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Abstract 
 

Chemical and/or physical crosslinking of polymer chains can lead to the formation of 

micro- or nanometer sized gel-like networks that are known as micro- and nanogels. 

These soft, deformable objects can react to external stimuli like pH or temperature, 

which enable microgels to either take up, hold or release solvent resulting in a change 

of the effective size. These “smart” characteristics make microgels interesting for 

various applications such as drug delivery or as responsive coatings. The combination 

of soft microgels with inorganic nanoparticles can further extend the properties of such 

systems which therefore gain increased interest in research fields like sensing or 

catalysis. Furthermore, the incorporation of multiple different monomers into microgel 

networks can result in systems with a more complex architecture and enhanced 

properties. This increased complexity can be interesting for applications as well as 

fundamental research. For certain applications, the introduction of functional groups 

that can bind enzymes or complex ions can be useful while fundamental research is 

interested in the potential to mimic more complex (bio)molecules using soft particles 

with specific structures and properties. The characterization of those systems with 

scattering and microscopic techniques plays an important role to understand the 

morphology of those systems. Resolving the inner structure of microgel is challenging 

due to the complex architecture. Results from small-angle neutron scattering revealed 

a fuzzy sphere model for microgels where the core of the network is rather densely 

crosslinked and the outer periphery consists of loosely crosslinked polymer chains. 

In this thesis, complex copolymer microgels were synthesized as nanoreactors for the 

in situ formation of gold nanoparticles. In the past, only few studies revolved around 

the controlled in situ synthesis of nanoparticles within microgels, as seeded 

precipitation polymerization is typically a reliable strategy to introduce single 

nanoparticles into microgel networks. In this work, the influence of comonomers on 

the in situ synthesis has been systematically studied to open a new synthesis route 

for hybrid microgels. A successful formation of a single gold nanoparticle in each 

individual microgel could be achieved by incorporation of two functional comonomers.  
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The characterization of the complex microgels via scattering techniques, including 

dynamic light scattering and small-angle X-ray scattering but also imaging via 

transmission electron microscopy indicated a domain-like structure of the networks 

that favors the localized accumulation of gold ions and thereby allows for the 

controlled in situ synthesis.  

Typically, X-ray and neutron scattering experiments are used to address the structure 

on a local scale but come with the disadvantage of being complex and costly. In this 

thesis, the correlation of data from dynamic light scattering and absorbance 

spectroscopy was evaluated as an alternative approach that can provide insights into 

structural inhomogeneities and deviation from the established fuzzy sphere 

morphology. Therefore, a systematic study of three different types of microgels was 

carried out to prove the significance of this analytical methodology. The comparison 

of “classical” PNIPAM microgels, copolymer microgels and core-shell microgels 

revealed a dependency between the swelling behavior and the inner structure. As a 

consequence, the combination of temperature-dependent dynamic light scattering 

and temperature-dependent ultraviolet-visible absorbance spectroscopy was 

identified as promising towards an accessible and fast characterization of microgels 

that can potentially be automatized to study and categorize larger numbers of 

systems.   
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1. Introduction 
 

Microgels are three-dimensional networks formed by the crosslinking of polymer 

chains in the sizes between 100 nm1 and several micrometers.2 In a good solvent, 

microgels are swollen whereby the solvent can make up over 90% of the total volume 

of the particle. Because of solvent dynamics within a three-dimensional polymer 

scaffold, microgels can be attributed with liquid and solid characteristics. 

Most microgels are made from stimuli-responsive polymers that react to external 

stimuli including changes in temperature,3-8 pH,9-13 ionic strength,14-17 solvent 

composition,18, 19 electric field,20, 21 pressure22-24 or even light of certain wavelengths.25-

29 The response to changes in the environment often results in the release of solvent 

from the microgel network and consequently a decrease in the effective size. 

Ease of synthesis and scalability, low dispersity, colloidal stability and convenient 

functionalization but first and foremost the responsiveness of the polymer networks 

make microgels interesting for a multitude of applications but also for fundamental 

studies.30, 31 Multiple works show that microgels are suitable for applications in drug 

delivery,32-36 sensing37, 38 or as responsive coatings39, 40. For fundamental studies 

microgels can act as model systems for globular proteins41 or for concentrated 

colloidal suspensions.42 Hybrid microgel systems that combine the properties of 

microgels with inorganic nanoparticles noticeably extend the range of applications.43 

Depending on the material, size, position and quantity of inorganic nanoparticles, 

catalytic,44-46 optical47-50 or magnetic51-55 properties can be observed which can further 

be controlled and modified by the responsiveness of the surrounding microgel.  

Properties of microgels, including the swelling behavior, porosity and the elasticity are 

strongly dependent on the crosslinking density, overall composition of the microgel 

and the distribution of components within the network.56-60 For example, the swelling 

behavior can not only be influenced by incorporation of comonomers or the 

crosslinking degree but also the distribution of crosslinker in the microgel network. 

It was found that a homogenous distribution of crosslinker (and monomers) leads to 

an increased potential degree of swelling, whereby the homogeneity is again strongly 

affected by the synthesis route.61, 62  
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To understand all processes, dynamics and interactions of complex microgels and 

thereby further improve potential applications, the detailed and complete 

characterization of the internal structure are of great importance.63    

The picture of the internal architecture of microgel networks has been drastically 

changed over the past 30 years of investigations due to the ever-increasing 

improvements of existing measurement techniques and the introduction of new 

methods into the research field. Pelton and Chibante were the first to report of water-

swollen microgels obtained by precipitation polymerization in 1986.64 Since then, 

“classical” microgels based on poly-N-isopropylacrylamide (PNIPAM) crosslinked with 

N,N’-methylenebisacrylamide (BIS) rank among the most studied microgels that show 

a responsiveness to temperature. Similar to typical macrogels, the simplest model to 

describe the inner structure of microgels is a network with a statistical but 

homogenous distribution of all components (Figure 1.1 (a)).  

 
Figure 1.1: Overview of postulated structural models of “classical” microgels. (a) Model of a sphere with a 
statistical, homogeneous distribution of all components. (b) Fuzzy sphere model with high crosslinked core 
(red circle) and a radial decaying crosslinked shell with a fuzzy morphology in the periphery (blue circle). 
(c) Subdomain structure where the microgel network is made from smaller interconnected domains 
(green circles).  
 
Already in 1994, Wu et al. brought up first evidence of variations in the polymer and 

crosslinker density by detailed investigations of the conversion of monomers during a 

microgel synthesis using dynamic light scattering (DLS) and high-pressure liquid 

chromatography (HPLC).65 Ever since, the formation kinetics and final conformation 

of the microgels were extensively studied and an inhomogeneous distribution of 

monomers in the network was confirmed. Microgels with a rather homogenous 

distribution of components still can be achieved but demand different polymerization 
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techniques like feed-batch or semi-batch methods.62, 66 As one example, the group of 

Yodh showed the successful synthesis and characterization of micrometer-sized 

PNIPAM microgels with a homogeneous crosslinker density distribution by use of a 

semi-batch method which results in different optical properties e.g., weaker scattering 

of light compared to microgels synthesized by a regular one-pot precipitation 

polymerization.67 

Just like for typical polymer systems the reactivities of the individual monomers play 

an important role in the formation of the (inner) structure of microgels. 

Moreover, gradients as well as other inhomogeneities in the distribution of 

components need to be considered. Over the past decades, small-angle neutron 

scattering (SANS) has been established as the most promising method to gain 

information about the inner architecture by investigation of the microgel form factor.68 

SANS measurements are especially favorable due to the adjustable contrast by using 

heavy water mixtures as well as the wide q-range that can be investigated.  

Stieger et al. were the first to use the form factors measured by SANS to derive a 

model for the radial polymer-density profile in 2004.69 Initiated by the findings, the 

model that has been established and continues to be the most relevant for research 

in the field of microgels, is the so-called fuzzy sphere model. Multiple SANS studies 

suggest that the radial density profile of a neutral microgel can be described as: 

 𝜌(𝑅) =
𝜌(0)

2
𝑒𝑟𝑓𝑐 [

(𝑟 − 𝑅c)

√2𝜎
] (1.1) 

Here, 𝜌(𝑅) describes the polymer-density as a function of the distance 𝑅 from the 

center of mass of the microgel. 𝜌(0) is the polymer-density at the center of mass, 𝑅c is 

the radius of the “homogenous” core with a high crosslinking density and 𝜎 is the 

“fuzziness” parameter which quantifies the width of the fuzzy corona.  

The fuzzy sphere model (Figure 1.1 (b)) considers the different reactivities of 

monomers and the crosslinker molecules (e.g., NIPAM and BIS) resulting in a 

scenario where synthesized microgels contain a highly crosslinked polymer core with 

a radially decaying crosslinking density in the periphery. Thus, in the swollen state the 

microgels have dangling ends that reach into the surrounding medium while in the 

collapsed state the microgels resemble compact, homogenous spheres. 

Approximations like the fuzzy sphere model were also used for numerical modeling to 
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simulate interactions and processes within and between microgels in dispersion. 

Numerical modeling of microgels is challenging due to the complexity of the microgel 

architecture. Nonetheless, the group of Zaccarelli was able to derive an atomistic 

model of a microgel which is in agreement with experiments and therewith potentially 

help to understand the dynamics and structure of the microgel networks.70, 71  

Recently, Kyrey et al. presented data of SANS and neutron spin echo measurements 

for “classical” microgels based on PNIPAM and BIS. The results indicated that the 

prominent fuzzy sphere model may not be a completely accurate representation of 

the inner structure. Therefore, the authors suggested that the network could be 

described more precisely by an inhomogeneous domain-like structure 

(Figure 1.1 (c)).61        

Similar structures were found by the group of Richtering for copolymer microgels. 

The group proposed a “dirty snowball“ structure for the description of the nanophase 

separated structure of  copolymer microgels consisting of PNIPAM and 

poly-N-isopropylmethacrylamide (PNIPMAM). The VPTT of the investigated 

copolymer microgel was determined at 38 °C which is in between the VPTTs of 

microgels based only on PNIPAM (VPTTPNIPAM = 32 °C) and PNIPMAM 

(VPTTPNIPMAM = 44 °C) respectively. An accurate form factor model could be derived 

based on SANS measurements during the volume phase transition of the copolymer 

microgel. Under these conditions, the group found that the copolymer network 

consists of collapsed PNIPAM domains (“dirt”) and swollen PNIPMAM regions 

(“snowball”).72  

The work of the group of Richtering underlines the increasing complexity when 

multiple monomers are incorporated in a microgel. Figure 1.2 presents an overview 

of possible structural models of copolymer microgels. The models are similar to those 

illustrated in Figure 1.1 for “classical” microgels based only on a single monomer and 

crosslinker molecules. For the presented copolymers, both the distribution of the 

crosslinker as well as an exemplary comonomer are depicted. Here, orange coloring 

represents the existence of comonomers within the polymer chains in the respective 

model.  
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Compared to “classical” microgels the realization of a statistical, homogeneous 

distribution of components (Figure 1.1 (a)) in copolymer microgels is challenging even 

when using semi-batch or feed-batch methods. This challenge arises from the 

addition of multiple monomers during the copolymerization, each showing a distinct 

reactivity. The differences in the reactivities of the individual components during 

polymerization can lead to a scenario where a less reactive comonomer is 

preferentially incorporated in the periphery of the microgel. Simultaneously a higher 

reactivity of the crosslinker causes the formation of the fuzzy sphere morphology 

known from “classical” microgels (Figure 1.2 (b)). 

