
�Received 21 December 2006; published 30 April 2007�

We study bottle-brush macromolecules in a good solvent by small-angle neutron scattering �SANS�, static
light scattering �SLS�, and dynamic light scattering �DLS�. These polymers consist of a linear backbone to
which long side chains are chemically grafted. The backbone contains about 1600 monomer units �weight
average� and every second monomer unit carries side chains with approximately 60 monomer units. The SLS
and SANS data extrapolated to infinite dilution lead to the form factor of the polymer that can be described in
terms of a wormlike chain with a contour length of 380 nm and a persistence length of 17.5 nm. An analysis
of the DLS data confirms these model parameters. The scattering intensities taken at finite concentration can be
modeled using the polymer reference interaction site model. It reveals a softening of the bottle-brush polymers
caused by their mutual interaction. We demonstrate that the persistence decreases from 17.5 nm down to 5 nm
upon increasing the concentration from dilute solution to the highest concentration �40.59 g/ l� under consid-
eration. The observed softening of the chains is comparable to the theoretically predicted decrease of the
electrostatic persistence length of linear polyelectrolyte chains at finite concentrations.

DOI: 10.1103/PhysRevE.75.040803 PACS number�s�: 61.25.Hq, 61.12.�q, 61.41.�e

If polymeric side chains are grafted to a flexible or rigid
polymer backbone, a cylindrical bottle-brush polymer results
�1–7�. The main feature of these polymers is a marked stiff-
ening of the main chains �see, e.g., the discussion in Refs.
�5–7��. It has been demonstrated theoretically and by com-
puter simulations that this stiffening is due to a balance of
the repulsive forces originating from a steric overcrowding
of the side chains and the entropic restoring force of the main
chain �8�. The analysis of bottle-brush polymers by small-
angle neutron scattering �SANS�, small-angle x-ray scatter-
ing �SAXS�, and static light scattering �SLS� in dilute solu-
tion has supported this picture by showing that these
macromolecules exhibit a wormlike conformation �5–7�.
However, up to now most studies on bottle-brush polymers
in solution have focused on the dilute regime and conforma-
tional ideality has been assumed. That is, the intramolecular
pair correlations are presumed to be independent of polymer
concentration and can be computed based on a chain model
that only accounts for intramolecular interactions between
monomers. However, this assumption can fail upon increas-
ing the polymer concentration because the polymers begin to
interpenetrate leading to a medium-induced interaction be-
tween two monomers of individual polymers. As a result the
persistence length is expected to decrease with increasing
polymer concentration in the semidilute solution regime.
Such concentration-dependent conformational changes of
chain molecules have been investigated theoretically for se-
midilute solutions of bottle-brush polymers �9�, dense poly-
mer solutions and melts �see, e.g., �10–14��, and semiflexible

chain polyelectrolyte solutions �see, e.g., �15–21��. Here we
present a systematic experimental and theoretical study of
concentration-dependent conformational changes of bottle-
brush polymers which elucidates the importance of the
medium-induced interaction on soft materials such as poly-
mers. We demonstrate that mutual interaction between the
bottle-brush polymers leads to a significant reduction of their
stiffness in solution.

Figure 1 displays the repeating unit of the polymer under
consideration. This polymer has been synthesized by a
“grafting form” method and composed of poly�2-
hydroxyethylmethacrylate� backbone grafted with poly�
t-butyl acrylate� chains. Details of the synthesis and the char-
acterization have been reported in Ref. �22�. SANS measure-
ments of dilute solutions of the bottle-brush polymer in deu-
terated tetrahydrofurane �THF� were performed at the
beamline D11 of the Institut Laue-Langevin in Grenoble,
France. The incoherent contribution to the measured intensi-
ties has been determined at the highest scattering angles and
subtracted in order to obtain the coherent part. In all cases
absolute intensities have been obtained. Details of the data
evaluation may be found in Refs. �23,24�.

Without loss of generality, the measured scattering inten-
sity I�q ,�� as a function of the magnitude of the scattering
vector q= �q� � and the volume fraction of the solute � can be
rendered as the product of a form factor P�q� and a structure
factor S�q ,�� according to

I�q,�� = �����2VpP�q�S�q,�� , �1�

where Vp is the volume of the solute per particle and ��
= �̄−�m is the contrast of the solute resulting from the differ-
ence of the average scattering length density �̄ and the scat-

*Electronic address: Matthias.Ballauff@uni-bayreuth.de;
harnau@fluids.mpi-stuttgart.mpg.de
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tering length density �m of the solvent �see Refs. �23,24� and
further citations given there�. From these definitions the vol-
ume fraction � follows as �=cv̄, where c is the weight con-
centration of the dissolved polymer and v̄ is its specific vol-
ume in the respective solvent. The latter quantity can be
obtained precisely from density measurements of dilute so-
lutions �v̄=1.10±0.02 cm3/g�. These data also serve for the
calculation of ��=−5.67�1010 cm−2. Figure 2 displays
SANS data obtained for various concentrations of the bottle-
brush polymer dissolved in deuterated tetrahydrofurane. Ad-
ditional investigations were done by static light scattering in
order to explore the region of smaller q values. These data
have been used to obtain the molecular weight of the bottle-
brush polymer.

For sufficiently small volume fractions �, the structure
factor S�q ,�� can be expanded according to �24�

1/S�q,�� = 1 + 2Bapp� + O��2� , �2�

where Bapp is the apparent second virial coefficient. Hence
Eq. �2� suggests to plot � / I�q ,�� vs � for all q values under
consideration. The inset of Fig. 2 displays such a plot using
the concentration c instead of the volume fraction �. Straight
lines are obtained allowing us to extrapolate the measured
intensity to vanishing concentration. The open squares in
Fig. 2 show the data obtained from this extrapolation to-
gether with the form factor obtained from the Pedersen-
Schurtenberger model 3 �25� which includes the effect of
excluded volume �see also the discussion of this problem in
Ref. �7��. The scattering intensity extrapolated to vanishing
concentration is well described by the model of the wormlike
chain. We obtain the contour length L=380 nm and the per-
sistence length lp=17.5 nm. The radius of cross section of

the chains follows as 5 nm. Static light scattering leads to a
weight-average molecular weight of 7.41�106 g/mol. To-
gether with the weight-average degree of polymerization de-
termined from the precursor polymer a molecular weight
M0=4600 g/mol of the repeating unit results. Assuming a
length of the repeating unit of 0.25 nm this would lead to a
mass per unit length ML of 18.400 g/mol/nm. Estimates of
ML using the Holtzer plot �see, e.g., Ref. �7� and further
literature given there� lead to a value of approximately
19.000 g/mol/nm. Hence the length of the repeating unit is
approximately 0.24 nm which is slightly smaller than the
calculated value of 0.25 nm. A similar finding was reported
recently by Zhang and co-workers �7�. Moreover, we have
determined the contribution to the scattering intensity due to
thermal fluctuations of the side chains.

We now turn our attention to the analysis of the scattering
intensities taken at finite concentration. The form factor P�q�
determined by extrapolating I�q ,�� to vanishing concentra-
tion is used to calculate S�q ,�� according to Eq. �1�. Figure
3�a� displays the experimental data obtained for four differ-
ent concentrations. A quantitative understanding of correla-
tions and interactions between various colloidal and poly-
meric species can be achieved using the well-established
techniques of liquid-state theory. The polymer reference in-
teraction site model �PRISM� integral equation theory has
been successfully applied to various systems, such as rodlike
viruses �26�, platelike colloids �27� and dendrimers �23�,
flexible polymers �28�, and mixtures of spherical colloids
and semiflexible polymers �29�. Within the PRISM theory
the structure factor S�q ,�� reads
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mer consisting of a poly�2-hydroxyethylmethacrylate� �p-HEMA�
backbone and poly�t-butyl acrylate� �p-TBA� side chains. The re-
peating units carrying the side chains alternate statistically with
unsubstituted repeating units. The average number of repeating
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FIG. 2. Absolute scattering intensities I�q ,�� of bottle-brush
polymer solutions normalized to their volume fraction �. The open
squares and the upper line represent the intensity extrapolated to
vanishing concentration and the calculated form factor of a worm-
like chain, respectively. The solid symbols denote the measured
intensities for four bottle-brush polymer concentrations �circles, c
=2.40 g/ l; triangles, c=6.45 g/ l; squares, c=14.35 g/ l; diamonds,
c=40.59 g/ l�. The four lower lines represent the corresponding in-
tensities as obtained from the polymer reference interaction site
model �PRISM� integral equation theory �Eqs. �3� and �4�� and
taking into account the softening of the bottle-brush polymers �see
Figs. 3�a� and 3�b��. The inset shows the extrapolation of the mea-
sured intensities to vanishing concentration according to Eqs. �1�
and �2� for four scattering vectors: down triangles, q=0.15 nm−1;
circles, q=0.12 nm−1; up triangles, q=0.08 nm−1; squares, q
=0.04 nm−1.
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S�q,�� = 1 + �h�q,��/„VpP�q,��… , �3�

where P�q ,�� is the Fourier transform of the sum of the
intramolecular two-point correlation functions for a given
volume fraction �. In the limit �→0 this function reduces to
the form factor P�q�� P�q ,�→0�. The total correlation
function h�q ,�� describes correlations between different
bottle-brush polymers, and is given by the generalized
Ornstein-Zernike equation

h�q,�� = P2�q,��c�q,��/„1 − �c�q,��P�q,��/Vp… , �4�

where c�q ,�� is the direct correlation function. This equation
is solved numerically together with the Percus-Yevick clo-
sure taking steric interactions into account �27�.

In Fig. 3�a� the experimental structure factor S�q ,�� is
compared to the results of the integral equation theory for the
PRISM. We have used the form factor P�q� �see the upper
curve in Fig. 2� as input into the generalized Ornstein-
Zernike equation, i.e., P�q ,��= P�q� in Eqs. �3� and �4�.
With increasing bottle-brush polymer concentration the inte-
gral equation results �dashed lines� and the experimental data
�symbols� deviate. The comparison of the calculated struc-
ture factors with the experimental data demonstrates that the
concentration-independent persistence length lp=17.5 nm
and the form factor P�q� may be used as input into the gen-
eralized Ornstein-Zernike equation only for very low con-
centrations of the bottle-brush polymers �c�2.5 g/ l�. For
higher concentrations marked deviations are found indicating
that this approach is no longer valid.

An alternative way of modeling these data is to consider a
concentration-dependent persistence length of bottle-brush
polymers and hence a concentration-dependent intramolecu-
lar correlation function P�q ,�� as input into Eqs. �3� and �4�.
The results for the structure factors as obtained from the
PRISM integral equation theory and using concentration-
dependent persistence lengths are in agreement with the ex-
perimental data both for S�q ,�� �solid lines in Fig. 3�a�� and
I�q ,�� �four lower solid lines in Fig. 2�. The dependence of
the persistence length on concentration shown in Fig. 3�b� is
reminiscent of the behavior of the predicted persistence
length of polyelectrolytes �see Fig. 3 in Ref. �15� and Fig. 4
in Ref. �20��. Although the bottle-brush polymer solutions
under consideration and the theoretically investigated poly-
electrolyte solutions distinctly differ from each other, there is
a significant overlap between them, namely the change of the
shape of the polymers upon varying the concentration. More-
over, Fig. 3�b� demonstrates that the concentration depen-
dence of the calculated radii of gyration �30�

rg = �Llp/3 − lp
2 + 2lp

3/L − 2�1 − e−L/lp�lp
4/L2 �5�

is in agreement with scaling considerations.
In addition to static properties we have investigated dy-

namic properties of the bottle-brush polymers using dynamic
light scattering �DLS�. The measured time-dependent scatter-
ing intensity is a single exponential function of time for con-
centrations c�2.5 g/ l signaling pure translational diffusion
of the polymers. No contributions of internal modes such a
rotation, bending, or stretching to the dynamics have been
found. We have determined the hydrodynamic radius Rh
=39±2 nm from the measured translational diffusion coeffi-
cient. In order to understand the dynamic properties of the
bottle-brush polymers at low concentrations it is instructive
to compare the measured hydrodynamic radius with the re-
sults for a semiflexible chain model which has been used to
interpret quasielastic neutron and dynamic light scattering
measurements on various natural and synthetic macromol-
ecules �30� and wormlike micelles �31�. The numerical
evaluation yields Rh=38.5 nm which is comparable with the
experimentally determined value. Moreover, we have calcu-
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FIG. 3. �a� The structure factor S�q ,�� determined experimen-
tally according to Eq. �1� for four concentrations �with the same
symbol code as in Fig. 2�. The dashed lines represent the structure
factors as obtained from the PRISM integral equation theory �Eqs.
�3� and �4�� and assuming a concentration-independent shape of the
bottle-brush polymers. The solid lines represent the structure factors
as obtained from the PRISM integral equation theory and using the
concentration-dependent persistence lengths shown in �b� with the
same symbol code �solid circle, triangle, square, and diamond�. For
reasons of clarity, the upper three data sets in �a� have been shifted
up. For c=2.40 g/ l the dashed and solid curve coincide because the
same persistence is used for both curves. The open squares in �b�
denote two low concentrations which have been used for the ex-
trapolation to infinite dilution as mentioned above. The radii of
gyration as obtained from Eq. �5� are indicated in �b� by the stars.
The upper dashed and dotted lines of slopes c−1/8 and c−17/56, re-
spectively, represent two asymptotic scaling regimes �9�.
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lated the dynamic form factor and we have found that inter-
nal modes do not contribute to the dynamic form factor for
the scattering vectors used in the light scattering experi-
ments. However, internal modes do contribute for stiffer
polymers confirming our findings concerning the stiffness of
the bottle-brush polymers.

Figure 4 demonstrates that the measured cooperative dif-
fusion coefficient D��� �solid circles� increases upon in-
creasing the bottle-brush polymer concentration due to an
increasing restoring force for concentration fluctuations. We
have solved the equation dI�q ,� , t� /dt=−��q ,��I�q ,� , t�
for the time-dependent scattering intensity I�q ,� , t�, where
the decay rate ��q ,�� depends on the solvent of the viscos-
ity and the static scattering intensity I�q ,�� �see Ref. �28� for
further details�. As before in the case of the static correlation
functions we have found that the cooperative diffusion coef-
ficients D���=limq→0��q ,�� /q2 as obtained from the equa-
tion for the time-dependent scattering intensity and using
concentration-dependent persistence lengths �solid line in
Fig. 4� are in better agreement with the experimental data
than the corresponding ones using the concentration-
independent persistence length lp=17.5 nm �dashed line in
Fig. 4�. In addition we have observed experimentally a slow
diffusive process at higher concentrations �open circles in

Fig. 4� which might be associated with long-range concen-
tration fluctuations.
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Abstract We present a systematic study of flexible
cylindrical brush-shaped macromolecules in a good solvent
by small-angle neutron scattering (SANS), static light
scattering (SLS), and by dynamic light scattering (DLS)
in dilute and semi-dilute solution. The SLS and SANS data
extrapolated to infinite dilution lead to the shape of the
polymer that can be modeled in terms of a worm-like chain
with a contour length of 380 nm and a persistence length of
17.5 nm. SANS data taken at higher polymer concentration
were evaluated by using the polymer reference interaction
site model (PRISM). We find that the persistence length
reduce from 17.5 nm at infinite dilution to 5.3 nm at the
highest concentration (volume fraction 0.038). This is
comparable with the decrease of the persistence length in

semi-dilute concentration predicted theoretically for poly-
electrolytes. This finding reveals a softening of stiffness of
the polymer brushes caused by their mutual interaction.

Keywords Cylindrical polymer brushes .

Softening of polymers . SANS . DLS . PRISM

Introduction

If polymeric side chains are grafted to a polymer backbone,
a cylindrical polymer brush results [1–3]. In recent years,
these polymers have become the subject of intense
experimental and theoretical research interest by a broad
variety of methods [4, 5]. The main feature of cylindrical
brushes is a marked stiffening of the main chains. It has
been shown theoretically and by computer simulations [6]
that this stiffening is due to a balance of repulsive forces
originating from a steric overcrowding of the side chains
and the entropic restoring forces of the main chain. The
analysis of cylindrical brushes by small-angle neutron
scattering (SANS) [7, 8], small-angle X-ray scattering
(SAXS) [9] and static light scattering (SLS) [10] in dilute
solution has demonstrated that these macromolecules
exhibit a worm-like conformation that may be approximat-
ed by a cylinder if the length of the brush is not too large.
This is in qualitative agreement with studies of the contour
length and end to end distance of individual brush
molecules in the dried state by atomic force microscopy
(AFM) [11]. Up to now, most studies on cylindrical brushes
in solution have been conducted in the dilute regime.
Recently, Rathgeber et al. [10] reported the formation of
ordered structures of dissolved brushes at intermediate
concentrations. However, still higher concentrations lead to
the disappearance of the ordered phase and thus to a
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reentrant isotropic phase. The authors explained this by a
screening of the excluded volume interaction when the
polymers start to overlap. However, no quantitative
explanation was given.

The central question of this investigation is the interplay
between the interaction and the stiffness of the brushes in
dilute and semi-dilute solution. Following the decrease of
the persistence length by mutual interaction, we aim at a
general discussion of concentration-dependent conforma-
tional changes of chain molecules. The decrease of the
persistence length by mutual interaction has first been
discussed for cylindrical brushes by Borisov et al. in 1987
[12]. For polyelectrolytes in solution, Stevens and Kremer
demonstrates that an increase of the concentration must lead
to a decrease of the persistence length [13]. Cylindrical
polymer brushes offer the possibility to study the softening
of the stiffness in a neutral system. Scattering methods
allows in situ studies and therefore give access to this
important problem related to polymer solutions. A quanti-
tative understanding of the correlations and interaction of
polymeric species can be achieved using the polymer
reference interaction site model (PRISM) integral equation
theory. Here we use the PRISM theory to model the
interaction of cylinder brushes at finite concentrations.

Recently, we investigated a worm-like polymer brush
near the overlap concentration and detected a softening of
the bottle-brush at high concentrations due to mutual
interaction with the other brushes [14]. Here we give a full
account of this work.

Figure 1 displays the chemical structure of the polymer
studied here. The brush was synthesized by a “grafting from”
method and composed of poly(2-hydroxyethylmethacrylate)
(P-HEMA) backbone grafted with poly(t-butyl acrylate)(P-

TBA) chains. The weight average number of repeating units
in the main chain is 1,600 with a polydispersity index of
MW/Mn=1.06. Due to the initiator efficiency of approxi-
mately 0.5 only every second repeating unit carries a side
chain containing ca. 61 units. Thus, the brush is a statistical
copolymer of units with side chains (ca. 780) and units
without side chains (ca. 820). Hence, we deal with a rather
sparse brush system as opposed to dense brushes in which
each repeating unit carries a side chain. The details of the
synthesis have been reported in reference [4].

The article is organized as follows: first we present a
characterization of the brush macromolecules in dilute
solution in order to characterize its molecular structure and
bare persistence length measured at infinite dilution. Next,
more concentrated solutions will be analyzed. The interaction
between the brushes will be modeled using the PRISM
integral equation theory. In the third section the dynamic
properties of the polymer brushes will be considered.

Experiment

Small-angle neutron scattering

The poly(t-butyl acrylate) brush was synthesized by
“grafting from” route via atom transfer radical polymeriza-
tion leading to a (poly 2-hydroxyethylmethacrylate) back-
bone partially grafted with poly(t-butylacrylate) (P-TBA)
side chains. Details have been reported before [3–5, 14].
Deuterated tetrahydrofuran (THF-d8, Fluka, deuteration
degree 99.9%) was used as received. The partial specific
volume of the polymer was determined using a DMA-60-
densitometer (Paar, Graz, Austria) to v ¼ 1:10 (±0.02) cm3/g.
All SANS data were obtained using the instrument D11 of
the Institute Laue-Langevin (ILL) in Grenoble (France). The
wavelength of the incident neutrons was 0.6 nm and the
sample-detector distances were set to 1.1, 5, and 20 m. In
order to obtain the radial averaged intensities in absolute
scale, the data were treated by the use of the software
provided at the instrument. For all data sets, the rates of
incoherent scattering caused mainly by the protons were
determined at high scattering angle, set as a constant and
subtracted from the crude data. Further treatment was done
according to references [15, 16].

Light scattering

The polymer brush was dissolved in THF (Sigma Aldrich)
leading to a concentration range of 1.5 g/L to 7.0 g/L. The
solutions are filtered into dust-free optical cells using
0.45 μm PTFE filters. The light scattering experiments
were carried out by using the ALV/DLS/SLS-5000 compact
goniometer system equipped with a He-Ne laser (l=

Fig. 1 Chemical structure of the investigated cylindrical polymer
brush consisting of a poly(2-hydroxy-ethylmethacrylate) (P-HEMA)
backbone grafted with poly(t-butyl acrylate)(P-TBA) chains. The
repeating units carrying side chains (ca. 780) alternate statistically
with unsubstituted repeating units (ca. 820). The weight average
number of repeating units per side chain is 61
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632.8 nm). For each solution simultaneous dynamic light
scattering (DLS) and static light-scattering (SLS) measure-
ments were performed (three runs of 600 s, angles changing
from 30° to 150° with an angular step width of 10°). The
refractive increment dn/dc of the solution was measured
using a DnDc2010 device supplied by Polymer Standards
Service to 0.063±0.002 ml/g. For depolarized dynamic
light scattering (DDLS) measurements a Glan-Thomson
polarizer with an extension coefficient better than 10–5 was
used. The light scattering data were analyzed according to
the CONTIN method using standard ALV software.

Theoretical basis

Small-angle neutron scattering and light scattering deter-
mine the intensity I(q,�) as a function of the scattering
vector q and the volume fraction � of the dissolved objects.
The absolute value of the scattering vector is given by q=
|q|=(4πn/l)sin(θ/2) in which n is the refractive index of
the medium, λ is the incident wavelength, and θ is the
scattering angle. For the systems under consideration the
scattering intensity may be rendered as [17]

I q; fð Þ ¼ f $rð Þ2VpP qð ÞS q; fð Þ þ fIfluc qð Þ: ð1Þ

The form factor P(q) is determined by interference
effects between radiation scattered by different parts of
the same particle. Consequently, this scattering intensity
describes the shape of the particle with volume Vp. The
degree of local order in the sample is given by the structure
factor S(q,�) which is related to the mutual interactions
between different particles. Δρ denotes the excess scatter-
ing length density between the solute and the solvent.
Finally, the contribution to the scattering intensity due to
density fluctuations of the polymer chains is denoted by
Ifluc(q). This contribution becomes only important for high
scattering vectors.

For dilute solutions, the dependence of the structure
factor S(q,�) on the volume fraction � (�=c/ρT, ρT is the
density of the particle and c is the weight concentration of
the dissolved polymer) may be expressed in a virial series
by [15, 17–20]

1

S q; fð Þ ¼ 1þ 2Bapp qð Þfþ O f2
� �

: ð2Þ

The apparent second virial coefficient Bapp(q) includes
the effective diameter of interaction deff and the particle
volume Vp. The apparent second virial coefficient is an
explicit function of q [15, 17–19]

Bapp qð Þ ¼ 2pd3eff
3Vp

1� 1

10
d2effq

2 þ O q3
� �� �

: ð3Þ

In the limit of vanishing scattering vector Bapp(q)
reduces to its thermodynamic limit, the second virial
coefficient. Thus, the effective diameter deff gives the
balance of both repulsive and attractive interactions
between the solute molecules [15, 19].

With complete generality, I(q,�) may be approximated in
the region of small q by Guinier’s law [17]

I q; fð Þ qRg <<1; f ! 0�!fVp Δrð Þ2 exp � R2
g

3
q2

 !
ð4Þ

where Rg is the radius of gyration. Rg depends on the excess
scattering length density Δρ.

The scattering intensity of randomly orientated, non-
interacting cylindrical objects can be approximated by the
product of an infinitely thin rod and a factor which is due to
the finite diameter of the chain [17]. At sufficiently high
scattering angles this approximation is given by [17]

I q; fð Þ � fIfluc qð Þ �!qRg >> 1
p Δrð Þ2f Vp

qL
exp � 1

2
R2
cq

2

� �

ð5Þ

Here the radius of gyration perpendicular to the chain
axis is denoted as Rc. From the particle volume Vp the
molecular weight MW can be obtained by Vp=MW/NA/ρT
(NA is Avogadro’s number). The division of the molecular
weight MW by the total length L leads to the mass per unit
length ML.

Thus, the forgoing consideration suggest the following
way to determine the overall structure of the isolated
polymer brush: At first, the data measured at finite
concentration are extrapolated to vanishing concentration
by use of Eqs. 2 and 3. After subtraction of the scattering
contribution due to thermal fluctuations of the side chains
the scattering intensity of a single particle P(q) results and
the worm-like shape of the investigated polymer brushes
can be confirmed. Finally, the structure factor S(q,�)
obtained according to Eq. 1 can be compared to
calculations done within the frame of the PRISM
approach.

Results and discussion

Analysis of the particles in dilute solution

The present analysis rests on precise measurements of
I(q,�) at different concentrations. The set of data obtained
for different concentrations are displayed in Fig. 2 together
with the result of the extrapolation to vanishing concentra-
tion which includes SANS and SLS data.
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For the sake of clarity not all data taken at low
concentration are shown in the graph. As expected, all
measured SANS intensities as the function of concentration
differ strongly at low q but superimpose at intermediate and
high q values. The suppression of the intensity near q=0
(correlation hole effect) affects more than one order of
magnitude. This point directly to the effect of mutual inter-
action of the polymer brushes. Evidently, non-negligible
interaction starts at much lower volume concentrations than
measured, e.g. below �=0.001. The extrapolation to
vanishing concentration is done separately for each q value
as suggested by Eq. 2 (see Fig. 2 inset). Due to statistical
problems and low concentrations a linear extrapolation is
used. Since we aim at the limits of vanishing q values, the q
range accessible by SANS was not sufficient. Hence, static
light scattering was used to obtain data at smallest q values
possible in order to supplement the analysis by SANS.