The “dirty snowball” structure reported by Richtering is a first indication that the fuzzy 

sphere model needs to be carefully evaluated when multiple monomers are 

incorporated in a microgel, potentially leading to more complex architectures with 

nanophase separated domains (Figure 1.2 (c)). 

 
Figure 1.2: Overview of possible structural models of copolymer microgels. Orange colored polymer chains 
represent the incorporation of comonomers. (a) Model of a sphere with a statistical, homogeneous 
distribution of the main monomer, a comonomer and the crosslinker. (b) Fuzzy sphere model with high 
crosslinked core (red circle) and a radial decaying crosslinked shell with a fuzzy morphology in the periphery 
(blue circle). In the presented example the comonomer is incorporated in the periphery of the microgel 
(c) Subdomain structure where the microgel network is made from smaller interconnected domains 
(green circles). The comonomer is accumulated in some domains or part of the domains.  
 
For core-shell microgels not only the reactivity of the monomers and crosslinker 

molecules need to be considered regarding the final internal architecture but also the 

difference in the polymerization technique itself since both have an influence on the 

formation mechanism of the microgel shell surrounding the inorganic core. During a 

regular seeded precipitation polymerization, inorganic cores act as seeds whereby 

the precipitating polymer chains adsorb onto the surface of the seeds and form the 
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surrounding microgel shell. Hence, again different scenarios like the formation of a 

shell with a homogeneous, statistical distribution of monomers and crosslinker 

molecules (Figure 1.3 (a)) or a fuzzy shell morphology could be considered. 

Reports in the past indicate that seeded precipitation polymerization also leads to the 

formation of a fuzzy architecture of the shell (Figure 1.3 (b)).73 Nevertheless, more 

detailed investigations are needed to understand the potential differences between 

the inner structures resulting from the various polymerization techniques. In order to 

achieve this, the introduction of new analytical instrumentation or the combination of 

well-established scattering, spectroscopy or microscopy techniques could be 

essential to allow for the faster and more efficient investigation of larger numbers of 

microgel systems. 

 
Figure 1.3: Overview of possible structural models of core-shell microgels synthesized by seeded 
precipitation polymerization. The inorganic core (grey) can consist of various materials e.g., silicon dioxide 
or gold. (a) Model of a core-shell microgel with a statistical, homogeneous distribution of all components in 
the shell. (b) Fuzzy sphere model with high a degree of crosslinking near the core (red circle) and a radial 
decaying crosslinked shell with a fuzzy morphology in the periphery (blue circle).  
 
By now, the characterization via state-of-the-art nanoscopic imaging methods can be 

used to confirm and supplement data acquired by scattering techniques. 

Karanastasis et al. recently used a modified super-resolution fluorescence 

microscopy technique to evaluate the crosslinker distribution in microgel networks 

with a 20 nm isotropic resolution.74 The authors chemically attached a dye to 

crosslinker molecules and thereby found that the crosslinking density in the core-like 

regions is not homogeneous but rather clustered. The individual clusters are 

embedded in a polymer scaffold with a lower crosslinking density. The observations 

have been validated by the group of Wöll who introduced a photoswitchable 
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crosslinker into polymer networks to visualize crosslinker points and quantify them by 

the means of in situ nanoscopic imaging.75  Bergmann et al. and Otto et al. used an 

alternative approach, where dye molecules were added during the measurement to 

observe the diffusion behavior and resulting distribution of dye molecules in the 

network. Direct stochastic optical reconstruction microscopy (dSTORM) studies 

thereby suggested that the fuzzy sphere model still sufficiently describes the network 

morphology.76, 77 Electron microscopy also plays an integral part in the 

characterization of microgels by allowing for the estimation of the dispersity and size 

range through visualization of the particles. 

Obtained information have to be carefully considered due to drying of the microgels 

and resulting changes in the morphology and arrangement when investigated with an 

electron microscope. To circumvent the change in morphology during the drying 

process, cryo-techniques have gained in importance as they allow the imaging of 

single particles in the swollen state without ongoing liquid dynamics.78 One example 

was recently presented by Gelissen et al. The authors combined dSTORM and (cryo-) 

in situ transmission electron microscopy (TEM) to study the structural details of hybrid 

microgels. It was demonstrated that labeling of microgel networks with nanoparticles 

and fluorophores allows for the tracking of structural changes (e.g., response to 

changes in temperature) with both methods.79 

Investigations of microgel using TEM imaging showed that electron microscopy can 

extend the characterization of microgels over spectroscopy methods in two ways: 

I. Determination of the number of inorganic particles and distribution position in 

hybrid microgels 

II. Staining of the microgels to provide additional information about the 

morphology and structure 

Typically, absorbance spectroscopy can be used to detect the existence of inorganic 

nanoparticles which exhibit discrete absorbance e.g., gold- and silver nanoparticles 

within hybrid microgels. In the past, it was also shown that optical properties like the 

local surface plasmon resonance (LSPR) can be used to estimate the size and 

dispersity of gold and silver nanoparticles within the microgels based on the linear 

correlation between the size and the position of the LSPR signal.80-83 
Nevertheless, absorbance spectroscopy does not allow to locate the exact position of 

the gold nanoparticles within the microgel or at the microgels surface.  
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This limitation can be overcome by using electron microscopy that allows for the 

characterization of microgel particles and determination of the number, size, shape 

and position of nanoparticles in hybrid microgel systems. 

As an example, TEM imaging acted as the essential characterization method in an 

upcoming publication by Goodwin et al. (manuscript in preparation). For the study, an 

interface-assisted loading strategy to asymmetrically load PNIPAM-based microgels 

with gold nanoparticles was established. By floating microgels at the air/water 

interface, gold nanoparticles can only approach the microgels from the bulk water 

phase and therefore lead to an asymmetrical, one-sided loading at the periphery of 

the microgels. To verify the successful, one-sided loading of the microgels TEM 

tomography was performed to not only get a statistical overview of the amount of gold 

nanoparticles that got attached to the microgels but also to visualize the spatial 

position of the particles. In Figure 1.4 (a) – (e), a series of exemplary bright-field TEM 

images is presented for the loaded microgel particles at five different tilting angles 

including -70 °, -35 °, 0°, 35° and 70°. The images show that all microgels have been 

successfully loaded on one side by at least one but up to 15 gold nanoparticles with 

diameter 𝐷TEM of 13 ± 1 nm. Thus, it could be proven that the loading strategy at the 

air/water is applicable but there is no control about the amount of gold nanoparticles 

that attach to the microgels. In Figure 1.4 (f) a corresponding three-dimensional 

reconstruction of the microgel particles based on the tilting series is presented. 

Gold nanoparticles can be identified as white spheres with high contrast. 

Columnar image artifacts can be identified next to all gold nanoparticles which are 

caused by electron scattering. The softness of the microgels becomes apparent from 

the three-dimensional reconstruction as the microgels are deformed on the surface 

and appear rather as hemispheres with lower contrast compared to the gold 

nanoparticles.  
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Figure 1.4: Example of TEM images of asymmetrical loaded PNIPAM-based microgels with gold 
nanoparticles. (a) – (e) Brightfield images of the particles at 20.000x magnification at five different tilting 
angles (-70°, -35°, 0°, 35°, 70°) (f) Three-dimensional reconstruction of the hybrid microgel system. The 
reconstruction was carried out by using images from a tilting series from -70 ° to 70 ° in steps of 1 °. 
The brightfield images and the reconstruction do not show the same position on the TEM grid.  
 
For another study that was carried out by Lerch et. al (manuscript in preparation), 

TEM imaging was used to validate the removal of silicon dioxide cores from microgel 

scaffolds using strong basic conditions. Figure 1.5 (a) and (b) show TEM images of 

the initial core-shell microgels based on poly-2-vinylpyridine. The images confirm the 

core-shell morphology with single nanoparticle cores homogenously surrounded by 

polymer shells with a low dispersity. The pronounced contrast of the silicon dioxide 

cores with a size 𝐷TEM of 96 ± 4 nm arises from the high atomic number of silicon and 

the volume of the cores (see Chapter 2.3.3). The cores are surrounded by a 

poly-2-vinylpyridine shell with a shell thickness 𝑅TEM of 25 ± 6 nm. The images in (c) 
and (d) present the same batch of microgels after etching of the SiO2-cores under 
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harsh basic conditions. The removal of the cores can be identified by cavities in the 

center of the microgels. A schematic in (e) illustrates the collapse of the hollow sphere 

microgels when dried on the TEM grids after the etching process. Moreover, the 

sketch emphasizes the lower density of polymer chains in the center after drying, 

resulting in lower contrast compared to the former shell of the core-shell microgels. 

The absence of the hard silica cores also causes the hollow microgels to be prone to 

deformation upon drying which is also evident by the TEM images.   

 
Figure 1.5: Exemplary TEM images of SiO2 core-shell and hollow sphere microgels. (a) and (b) The core-
shell particles prior to treatment with sodium hydroxide (NaOH) at 12.000x and 50.000x magnification 
respectively. (c) and (d) present exemplary hollow sphere particles after the alkaline treatment at 20.000x 
and 50.000x magnification respectively. (e) Sketch of the morphology of microgel systems prior and after 
the etching process when dried on a TEM grid.  
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While the investigation of hybrid microgels using TEM is well established, staining of 

microgels to gain further insight into the internal structure and morphology is rarely 

addressed in the literature.84 Recent studies that were performed alongside the work 

presented in Chapter 5 included negative staining of PNIPAM microgels dependent 

on the degree of crosslinking. These investigations give a first indication of the 

potential of negative staining in the field of microgel characterization with electron 

microscopy methods.   

As the mesh size of microgel networks exceed the size of heavy metal ions used for 

negative staining by far, in theory, the metal ions should be able to diffuse into the 

microgel network and stain individual polymer chains of the microgels.  

In Figure 1.6, exemplary TEM images of PNIPAM microgels recorded in the dried 

state in bright-field mode are presented. The images allow for the comparison of 

microgels with three different crosslinker densities of 1 mol% BIS in (a) and (b), 
5.4 mol% BIS in (c) and (d) and 16.3 mol% BIS in (e) and (f). The pairs of images 

show the unstained particles in (a), (c), (e) and stained with a solution of 1 wt% uranyl 

acetate in (b), (d) and (f) respectively. A significant difference of the imaged microgels 

for both, unstained and stained particles can be found, dependent on the crosslinker 

density. For the unstained particles two observations can be made when increasing 

the amount of crosslinker incorporated into the microgel network. On the one hand 

the contrast drastically increases especially when comparing microgels with 

crosslinker contents of 1 mol% in (a) to 5.4 mol% in (c). On the other hand, the 

periphery of the microgels shows a more distinct outline with increasing degree of 

crosslinking. A higher degree of crosslinking leads to higher density of the polymer 

chains and thus a lower amount of dangling polymer chains in the periphery causing 

the microgels to appear more homogenously. On the contrary, at a lower degree of 

crosslinking the transition of contrast between the particles and the background is less 

pronounced. 