Having extrapolated I(q,�)/� to � =0, Eq. 3 may be
used to determine the effective diameter deff of interaction.
Figure 3 shows the apparent virial coefficient Bapp(q) in
the dilute regime as obtained by SLS and SANS as
function of q2. The data agree within the given limits of
error. Figure 3 clearly demonstrates that Bapp(q) strongly
depends on the scattering angle as expected. The effective
diameter deff can be calculated from the slope of the linear
regression to deff=64±10 nm.

Figure 4 displays the intensity, extrapolated to vanishing
concentration for the entire q range available by the
combination of SLS and SANS. In general, the side chains
of the polymer brushes exhibit density fluctuations that will
give an additional scattering contribution at large q values (cf.
Eq. 1). The rather flat region at small q in Fig. 3 is due to the
fact that the intensity must follow Guinier’s law (Eq. 4) in this
regime. The radius of gyration resulting from Guinier’s law
follows as Rg=53 nm and the molecular weight MW is found
to be 7.41×106 g/mol. Together with the weight-average
degree of polymerization Pw=1,600 of the main chain this
leads to an average molecular weight of the repeating unit of
M0=4,600 g/mol. Note that this is the average of all repeating
units of which only ca. 50% carry side chains (cf. Fig. 1).

Further, Fig. 4 demonstrates that the scattering intensity
is dominated by an additional contribution at q>0.8 nm−1.
The contribution due to internal density fluctuations may be
approximated by [7]

Ifluc qð Þ ¼ ab
sin m tan�1 qb*ð Þ½ �
mqb* 1þ q*2b

h im=2 ð6Þ

with

q*b ¼ qx

erf qRc

� ffiffiffi
6

p� �� �3 andm ¼ 1

ub
� 1 ð7Þ

where υb is the Flory exponent, a measure of the fractal
dimension, erf denotes the error function. The amplitude ab
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Fig. 2 Influence of concentration on the absolute scattering intensities
I q; fð Þ=f. a: I q; fð Þ f= as function of q. Parameter of the different SANS
curves is the volume fraction (top to bottom φ =0.000, 0.002, 0.006,
0.013, and 0.038). The extrapolation to φ=0.000 includes the SLS data
(filled squares). Inset Determination of S q; fð Þ from the dilute regime by
extrapolation for different q values (top to bottom: q=0.027 nm−1,
0.021 nm−1, 0.016 nm−1, and 0.010 nm−1). Here SLS data are shown
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Fig. 3 Apparent second viral coefficient Bapp(q) of the polymer brush
in the dilute regime as determined by SLS (circles) and SANS
(inverted triangles). The effective diameter deff deriving from the
linear regression results as ca. 64 nm
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is the scattering due to thermal fluctuations relative to the
amplitude of the contribution resulting from the overall
shape. Ifluc(q) is also called blob scattering [7]. The dashed
line in Fig. 4 displays the fit according to Eq. 6. The best
description fitting Eq. 6 to the experimental data base on a
radius of gyration of the cross section Rc of 5.0 nm, a
correlation length (blob size) ξ of 1.0 nm and the Flory
exponent υb of 0.6. The value υb is very close to the
theoretical result expected from perturbation calculations
for flexible cylinders with excluded volume interactions,
which is 0.588.

The corrected intensity thus obtained can now be used to
estimate the mass per unit length ML and the cross-sectional
radius of gyration Rc (see discussion of Eq. 5). Figure 5
displays the respective plot. The q range in which Eq. 5 can
be applied safely is rather small. However, the accuracy is
sufficient to estimate ML to 19000 g/Mol/nm. If the length
of the repeating unit would be 0.25 nm as expected for
vinylic chains, ML follows from the degree of polymeriza-
tion of 1,600 and the molecular weight of the repeating unit
M0 (see above) to 18400 g/Mol/nm. The slightly higher
value of ML (19000 g/Mol/nm), however, points to a length
of the repeating unit of ca. 0.24 nm. We admit that this
value is affected by a significant error. Nevertheless a
similar shortening of the repeating unit was found recently
by Zhang and coworkers [8]. Up to now, the origins of this

effect are not fully clear. The cross-section radius of
gyration Rc of ca. 5.4 nm is afflicted by a big error around
15% (cf. Fig. 5).

The investigated polymers can be described as flexible
cylinders with a circular cross-section and a uniform
scattering length density. Thus, for the interpretation of
the scattering intensity at vanishing concentration, we used
the empirical equations for semiflexible polymer chains
with excluded volume interaction derived by Petersen and
Schurtenberger (model 3 of reference [21]). The model is a
parameterization of Monte Carlo simulations of a discrete
representation of the worm-like chain model of Kratky and
Porod applied to the pseudo-continuous limit. For details
see Eqs. 3, 26, and 27 in the original reference [21]. The
parameters of the model are the cross-sectional radius Rc,
the contour length L (total length) and the persistence
length lp. The contour length is described as a chain of
some number of locally stiff segments of length lp. Hence,
this value is a measure for the stiffness of the chain.
Polydispersity of the cross-section is included using a
Schulz–Zimm distribution. The comparison of the experi-
mental data to the model is shown in Fig. 6.

The scattering intensity extrapolated to vanishing con-
centration is well-described by this model using 5.0 nm as
radius of the cross-section as suggested by the fit of the
blob scattering. The contour length results as 380 nm and
the persistence length as 17.5 nm. The contour length is
comparable with the contour length of 384 nm calculated
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Fig. 4 Scattering intensity I q; fð Þ fVp Δrð Þ2
	 
.

in the limit of
vanishing concentration before (open symbols) and after (filled
symbols) subtraction of scattering contributions due to fluctuations
(blob scattering). The circles denotes the values obtained by SLS and
the inverted triangles the ones obtained from SANS. The dashed line
corresponds to the blob scattering (Eq. 6). The forward scattering
according to Guinier’s law (Eq. 4) is given by the full line
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Fig. 5 Plot of the normalized scattering intensity scattering according
to Eq. 5 for the determination of the mass per unit length ML and the
cross-sectional radius of gyration Rc. The measured intensity is
corrected to the blob scattering. From the linear relationship Vp and
thus ML and Rc are obtained
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from degree of polymerization and the length of the
repeating unit of 0.24 nm.

Intermolecular pair correlation

We now turn our attention to the analysis of the scattering
intensities taken at finite concentration. One can calculate
structural properties of interacting polymer brushes using
generalized Ornstein–Zernike equations of an interaction
site integral equation theory. Spatial pair correlations of a
polymer brush solution are characterized by a set of
intermolecular site–site total correlation functions hij(r,�),
where the indices i and j run over interaction sites on each
of two brush polymers. These functions are related to a set
of intermolecular site–site direct correlation functions
cij(r,�) by the generalized Ornstein–Zernike relations of
the reference interaction site model [22]. This set of
generalized Ornstein–Zernike equations must be supple-
mented by a set of closure relations. If the interaction sites
are simply the centers of exclusion spheres, to account for
steric effects, a convenient closure is the Percus–Yevick
approximation [22]. The reference interaction site model
has been proved to be a successful theory of the pair
structure of many molecular fluids [23]. In the case of
macromolecular and colloidal systems, with very large
numbers of interaction sites, the number of coupled
Ornstein–Zernike equations becomes intractable, and a
considerable simplification follows from the assumption

that the direct correlation functions cij(r,�) are independent
of the indices i and j. This leads to the polymer reference
interaction site model theory first applied by Schweizer and
Curro to long flexible polymers [24]. PRISM neglects end
effects in that case. The resulting single generalized
Ornstein–Zernike equation of the PRISM reads

h q; fð Þ ¼ P2 q; fð Þc q; fð Þ
1� f

VP
c q; fð ÞP q; fð Þ ; ð8Þ

where h(q,φ) and c(q,φ) are particle-averaged total and
direct correlation functions, respectively. P(q,φ) is the
Fourier transform of the sum of the intramolecular two-
point correlation functions for a given volume fraction φ. In
the limit φ→0 this function reduces to the form factor
P(q)≡P(q,φ →0). Eq. 8 is solved numerically together with
the Percus–Yevick closure taking steric interactions into
account. Within the PRISM theory the structure factor
S(q,φ) reads

S q; fð Þ ¼ 1þ fh q; fð Þ
VpP q; fð Þ : ð9Þ

The scattering intensity I(q,�) is calculated according to
Eq. 1 with S(q,�) as input. The PRISM integral equation
theory has been successfully applied to various systems,
such as rod-like viruses [25], plate-like colloids [26],
dendrimers [16, 20], and nanoparticles [27], flexible
polymers [28], mixtures of spherical colloids and semiflex-
ible polymers [29], polyelectrolyte brushes [30]. Moreover,
it has been demonstrated that the simpler PRISM theory
yields results in good agreement with the more elaborate
reference interaction site model calculations for lamellar
colloids [31].

In Fig. 7 the experimental scattering intensity I(q,�) is
compared to the results of the integral equation theory for
the PRISM. We have used the form factor P(q) calculated
for a worm-like chain of length L=380 nm und persistence
length lp=17.5 nm as input into the generalized Ornstein–
Zernike equation, i.e., P(q,�)=P(q) in Eqs. 8 and 9. For the
sake of clarity the scattering intensities related to different
volume fractions have been shifted vertically in Fig. 7.
With increasing volume fraction the integral equation
results (long dashed lines) and the experimental data
(symbols) deviate. The comparison of the calculated
scattering intensities with the experimental data demon-
strates that the persistence length, lp=17.5 nm, and the form
factor P(q) may be used as input into the generalized
Ornstein–Zernike equation only for very low volume
fractions of the polymer brushes � ≤0.002. For higher
volume fractions marked deviations are found indicating
that this approach is no longer valid.

An alternative way of modeling these data is to consider a
volume fraction-dependent persistence length of polymer
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Fig. 6 Comparison of the experimental data extrapolated to zero
concentration to the model of flexible cylinder with a circular cross
section. The measured scattering intensity is corrected to the blob
scattering. Parameters of the fit are: L=380 nm, Rc=5.0 nm (σ =30%),
and lp=17.5 nm
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brushes and hence a volume fraction-dependent intramole-
cular correlation function P(q,�) as input into Eqs. 8 and 9.
Here P(q,�)=P(q,�,lp,L) is the form factor of a semi-flexible
polymer chain that depends on both the contour length L and
the persistence length lP [21]. The results for the scattering
intensities as obtained from the PRISM integral equation
theory using volume fraction-dependent persistence lengths
are in agreement with the experimental data for I(q,�)
(solid lines in Fig. 7). For comparison, the short dashed
lines in Fig. 7 depict the modeling of the experimental data
assuming a solution of noninteracting polymer brushes
characterized by S(q,�)=1 in Eq. 1.

The dependence of the persistence length on the volume
fraction shown in Fig. 8 is reminiscent of the behavior of
the predicted persistence length of polyelectrolytes [13, 32].
Although the polymer brush solutions under consideration
and the theoretically investigated polyelectrolyte solutions
distinctly differ from each other, there is a significant
overlap between them, namely the change of the shape of
the polymers upon varying the volume fraction. The

essential features that determine the shape of these macro-
molecules are the following ones: (1) The bare main chain
molecules, i.e., without grafted side chains in the case of
the brushes and without charges in the case of the
polyelectrolyte chains, are rather flexible coils. (2) In dilute
solution, the macromolecules adopt a worm-like configura-
tion due to the steric interaction between the side chains in
the case of the polymer brushes and due to the electrostatic
repulsion in the case of the polyelectrolyte chains. (3) For
both systems the contribution of the intermolecular inter-
actions to the total free energy increases upon increasing
the volume fraction. In order to reduce this contribution a
softening of the stiffness of the macromolecules occurs
because for a flexible macromolecule the excluded volume
that is not available for the other macromolecules is smaller
than the corresponding one of a rigid macromolecule.

Within a self-consistent integral equation theory [32–39]
based on a variational method [39] the volume fraction-
dependent persistence length lp(�) can be obtained from the
self-consistent equation

G lp
�

fð Þ; lp 0ð Þ� � ¼
Z1

0

dq q2
W q; fð Þ
kBT

ZL

0

ds1

ZL

0

ds2 s1 � s2ð Þ2 exp � q2a s1 � s2; fð Þ
6

� �

ð10Þ
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Fig. 7 Measured scattering intensity of I q; fð Þ of polymer brush
solutions normalized to their volume fraction φ which increases from
top to bottom (φ =0.002, 0.006, 0.013, 0.038). The three lowermost
intensities are shifted down by a factor of 10, 100, and 1,000
respectively. The dashed lines represent the corresponding intensities
as obtained from the PRISM integral equation theory (Eqs. 8, 9 and 1)
and assuming a volume fraction-independent shape of the polymers.
The solid lines represent the scattering intensities as obtained from the
PRISM integral equation theory using the volume fraction-dependent
persistence lengths shown in Fig. 8 with the same symbol code (solid
circle, triangle, square and cross). For φ =0.002 the dashed and solid
curve coincide because the same persistence is used for both curves.
The short dashed lines represent the scattering intensity calculated
according to Eq. 1 with S q; fð Þ ¼ 1 for φ =0.002, 0.006, and 0.013
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Fig. 8 The volume fraction-dependent persistence lengths used in
the calculation of the scattering intensities shown by the solid lines
in Fig. 7 (with the same symbol code, i.e., solid circle lp=17.5 nm,
triangle lp=13.5 nm, square lp=9.55 nm, and crosses lp=5 nm). The
open squares denote two low volume fractions which have been used
for the extrapolation to infinite dilution

Colloid Polym Sci



with

W q; fð Þ
kBT

¼ � f
Vp

c2 q; fð Þ P q; fð Þ þ f
Vp

h q; fð Þ
� �

ð11Þ

and

a s; fð Þ ¼ 2lP fð Þ sj j � 2lP fð Þ2 1� exp � sj jð =lP fð Þð Þ: ð12Þ

The functional G[lp(�),lp(0)] is discussed in detail in
reference [39] and a schematic presentation of the medium-
induced interaction W(q,�) between two monomers of a
polymer due concentration fluctuations of the surrounding
polymers is given in Fig. 1 of reference [33]. Although the
Fourier transform of the sum of the intramolecular two-
point correlation functions P(q,�) and the particle-averaged
total correlation function h(q,�) of polymer brush solutions
and polyelectrolyte solutions differ from each other, the
persistence length may exhibit a similar volume fraction
dependence due to the fact that the term on the right-hand
side of Eq. 10 represents an integrated quantity. We have
confirmed this hypothesis by performing additional numer-
ical calculations for semi-flexible polyelectrolyte chains
within the PRISM integral equation theory.

It is worthwhile to mention that in the case of rather rigid
polymer brushes or polyelectrolyte chains an isotropic to
nematic phase transition occurs upon increasing the volume
fraction. In this case the contribution of the intermolecular
interactions to the total free energy is reduced due to
orientational order while the contribution of the orienta-
tional entropy to the total free energy is increased.

Finally we emphasize that our measurements corroborate
the softening of the stiffness of polymer brushes due to
mutual interactions predicted by Borisov et al. [12]. We
have demonstrated that the volume fraction dependence of
the radius of gyration Rg (see Eq. 4) is in agreement with
scaling considerations for polymer brush solutions [14]. A
similar decrease of the radius of gyration with increasing
volume fraction has also been measured for flexible
polystyrene chains in solution [40] and calculated for
neutral polymer chains modeled as pearl necklaces of freely
jointed tangent hard spheres [34, 41].

Dynamic properties

In addition to static properties we have investigated dynamic
properties of the polymer brushes using dynamic light
scattering and depolarized dynamic light scattering. The
measured time-dependent DLS intensity autocorrelation
function is a single exponential function of time for volume
fractions � ≤0.002 signaling pure translational diffusion of
the polymers. No contributions of internal modes such as
rotation, bending, or stretching to the dynamics have been
found. Hence, one may describe the experimental data in

terms of a decay rate Γ(q) according to Γ(q)=q2D, where D
is the translational diffusion coefficient of the polymer in
dilute solution. Figure 9 shows the measured decay rate
(CONTIN analysis) as a function of q2 for the volume
fraction � =0.002. The inset shows the CONTIN plots at 90°
scattering angle at various concentrations.

Moreover, we have determined the hydrodynamic radius
Rh=39±2 nm from the measured translational diffusion
coefficient using the Stokes–Einstein relation Rh=kBT/
(6πηD), where the temperature T and the viscosity η
characterize the solvent. It is instructive to compare the
measured hydrodynamic radius with the results for a
semiflexible chain model which has been used to interpret
quasi-elastic neutron and dynamic light-scattering measure-
ments on various natural and synthetic macromolecules such
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Fig. 9 Measured decay rate Γ(q)=q2D of the time-dependent
intensity autocorrelation function of the polymer brush in dilute
solution at the volume fraction �=0.002 as function of the square of
the scattering vector q2 (symbols). The resulting translational diffusion
coefficient D is given by D=1.1·10–11 m2/s (slope of the solid line).
Inset CONTIN plot at 90° scattering angle for �=0.002 (dashed line),
0.006 (symbols), and 0.009 (solid line)

Table 1 The experimental normalized diffusion coefficient
D exð Þ fð Þ�D 0ð Þ together with the theoretical calculations D thð Þ fð Þ�
D 0ð Þ according to Eq. 13 and using a volume fraction-dependent
shape of the polymer brush. An additional measured slow diffusive
process is characterized by the normalized diffusion coefficient
D slð Þ fð Þ�D 0ð Þ
� 0.006 0.008 0.01

D exð Þ fð Þ�D 0ð Þ 1.42 1.53 1.72
D thð Þ fð Þ�D 0ð Þ 1.49 1.64 1.85
D slð Þ fð Þ�D 0ð Þ 0.28 0.24 0.22
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as denaturated ovalbumin, DNA, F-actin [42], gellan [43],
polystyrene [44], xanthan [45], and worm-like micelles [46].
The numerical evaluation according to [42]

1

Rh
¼ 2 1þ

ffiffiffi
3

p
ffiffiffi
p

p
L

ZL

2R

ds
L� s

a s; fð Þ exp � 3R2

2a s; fð Þ
� �0

@
1
A ð13Þ

yields Rh=38.5 nm which is comparable with the experi-
mentally determined value. In the calculations the contour
length L=380 nm, the persistence length lp=17.5 nm, and
the radius of the cross-section R ¼ ffiffiffi

2
p

Rc ¼ 7 nm have been
used. Moreover, we have calculated the full time-dependent
intensity autocorrelation function and we have found that
internal modes do not contribute for the scattering vectors
used in the DLS experiments. However, internal modes do
contribute for stiffer polymers confirming our findings
concerning the stiffness of the polymer brushes. The DDLS
intensity signal is too low to measure an intensity autocor-
relation function as expected for rather flexible worm-like
cylinders in contrast to rigid rods.

Finally, we study dynamic properties of the polymer
brushes at higher volume fractions. The time-dependent
scattering intensity may be written as

I q; f; tð Þ ¼ I q; f; 0ð Þ exp �* q; fð Þtð Þ ð14Þ

with the decay rate [47]

* q; fð Þ ¼ kBT

4p2h

Z1

0

dq1 q
2
1

I q1; fð Þ
I q; fð Þ

q21 þ q2

2q1q
log

q1 þ q

q1 � q

����
����� 1

� �
:

ð15Þ

The volume fraction-dependent diffusion coefficient D(φ)
can be calculated according to

D fð Þ ¼ lim
q!0

* q; fð Þ
q2

: ð16Þ

This diffusion coefficient increases upon increasing the
volume fraction of the cylindrical polymer brushes due to
an increasing restoring force for concentration fluctuations
as is illustrated in Table 1, where the calculated normalized
diffusion coefficient D(th)(�)/D(0) is shown together with
the corresponding measured diffusion coefficient D(ex)(�)/D
(0) for three volume fractions.

In the calculations according to Eqs. 15 and 16 the
volume fraction-dependent persistence lengths and the
corresponding static scattering intensities I(q,�) have been
used (solid lines in Fig. 7). The deviations between the
theoretical and experimental might be due to the fact that
the hydrodynamic interaction has been taken into account
in terms of the Oseen tensor in order to derive Eq. 15 [47].

Using the Rotne–Prager tensor [48] as a first correction
to the Oseen tensor will improve the results. However, we
emphasize that using the volume fraction-independent
persistence length lp=17.5 nm and the corresponding static
scattering intensities I(q,�) as input into Eqs. 15 and 16
does not lead to an agreement with the experimental data.
The calculated diffusion coefficients are larger than both the
experimental and theoretical values shown in Table 1. In
addition we have observed experimentally a slow diffusive
process at higher volume fractions D(sl)(�) in Table 1 which
might be associated with long-range concentration fluctua-
tions. The contribution of the slow mode to the time-
dependent intensity autocorrelation function increases upon
increasing the volume fraction as it is apparent from the
inset of Fig. 9.

Conclusion

We presented the full analysis of a cylindrical polymer brush
in the dilute and semi-dilute regime by a combination of
small-angle neutron scattering, static and dynamic light
scattering. At first, the limit of infinite dilution was established
by careful extrapolation to vanishing concentration. The
evaluation of the SANS data taken at finite concentration
then demonstrated that the persistence length is decreasing
from 17.5 nm (infinite dilution) to 5.3 nm at ca. 4 wt.%. This
finding is in full agreement with the analysis of the data
obtained by dynamic light scattering. The marked decrease of
the persistence length with concentration is hence comparable
to the decrease of this quantity of linear polyelectrolytes in the
same concentration regime.
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ABSTRACT 

We present a study on the formation of stable mesoglobules by a thermosensitive 

dendronized polymer in aqueous solution. The polymer consists of a poly(methacrylate) 

backbone (Mn = 0. 34 x 106, Mw = 1.1 x 106 g/Mol). Onto each repeat unit ethoxy-

terminated oligoethyleneoxide (OEO) dendrons of second generation are appended. The 

collapse of the dendronized chains well as their aggregation with increasing temperature 

is followed by monitoring the hydrodynamic radius Rh using dynamic light scattering. It 

is found that for dilute concentrations the size of the mesoglobules at 50° C only weakly 

depends on concentration. Moreover, no hysteresis of the formation of mesoglobules is 

found, that is, Rh is solely a function of temperature for both heating and cooling runs. 

The kinetics of the early stage of mesoglobule formation can be monitored by 

measurements of Rh as the function of time. It is modeled in terms of diffusion limited 

colloid aggregation (DLCA). In their final stage, the resulting mesoglobules present 

stable and well-defined entities. The origin of the stability that prevents further 

aggregation may be steric stabilization caused by the OEO dendrons located most 

probably on the surface of the globules. 

 

KEYWORDS; dendron, dendronized polymers, mesoglobule, dynamic light scattering, 

DLCA 
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INTRODUCTION 

 

Phase separation of polymers in poor solvents is among the classical subjects of 

polymer science.1 Homopolymers dissolved in a poor solvent will undergo phase 

separation below the theta-temperature leading to the formation of macroscopic phases. 

In an early stage of this process, the polymer chains will associate and form larger and 

larger globular structures. The process of association will continue until all globules 

have been associated to form a macroscopic phase. However, copolymers composed of 

hydrophilic repeat units together with a certain percentage of hydrophobic units can 

associate to an intermediate state termed mesoglobule.2,3 The resulting micelle-like 

structures have been intensively studied in the last years.4,5,6,7 It is now well-understood 

that the more hydrophilic parts will be located preferably at the periphery of the 

mesoglobule thus providing sufficient steric stabilization. The more hydrophobic parts 

will be buried inside of the globule thus preventing further aggregation. The formation 

of mesoglobules can be therefore compared with the folding transition of globular 

proteins.8 Given the considerable technological importance of thermoresponsive 

materials for applications such as sensors, drug delivery and catalysis it was an obvious 

next step to elucidate the formation of the mesoglobules in more depth. Light 

scattering9,10,11, differential scanning calorimetry12, fluorescence spectroscopy13,14 and 

turbidity studies15 have been successfully used as analytical tools to follow the process 

of the formation of mesoglobules. The kinetics of the globule formation is fairly well 

understood in terms of theoretical treatments16 and by Monte Carlo simulation.17 Thus, 

a multi-stage process for mesoglobule formation subdivided into nuclei formation, 

growth of the nuclei into clusters and cluster-cluster aggregation has been proposed to 

explain the formation of mesoglobules16. Using a stopped flow device and 
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fluorescence18, Liu et al. successfully identified the different stages during the formation 

of mesoglobules as proposed by theory. The influence of temperature on the 

mesoglobule formation was investigated in these experiments as well.18,19  

Recently we demonstrated that the thermoresponsive dendronized polymer PG2 

(Figure 1) undergoes a sharp, fast and fully reversible phase transition in aqueous 

solution at 36 °C.20 Moreover, it was shown by optical microscopy that this transition 

leads to the formation of globular structures in a surprisingly narrow size range of 3-4 

µm. However, given the techniques used in this study, only the later stage of the 

mesoglobule formation could be studied. Here we describe the study of the early stage 

of the coil-to-globule transition of dilute solutions of PG2. Using dynamic light 

scattering (DLS) we demonstrate that the association of the PG2 in aqueous solution 

leads to well-defined and stable mesoglobules. The kinetics of the cluster-cluster 

aggregation resulting in stable mesoglobules are described in terms of the model 

derived by Wagner and coworkers.24 
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Fig. 1: Chemical structure of ethoxy-terminated dendronized polymethacrylate PG2. 

The polymer’s lateral substituent has two consecutive branching points which explains 

why this polymer is referred to as second generation (G2).  

 

EXPERIMENTAL 

Materials: The details of the synthesis of PG2(ET) can be found in Ref.20 The degree 

of polymerization of the sample used here was Mn = 0. 34 x 106, Mw = 1.1 x 106 g/Mol. 

Dynamic light scattering: The light scattering experiments were carried out by using 

the ALV/DLS/SLS-5000 compact goniometer system with multiple tau digital 

correlator system, equipped with a He-Ne laser (λ = 632.8 nm). The temperature of the 

sample cell was maintained exactly by using program controlled thermostat within the 

error of 0.1 °C. The solutions are filtered into dust free optical cells using 0.2 µm nylon 

syringe filters. The normalized intensity correlation functions were evaluated using the 

CONTIN 2DP program. The hydrodynamic radius of the thermosensitive dendrons 

were calculated using the Stokes-Einstein relation at their corresponding temperature. 
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The time resolved aggregation kinetic measurements were performed at a scattering 

angle of 90° at regular interval of 10 sec.  