 

 

 

 



1. Introduction 

 

14 

Staining of the microgels revealed new information about the structure and 

morphology. Microgels with a degree of crosslinking of 16.3 mol% BIS (f) show almost 

no difference compared to the unstained particles (e) due to the high density of 

polymer chains and the smaller mesh size that potentially prevent uranyl ions from 

entering the microgel. By lowering the crosslinking density, metal ions have a higher 

chance to diffuse into the microgel and thus allow to stain parts of the internal structure 

of the polymer network. The images in (b) and (d) show the loose network structure 

with very low homogeneity. The particles in (b) suggest that the microgels are made 

from smaller, interconnected domains or particles although a change in morphology 

due to drying always has to be considered which could be circumvented by cryo-EM 

measurements.       

The investigation of microgels with transmission electron microscopy in combination 

with staining techniques underline the potential when scattering techniques like DLS, 

SAXS or SANS and spectroscopy methods like ultraviolet-visible (UV-Vis) 

absorbance spectroscopy are supplemented by EM imaging techniques.  
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Figure 1.6: Comparison of TEM images of unstained and stained PNIPAM-based microgels with three 
different crosslinker densities. (a) and (b) Microgels with an amount of crosslinking of 1 mol% (BIS) without 
staining and after negative staining with uranyl acetate respectively. (c) and (d) Microgels with a 
crosslinking degree of 5.4 mol% unstained and stained. (e) and (f) Microgels without and with negative 
staining which have a crosslinking degree of 16.3 mol% BIS.   
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The main objective of this thesis was the preparation and systematic characterization 

of multifunctional copolymer microgels based on the temperature-responsive polymer 

PNIPAM to investigate structure-property relations. Furthermore, the synthesized 

microgels were used to introduce a synthesis route for core-shell hybrid microgels 

with a single gold nanoparticle core by an in situ formation approach (Chapter 4). 

Compared to established protocols for the encapsulation of gold nanoparticles by 

seeded precipitation polymerization, the in situ approach is based on the controlled 

accumulation and reduction of gold ions within the microgels by incorporation of 

comonomers with ß-diketone functionalization. The characterization via scattering 

techniques like DLS and small-angle X-ray scattering (SAXS), UV-Vis absorbance 

measurements and (TEM) imaging of the complex microgels suggested the existence 

of inhomogeneous, domain-like distribution of the monomers within the network which 

affect the in situ formation of single gold nanoparticles in the microgels.  

Driven by the questions about the inner structure of the synthesized complex 

copolymer microgels, a fast, accessible analytical methodology was introduced to 

gain deeper insights into structural inhomogeneities and potential differences between 

the global volume phase transition and local structural changes. By use of a 

combination of temperature-dependent DLS and temperature-dependent absorbance 

measurements, microgels with different complexities and synthesis routes have been 

investigated. Ponomareva et al. recently reported a linear dependency when 

normalized data of temperature-dependent absorbance measurements is plotted 

against normalized data of temperature-dependent DLS measurements for core-shell 

microgels with a gold core.73 This correlation allows to follow the relative swelling 

behavior of the core-shell microgels almost interchangeable for DLS and UV-Vis 

absorbance measurements. Further, the study clarified that the fuzzy sphere 

morphology is the reason for the observed absorbance properties of the microgels 

during the volume phase transition. The decrease in hydrodynamic radius during the 

volume phase transition would suggest a decrease in absorbance or, to be more 

precise, scattering which cannot be explained by scattering theories like the Rayleigh-

Debye-Gans (RDG) theory for spheres with a homogeneous refractive index. For a 

fuzzy sphere structure, the largest radius and lowest average, effective refractive 

index can be observed when the microgel is in the swollen state. In this state, the 

fuzzy shell mostly does not contribute to the visible wavelength scattering. During the 

volume phase transition, polymer chains from the fuzzy shell collapse onto the denser 
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crosslinked microgel core and thereby cause for increase in polymer volume fraction. 

Hence, the size as well as the refractive index contrast of the inner, homogeneous 

core region increase which consequently leads to an increase in the scattering 

intensity and detected absorbance.  

In this thesis, the method presented by Ponomareva et al. was used to investigate 

“classical” PNIPAM microgels, various complex copolymer microgels and core-shell 

microgels with silicon dioxide cores with different degrees of crosslinking in the shell. 

(Chapter 5) It was shown that the correlation of data for the absolute change in size 

and the absolute change in absorbance acts as an indicator of the inhomogeneous 

distribution of monomers in the microgel network. The systematic comparison 

between the different types of microgels suggested the existence of differences in the 

internal architecture depending on the synthesis route. Furthermore, the 

temperature-dependent data from UV-Vis absorbance measurements could be used 

to calculate theoretical swelling curves, if a linear dependency exists for the correlation 

of DLS and UV-Vis data of the microgel system.  

This highlights the potential of combining DLS and UV-Vis absorbance spectroscopy, 

both of which are cost-effective, readily accessible and fast techniques, as an 

analytical methodology to evaluate larger numbers of microgels with various 

compositions obtained by different synthesis routes. The approach could be 

particularly valuable as preliminary step before utilizing more time-consuming and 

costly methods like SANS. 
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2. Theoretical Background 
 

2.1 Microgels – “Smart” Materials 
 

Microgels are three-dimensional, chemically and/or physically crosslinked polymer 

networks that are swollen in a good solvent and can also show colloidal stability. 

In response to various environmental stimuli such as temperature,3-8 pH,9-12 or ionic 

strength,14, 15 the crosslinked polymer networks can uptake and release solvent which 

results in an increase or decrease in the effective size. The term ‘’microgel’’ is often 

treated as equivalent to terms such as hydrogel or nanogel. While a hydrogel is strictly 

defined by water as the surrounding medium, nanogels are defined by their size range 

in the nanometer range.85 However, a hydrogel can still be a micro- or nanogel and 

vice versa which causes for the interchangeable use of the terms in the literature. 

All microgels discussed in this work are based on the monomer N-isopropylacrylamide 

(NIPAM) which is one of the most intensely studied monomers that shows 

thermosensitive behavior when incorporated in a microgel or in a linear polymer. The 

surfactant-free precipitation polymerization of temperature-responsive NIPAM-based 

microgels was first established by Robert Pelton and Philip Chibante in 1986.64 

A simplified representation of a crosslinked poly-N-isopropylacrylamide (PNIPAM) 

network and a closer look at the chemical structure is shown in Figure 2.1. 

Exemplary the PNIPAM backbone is presented in red while the bifunctional 

crosslinker N,N’-methylenebisacrylamide (BIS) is colored in blue. For simplicity, the 

schematic does not consider the gradient in crosslinking within the network which is 

to be expected. 
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Figure 2.1: Sketch of a microgel network swollen in a good solvent (blue background). The magnified part 
shows the chemical structure of polymer chains within the microgel. N-isopropylacrylamide (NIPAM) is 
depicted in red and the crosslinker N,N’-methylenebisacrylamide (BIS) is presented in blue. Points of 
crosslinking and polymer chains are also shown in the respective color in the sketch.  
 

2.1.1 Synthesis and Formation of Microgels 
 

Microgels can be synthesized through various methods, including precipitation 

polymerization,64 microfluidics86, 87 and self-assembly88 using natural and synthetic 

polymers. The most common methods to synthesize microgels are surfactant-

supported and surfactant-free precipitation polymerizations as they provide flexible 

control over multiple physical and chemical properties like size distribution, surface 

charge, chemical composition and microstructure.  

For a typical precipitation polymerization, all components including monomers, 

potential comonomers, crosslinkers and initiators are solved in the respective solvent. 

For most syntheses presented in the literature, thermal initiators like potassium 

persulfate (KPS) or 2,2’-azobis(2-methylpropionamidine) dihydrochloride (V50) are 

used. A schematic representation of a precipitation polymerization is shown in 

Figure 2.2. As all microgels synthesized and evaluated in this work are based on 

PNIPAM, an exemplary reaction of NIPAM and the crosslinker BIS, initiated with KPS 

is presented in the following (Figure 2.2 (a)). Upon reaching reaction temperatures 

between 50 °C to 90 °C, the formation of free, water-soluble radicals can be observed 

in (b) and (c). The free radicals react with available monomer in the solution and form 

oligoradicals in (d). When the oligoradicals reach a certain chain length, they become 

insoluble, collapse and form so-called precursor particles (Figure 2.2 (e)).  
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The behavior is based on the reaction temperature exceeding the volume phase 

transition temperature (VPTT) of the forming polymer networks. Due to the increased 

polymer-polymer interactions above the VPTT, the precursor-particles are more likely 

to grow either by addition of singular monomers or oligoradicals or by aggregation of 

smaller precursor-particles to form larger particles in (f). Microgels, that reach a critical 

size, gain colloidal stabilization by electrostatic- and steric effects. The charge that 

causes the electrostatic stabilization can be introduced by the (co)monomers or 

charge of the initiator that are incorporated into the polymer chains. Therefore, the 

choice and amount of the used initiator can also essentially change the properties of 

the formed microgels. When cooled to room temperature to finish the polymerization, 

the microgels swell and increase in size as the temperature falls below the VPTT. 

Below the VPTT, microgels resemble the fuzzy sphere model where the periphery of 

the microgels is formed by loose polymer chains that stabilize the microgels by steric 

hinderance. This can be observed in (g). After the synthesis, microgels can be purified 

depending on the application or further functionalization. Typically, microgels are be 

centrifuged multiple times and/or dialyzed against water. In any case, purification will 

remove leftovers of unreacted monomers, short oligomers and initiator molecules.89  

Figure 2.2: Schematic representation of a precipitation polymerization of microgels. (a) Components for a 
“classical” microgel synthesis including the main monomer N-isopropylacrylamide (NIPAM), the bifunctional 
crosslinker N,N’-methylenebisacrylamide (BIS) and the initiator potassium persulfate (KPS). 
(b) Homogeneous solution with all components (c) Thermic decomposition of initiator molecules and 
formation of initiator radials (d) Formation of oligoradicals (e) Generation of precursor particles (f) Particle 
growth due to further consumption of monomers or aggregation (g) Swollen microgels after cooling to room 
temperature and purification.  
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One drawback associated with surfactant-free precipitation polymerization is the lack 

of control over the size of the formed microgels. To circumvent the restriction, 

techniques like selective quenching of the polymerization process or semi-batch and 

feeding methods can be used. Furthermore, a surfactant like sodium dodecyl sulfate 

(SDS) can be added during the polymerization to decrease the size of the microgels. 