Aggregation Kinetics: In order to follow the aggregation in a quantitative manner, we 

measured the hydrodynamic radius Rh of the aggregates as a function of time. This 

procedure leads directly to the rate constant of binary collisions between the dissolved 

polymers if the concentration is low enough.21 Thus, Borkovec and coworkers were able 

to study the rate of duplet formation of latex particles with great precision.22,23
 However, 

we found that the process of aggregation is much to fast for the present system to be 

able to attain the regime in which aggregation has not proceeded much beyond the stage 

of dimerization. Hence, we use the approach devised by Wagner and coworkers24 which 

is valid at later time as well. It is based on earlier work by Lin and colleagues that 

considers the aggregation of spherical colloids in dilute suspension.25,26,27 In short, two 

limiting cases must be considered: In the Diffusion Limited Colloid Aggregation 

(DLCA) the particles do not repel each other. They stick to each other once they touch, 

that is, theory assumes that no disaggregation will occur. In the Reaction-Limited 

Colloidal Aggregation (RLCA) the particles have a weak but finite repulsive interaction 

that may be overcome by Brownian motion. In both cases, the aggregates have a fractal 

structure characterized by a fractal dimension df of the aggregates. For DLCA df equals 

1.86 whereas df = 2.1 results for the RLCA regime.26 The number of particles in an 

aggregate N is related to the radius of gyration Rg of the aggregates and single particle 

radius as:24 

 fd
g aRN )(=  (1) 

 

In case of DLCA, Wagner et al. have shown that for long aggregation times (t/tp >> 1) 

we have24 
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Here, tp is the Brownian aggregation time and df is the fractal dimension of the 

aggregate. The relationship between the radius of gyration and the hydrodynamic radius 

in case of DLCA can be calculated28 and eq. 2 leads to24 
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whereas Rh(t) is the hydrodynamic radius at time t and Rh,0 the initial particle 

hydrodynamic radius at time t = 0. In case of diffusion limited coagulation, von 

Smoluchowski29 has shown that the Brownian aggregation time tp is related to the 

aggregate number concentration C at time t and the initial particle concentration C0: 
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The initial particle concentration can be calculated using the particle volume fraction Φ 

and the initial particle radius a with C0 = 3Φ/4πa3. In a coagulation experiment, we 

approximate a as the initial hydrodynamic radius of the particles Rh,0. Following the 

arguments of von Smoluchowski, the coagulation rate constant for binary collisions in 

the DLCA regime results to k11,Sm = 8kBT/3η, where kBT denotes the thermal energy of 

the particles and η the viscosity of the solvent. Approximating k11 in eq. 4 by the von 

Smoluchowski rate constant k11,Sm and substituting C0 yields a theoretical Brownian 

aggregation time for DLCA tp,Sm = ηπRh,0 
3/ΦkBT. 

The foregoing approach suggests the following experiments: For a given polymer 

concentration, the analysis of the aggregation can be done by precise measurements of 

the hydrodynamic radius Rh as the function of time at a given temperature T. In the limit 
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of DLCA the ratio of Rh /Rh,0 as the function of time should be given by a power law as 

stated in equation 3. Therefore we can construct a master curve by reducing the 

aggregation time t with the Brownian aggregation time tp.
24 However, as is obvious 

from eq. 4, tp is a function of the initial particle concentration C0. Therefore, we 

normalize the Brownian aggregation time at each temperature T with its characteristic 

Brownian aggregation time in the DLCA regime tp,Sm. This approach thus yields the 

dimensionless stability parameter tp/tp,Sm. for different temperatures. This information 

leads to a quantitative description of the rate of aggregation in the limit of the DLCA. 

 

RESULTS AND DISCUSSION 

Dilute solutions containing 0.016 wt-% of the dendronized polymer PG2 were 

analyzed by dynamic light scattering at temperature 25 °C. Figure 2 shows the 

normalized intensity auto-correlation function measured at a scattering angle of 90°. 

The hydrodynamic radius was calculated using the Stokes-Einstein relation and the 

particle size distribution was determined using the CONTIN program. The inset of this 

figure shows the particle size distribution with an average size of 18 nm. Using the 

relative width of the peak we estimate the polydispersity of the particles which amounts 

to 1.2. Figure 2 therefore demonstrates that there is no association of polymer chains at 

lower temperatures and the aggregation starts from a well-defined solution state, that is, 

from single molecules. 
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Fig. 2: The intensity auto correlation function measured at 25 °C and 90° angle. The 

inset shows the particle size distribution calculated by using a CONTIN fit. 

Figure 3 displays the increase of the hydrodynamic radius with time if the sample is 

heated quickly from 25 °C to 35.3 °C (heating rate: 1 °C/min.). There is a strong 

increase of Rh which points to the rapid formation of aggregates. However, an Rh level 

off after ca. 1000 sec and a plateau value is reached. This situation remains stable for 

hours. It demonstrates that the polymer under consideration here forms well-defined 

mesoglobules in the size range of approximately 300 nm in radius.  
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Fig. 3: Hydrodynamic radius of the dendronized polymer after a sudden raise of the 

temperature from 25 °C to 35.3 °C (heating rate: 1 °C/min) using a polymer solution 

with a concentration of 0.016 wt-%. 

 

Figure 4 shows the hydrodynamic radius of the dendronized polymer in equilibrated 

states during several heating and cooling cycles. The solution was first heated slowly 

with a rate of 0.1 °C/min starting from 24°C until the temperature of 34.9°C was 

reached. First, the chains shrink as indicated by the small change in the hydrodynamic 

radius from 18 nm to 16 nm as shown in figure 4a. This is to be expected because the 

solvent quality deteriorates slowly when going from 24 °C to 34.9°C. However, a 

further raise of the solution temperature to 35°C results in a sudden increase of the 

hydrodynamic radius of the polymer particles to approximately 317 nm. This state is 

found to be stable and may thus be regarded as local equilibrium. The temperature was 

then raised further in small steps (0.3 °C) which resulted in even larger aggregates. Each 

state corresponds to a stable mesoglobule at the given temperature. Finally, between 38-

40 °C the aggregates reach a hydrodynamic radius of 600 nm, which remains constant 
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up to 50 °C. Raising the temperature further, the mesoglobules are found to shrink to 

well-defined, nearly monodisperse aggregates of approximately 450 nm, shown in the 

inset of fig. 4a.  
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Fig. 4: (a) Hydrodynamic radius Rh of the dendronized polymer PG2(ET) as a function 

of temperature. The solution (0.016 wt-%) was heated from 20 °C to the temperature 

indicated in the graph. The hydrodynamic radii were measured after equilibrium 

temperature had been reached at the given temperature. Heating and cooling was done 

using rates of 0.1 °C/min and 1 °C/min, respectively. The inset shows the corresponding 

particles size distribution at the heating and cooling rate of 0.1 °C/min calculated from 

CONTIN fits at 25 °C and 40 °C and again at 25 °C after cooling to the respective 

temperature. (b) Change of hydrodynamic radius with temperature at three different 

polymer concentrations. 
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The cooling is performed in the same way: we decrease the temperature at a rate of 

0.1°C/min. to the given temperature and then keep it constant until we reach a stable 

state of the aggregates. The cooling process was stopped at the same temperatures 

adjusted in the heating process before. In this way the measured hydrodynamic radii Rh 

obtained for heating and cooling could directly be compared. Here we find that Rh 

hardly depends on the process in which the temperature was reached. The 

heating/cooling cycle was repeated several times leading always to the same results. We 

also performed the heating experiment by using a higher heating rate of 1 °C/min. The 

triangles in figure 4a indicate that again well-defined aggregates were formed, size of 

which, however, was smaller than the size obtained at a slower heating rate (0.1 

°C/min). 

Figure 4 hence demonstrates that there is virtually no hysteresis between the cooling 

and heating process. This is remarkable since considerable hystereses is commonly 

observed for other systems. For example, Kujawa et al. found a marked hysteresis for 

mesoglobules formed by poly(N-isopropylacrylamide).5 Also Cheng et al. studying the 

association and dissociation of the same polymer in aqueous solution reported similar 

findings.7 They explained the hysteresis by assuming additional hydrogen bonds in the 

dense globule formed upon packing the chains in the globule. Such additional bonds 

resemble cross-linking points that render the globules more stable against dissociation. 

The absence of a hysteresis for the present system thus points to the absence of strong 

hydrogen bonding within the mesoglobule which is in agreement with the polymer’s 

chemical structure lacking any sites capable of hydrogen bond formation. 

 The apparent lower critical solution temperature (LCST) depends only slightly on 

concentration. Figure 4b shows the change of the hydrodynamic radius as a function of 

temperature depending on the concentration of the solution. For more highly 
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concentrated solutions, increasingly larger aggregates are formed which at 

approximately 50 °C merge to a common size of approximately 500 nm. The formation 

of stable mesoglobules of similar sizes seems to be a robust phenomenon that does not 

depend strongly on concentration.  

Figure 5 gives a schematic representation of the association and dissociation of 

PG2(ET) at different heating and cooling cycles. The chains contract until the LCST of 

35 °C is reached, when the formation of mesoglobules starts. The size of the stable 

mesoglobules depends on the heating rate. At high temperature conditions, we observe 

mesoglobules which are monodisperse, but somewhat smaller than at lower 

temperatures. The mesoglobules formed at a slow heating rate (0.1 °C/min) are larger 

than those at a fast heating rate (1°C). During the cooling cycle the mesoglobules 

completely dissociate back into individual polymer chains as is evident from Figure 4a. 

 

 

Fig. 5: Schematic representation of temperature dependent PG2(ET) association and 

dissociation at different heating and cooling cycles using two different heating rates 

(slow: 0.1 °C/min, fast: 1 °C/min). The PG2(ET) chains shrink up to 34 °C. Then 
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mesoglobule formation starts at the LCST of 35 °C. During the cooling cycle, the 

mesoglobules completely disaggregate back into individual polymer chains. 

 

In order to complement the investigation of the equilibrated states of PG2(ET) in 

solution, we also analyzed the process of mesoglobule formation at different 

temperatures by time resolved dynamic light scattering measurements.24 The analysis of 

the aggregation as the function of temperature was done at a low polymer concentration 

(0.016 wt-%.). First, the hydrodynamic radius Rh(t) is normalized to its initial value Rh,0 

at time t = 0 for different temperatures. Figure 6a displays Rh(t)/Rh,0 obtained from time-

dependent DLS measurements at different temperatures. For the sake of clarity only 

data for three different temperatures are shown. Obviously, Rh(t)/Rh,0 is rapidly 

increasing above the value of 1.38 for dimers.22,23 In order to apply the analysis of 

Borkovec and coworkers, aggregation must be restricted to the very early stage of 

aggregation where mostly dimers are formed, meaning and where Rh(t)/Rh,0 must remain 

below 1.38 in the DLS experiments.22,23 This state cannot be reached for the present 

system: Lowering the polymer concentration further would certainly lead to a regime 

where binary collisions prevail. In order to obtain a sufficient scattering intensity, 

however, the DLS measurements require a certain minimum concentration which is 

beyond this regime. 

Figure 6b focuses on the early time scale. Here we clearly observe that the 

dependence of Rh(t) on time t differs markedly with increasing temperature. Therefore 

the rate of aggregate formation differs at different temperatures. For high temperatures 

the rate of mesoglobule formation is much faster compared to low temperatures. In 

particular, Fig. 6 demonstrates that the rate of mesoglobule formation does not increase 

anymore when going from 38 to 40 °C. Hence, the diffusion-limited colloidal 
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aggregation is reached at 38°C. Below this temperature, not every collision can 

therefore lead to association. Hence, there must be a finite repulsion between the 

polymers or the clusters that only vanishes at 38 °C and above. Thus, the observations 

shown in Fig. 6b clearly demonstrate that there is a transition from the RLCA to the 

DLCA at 38°C which should be followed by a different fractal dimension df (see 

above). However, the present limits of error do not allow us to analyze a small change 

of the exponent. Hence, in what is to follow we give a simplified treatment in terms of 

the RLCA only. 
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Fig. 6: (a) Change in the hydrodynamic radius normalized with its initial radius as 

function of the time for the dendronized polymer at different temperature conditions. 

The concentration of the polymer was 0.016 wt-%. (b) Change in the hydrodynamic 

radius normalized with its initial radius at the early time scale.  

In the approach of Wagner et al.24 the Brownian aggregation time of the aggregates 

tp can be determined out of Rh(t)/Rh,0 at different temperatures according to eq. 3. 

Reducing the time t using the characteristic time for Brownian aggregation tp as a fit 

parameter yields a master curve for all measurements of Rh(t)/Rh,0 for a certain time 
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window as shown in fig. 7a: For t/tp ≤ 10 the data points do not fit on the master curve 

since in this early stage single polymer chains begin to merge into clusters. At 10 ≤ t/tp 

≤100, all data points measured at different temperatures fall onto one master curve. 

Obviously, the mesoglobule formation can be described by cluster-cluster aggregation 

approach in this intermediate stage. The slope of the dashed line in figure 7a is related 

to the fractal dimension of the aggregates df. In our case the slope is compatible with the 

established value 1.86 for the DLCA. However, the limits of error do not allow a more 

precise determination of the exponent from the present experimental data. 
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Fig. 7 (a): Master curve of the intermediate stage of aggregation: Here the data 

presented in fig. 6 are plotted according to eq. 3. The dashed line corresponds to the 

fractal dimension of the aggregates with df = 1.89. The inset of the figure shows the 

Brownian aggregation time tp used for the construction of the master curve at different 

temperatures. (b) The values of tp normalized with the von Smoluchowski fast 

coagulation time tp,Sm at the corresponding temperatures using eq 4. Three regimes can 

be discerned: For temperatures below 35°C, single chains are stable in solution. For 

temperatures 35°C < T < 38°C there is a cluster-cluster aggregation following the 
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RLCA. Finally, above 38°C the clusters are instable in the intermediate stage and their 

aggregation follows the DLCA. 

 
Beyond t/tp ≥ 100, however, the growth rate of the aggregates rapidly slows down as 

the globules become stable. In contrast to the situation encountered in the coagulation of 

destabilized colloidal particles22,23,24, aggregation comes to an end if a given size of the 

mesoglobules is reached. This findings points to an internal structure in which the 

stabilizing groups are located at the periphery of the globules.  

The values of tp used for the construction of the master curve are shown in the inset 

of figure 7a. The Brownian aggregation time tp for the formation of the mesoglobules in 

this intermediate stage is decreasing with increasing temperature. This clearly indicates 

that the formation of aggregates at high temperatures is much faster compared to low 

temperature conditions. Plotting the dimensionless parameter tp/tp,Smol. as a function of 

the solution temperature T clearly reveals two coagulation regimes (Fig. 7b): For 

temperatures T ≥ 38°C we find the diffusion limited coagulation regime. This indicates 

that no repulsive forces are left to stabilize the polymer particles and tp/tp,Sm. stays 

constant even if the temperature is further increased. For temperatures below 38°C we 

find that tp/tp,Sm. is increasing with decreasing temperature. In principle, tp/tp,Sm should be 

of the order of unity. However, due to the various approximations this ratio adopts a 

higher value. As the temperature of the solution is decreasing, the stability of the 

polymer particles increases until the LCST at 35 °C is reached, where the single chains 

of the dissolved polymer become thermodynamically stable.  

The temperature which separates the fast from the slow aggregation regime may be 

regarded as the critical aggregation temperature of the dendronized polymers. In case of 

PG2(ET), we find the critical aggregation temperature at approximately 38 °C. Thus we 
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have shown that the polymer particles turn from a stable solution to an instable state 

followed by aggregation in a total temperature range of approximately 3 °C. Moreover, 

Fig. 7b indicates the transition from the RLCA to the DLCA at 38°C. Hence, in a strict 

sense (see above), the exponent df should be higher when going from 35°C to 38°C. 

However, as already indicated above the experimental uncertainty of the present 

experimental data does not allow us to discern between different values of df.  

CONCLUSION 

We investigated the solution behavior of thermosensitive dendronized polymers 

(OEO) at different temperature conditions using dynamic light scattering. At 

temperatures higher than the LCST of 35°C, we observed a coil-to-mesoglobule 

transition of the polymer chains in solution. The resulting mesoglobules are stable and 

monodisperse. Upon cooling, the mesoglobules completely disassociate back into 

singular chains without any marked hysteresis. In dilute concentrations the equilibrium 

size of the mesoglobules is a function of the solution temperature. Also the equilibrium 

size of the aggregates in high temperature conditions above 50°C weakly depends on 

the polymer concentration. We showed that the intermediate stage of the formation of 

mesoglobules can approximately be described by a cluster-cluster aggregation model as 

devised by Wagner and coworkers.24 The master curve (see the discussion of eq.(3)) 

exhibits 3 different stages during the formation of mesoglobules: In a first stage single 

chains aggregate to form clusters. In the intermediate regime (5 ≤ t/tp ≤ 100), these 

cluster aggregate.24 Finally, aggregation stops when the mesoglobules have reached a 

certain size. To a certain extend, the formation of mesoglobules is reversible and may 

be compared to protein folding. Thus, there is a relation of the architecture of the 

dendronized polymer to its aggregation behavior. We plan to pursue this interesting 

relation in due course. 
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Abstract

The influence of shape fluctuations on deformable thermosensitive microgels in aqueous solution

is investigated by dynamic light scattering (DLS) and depolarized dynamic light scattering (DDLS).

The systems under study consist of a solid core of polystyrene and a thermosensitive shell of cross-

linked poly(N-isopropylacrylamide) (PNIPA) without and with embedded palladium nanoparticles.

PNIPA is soluble in water, but has a lower critical solution temperature at 32 oC (LCST). Below

the LCST the PNIPA shell is swollen. Here we find that besides translational and rotational

diffusion, the particles exhibit additional dynamics resulting from shape fluctuations. This leads

to a pronounced apparent increase of the rotational diffusion coefficient. Above the transition

temperature the shell collapses and provides a rather tight envelope of the core. In this state the

dynamics of the shell is frozen and the core-shell particles behave like hard spheres. A simple

physical model is presented to capture and explain the essentials of the coupling of rotational

motion and shape fluctuations.
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I. INTRODUCTION

In recent years, a lot of research has been focused on the preparation and investigation of

“smart” microgels consisting of a thermosensitive network of poly(N-isopropylacrylamide)

(PNIPA).1–7 Major incentives for this research were possible applications in catalysis,6

photonics8 or for the fabrication of responsive surface coatings.9 In particular, core-shell

particles consisting of a polystyrene core onto which a thermosensitive network is affixed

present well-defined model colloids and exhibit polydispersities below ± 6%.10–14 Hence,

besides their potential for applications these core-shell microgels are interesting model sys-

tems for studies of the flow behavior of concentrated colloidal suspensions.15,16 In this way

core-shell microgels have become one of the best-studied class of polymer colloids.

In aqueous media, PNIPA exhibits a lower critical solution temperature (LCST) of about

32 oC.17–21 Below this temperature the network is swollen by the solvent water whereas

water is expelled from the microgel above the lower critical solution temperature. Hence,

in the swollen state the PNIPA shell of the core-shell microgels is expected to have a rather

soft character. This implies the presence of network breathing modes in this state. Up

to now, there is evidence that the rheology of colloidal suspensions is strongly related to

the dynamic properties of these often deformable objects. An important example in this

context represents the flow of blood, containing deformable erythrocytes. Other important

examples are liquid droplets, emulsions, and vesicles. While experimental and theoretical

studies have been devoted to the understanding of the dynamics of bending modes,22–27 the

effect of shape fluctuations on the rotational diffusion coefficient of deformable objects has

not been investigated yet despite the importance of the rotational degree of freedom for

soft materials.28–31 Possible reasons may be sought in the lack of well-defined monodisperse

model systems that can be studied by suitable experimental techniques.

Here we study the translational and rotational motion of thermosensitive core-shell

microgel particles by depolarized dynamic light scattering (DDLS).32,33 The aim of the

present work is a better understanding of the coupling of rotational motion and shape

fluctuations. Microgels are highly suitable for the present study because these particles

have been extensively studied by scattering methods such as small-angle neutron scattering,

small-angle X-ray scattering, and light scattering.6,34–41 It has been demonstrated that

metal nanoparticles can be embedded in the network of the shell.6,42,43 These composite
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particles have a high catalytic activity that can be modulated by the volume transition

of the network.6,42 Moreover, recent work has shown that cryogenic transmission electron

microscopy (Cryo-TEM) is well suited to study the structure and the shape of these particles

in-situ:44,45 A thin film of the fluid dispersion containing the particles is shock-frozen and

subsequently analyzed by transmission electron microscopy (TEM), no staining or any

other preparatory step is necessary. Figure 1 shows typical cryo-TEM micrographs of dilute

suspensions of such core-shell particles. The core consisting of polystyrene and the shell

of cross-linked PNIPA is clearly visible. Figures 1 (a) and (c) display the bare particles

at different temperatures while Figure 1 (b) shows a core-shell system where palladium

nanoparticles are embedded in the shell.42,43 The shape of the core-shell microgels shown

in Figures 1 (a) and (b) is slightly asymmetric. This asymmetry can be traced back to

thermal fluctuations. Therefore, we expect the dynamic properties of the core-shell system

to be influenced by the shape fluctuations of the shell.

Depolarized dynamic light scattering (DDLS) is the method of choice for studying the

problem at hand since this technique simultaneously probes the translational and rotational

diffusion coefficient of optically anisotropic particles.32,33 DDLS has been applied to a

number of anisometric particles in dilute solution.46–49 In general, spherical particles should

not exhibit a signal in DDLS. However, the shape fluctuations of the core-shell microgels

that are visible as frozen anisometry in the Cryo-TEM micrographs (see Fig. 1) should

lead to an optical anisotropy of sufficient magnitude to give a finite depolarized scattering

signal in solution. In addition, even in the absence of these shape fluctuations network

inhomogeneities due to an anisotropic distribution of crosslinking points will give rise to an

additional contribution in the DDLS intensity autocorrelation function. This is observed

indeed. On the other hand, the average shape of the particles is still spherical and rather

simple models can still be applied. This conclusion can be derived from the fact that these

particles have the phase diagram of hard spheres.15,16

The paper is organized as follows: After the section Experimental we first give a brief

survey on the theory of DDLS and develop a general scheme for the evaluation of data. In

a second step we discuss the intensity autocorrelation functions for the microgels above and

below their transition temperature in terms of a slow and a fast relaxation rate, the latter

being related to the coupling of shape fluctuations and rotational motion. In the last section
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(a) (b) (c)

FIG. 1: CryoTEM micrographs of thermosensitive core-shell particles in aqueous solution. The

samples were maintained at 25 oC in (a), (b) and at 45 oC in (c) before vitrification. The dark core

consists of polystyrene and the corona of PNIPA cross-linked with N, N ′-methylenebisacrylamide.

In (b) palladium nanoparticles (black dots) are embedded in the PNIPA-shell.42,43 The scale bars

are 100 nm.

a simple statistical-mechanical model is presented that provides a qualitative explanation of

the experimental data.

II. EXPERIMENTAL

The synthesis and the characterization of the particles has been described previously.6,15,44

All solutions (0.05 wt %) were prepared in 0.05 M KCl to reduce electrostatic particle

interactions15,16 and filtered into dust free sample holders using 0.45 µm nylon filters.

All experiments were carried out using the ALV/DLS/SLS-5000 compact goniometer sys-

tem equipped with a He-Ne laser (λ = 632.8 nm). The scattering cells (10 mm cylindric

cuvettes, Hellma) were immersed in an index matching bath of cis-decaline which does not

change the polarization plane of the laser light as e.g. toluene. For the DDLS experiment,

the primary beam and the scattered light passed through a Glan-Thomson polarizer with an

extinction coefficient better than 10−5. The first polarizer guaranteed that mainly vertically

polarized light impinges on the sample and the orientation of a second polarizer (analyzer)

was carefully adjusted to a crossed position corresponding to the minimum scattered inten-

sity. All radii a of the particles given in the text were obtained by DLS.

4



III. INTENSITY AUTOCORRELATION FUNCTION

The theory of dynamic light scattering has been presented in various treatises.32,33 Hence,

we only review the equations necessary for this study. For an incident light wave traveling

in the x direction with a polarization vector in the z direction the intensity of the scattered

electric field can be written as

Is(q, t) = IV V (q, t) + IV H(q, t) , (1)

where the absolute value of the scattering vector q is given by q = |q| = (4πn/λ) sin(θ/2)

in which n is the refractive index of the medium. λ is the incident wavelength and θ is the

scattering angle. Pecora46,50 has given general expressions for IV V (q, t) and IV H(q, t) as

IV V (q, t)∼
∫

dr dr′ 〈αzz(r + r′, t)αzz(r
′, 0)〉 eiq·r , (2)

IV H(q, t)∼
∫

dr dr′ 〈αzy(r + r′, t)αzy(r
′, 0)〉 eiq·r , (3)

where αzz(r, t) and αzy(r, t) are the zz and zy elements of the fluid polarizability tensor.

Experimentally accessible quantities are the intensity autocorrelation functions g
(2)
V V (q, t)

using dynamic light scattering (DLS) and g
(2)
V H(q, t) using DDLS. For photon counts obeying

Gaussian statistics, the intensity autocorrelation functions are related to the electric field

autocorrelation functions g
(1)
V V (q, t) and g

(1)
V H(q, t) according to

g
(2)
V V (q, t) = 1 + fV V

(

g
(1)
V V (q, t)

)2

, (4)

g
(2)
V H(q, t) = 1 + fV H

(

g
(1)
V H(q, t)

)2

, (5)

where fV V and fV H are dependent on the scattering geometry and are usually treated as

adjustable parameters. The electric field correlation functions can be calculated for various

systems.