Surfactants can stabilize small precursor particles with a high surface-area-to-volume 

ratio and thus minimize the growth by aggregation. Thereby, the overall particle size 

can be drastically reduced.90   

2.1.2 Temperature-responsive Behavior 
 

Polymers like PNIPAM possess a lower critical solution temperature (LCST) at which 

the polymer chains prefer the interactions with other polymer chains over the 

interaction with the surrounding solvent.91 Linear PNIPAM exhibits a LCST of about 

32 °C in water which translates to a volume phase transition temperature (VPTT) 

when the monomer is incorporated in PNIPAM-based microgel network. The swelling 

behavior of microgels can be modelled by the Flory-Rehner theory. The theory 

describes the free energy of a microgel 𝐸Gel by a combination of the mixing energy 

𝐸Mix , the elastic energy due to deformations of the network 𝐸Elast. and electrostatic 

energy 𝐸Ion. in case of charged microgels and thus the presence of counter ions:92, 93 

 𝐸Gel = 𝐸Mix + 𝐸Elast. + 𝐸Ion. (2.1) 

As a change in volume also causes a change in the internal osmotic pressure ΠGel, a 

connection between the energy and the osmotic pressure Π can be made:  

 −(
𝜕𝐸

𝜕𝑉
) = ΠGel = ΠMix + ΠElast. + ΠIon. (2.2) 

Each contribution can be defined individually as: 

 Π𝑀𝑖𝑥 = −
𝑁A𝑘B𝑇

υ
(𝜙 + ln(1 − 𝜙) + 𝜒𝜙2) (2.3) 

 Π𝐸𝑙𝑎𝑠𝑡. = −
𝑁𝑘B𝑇

𝑉0

((
𝜙

2𝜙0

) − (
𝜙

𝜙0

)

1
3
) (2.4) 
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 Π𝐸𝑙𝑒𝑐. = −
𝑓𝑁𝑘𝐵𝑇

𝑉0

𝜙

𝜙0

 (2.5) 

With the volume V, the Avogadro constant 𝑁A, the Boltzmann constant 𝑘𝐵, the 

temperature T,  the molar volume of the solvent υ, the volume fraction of the polymer 

𝜙, the Florry-Huggins parameter 𝜒 which indicates the polymer/solvent interaction,  

the number of chains in the network 𝑁,  the volume of the relaxed Gaussian gel 

network 𝑉0 (reference conditions), the volume fraction of polymer 𝜙0 at reference 

conditions and the number of counter ions per chains 𝑓. 

Upon collision of polymer chains in a microgel with molecules of the surrounding 

solvent, energy is transferred. The resulting change in energy Δ𝐸 can be described 

by the product of the Flory-Huggins parameter and thermal energy 𝑘B𝑇. The change 

in energy is also directly correlated to the change in enthalpy Δ𝐻 and entropy Δ𝑆: 

 𝜒 =
Δ𝐸

𝑘B𝑇
=

Δ𝐻 − 𝑇Δ𝑆

𝑘B𝑇
=

1

2
−

2ΔS + 𝑘B

2𝑘B

(1 −

2Δ𝐻
2ΔS + 𝑘B

𝑇
) (2.6) 

The temperature-responsive swelling behavior of PNIPAM microgels is based on 

polymer-polymer, polymer-solvent and solvent-solvent interactions. In the swollen 

state, at temperatures below the VPTT, the formation of hydrogen-bonds between the 

amide-groups of the polymer and the solvent can be observed as they are 

enthalpically favored compared to polymer-polymer interactions. Additionally, water 

reorganizes around the hydrophobic isopropyl-groups of NIPAM in the polymer 

chains. If the temperature is increased (above the VPTT), the hydrogen-bonds start 

to break, eventually resulting in the exclusion of water from the polymer network. At 

the same time, the hydrophobic interactions between the isopropyl groups also 

increase. A phase separation of polymer and solvent can be observed as a result of 

the transition to a state where polymer-polymer interactions exceed the polymer-

solvent interactions. Even in the collapsed state, when water is repressed, microgels 

still contain high amounts of water within the network. In Figure 2.3, exemplary data 

of temperature-dependent DLS measurements are presented for a PNIPAM-based 

microgel. The swelling curve shows the hydrodynamic radius of the microgel 

dependent on the temperature of the surrounding medium. Typically, the swelling 

curve can be adequately described by a sigmoidal function (solid red line). It can be 

observed, that the size of the microgel slightly decreases starting with a hydrodynamic 
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radius of about 275 nm at 20 °C until an abrupt strong decrease can be identified 

when reaching the VPTT at around 32 °C. After the collapse of the microgel, the 

hydrodynamic radius of the microgel approaches a plateau at about 170 nm with 

increasing temperature. A schematic representation of the swelling and collapse is 

depicted in the inset. The schematic is accompanied by digital photographs of a 

microgel dispersion below and above the VPTT. Upon collapse of the microgels, the 

turbidity significantly increases causing the dispersion to change from almost 

transparent to a turbid and “milk-like” appearance.  

 
Figure 2.3: Exemplary data for the temperature-dependent size measurements via DLS (swelling curve). 
The volume phase transition is presented for a PNIPAM microgel crosslinked with 16.3 mol% BIS content. 
The solid red line corresponds to a sigmoidal Boltzmann fit-function. The inset shows a sketch that 
visualizes the change in volume below und above the VPTT. Digital photographs in the inset show the 
respective appearance of the microgel dispersions in the swollen and collapsed state.  
 
The volume (de-)swelling ratios 𝛼 and 𝛽 can be used to simplify the characterization 

of the swelling behavior of a microgel. The de-swelling ratio 𝛼 is defined as the ratio 

of the hydrodynamic volume 𝑉H(𝑇) of the microgel at a given temperature 𝑇 to the 

hydrodynamic volume in the swollen state 𝑉H,swollen:94 

 𝛼 =
𝑉H(𝑇)

𝑉H,swollen

= (
𝑅H(𝑇)

𝑅H,swollen

)

3

 (2.7) 
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Alternatively, the swelling ratio 𝛽 can be used which describes the hydrodynamic 

volume at any temperature in relation to the hydrodynamic volume in the collapsed 

state 𝑉H,collapsed: 

 𝛽 =
𝑉H(𝑇)

𝑉H,collapsed

= (
𝑅H(𝑇)

𝑅H,collapsed

)

3

 (2.8) 

As microgels are assumed as spherical objects the hydrodynamic radii can be used 

instead of the volume. The amount of solvent that a microgel can take up and release 

is strongly dependent on the degree of crosslinking. The following section will provide 

a more comprehensive explanation about this relationship.  

 

2.1.3 Influence of Crosslinker Density on the Swelling Behavior 
and Structure  
 

The potential temperature-responsive behavior of a microgel network is primarily 

attributed to polymers such as PNIPAM. However, it is important to note that the 

crosslinking of the polymer chains also has a significant impact on the 

physicochemical properties and architecture of the microgel. Microgels with a higher 

degree of crosslinking are rigid and more compact and hence show a lower swelling 

capacity and thus a lower de-swelling ratio 𝛼 compared to microgels with a lower 

degree of crosslinking.95 To clarify the influence on the swelling capacity and the 

volume phase transition, Figure 2.4 shows the data of temperature-dependent DLS 

measurements for three PNIPAM microgels with different degrees of crosslinking. 

Vertical dashed lines mark the respective VPTTs. The comparison reveals that the 

investigated microgels with crosslinker amounts of 1 mol% BIS (black), 5.4 mol% BIS 

(blue) and 16.3 mol% (red) show hydrodynamic radii between 275 nm and 380 nm 

below the VPTT at 20°C. In the collapsed state above the VPTT, the difference in size 

to the swollen state increases with decreasing amount of incorporated crosslinker. 

Also, for the system with a lower degree of crosslinking, the microgels show a sharp 

volume phase transition at about 32 °C. In comparison, for microgels with a degree of 

crosslinking of 16.3 mol% BIS, the volume phase transition continuously extends over 

a temperature range from 27 °C to about 40 °C with a determined VPTT of 34 °C. 

Finally, the microgel with a degree of crosslinking of 5.4 mol% BIS shows a VPTT of 
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33 °C and a size in the collapsed state which levels off between the microgels with 

lower and higher amounts of incorporated crosslinker respectively. The observations 

can be attributed to the rigidity of the crosslinked polymer networks. Microgels are 

synthesized in the collapsed state where they typically exhibit similar dimensions 

independent of the degree of crosslinking. Upon swelling when cooled down to room 

temperature, the swelling capacity of microgels differs dependent on the rigidity of the 

network. The degree of crosslinking hereby defines the possibilities of conformational 

changes and amount of water that the network can take up. At the same time, 

comparison of the data underlines the influence of the composition of polymer chains 

within the microgel network on the VPTT.  

 
Figure 2.4: Data for temperature-dependent DLS measurements for three PNIPAM microgels with different 
amounts of crosslinker. Microgels with 1 mol% (black), 5.4 mol% (blue) and 16.3 mol% (red) of BIS content 
are compared. Vertical dashed lines label the respective VPTT. 

 
Different studies showed that the distribution of the crosslinker in the microgels is not 

homogeneous but shows a gradient where the amount of crosslinker decreases 

towards the outer parts of the microgel.65, 69, 95, 96 The outer periphery of microgels 

shows loose polymer chains often referred to as “dangling ends”. At the same time, 

the microgels possess a highly crosslinked core. The reason for the gradient of 

crosslinking within the microgels is the ratio of reactivity between monomers and 

crosslinker. For PNIPAM-based microgels, often the bifunctional crosslinker BIS is 

used, as both molecules show similarities in the chemical structure. Despite the 



2. Theoretical Background 

 

27 

structural similarities, the reactivity of BIS is higher when compared to the reactivity of 

NIPAM, resulting in a faster incorporation at the beginning of the polymerization.  

While NIPAM-based microgels are complex systems due to the interplay of the 

temperature-responsive polymer chains, crosslinker as well as initiator contents, the 

complexity and functionality can be further modified by incorporation of additional 

monomers into the crosslinked polymer networks resulting in the formation of 

copolymer microgels. 

 

2.1.4 Copolymer Microgels 
 

By definition, the addition of a crosslinker during a microgel synthesis already results 

in the formation of a copolymer microgel since the polymerized units contain two 

different monomers. As the crosslinker is a necessity for most microgel syntheses to 

form covalently crosslinked polymer networks (although there are microgel which are 

not covalently crosslinked), most of the time copolymer microgels are defined by the 

addition of yet another monomer. The synthesis of responsive copolymer microgels 

usually does not differ from the synthesis of homopolymers in terms of the reaction 

conditions or procedure. The comonomers can be added prior to the initiation leading 

to the formation of copolymers with either a statistical distribution of all components 

or the incorporation of additional monomers preferably in the center or periphery of 

the microgels due to different reaction kinetics e.g., reaction times and conversion 

speeds. Alternatively, the comonomers can be added during the polymerization 

process to affect the time of the incorporation in the polymer chains and therefore the 

final spatial distribution in the microgel. Usually, comonomers can be incorporated into 

the microgel network as long as the copolymer chains are still solvophobic enough 

under the preparation conditions. The composition and combination of multiple 

monomers can alter the properties of the microgel including the size, shape and 

mechanical but also physicochemical properties like the VPTT. As the volume phase 

transition behavior of microgels is dependent on the hydrophilic and hydrophobic 

interactions between individual polymer chains as well polymer chains and the solvent 

respectively, functional groups introduced by comonomers strongly affect the swelling 

properties of the network. Generally, the copolymerization with hydrophilic 
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comonomers leads to an increase in the VPTT,11 while comonomers with an 

hydrophobic character decrease the VPTT.17, 97  

One common example for the change of the properties is the introduction of charges 

to microgel systems by adding additional anionic or cationic comonomers. In 1996, 

Snowden et al. were the first to synthesize a PNIPAM-based microgel with statistical 

distribution of negative charges.17 Acrylic acid (AAc), which was used for the 

experiments, does not only provide a negative charge which alters the swelling 

behavior, but also introduces an additional responsiveness to pH. In the case of acrylic 

acid and similar comonomers with carboxyl groups like methacrylic acid,98 vinylacetic 

acid10, 99 or allylacetic acid,14 the negative charge of the carboxyl group introduces an 

additional repulsive electrostatic contribution to the osmotic pressure which needs to 

be considered regarding to the volume phase behavior. As a result, higher 

temperatures are needed to overcome the electrostatic repulsion and promote the 

polymer-polymer interactions resulting in an increase of the VPTT.17, 100 Also, by 

incorporating higher amount of charged comonomers into the microgels network, 

specific changes to the swelling behavior can be observed for example the occurrence 

of a two-step de-swelling behavior. This behavior was also extensively studied for 

PNIPAM-co-AAc microgels with comonomer contents above 10 mol% of AAc. 