The core-shell particles in solution can change their position, orientation, and shape

randomly by thermal agitation. For a dilute solution containing noninteracting monodisperse

spherical particles of radius a the intensity autocorrelation functions are given by:

√

g
(2)
V V (q, t) − 1 = e−q2DT (a)t, (6)

√

g
(2)
V H(q, t) − 1 =

e−q2DT (a)t
(

B(q, a) + e−6DR(a,α)t
)

B(q, a) + 1
. (7)
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The translational and rotational diffusion coefficients read

DT (a) =
kBT

η

1

6πa
, (8)

DR(a, α) =
kBT

η

1

8πa3
α , (9)

where the temperature T and viscosity η characterize the solvent and α = 1 for hard

spheres. The parameter B(q, a) in eq 7 takes into account possible contributions of polarized

components to the intensity of the scattered light in the DDLS experiment due to a limited

extinction ratio of the polarizer as discussed below.

As a new feature of the present evaluation, we have introduced the parameter α in eq 9.

This parameter describes the difference of the real system from the hard sphere model, that

is, α = 1: If α = 1, the rotational diffusion as well as the translational diffusion is fully

described by a single parameter, namely the hydrodynamic radius a. If α 6= 1, the rotational

diffusion is coupled to an additional degree of freedom of the particle. Since DR(a, α) scales

with a−3, possible deviations may hence be determined by precise DDLS-measurements.

IV. RESULTS AND DISCUSSION

A. Microgels above the LCST

We first discuss the microgel particles at temperatures above the volume transition. Here

we expect the dynamics of the core-shell particles at T = 45 oC to be the same as those of

hard spheres because the shell is fully collapsed under these conditions and provides a rather

tight envelope of the core as is apparent from Figure 1 (c).44 The tight and nearly homoge-

neous shell visible above the transition temperature can be traced back to the fact that the

particles are synthesized at high temperatures (80 ◦C).10 It must be kept in mind that the

interaction between the particles becomes attractive above the transition temperature and

the particles may coagulate slowly.15 However, the small concentrations used in the present

DDLS experiments prevent this coagulation.

Figure 2 displays examples of measured and calculated intensity autocorrelation functions

of the core-shell particles containing palladium nanoparticles at T = 45 oC. In the calcula-

tions the model parameters η = 0.601 × 10−3 Ns/m2, a = 78 nm, and α = 1 have been used.

From both the translational and the rotational diffusion coefficient the same hydrodynamic
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FIG. 2: (a) [(b)] DLS [DDLS] intensity autocorrelation functions g
(2)
V V (q, t) [g

(2)
V H(q, t)] (symbols) of

the core-shell particles containing palladium nanoparticles at T = 45 oC (see Figure 1 (c)) together

with the calculated results for monodisperse hard spheres (lines) according to eqs 6 - 9 with

a = 78 nm and α = 1. In (a) and (b) the scattering angle θ increases from right to left.

radius of the microgel particles can be calculated (78 nm). The full agreement between the

experimental data and the calculated results demonstrates that the theoretical approach

according to eqs 6 - 9 for hard spheres is indeed appropriate for the microgel particles at

high temperature. Moreover, it indicates that the residual polydispersity does not disturb

the measurements.

B. Microgels below the transition

Figure 3 displays examples of measured and calculated intensity autocorrelation functions

of the core-shell particles containing palladium nanoparticles at T = 25 oC. In the calcula-

tions the model parameters η = 0.896 × 10−3 Ns/m2, a = 115 nm, and α = 1.6 have been

used. The radius agrees with the radius of the particles as obtained from the CryoTEM

micrographs shown in Figures 1 (a) and (b). However, it turned out that a value of α = 1.6
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FIG. 3: (a) [(b)] DLS [DDLS] intensity autocorrelation functions g
(2)
V V (q, t) [g

(2)
V H(q, t)] (symbols) of

the core-shell particles containing palladium nanoparticles at T = 25 oC (see Figure 1 (b)) together

with the theoretical results (lines) as obtained from eqs 6 - 9 with a = 115 nm and α = 1.6. In (a)

and (b) the scattering angle θ increases from right to left.

above unity had to be chosen in order to describe the experimental data. The value α = 1.6

found here indicates that the core-shell particles exhibit additional dynamics resulting from

the shape fluctuations shown in Figures 1 (a) and (b). The difference between the measured

DDLS data and the ones calculated from the hard sphere model increase upon decreasing

the temperature. This is illustrated in Table I, where the parameter α is presented for three

temperatures.

We have found that embedding nanoparticles in the network of the shell only weakly

influences the dynamics of the core-shell particles as is apparent from Fig. 4. In this figure

examples of measured DLS and DDLS intensity autocorrelation functions of the core-shell

particles without embedded palladium nanoparticles at T = 25 oC are shown together with

the theoretical results (lines) already used in Fig. 3 that refer to core-shell particles con-

taining palladium nanoparticles. Both measurements refer to the same temperature and

the comparison demonstrates that the embedded nanoparticles do not disturb the volume
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temperature T 45 oC 25 oC 15 oC

radius a [nm] 78 115 128

α 1 1.6 2.5

DR(a, α) [s−1] 611 192 168

TABLE I: The radius a of the core-shell particles containing palladium nanoparticles, the parameter

α, and the diffusion coefficient DR(a, α) as obtained from modelling experimental scattering data

in terms of eqs 6 - 9. Above the transition temperature T = 32 oC the dynamics of the core-shell

particles is the same as those for hard spheres (α = 1) because the shell provides a rather tight

envelope of the core (see Figure 1 (c)). Below the transition temperature the particles exhibit

additional dynamics resulting from shape fluctuations (α > 1 and see Figures 1 (a) and (b)).

t [ms]

g
(2

)
V

V
(H

)
(q

,t
)
−

1

0.0

0.5

1.0

10−2 10−1 100 101

θ = 60o (DLS)
θ = 70o (DDLS)

FIG. 4: Measured DLS (circles) and DDLS (diamonds) intensity autocorrelation functions g
(2)
V V (q, t)

and g
(2)
V H(q, t) of the core-shell particles without embedded palladium nanoparticles at T = 25 oC

(see Figure 1 (a)) together with the same theoretical results (lines) used in Fig. 3 for the core-shell

particles containing palladium nanoparticles at T = 25 oC.

transition of the thermosensitive network. No additional crosslinking or influence of the

nanoparticles on the polymer chains in the network is seen in full accord with previous

findings.42,43
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C. Slow and fast mode

The autocorrelation function

√

g
(2)
V H(q, t) − 1 in eq 7 is a sum of two discrete exponentially

decaying functions, where the slow relaxation mode characterizes translational diffusion

while the faster relaxation mode is related to rotational motion and shape fluctuations.

Hence, one may describe the experimental data in terms of a slow (Γslow) and a fast relaxation

rate (Γfast) according to

Γslow(q, a) = q2DT (a) , (10)

Γfast(q, a, α) = q2DT (a) + 6DR(a, α) . (11)

The slow mode is also characteristic for the single exponential decay of the autocorrelation

function

√

g
(2)
V V (q, t) − 1 in eq 6. Figure 5 shows the calculated relaxation rates as a function

of q2. The solid and dotted lines denote Γslow(q, a) and Γfast(q, a, α = 1), respectively,

where a = 78 nm at T = 45 oC in (a) and a = 115 nm at T = 25 oC in (b). The hard sphere

model, i.e., α = 1, is indeed appropriate for the microgel particles at T = 45 oC as discussed

above and apparent from a comparison of the calculated results (solid and dotted lines) with

the experimental data (symbols) in Figure 5 (a). The pronounced differences between the

calculated decay rates Γfast(q, a, α = 1) (dotted line) and the experimental data (circles) in

Figure 5 (b) are due to the shape fluctuations at T = 25 oC. Therefore, the value α = 1.6

(see Table I) has been used in computing the dashed line displaying Γfast(q, a, α = 1.6).

We emphasize that neither modeling the core-shell particles as hard nonspherical particles

such as ellipsoids or dimers nor taking into account the small size polydispersity of the par-

ticles or intermolecular interactions lead to an agreement with the experimental data. For

example, the corresponding diffusion coefficients of a hard dimer consisting of two identical

hard spheres of radius a are given by D
(dim)
T (a) = 0.718DT (a) and D

(dim)
R (a) = 0.265DR(a),

respectively.51 Hence, the ratio of the rotational diffusion coefficient to the translational dif-

fusion coefficient DR/DT is smaller for hard dimers than for hard spheres, while the opposite

behavior has been found for the core-shell particles below the transition temperature.

Size polydispersity of the particles leads to a considerably slower decay of the inten-

sity autocorrelation functions52 in comparison with both the corresponding autocorrelation

functions of a monodisperse system and the experimental data. Moreover, DT and DR

decrease with increasing volume fraction of hard spheres.49 Hence, this comparison demon-
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FIG. 5: Decay rates Γslow(q, a) (solid lines), Γfast(q, a, α = 1) (dotted lines), and Γfast(q, a, α = 1.6)

(dashed line) in (b) as calculated according to eqs 10 and 11. The squares and circles denote the slow

and fast relaxation rate, respectively, used to describe the intensity autocorrelation functions of the

core-shell particles containing palladium nanoparticles (see Figures 2 and 3) at T = 45 oC in (a) and

T = 25 oC in (b). The absolute value of the scattering vector is given by q = 26.45 sin(θ/2)µm−1,

where θ is the scattering angle. Hence, q2 = 618 µm−2 corresponds to θ = 140 o.

strates clearly that the dynamics of the core-shell particles below the transition temperature

cannot be explained in terms of a hard particle model.

Furthermore, the experimental results cannot be explained by using slip boundary con-

ditions (see, e.g., ref53) instead of the conventional stick boundary conditions which lead to

eqs 8 an 9. The translational diffusion coefficient of a sphere with slip boundary conditions

is increased by the factor 3/2 as compared to DT (a) in eq 8, while the rotational motion of

such a sphere does not displace any fluid, implying that DR(a) → ∞. Both results do not

agree with the experimental data.
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(a)
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FIG. 6: Illustration of the motion of a scattering unit (filled circle) on a PNIPA chain within

the shell of the core-shell particles, where the hatched region marks the core of the particles. The

scattering unit exhibits translational motion and rotational motion around the center of mass of the

particle in the case of a rather tight shell in (a), while there is an additional fluctuation dynamics

(fluct) due to internal degrees of freedom of the PNIPA chain if the shell is rather soft in (b).

D. Coupling of the shape fluctuations with rotational motion

In the following, we present a model that takes into account the influence of shape

fluctuations on the rotational motion of the particles. As is illustrated in Figure 6, the

motion of a scattering unit (solid circle) on a PNIPA chain within the shell of the particles

can be decomposed into various types of modes. If the shell provides a rather tight envelop of

the core, the scattering unit will exhibit translational motion and rotational motion around

the center of mass of the particle (Figure 6 (a)), that is, the particles will behave as hard

spheres without internal degrees of freedom. So above the LCST the DDLS signal will be

due to the inhomogeneity of the frozen polymer network. However, there is an additional

fluctuation dynamic (fluct; see Figure 6) due to internal degrees of freedom of the PNIPA

chain if the shell is rather soft (Figure 6 (b)).

In the following we shall discuss the coupling between the rotational dynamics and the

internal modes of the particles that come into play below the transition temperature. The

PNIPA chains are linear chain molecules which are described by a chain model for macro-
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molecules of variable stiffness54,55 that has been used earlier to discuss the dynamics of

polymers under the influence of various forces (see, e.g., refs56–59 and references therein).

It has been shown that the dynamics of individual PNIPA chains in dilute solution can be

interpreted in terms of a chain model of this type.60 We consider a continuous, differentiable

space curve r(s, t) inscribed into a sphere of radius a, where s ∈ [−a, a] is a coordinate along

the macromolecule and r(0, t) is the position vector of the center of the sphere (see Figure

6). The potential energy functional of the model reads54,55

Upot[r(s, t)] =
a

∫

−a

ds

[

νp(s)

(

∂r(s, t)

∂s

)2

+
ǫ

p(s)

(

∂r2(s, t)

∂s2

)2
]

+ν0

[

(

∂r(−a, t)
∂s

)2

+

(

∂r(a, t)

∂s

)2
]

, (12)

where 1/p(s) is a local correlation length characterizing the stiffness of the space curve

and ν0, ν, ǫ are Lagrange multipliers. In the limit p(s) → 0, the space curve describes a

rigid vector inscribed into a hard sphere which exhibits translational and pure rotational

Brownian motion. Internal fluctuation of the PNIPA chains are taken into account in terms

of p(s) 6= 0 for values of s inside the shell. The term with the first derivative in r(s, t)

captures the chain flexibility, i.e., it takes chain entropy into account. The term with the

second derivative accounts for bending stiffness and the last two terms are due to the broken

symmetry at the chain ends54. In order to gain analytical insight we consider the case that

the flexibility parameter p(s) does not depend on s, that is, p(s) = p. Applying Hamilton’s

principle we find the Langevin equation of motion along with the boundary conditions for

free ends,

3πη
∂

∂t
r(s, t) − 2νp

∂2

∂s2
r(s, t) +

ǫ

p

∂4

∂s4
r(s, t) = f(s, t) , (13)

[

2νp
∂

∂s
r(s, t) − ǫ

p

∂3

∂s3
r(s, t)

]

±a

= 0 , (14)

[

2ν0
∂

∂s
r(s, t) +

ǫ

p

∂2

∂s2
r(s, t)

]

a

= 0 , (15)

[

2ν0
∂

∂s
r(s, t) − ǫ

p

∂2

∂s2
r(s, t)

]

−a

= 0 , (16)

where f(s, t) is the stochastic force. The first term in eq 13 represents the frictional force.