After the expected collapse of the PNIPAM contents of the network at 32 °C, a second 

de-swelling event can be observed due to screening of charges by either proton 

association or by diffusion of counter-ions into the microgel network.11 

The effect on the physicochemical properties, for example the swelling properties, can 

already be observed upon incorporation of small amounts of comonomers into the 

polymer networks. In Figure 2.5, a comparison of exemplary temperature-dependent 

DLS measurements and calculated de-swelling ratios 𝛼 is presented for four different 

copolymer microgels. The microgels were synthesized by precipitation polymerization 

of NIPAM and 5 mol% BIS. However, each microgel system is further differentiated 

by the incorporation of a specific comonomer. The addition of 2.5 mol% of 

2-acrylamido-2-methylpropane sulfonic acid (AMPS) during the synthesis is visually 

represented in blue, while the addition of acrylic acid (AAc) in red. Similarly, the 

incorporation of 2-vinylpyridine (2-VP) is indicated in green and (3-acrylamidopropyl)-

trimethylammoniumchlorid (APTAC) is depicted in orange. The monomers have to be 

further differentiated, as 2-VP (positive charge) and AAc (negative charge) contain 

weak ionic groups that are responsive to pH, while APTAC (positive charge) and 
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AMPS (negative charge) provide permanently charged groups. The comparison of the 

temperature-dependent de-swelling ratios shows that despite all microgels exhibiting 

a VPTT of about 32 °C, the swelling behavior is significantly influenced by the 

incorporated comonomers. The de-swelling is considerably shifted for microgels with 

permanently charged groups indicated by the plateau values for PNIPAM-co-AMPS 

microgels (blue) or slight increase in the de-swelling ratios for PNIPAM-co-APTAC 

(orange) microgels below 30 °C. In comparison, the microgels with comonomers that 

also introduce a pH-responsiveness show a more pronounced decrease of the 

de-swelling ratio leading up to the volume phase transition. PNIPAM-co-2-VP 

microgels (green) exhibit a change in the de-swelling ratio already starting at 20 °C. 

Initially, a minor slope can be observed, indicating a gradual transition. 

Subsequently, larger changes can be observed with increasing temperatures above 

30 °C during the volume phase transition. For PNIPAM-co-AAc microgels (red), the 

two-step de-swelling can be observed even for low contents of incorporated AAc in 

the microgel network which is indicated by the pronounced decrease in the de-

swelling ratio 𝛼 leading up to approximately 30 °C. At this point a plateau can be 

identified prior to the second de-swelling step starting at about 32 °C. The determined 

differences are a result of electrostatic interactions and changes in the solubility of the 

polymer chains containing the comonomers. In addition, the experiments show that 

the reported two-step de-swelling can be observed even for low contents of 

incorporated AAc (2.5 mol%). The inset in Figure 2.5 presents the temperature-

dependent DLS measurements where the hydrodynamic radius is plotted against the 

temperature. Compared to the sizes of the three other copolymer microgels (orange, 

blue and green) that show hydrodynamic radii of about 150 nm in the swollen state, 

PNIPAM-co-AAc microgels (red) exhibit a significantly increased hydrodynamic radius 

of about 400 nm. This observation gives an indication of possible differences in the 

formation mechanism of the microgels during the synthesis.  
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Figure 2.5: Calculated temperature-dependent de-swelling ratios 𝛼 for four PNIPAM-based microgels with 
different incorporated comonomers. The chemical structure of the four comonomers is presented in the 
corresponding color: (3-acrylamidopropyl)-trimethylammoniumchlorid (APTAC) in orange, 2-acrylamido-2-
methylpropane sulfonic acid (AMPS) in blue, 2-vinylpyridine (2-VP) in green and acrylic acid (AAc) in red. 
The inset shows the results of the respective temperature-dependent DLS measurements.  
 
Beside a change in the swelling properties or VPTT, the introduction of functional 

groups via incorporation of multiple comonomers can provide entirely new properties 

to the microgel. For example, biological molecules like proteins or enzymes as well 

as inorganic, magnetic nanoparticles can be fully immobilized or captured and 

released.101, 102 Additionally, special responsive stimuli can be introduced e.g., 

responsiveness to shear stress or the responsiveness to light by incorporation of 

azobenzenes29, 103 or spiropyran derivatives104, 105 into the polymer chains of the 

microgel.  

Especially relevant for this work are comonomers containing functional groups that 

specifically recognize and complex ions. For example, the copolymerization and 

crosslinking of PNIPAM and 4-acrylamidobenz-18-crown-6 ether can allow for the 

tracing and removal of lead ions from the surrounding medium.106, 107 

Alternatively, comonomers containing ß-diketone groups, known from other research 

fields like metallodrug design, can also be used to accumulate ions within the microgel 

network. Afterwards accumulated ions can be reduced to form metal nanostructures 

within the microgel networks and thereby introduce new possibilities to the hybrid 

systems. The application of this type of monomers will be discussed in more detail in 

Chapter 2.2.3. 
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2.2 Hybrid Microgels – The Combination of Microgels 
and Inorganic Nanoparticles  
 

The interest in hybrid microgels increased significantly over the last years due to the 

possibility to combine magnetic, optical or catalytical properties of inorganic particles 

with the responsive and soft properties of microgels.108-110 The properties of such 

hybrid systems depend not only on the composition but rather on the structure i.e. the 

number of inorganic particles, spatial distribution of the particle(s) and volume ratio 

between the microgel and the particle(s).  

Over the past decades, three distinct routes to obtain hybrid microgel systems have 

been established.111 Each synthesis route comes with specific advantages and 

disadvantages which will be evaluated in the following chapters.  

  

2.2.1 Loading or Decoration by Diffusion 
 

In terms of synthetic effort, the loading or decoration of microgels by diffusion of 

inorganic nanoparticles is the most accessible method to obtain hybrid microgel 

systems. Both, microgels and respective nanoparticles can be synthesized before to 

their combination and therefore allow for the highest versatility regarding the individual 

composition, size and morphology.  

 
Figure 2.6: Schematic illustration of the decoration of a microgel with gold nanoparticles by diffusion onto 
a crosslinked polymer network. Microgels and nanoparticles are synthesized individually prior to the 
combination of both components.  
 
Figure 2.6 shows the principle of the decoration of microgels by diffusion and an 

exemplary resulting hybrid system. First, the microgel is synthesized by, for example, 

precipitation polymerization. Afterwards, the vigorous stirring or sonication of 

microgels in the presence of inorganic nanoparticles can lead to either the decoration 

of the outer periphery of the microgels or the diffusion of nanoparticles into the prior 

synthesized microgels. The structure of the resulting hybrid microgel particles strongly 

depend on various parameters including the size of the nanoparticles, the size and 
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charge of the microgels, and the mesh size of the microgels which is mostly influenced 

by the degree of crosslinking. Most of the experiments in literature show the 

accumulation of nanoparticles in the periphery of the microgels due to the low 

probability of nanoparticles diffuse into the networks as a consequence of the listed 

criteria. For the decoration of microgels, nanoparticles with different shapes like 

spheres or rods can be used.48, 112, 113  

While easily realized, the fabrication of decorated (or loaded) hybrid microgels by 

diffusion comes with a large disadvantage. Compared to other methods presented in 

the following, there is no control over the number of particles that accumulate in the 

periphery or diffuse into the microgel. Another potential problem is leaking as 

nanoparticles in the periphery are either only entangled in the polymer chains that are 

not crosslinked or attracted by electrostatic interactions. Nanoparticles that diffused 

into the polymer network, can be entrapped within individual meshes of the network 

and are then retained only by steric hinderance.   

The decoration of microgels is particular interesting as the change of the size of the 

microgel by an external stimulus has significant influence on the spatial distance 

between the nanoparticles. In particular, in phenomena where the distance between 

nanoparticles is important, such as the localized surface plasmon resonance of gold- 

or silver nanoparticles, it has been observed that the optical properties can be 

influenced by the swelling and de-swelling of decorated microgels. These changes in 

the microgel volume result in a rearrangement of the spatial position between the 

nanoparticles, ultimately affecting the optical response of the systems.112, 114, 115  
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2.2.2 Encapsulation of Nanoparticles  
 

The encapsulation of nanoparticles can be achieved by the in situ formation of a 

polymer shell or scaffold around the particles. During a typical seeded precipitation 

polymerization, the monomers are soluble but the polymerized chains precipitate on 

the surface of the nanoparticle leading to the formation of the desired microgel shell. 

Seeded precipitation polymerization of monomers and crosslinker moieties in 

presence of single inorganic nanoparticles was reported, for example, by Karg et. al 

in 2006.116 The authors used a modified protocol for the precipitation polymerization 

of a PNIPAM-based microgel in the presence of silica nanoparticles and successfully 

realized the controlled encapsulation of one single nanoparticle in each microgel. In 

the following years, multiple groups developed altered and improved protocols to 

allow for the reproduceable encapsulation and modification of inorganic nanoparticles 

(gold, silver and silica) in different PNIPAM-based microgel systems.117, 118 

Furthermore, it was shown that the controlled encapsulation and potential in situ 

overgrowth of nanoparticles, for example gold nanoparticles synthesized via the 

well-known Turkevich protocol, makes them the preferred model systems for optical 

applications due to their low dispersity and controllable core size.119  

A schematic representation of the encapsulation of a gold nanoparticle with an 

exemplary monomer and crosslinker is shown in Figure 2.7. In case of the 

encapsulation of gold nanoparticles, the nanoparticles are typically functionalized with 

butylamine prior to encapsulation.120, 121 The functionalization increases the 

hydrophobicity of the surface of the gold nanoparticles further enhancing the attraction 

of precipitants to the individual surfaces. After the functionalization, the in situ 

polymerization can be performed analogously to a typical microgel synthesis. 
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Figure 2.7: Schematic illustration of a seeded precipitation polymerization in the presence of a gold 
nanoparticle as seed.  
 
In contrast to the loading or decoration of microgels by diffusion, the advantage of the 

encapsulation is the certainty that the synthesis results in the formation of microgels 

which contain a single nanoparticle within the microgel network.  

 

2.2.3 Loading by In Situ Reduction 
 

Loading by in situ reduction acts as the direct opposite to the approach by 

encapsulation of inorganic nanoparticles. For this approach, microgels can be 

designed, synthesized and modified prior to the formation of nanoparticles within the 

networks.  

 
Figure 2.8: Schematic representation of the in situ formation of a gold nanoparticle within a microgel. 
Gold ions are introduced into the network by diffusion. Gathered gold ions can then be reduced by a strong 
reducing agent to form a spherical gold nanoparticle.  

 
The diffusion of noble metal ions like gold and silver into microgels and the 

subsequent reduction within the networks using a strong reduction agent like sodium 

borohydride has been reported by several groups in the past.45, 46, 122-125 The basic 

principle behind the method is schematically presented in Figure 2.8. Already in 2004, 

Kumacheva et al. presented the in situ synthesis of various nanoparticles in the 

presence of microgels. In their work, a PNIPAM-based copolymer was synthesized 

and carboxylic groups of incorporated acrylic acid (AAc) monomers were used to allow 

the electrostatic interaction with metal ions when in the deprotonated state. 

Thereby, the group showed the successful reduction of the metal ions and successive 

formation of multiple silver, cadmium selenide and iron oxide nanoparticles within the 
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microgels and in their periphery.126 In other works, the reduction mostly results in 

microgels containing multiple nanoparticles with random spatial distribution, due to 

the uncontrollable diffusion and statistical distribution of metal ions in the microgels. 

Although hybrid microgel systems containing a random number and distribution of 

nanoparticles can be successfully used for catalysis experiments or similar 

applications, the control over the distribution and number of particles formed within 

the microgels remains an apparent challenge to make it an attractive alternative to the 

encapsulation approach.109, 127-129 

Thies et al. first presented the successful formation and growth of single gold 

nanoparticles within complex copolymer microgels in 2018.130 The poly-

vinylcaprolactam-based (PVCL) copolymer microgels additionally contained acrylic 

acid monomers and acetoacetoxy ethyl methacrylate (AAEM) monomers which carry 

ß-diketone groups. While carboxylic groups of the acrylic acid monomers increase the 

colloidal stability and the affinity of metal ions to the microgels, ß-diketone groups are 

reported to specifically complex metal ions. The presence of ß-diketone groups in the 

microgels allowed for the controlled formation of single gold nanoparticles close to the 

center of the microgel networks. The reason for the formation of only individual gold 

nanoparticles and the exact processes during the accumulation of ions and formation 

of nanoparticles still needs further investigation. Also, the group showed that an 

anisotropic overgrowth of the gold nanoparticles is possible which results in hybrid 

microgel systems that are challenging to obtain via the encapsulation approach.  

Compared to the other techniques, the in situ formation of nanoparticles inside 

microgels could offer multiple advantages like an improved control over the chemical 

composition and architecture of the microgels and flexible but controlled loading of 

nanoparticles.  
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2.3 Characterization of Microgel Systems 
 

Microgel systems can be characterized by a multitude of spectroscopic-, microscopic- 

and scattering techniques. In the following chapters, the essential techniques are 

outlined that were applied to characterize the various microgel systems in this thesis. 

This includes DLS and UV-Vis spectroscopy which allow to learn about the size and 

swelling properties of microgels in diluted dispersion. In addition, TEM is elaborated 

as a technique that can be used to visualize the microgels and provide information 

about the morphology especially in case of composite microgels. 

 

2.3.1 Dynamic Light Scattering 
 

DLS is one of the most prominent non-invasive techniques to measure the size 

distribution of small particles e.g., microgels in dispersions. The technique is based 

on the principle that particles in dispersion undergo random movement, known as 

Brownian motion. The particle motion and velocity are strongly dependent on the 

mass of the particles and the temperature of the surrounding medium. The velocity 

and both parameters can be correlated as follows: 

 𝜈m = √
2𝑘B𝑇

𝑚
 (2.9) 

Here,𝜈m is the mean velocity, 𝑘B is the Boltzmann constant, 𝑇 corresponds to the 

temperature and 𝑚 gives the mass of the individual particle.    

As a result, particles with lower masses at a given density and thus smaller particles 

are moving at higher speeds while particles with a higher mass show an opposite 

behavior. 

As for all other scattering techniques like static light scattering (SLS), SAXS or SANS, 

the most important quantity that is valid for all scattering experiments is the absolute 

value of the scattering vector 𝑞  which can be defined as:131  

 |𝑞 | =
4𝜋𝑛

𝜆
sin (

𝜃

2
) (2.10) 
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Here 𝑛 is the refractive index of the dispersing medium, 𝜆 is the wavelength of the 

incident radiation and 𝜃 gives the scattering angle between the incoming and 

scattered radiation. In Figure 2.9 (a), a schematic illustration of a scattering process 

in a simplified DLS setup and the construction of an exemplary scattering vector 𝑞  is 

shown. In the illustration, the incident light with wave vector 𝑘in
⃗⃗ ⃗⃗  ⃗ is scattered by a 

scattering center in the scattering volume at an angle of θ. The direction of the 

scattered light is presented by wave vector 𝑘out
⃗⃗ ⃗⃗ ⃗⃗  ⃗. The absolute value of the scattering 

vector 𝑞   gives the difference between 𝑘in
⃗⃗ ⃗⃗  ⃗ and 𝑘out

⃗⃗ ⃗⃗ ⃗⃗  ⃗ and is a measure for the spatial 

resolution of a scattering event. Furthermore, the absolute value of the scattering 

vector 𝑞   has the dimension of reciprocal length.  

For a typical DLS experiment, monochromatic, coherent light is focused on a probed 

volume resulting in the scattering of the light in all directions by interactions with the 

investigated particles. 

  
Figure 2.9: (a) Scheme of a setup for DLS experiments including the most crucial components: A 
monochromatic laser, the investigated sample, a detector and a correlator. The simplified illustration also 
shows the construction of the scattering vector 𝑞 . (b) Example of a typical observable change in scattering 
intensity as function of time due to diffusion of scattering objects in the scattering volume. (c) Theoretical 
mean auto correlation function 𝑔2(𝜏). 
 
Two different forms of scattering need to be considered: inelastic and elastic. Inelastic 

scattering occurs when energy is transferred between incident light and the scattering 

material. While an inelastic scattering event causes both, a change in the direction 

and the wavenumber of the scattered light, for elastic scattering, only a change in 

direction of the scattered light can be observed.  

DLS experiments are considered as quasi-elastic scattering experiments as both 

types of scattered light are typically detected and processed. However, the changes 
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in energy involved in the scattering processes are usually very small compared to the 

energy of the incident light and therefore negligible.132 Additionally, waves of scattered 

light can interfere dependent on the scattering direction and spatial position of the 

object that scatters the light. The time and spatial-dependent changes in constructive 

or destructive interference of the waves of scattered light are detected by a 

photomultiplier or an avalanche photodiode.  

Due to the movement of particles, which results in a continuous change in the spatial 

position of particles and consequently a continuous change in the interference 

patterns of the scattered light, intensity fluctuations can be recorded as a function of 

time. A schematic illustration of exemplary intensity fluctuations as a function of time 

is presented in Figure 2.9 (b).  

The scattering intensities 𝐼 (𝑞, 𝑡) of scattered light can be analyzed using the 

normalized intensity-time autocorrelation function 𝑔2(𝜏):126, 133, 134 

 𝑔2(𝜏) =
〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉

〈𝐼(𝑡)〉2
 (2.11) 

Here, 𝐼 (𝑡) is the scattering intensity at the time 𝑡 and 𝐼(𝑡 + 𝜏) gives the scattering 

intensity after a certain correlation time 𝜏. The autocorrelation function describes the 

similarity of the signals at time 𝑡 and after a certain time interval 𝑡 + 𝜏. 

While 𝑔2(𝜏) can be measured and calculated, the normalized electric field-time 

autocorrelation function 𝑔1(𝜏) is needed for the analysis of the obtained DLS data as 

𝑔1(𝜏) is correlated to the relative motion of the particles to each other:131, 134 

 𝑔1(𝜏) =
〈𝐸(𝑡)𝐸(𝑡 + 𝜏)〉

〈𝐸(𝑡)〉2
 (2.12) 

Here, 𝐸(𝑡) describes the scattered electric field at the time 𝑡 and 𝐸(𝑡 + 𝜏) after the 

time interval 𝜏, respectively. As 𝑔1(𝜏) and the scattered electric fields are not directly 

accessible by measurements, the Siegert relation can be used which correlates 𝑔1(𝜏) 

and 𝑔2(𝜏):131, 135 

 𝑔2(𝜏) = 1 + 𝛽Siegert|𝑔1(𝜏)|
2 (2.13) 
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The factor 𝛽Siegert depends on the experimental geometry and the scattering 

properties of the particles. The decay of an exemplary intensity-time autocorrelation 

function 𝑔2(𝜏) is presented in Figure 2.9 (c). For monodisperse, isotropic scattering 

objects the normalized electric field-time autocorrelation function can be simplified to 

an exponential function with a decay constant 𝛤: 

 𝑔1(𝜏) =  𝑒−𝛤𝜏 (2.14) 

As for most, non-ideal samples, polydispersity of the systems causes a distribution in 

particle size and hence a distribution of decay constants. To take the normalized 

distribution of decay rates 𝐺(𝛤) into consideration, Equation 2.13 can be expanded 

as shown in Equation 2.14: 

 𝑔1(𝜏) = ∫ 𝐺(𝛤)𝑒−𝛤𝜏𝑑𝛤
∞

0

 (2.15) 

The resulting data for the autocorrelation can be analyzed by different methods 

including the Cumulant method136 or the CONTIN algorithm for non-monomodal 

distributions.137, 138 For monomodal particle systems that show a Gaussian-like 

distribution around a mean value, the Cumulant method is often preferred before the 

use of advanced analytical procedures like the CONTIN method which requires 

complex numerical algorithms. 

The Cumulant method involves a series expansion to the autocorrelation function 

(Equation 2.15) to reconstruct the function by its cumulants 𝜇: 

 𝑔1(𝜏) =  𝑒−�̅�𝜏 − (1 +
𝜇2

2
𝜏2 −

𝜇3

3!
𝜏3 +

𝜇4

4!
𝜏4 …) (2.16) 

The function can also be rewritten as:  

 ln( 𝑔2(𝜏) − 1) = ln( 𝛽Siegert) + 2 (−Γ̅𝜏 +
𝜇2

2!
𝜏2 −

𝜇3

3!
𝜏3 +

𝜇4

4!
𝜏4 …) (2.17) 

 

 



2. Theoretical Background 

 

40 

Here, 𝑔1(𝜏) is replaced by 𝑔2(𝜏) through correlation of the Siegert relation 

(Equation 2.13) and the single exponential decay for a monodisperse system shown 

in Equation 2.14 converted to a logarithmic mode: 

 𝑔2(𝜏) = 1 + 𝛽Siegert[𝑒
−�̅�𝜏]2 (2.18) 

And further: 

 ln(𝑔2(𝜏) − 1) = ln(𝛽Siegert) − 2𝛤𝜏 (2.19) 

The first cumulant 𝛤 in Equation 2.16 and Equation 2.17 indicates the mean value 

of decay constants and the second cumulant 𝜇2 describes variance of the relaxation 

rate distribution and can be used to quantify the dispersity of the system.  

The Cumulant method as well as the CONTIN algorithm both allow for the extraction 

of the mean decay constant 𝛤 of the particles which is needed to calculate the diffusion 

coefficient 𝐷T at a certain scattering vector 𝑞: 

 𝐷T =
𝛤

𝑞2
 (2.20) 

Furthermore, the diffusion coefficient 𝐷𝑇 which is the magnitude most DLS 

experiments are aiming for can be used to obtain the hydrodynamic radius 𝑅𝐻 of the 

investigated particles. The correlation between 𝐷T and 𝑅H can be found in the Stokes-

Einstein equation: 

 𝐷T =
𝑘B𝑇

6𝜋𝜂𝑅H

 (2.21) 

Here, 𝑘B is the Boltzmann constant, 𝑇 the temperature and 𝜂 the viscosity of the 

surrounding medium.  