Equation 13 is a fourth-order, linear partial differential equation which can be solved by

13



means of a normal mode analysis. The eigenvalue problem including the boundary conditions

is hermitian. Therefore, the eigenfunctions ψl(s) are orthogonal and form a complete set.

An expansion of the position vector and of the stochastic force in terms of the eigenfunctions

and the time-dependent amplitudes χl(t), fl(t) according to r(s, t) =
∑

∞

l=0 ψl(s)χl(t) and

f(s, t) =
∞
∑

l=0

ψl(s)fl(t) yields

r(s, t) =
∞

∑

l=1

ψl(s)

3πη

t
∫

−∞

dt′ fl(t
′)e−(t−t′)/τl +

ψ0

3πη

t
∫

−∞

dt′ f0(t
′) . (17)

Here 3πη/τl is the eigenvalue corresponding to the eigenfunction ψl(s). The eigenfunction

ψ0 = 1/
√

2a belongs to the eigenvalue 3πη/τ0 = 0 and corresponds to the translational

motion of the center of mass

rcm(t) ≡ 1

2a

a
∫

−a

ds r(s, t) =
ψ0

3πη

t
∫

−∞

dt′ f0(t
′) , (18)

because
∫ a

−a
dsψl(s) = 0 ,∀ l 6= 0. Assuming Gaussian distributed random forces f(s, t)

characterized by the thermal average 〈fn(s, t)〉 = 0 and

〈fn(s, t)fm(s′, t′)〉 = 6πηkBTδnmδ(s− s′)δ(t− t′) , n,m ∈ {x, y, z} (19)

the translational diffusion coefficient DT (a) is of the form of eq 8:

DT (a) ≡ lim
t→∞

1

6t

〈

(rcm(t) − rcm(0))2〉 =
kBT

η

1

6πa
. (20)

Hence DT (a) is independent of the local correlation length 1/p which is valid in the so-called

free-draining limit for dense polymer systems such as microgels.54,56,57 On the other hand,

intramolecular hydrodynamic interactions lead to a dependence of DT (a) on 1/p in the case

of dilute52,55,58 or semi-dilute61,62 polymer solutions.

The first internal mode (l = 1) exhibits the largest relaxation time and the rotational-

fluctuation diffusion coefficient D̃R(a) = 1/(3τ1) can be derived as

D̃R(a) =
kBT

η

α4
1 + 4α2

1p
2

48πp
(21)

≈











kBT
η

1
8πa3 , pa . 0.02

kBT
η

πp
48a2 , pa & 2

, (22)
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where α1 follows from the transcendental equation

α3
1 sin(α1a) cosh(β1a) − β3

1 cos(α1a) sinh(β1a) − 2p(α2
1 + β2

1) cos(α1a) cosh(β1a) = 0 (23)

together with β2
1 − α2

1 = 4p2 and ν0 = 3/(16kBT ), ν = 3/(8kBT ), ǫ0 = 3/(16kBT ). The nor-

malized rotational-fluctuation diffusion coefficient D̃R(a)/DR(a, α = 1) is plotted in Figure 7

as function of pa. In the stiff limit pa→ 0 the diffusion coefficient D̃R(a) agrees exactly with

the rotational diffusion coefficient DR(a, α = 1) of hard spheres. With decreasing stiffness

(increasing values of pa) the ratio D̃R(a)/DR(a, α = 1) increases similar to the experimental

findings presented in Table I. Hence shape fluctuations do indeed lead to a considerable

increase of the diffusion coefficient D̃R(a).

Of course, the results shown in Figure 7 can only be considered to be of qualitative signif-

icance for the core-shell particles under consideration. However, these results clearly point

to the importance of the coupling of rotational and internal modes in the case of soft ma-

terials. We emphasize that the core-shell particles maintain on average a spherical shape

because g
(2)
V V (q, t) − 1 can be described by a single exponential function according to eq 6.

Any permanent deviation from a spherical shape would lead to an additional term in eq 6

due to rotational motion.

Finally, it is worthwhile to compare the results of the present investigation with earlier

studies of properties of microgels. A key feature of the static scattering intensity of both

uniform microgel particles and core-shell microgel particles below the transition temperature

is a strong scattering signal that is due to collective fluctuations of the polymer gel.10,13,21 It

has been demonstrated that the contribution of this internal dynamics to the static scattering

intensity vanishes for temperatures above the transition temperature T=32 oC (see Figure

4 in ref21). The corresponding collective dynamic fluctuations of the PNIPA network below

the LCST have been measured using DLS60,63 and neutron spin-echo spectroscopy.64 Despite

the different q range of the two methods, the found collective diffusion coefficient of the

network has a similar order of magnitude. This most likely indicates that the network

motion is always observable independent of the characteristic length scale of the experiment.

Hence, the deviations from the hard sphere model observed in the present study by means of

DDLS can be considered as a manifestation of these fluctuations. Very recently it has been

demonstrated experimentally that the softness of microgel particles has also a pronounced

influence on the dynamics in concentrated microgel suspensions.65
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FIG. 7: The reduced rotational-fluctuation diffusion coefficient D̃R(a)/DR(a, α = 1) according to

eqs 21 and 9 as a function of pa characterizing the stiffness of the model described in the main

text. In the stiff limit pa → 0 the rotational-fluctuation diffusion coefficient D̃R(a) reduces to the

rotational diffusion coefficient DR(a, α = 1) of hard spheres. The deviations of D̃R(a)/DR(a, α = 1)

from the value 1 increase with decreasing stiffness, i.e., increasing values of pa, due to additional

internal dynamics. The dashed lines mark the values α = 1.6 and α = 2.5 as obtained from the

experimental data at T = 25 oC and T = 15 oC (see Table I).

V. CONCLUSION

In conclusion, our findings elucidate an important and interesting interplay between shape

fluctuations and rotational motion of deformable objects which profoundly affects their dy-

namics. The control over the degree of deformations offered by varying the temperature

should make the core-shell microgels useful for fundamental studies in statistical physics.

We anticipate that the results obtained for the present system is of general importance for

a better understanding for more complicated systems related to biophysics as e.g. vesicles.
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Pacifico, J.; Hellweg, Th.; Fernández-Barbero, A.; Liz-Marzán, L. M. Advanced Mater. 2008,

20, 1666-1670.
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4. Summary 
 

The structure and dynamics of the flexible cylindrical polymer brushes as well as 

spherical microgel systems are studied by using the scattering techniques. Different 

flexible cylindrical brushes of neutral charged cylindrical brushes and cylindrical 

dendronized polymers were investigated. The complete analysis of the cylindrical 

polymer brush consisting of a poly(2- hydroxyethylmethacrylate) (p-HEMA) backbone 

and poly(t-butyl acrylate) (p-TBA) side chains in the dilute and semi-dilute regime was 

investigated by a combination of small-angle neutron scattering, static and dynamic 

light scattering. The form factor is calculated by extrapolating to the infinite dilution 

concentration and compared with the theoretical models describe the polymer brush as 

worm like flexible cylindrical structure having structural parameters of contour length 

of 380 nm, persistence length of 17.5 nm. The interaction between the cylindrical 

brushes at semidilute concentration was evaluated by investigating the structure factors 

modelled with the Polymer reference interaction site model (PRISM). It reveals the 

softening of the polymer brush due to the interaction with the surrounding polymer 

brush demonstrating with the decreasing in persistence length from 17.5 nm (infinite 

dilution) to 5.3 nm at ca. 4 wt- %. The finding result was further clarified with the 

dynamics of the polymer brush at different concentration regime investigated by 

dynamic light scattering. Literature also confirms the decrease of this quantity for the 

linear polyelectrolyte cylindrical brushes at the same concentration regime. 

 

The solution properties of thermoresponsive flexible cylindrical ethoxy-terminated 

oligoethyleneoxide (OEO) dendrons and their kinetics to formation of mesoglobule 

aggregates at different temperature conditions were investigated by using the dynamic 

light scattering and time resolved dynamic light scattering. The collapse transition as 

well as formation of mesoglobules at high temperature conditions was investigated with 

time by monitoring the hydrodynamic radius Rh using dynamic light scattering. The 

kinetics of formation of mesoglobules was approximate by cluster-cluster aggregation 

model as devised by Wagner and coworkers. The construction of the master curve 

determines the aggregation time required forming the mesogluboles at different 

temperature conditions. The master curve also exhibits three different stages during the 

formation of mesoglobules: 1. single chains aggregate to form clusters, 2. cluster-cluster 

aggregation, 3. the formation of the single stable mesoglobules.  
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The solution dynamics especially translational and rotational dynamics of the 

thermosensitive microgel of poly (N-isopropylacrylamide) (PNIPA) without and with 

embedded palladium nanoparticles were investigated by using the dynamic light 

scattering and the depolarized dynamic light scattering. By embedding the palladium 

nanoparticles to the microgel shell weakly influence the dynamics of the microgel. The 

interplay of rotational dynamics on shape fluctuations at different temperature 

conditions was calculated.  

Zusammenfassung 
 

Mit Hilfe von verschiedenen Streutechniken wurde die Struktur und die Dynamik 

von flexiblen zylindrischen Polymerbürsten und sphärischen Mikrogelsystemen 

studiert. Es wurden ungeladene zylindrische Bürsten und zylindrische dendronisierte 

Poylmerbürsten untersucht. Die vollständige Charakterisierung mit einer Kombination 

aus Neutronenkleinwinkelstreuung, statischer und dynamischer Lichtstreuung wurde für 

die zylindrische Polymerbürsten bestehend aus einem Poly(2-hydroxyethylmethacrylat) 

(p-HEMA) Rückrat mit Poly(t-butylacrlyat) (p-TBA) Seitenketten im verdünnten und 

semi-verdünnten Bereich durchgeführt.  

 

Der Formfaktor wurde durch eine Extrapolation zu unendlicher Verdünnung 

ermittelt und mit theoretischen Modellen verglichen, die die Polymerbürste als flexiblen 

Zylinder mit einer Konturlänge von 380 nm und einer Persistenzlänge von 17,5 nm 

beschreiben. Die interpartikuläre Wechselwirkung der Zylinderbürsten im semi-

verdünnten Konzentrationsbereich wurde durch eine Modellierung der Strukturfaktoren 

mit dem Polymer reference interaction site Modell (polymer reference interatction site 

model, PRISM) bestimmt. 

 

Das Modell zeigt, dass die zunehmende Weichheit der Polymerbürste in der 

Wechselwirkung mit den umgebeneden Polymerbürsten begründet ist, was sich in der 

verminderten Persitenzlänge von 5,3 nm bei 4 Gewichtsprozent im Vergleich zu 17,5 

nm bei unendlicher Verdünnung bemerkbar macht. Dieses Ergebnis wurde ebenfalls 

durch die Polymerbürstendynamik in verschiedenen Konzentrationsbereichen mit Hilfe 
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der Dynamischen Lichtstreuung (DLS) verdeutlicht und in der Literatur für den 

gleichen Konzentrationsbereich für lineare zylindrische Polyelektrolytbürsten bestätigt.  

 

Die Lösungseigenschaften von thermosensitiven flexiblen zylindrischen ethoxy-

terminierten Oligoetylenoxid (OEO) - Dendrons und deren Bildungskinetik zu 

mesoglobulären Aggregaten bei verschiedenen Temperaturen wurde mittels DLS und 

zeitaufgelöster DLS untersucht.  

 

Der Übergang zu einem kollabierten Zustand und die Bildung von mesoglobulären 

Aggregaten bei hohen Temperaturen wurden anhand des hydrodynamischen Radius Rh 

verfolgt. Die Bildungskinetik der mesoglobulären Aggregate wurde mit dem Cluster-

Cluster Aggregationsmodell von Wagner et al. angenähert. Bei Erstellung der 

Masterkurve wurde die Aggregationszeit für die Bildung der mesoglobulären Aggregate 

bei verschiedenen Temperaturen erhalten. Die Masterkurver zeigt drei unterschiedliche 

Stadien der Bildung dieser Aggregate auf: 1. Einzelketten aggregieren zu Clustern. 2. 

Cluster-Cluster-Aggregation 3. Bildung von separierten stabilen Mesoglubobularen 

Aggregate. 

 

Die Lösungsdynamik, im sonderen die translative und rotative Dynamik der Kern-

Schale-Partikel bestehend aus Polystyrol als Kern und aus einer thermosensitiven 

Poly(N-isopropylacrylamid) (PNIPA) Mikrogelschale, mit oder ohne eingebettete 

Palladiumnanopartikel wurde mit Hilfe der DLS und der depolarisierten DLS 

untersucht. Bei Latices mit in der Mikrogel-Schale eingebetteten Palladiumnanopartikel 

wurde eine schwache Beeinflussung der Lösungsdynamik der Mikrogel-Schale 

gemessen. Es wurde das Wechselspiel von Rotationsdynamik und 

Partikelformfluktuationen bei verschiedenen Temperaturen berechnet. 
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