In terms of characterization of microgels in dispersion, DLS is one of the most powerful 

techniques as it allows to follow the hydrodynamic size in dependence of the 

temperature. Information about the volume phase transition and the ratio between the 

size in the swollen and collapsed state usually act as characteristic quantities to 

compare different microgel systems. For simplification, microgels are assumed as 

perfect spheres when processing measured autocorrelation data. 
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2.3.2 Ultraviolet-visible Absorbance Spectroscopy  
 

UV-Vis absorbance spectroscopy is a versatile and widely used analytical technique 

that can provide information about a variety of chemical and biochemical systems. 

During measurements, a sample is irradiated with light of varying wavelength in the 

UV and/or visible regions of the electromagnetic spectrum. Depending on the 

chemical and electronic structure, phenomena like absorption, reflection and 

scattering can occur.  

In typical experiments, the investigated sample absorbs or scatter some parts of the 

incident light and the intensity of the transmitted light is measured relative to the 

incident light. The resulting spectrum provides information about the absorbance of 

the sample as a function of wavelength. The shapes and positions of signals of 

absorbance in the spectrums can reveal information about the structure and 

composition of investigated samples. For example, characteristic signals in the 

spectrum can be used to identify the presence of certain chemical functional groups, 

such as aromatic groups which absorb strongly in the UV region. The width of the 

signals can also provide information about the size and shape of the absorbing 

molecules or particles.139  

The extinction which describes the combination of absorbance and scattering 

processes is related to the concentration of the species in the sample, as described 

by the Lambert-Beer’s law: 

 𝐸λ = 𝑙𝑜𝑔10 (
𝐼0
𝐼
) = 𝜀λ ∙ 𝑐 ∙ 𝑑 (2.22) 

Here, the extinction 𝐸λ describes the absorbance of the material for light with a certain 

wavelength 𝜆. 𝐼0 and 𝐼 show the intensity of the incident and transmitted light 

respectively. The concentration of the attenuating species is given by 𝑐 and 𝑑 is the 

optical path length trough the sample volume. 𝜀λ relates to the molar attenuation 

coefficient of the attenuating species at a specific wavelength. 
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Alternatively, the attenuation of incident light based on interactions with the sample 

can be expressed with number density 𝑁 (accessible for hybrid microgel systems 

through, for example, SAXS measurements) and the extinction cross section 𝐶Ext.: 

 𝐸𝜆 = 𝑙𝑜𝑔10 (
𝐼0
𝐼
) =

𝐶Ext.𝑁𝑑

2.303
 (2.23) 

The extinction cross section 𝐶Ext. which describes the probability of an absorption 

process and the molar attenuation coefficient 𝜀𝜆 can be conversed by considering the 

Avogadro constant 𝑁A: 

 𝐶Ext. =
2.303

𝑁𝐴

𝜀λ (2.24) 

A UV-Vis spectrophotometer consists of one or multiple light sources, a sample 

holder, monochromators or prisms and a detector and can be built in two distinct ways. 

Typically, a polychromatic light source is used in combination with scanning 

monochromators in front of the sample (scanning spectrophotometer). Thereby, only 

light of a single wavelength is directed on the sample volume at a time. As a result, 

the absorbance for light of one specific wavelength can be recorded but the scanning 

monochromators also allow to change the wavelength so the absorbance is typically 

measured as a function of the wavelength.  
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Figure 2.10: (a) Schematic illustration of a UV-Vis absorbance experiment with an array 
spectrophotometer. Polychromatic light is focused on a sample volume. The light that passes through the 
sample is separated by dispersing elements and the absorbance of the sample is detected as a function of 
the wavelength. The depiction shows an exemplary experiment where high-energy visible light with 
wavelengths below 400 nm (blue, violet) is absorbed by the sample. The illustration only shows the 
interaction with light of the visible spectrum but the same principles can be applied for light of the ultraviolet 
and infrared region. (b) Exemplary temperature-dependent UV-Vis absorbance measurements for a 
PNIPAM-based microgel. The increase in temperature is indicated by the change of the color from blue to 
red. 
 
In this work, an array spectrophotometer was used to investigate all samples. 

A schematic representation of the setup of the UV-Vis spectrometer is shown in 

Figure 2.10 (a). First, the polychromatic light is focused on the sample volume. The 

light that passes through the sample is separated into individual wavelengths by a 

dispersion element or reflection grid and detected as a function of the wavelength. In 

the schematic illustration, the sample absorbs light with higher energy (400 nm and 

below) and only light with wavelengths above 400 nm is transmitted. Compared to a 

scanning spectrophotometer, this setup allows for even quicker recording of spectra 

over the whole range of wavelengths.  

In Figure 2.10 (b), exemplary spectra for temperature-dependent UV-Vis 

spectroscopy measurements of a PNIPAM-based microgel are presented in the 

wavelength range from 280 to 700 nm. The colors of the spectra represent the 

increase in temperature from 15 °C (blue) to 55 °C (red) in steps of 1 °C. In opposite 

to the decrease in size observable in temperature-dependent DLS measurements, an 

increase in the absorbance can be detected with increasing temperature.   
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At first glance, microgels do not seem to be suitable for UV-Vis spectroscopy 

measurements as they do not provide a conjugated 𝜋-bond system or similar free-

electron system that can absorb electromagnetic waves. Nonetheless, it has to be 

considered that the incident light 𝐼0 is not only reduced by the absorbance 𝐼Abs. but 

also by scattering 𝐼Scat.: 

 𝐼Trans. = 𝐼0 − 𝐼Abs. − 𝐼Scat. (2.25) 

Thus, the absorbance by microgels is negligible and the observed difference between 

the transmitted intensity 𝐼Trans. and the intensity of the incident light 𝐼0 is almost 

completely based on scattering. The extinction cross section is thereby directly related 

to the scattering cross section 𝐶Ext.= 𝐶Scat. and for non-absorbing samples the 

Lambert-Beer law in Equation 2.23 can be adjusted to:  

 𝐸𝜆 = 𝑙𝑜𝑔10 (
𝐼0
𝐼
) =

𝐶Scat.𝑁𝑑

2.303
 (2.26) 

For simplification, in the following the term absorbance will still be used to describe 

the observed phenomena during UV-Vis measurements of microgels although they 

are mostly related to scattering of the microgels.  

In principle, the Rayleigh-Debye-Gans (RDG) approximation would suggest that the 

light scattering intensity cross-section 𝐶Scat.
RDG decreases with sixth power of the radius 

of the scattering object:140, 141 

 𝐶Scat.
RDG =

24𝜋3 (
4
3
𝜋𝑅3)

2

𝜆4
(
(
𝑛microgel

𝑛solvent
)
2

− 1

(
𝑛microgel

𝑛solvent
)
2

+ 2

)

2

 (2.27) 

𝑅 defines the radius of the microgel, 𝜆 is the wavelength of the incident light and 𝑛X 

gives the refractive index of the microgel and the surrounding solvent.  

The RDG theory is valid for particles with a low refractive index contrast relative to the 

solvent and dimensions that are smaller than the wavelength of visible light:141  

 
4𝜋𝑅

𝜆
|
𝑛microgel

𝑛solvent

− 1| ≪ 1 (2.28) 
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For most microgels (like the microgels discussed in this work) the RDG is valid 

because the effective refractive index of the microgels in the swollen state at low 

temperatures is sufficiently low to fulfil the RDG criterion.68 At higher temperatures, 

when the microgels are in the collapsed state, the difference in refractive index 

increases compared to the refractive index of water (𝑛H2O = 1.333) so that the RDG 

criterion is not necessarily fulfilled. In this case, Mie theory for a homogeneous sphere 

is a better model to describe the data.  

For temperature-dependent absorbance measurements of microgels, it would be 

reasonable to assume that, due to the high dependency on the radius, the scattering 

intensity and thus the absorbance of the microgels would decrease with increasing 

temperature as the microgels collapse. However, it can be observed that the 

absorbance increases during the temperature induced microgel collapse which can 

be attributed to the transition from fuzzy spheres to hard sphere-like scatterers. In the 

swollen state, the outer, fuzzy parts of the microgel make up for a large part of the 

particle volume but do not significantly contribute to the detected scattering. 

The scattering is dominated by the inner, rather homogeneous core region with a 

constant refractive index. During the volume phase transition, the polymer chains of 

the fuzzy shell collapse onto the higher crosslinked core while water is released from 

the microgel network. As a result, the polymer volume fraction of the microgel region 

rises resulting in an increase of the scattering.73 The polymer volume of a microgel 

can be approximated by Equation 2.29, as long as the microgels are considered as 

homogeneous spheres: 

 𝜙 =
𝑉polymer

𝑉microgel

=
𝑉polymer

4
3
𝜋𝑅3

 (2.29) 

Thus, in regard to the RDG theory, the increase in size and the refractive index 

contrast of the higher crosslinked core region outweighs the decrease in the effective 

size of the microgel during the volume phase transition.  
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2.3.3 Transmission Electron Microscopy  
 

Transmission electron microscopy (TEM) is a type of microscopy that uses electrons 

instead of light to examine the structure of materials. The method is based on the 

interaction of a focused beam of accelerated electrons that pass through the 

investigated specimen. In 1931, Ernst Ruska was the first to develop and operate a 

TEM and thereby overcome the resolution limit set by the wavelength of 

visible light.142-144 Image resolution quantifies the shortest distance between two 

points on a specimen that can still be distinguished as two separate entities by a 

detector, camera or observer. Mathematically, the resolution in a perfect optical 

system can be described by Abbe’s equation:   

 𝑑 =  
0.61 𝜆

𝑛 sin 𝛼
 (2.30) 

Herein, 𝜆  is the wavelength of the radiation,  𝑛 is the refractive index of the viewing 

medium, and 𝛼 the semi-angle of collection of the magnifying lens. Most of the time 

′𝑛 sin 𝛼′ (often referred to as numerical aperture) can be approximated by 1 so that 

the resolution is equal to about half of the wavelength of the radiation source. 

Therefore, the best resolution that can be achieved by “classical” visible light 

microscopy is approximately 250 nm when assuming a radiation light source with 

violet light (the lower end of the visible light spectrum) with a wavelength of 400 nm. 

In electron microscopy however, the theoretically achievable resolution is limited by 

the wavelength of electrons.  

The wavelength of an electron can be derived by de Broglie’s equation: 

 𝜆 =
ℎ

𝑝
 (2.31) 

with Planck’s constant ℎ and momentum 𝑝.  

Louis de Broglie was the first to show that not only light shows wave-particle duality 

but every other matter particle also has wave and particle characteristics and that the 

wavelength decreases inversely proportional with increasing momentum.  
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As the momentum is dependent on the mass at rest 𝑚0 and the velocity 𝜈: 

 𝑝 =  𝑚0𝜈 = √2𝑚0𝑒𝑈A (2.32) 

a connection can be made between the wavelength and the acceleration voltage of 

electrons 𝑈A with 𝑒 as the unit charge: 

 𝜆 =
ℎ

√2𝑚0𝑒𝑈A

 (2.33) 

For acceleration voltages above 50 kV, relativistic effects have to be considered which 

adjust Equation 2.33 by taking light velocity 𝑐 into account: 

 𝜆 =
ℎ

√𝑒𝑈A (2𝑚0 +
𝑒𝑈A

𝑐2 )

 (2.34) 

Assuming an acceleration voltage of 80 kV (which was used for most of the imaging 

in this work), the electrons possess a wavelength of 4.2 pm which results in a 

theoretical resolution on the order of a few picometers. There is still a discrepancy 

between theoretical limits and the resolution limit that can be realized in real 

applications. For the moment, the electromagnetic lenses of an electron microscope 

act as the restrictive part to achieve these theoretical values. Due to lens aberration 

the maximum achievable resolution, as of now, is about 0.1 nm.144-146 

Figure 2.11 presents the essential components of a TEM in (a) and the corresponding 

position of the respective components in the JEOL JEM 2100Plus transmission 

electron microscope which was used during this work in (b). The individual 

components will be discussed in more detail in the following paragraphs. In general, 

a TEM consists of five major components: 

1. The electron gun 

2. The condenser lens 

3. The objective lens including the specimen stage 

4. The projector lens 

5. The fluorescent screen or detectors like charged-coupled device (CCD) or 

complementary metal oxide semiconductor (CMOS) cameras, scanning 

transmission electron microscopy (STEM) detectors, energy-dispersive X-ray 

spectroscopy (EDX) or electron energy loss spectroscopy (EELS) detector 
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Figure 2.11: (a) Schematic representation of the essential components of a transmission electron 
microscope (TEM). (b) Digital photograph of the JEOL JEM 2100Plus transmission electron microscope 
which was used within the scope of this work. Red arrows show the position of the individual components 
in the microscope. 
 
 
Electron Guns 
 
The electron gun is a key component of a transmission electron microscope. 

It produces a beam of electrons that is used to illuminate the specimen and form an 

image. 

It can be differentiated between two types of electron guns used in TEMs: Thermionic- 

emission guns and field emission guns (FEG emitter). Both types of electron guns 

come with their own advantages and disadvantages which will be discussed in the 

following: 
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A thermionic electron gun is based on a triode system. A simplified presentation of 

a thermionic electron gun is shown in Figure 2.12 (a). The triode system consists of 

a cathode, a Wehnelt electrode and an anode. The cathode (a twisted tungsten wire 

or in modern TEMs (and the TEM operated in this work) a LaB6 crystal) is heated up 

to over 2000 °C. By heating up the “V”-shaped wire or crystal respectively, electrons 

acquire enough energy to overcome the work function and are emitted into the 

vacuum. The emitted electrons travel towards the anode under influence of the 

acceleration voltage applied between the cathode and the anode. Typically, the 

acceleration voltage is between 80 and 300 kV. The Wehnelt electrode which is 

placed between the cathode and the anode, acts as a control grid and also serves as 

an electromagnetic lens. By adding negative voltage to the Wehnelt electrode, the 

emission of the electrons is suppressed for most areas of the cathode. Only the 

emitters tip is placed in a relative position to the cathode so that electrons can be 

emitted and directed towards the anode. Therefore, the applied bias of the Wehnelt 

electrode not only controls the emission current but also the width of the electron 

beam which is further connected to the achievable resolution. A thermionic electron 

gun comes with the advantage of being comparably inexpensive due to not requiring 

an ultra-high vacuum. At the same time thermionic electrons guns have a lower 

lifetime, higher energy spread and generally a lower achievable resolution than field 

emission guns.  

Field emission guns (FEGs) are often preferred over thermionic guns, due to their 

superior performance in terms of brightness, stability and energy resolution but also 

come at much higher costs. FEG emitters rely on the field emission phenomenon. 

By applying a strong electric field to the cathode using an extraction anode, the 

potential barrier is strongly reduced (Schottky effect). The lower thermal energy 

required to overcome the barrier for electrons to leave the cathode tip is reflected by 

a lower energy range of the emitted electrons. Typically, in a so-called Schottky field 

emitter, the cathode is made from a very fine tungsten tip. The basic principle is very 

similar to a thermionic emission gun. In Figure 2.12 (b), the simplified structure of a 

field emission gun is presented. The tungsten tip is heated by means of a heating 

current and an extraction voltage (extractor) is applied to release the electrons out of 

the tip. The electrons are then further accelerated and focused into condenser lens 

by applying a high voltage between the cathode and anode. Recently, “cold” field 

emission guns gained more importance as they can further improve the achievable 



2. Theoretical Background 

 

50 

resolution of an electron microscope. A “cold” FEG makes use of the tunneling effect 

which does not heat the cathode at all during emission. The lower temperature that is 

needed to release electrons from the cathode tip further reduces the energy range of 

the emitted electrons. 

Figure 2.12: Basic structure of electron guns used in electron microscopy. (a) Thermionic emission gun 
(b) Field emission gun (FEG).  
 
 
Lenses and Lens Aberrations 

Electromagnetic lenses are essential components of a transmission electron 

microscope and function as a direct equivalent to glass lenses in light microscopes. 

In both cases, the lenses keep the beam of light or electrons on the optical axis, 

respectively. Electromagnetic lenses use a combination of rotationally symmetric 

magnetic fields to focus the beam of electrons onto the specimen and to form an 

image of the transmitted or scattered electrons. By applying a magnetic field, electrons 

that passes through the lens are forced on a spiral path around the optical axis. 

Figure 2.13 (a) presents the functionality of an electromagnetic lens and 

Figure 2.13 (b) shows a digital photograph of a condenser lens. In contrast to a light 

microscope, the electromagnetic lens can be controlled by adjusting the magnetic 

fields. Hereby, it is possible to change properties of the final image like the depth of 

field, allowing to observe different features without altering the specimen.  
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Figure 2.13: (a) Schematic diagram of an electromagnetic lens found in electron microscopes. (b) Digital 
photograph of an electromagnetic lens. The Figure is adapted from D. Williams and C. Carters detailed 
textbook about transmission electron microscopy.144  
 
Typically, the lens system of a TEM is complex and consists of a multitude of different 

lenses and apertures.  Nonetheless, two main types of electromagnetic lenses can be 

identified: 

The condenser lens is the first lens that the electron beam passes after it is emitted 

from the electron source. The condenser lens focuses the electrons after the gun 

crossover into a narrow, parallel beam that can be directed onto the specimen.  

The objective lens is located below the specimen and is used to focus the electrons 

that have passed through the specimen (or have been scattered) onto the detector to 

form an image. Moreover, the objective lens serves to (initially) magnify the image of 

the specimen. In addition to the condenser and objective lenses, other 

electromagnetic lenses are used in the TEM to adjust the electron beam’s properties 

and improve the image quality. For example, intermediate lenses can be used to 

correct aberrations of the electron beam caused by the lenses, as well as any 

distortions caused by the specimen. Additionally, energy filters can be used to remove 

electrons of certain energies from the beam, improving the contrast and resolution of 

the image. 

Due to the rotational symmetry of the magnetic fields in the lenses, it is impossible to 

eliminate field inhomogeneities resulting in occurrence of lens aberrations. Although 

there are plenty of possible aberrations, only three main aberrations which have 

significant influence on the imaging via TEM, are discussed in the following.147  

Chromatic Aberration is caused by the slight distributions of wavelengths of the 

electrons released by the electron gun and resulting differences in energies. The 
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electromagnetic lenses affect the motion of electrons based on the Lorentz force 

which is dependent on the magnetic field and the velocity of the electrons. As the 

wavelength of the electrons is connected to its momentum and velocity, small 

differences in the wavelengths can cause electrons to be refracted differently by the 

electromagnetic lens. The schematic representation of chromatic aberration is 

presented in Figure 2.14 (a). In the scheme, different colored lines represent the path 

of electrons with different wavelengths. The electromagnetic lenses are shown as 

lenses known from optical microscopy to simplify the representation. Due to the slight 

distribution in wavelengths resulting in different energies, electrons are not focused in 

the same spot on the optical axis. As a consequence, this results in a blurred image 

of the investigated specimen. The energy spread of the electrons and the resulting 

amount of chromatic aberration is strongly dependent on the type of electron source 

as well as the stability of the acceleration voltage and lens currents. Nowadays, there 

are correctors that can almost completely eliminate the effects of chromatic 

aberration. 

Spherical Aberration occurs due to inhomogeneities of the magnetic field of the 

electromagnetic lenses. The inhomogeneities of the magnetic field get larger with 

higher distances from the optical axis resulting in a stronger refraction of the electrons 

which are further away from the optical axis compared to electrons that pass the lens 

closer to the optical axis. Figure 2.14 (b) shows the schematic refraction of electron 

rays by an optical lens. The same processes can be adapted to electromagnetic 

lenses. The scheme shows that electrons that are further away from the optical axes 

are diffracted stronger towards the optical axis than electrons next to the optical axis 

leading to different focus points. The smallest beam diameter that is directly 

connected to the resolution and quality of the image can be achieved at the circle of 

least confusion. The degree of spherical aberration is strongly dependent on the 

cross-section of the lens determined by the size of the lens aperture. Spherical 

aberration can be corrected completely in modern microscopes by installation of 

specific spherical aberration correctors that combine multipoles and rotational 

symmetry lenses.   

Axial Astigmatism can be observed for most electromagnetic lenses due to 

imperfections of parts and materials of the lenses themselves. If, for example, the coil 

material shows inhomogeneities or imprecise processing, the perfect rotational 

symmetry is not achieved. As a result, asymmetry of the focusing field leads to 



2. Theoretical Background 

 

53 

different focus points for the sagittal or meridional planes. In Figure 2.14 (c), the 

differences for the focus points E and F affected by asymmetry of the focusing field 

are presented for the sagittal plane ABF and the meridional plane CDE. Axial 

astigmatism can be easily compensated by introduction of an adjustable quadrupole 

field that can reduce the distortions resulting from the lenses.  

 
Figure 2.14: Schematic illustration of the three most prominent lens aberrations that can occur during TEM 
imaging. (a) Chromatic aberration (b) Spherical aberration (c) Axial astigmatism. 
 
 
Electron-Sample Interactions and Contrast in Electron Microscopy 

Beside the resolution of the instrument, good image contrast is also required to obtain 

information about the sample. During imaging, the contrast is reflected by different 

greyscale levels in the camera image. The contrast of a TEM image arises from the 

scattering of electrons of the incident beam by the specimen. Therefore, parts of the 

specimens, where electrons are scattered and cannot be collected by the 

electromagnetic lenses, appear dark while electrons that pass through the sample 

undirected or slightly scattered appear bright on the detector. 

Electrons can interact in three distinct ways when passing through a thin specimen.  

The possible interactions are shown in Figure 2.15 and described in more detail in 

the following. 
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Electrons can be transmitted through the specimen without any interaction occurring 

inside the specimen which are referred to as unscattered electrons 

(Figure 2.15 (a)).  

 
Figure 2.15: Schematic representation of possible scattering events of incident electrons by atoms of the 
investigated specimen. (a) Unscattered electrons that experience no interactions with the specimen. 
(b) Elastic scattering of electrons by the nucleus of the atom. (c) Inelastic scattering and the exemplary 
emission of a characteristic X-ray due to energy transfer.  
 
Most electrons experience elastic scattering when interacting with the electrons of 

the sample. The term ‘elastic’ refers to the conservation of kinetic energy and total 

momentum during the scattering process. During elastic scattering, the incident 

electrons interact with the sample causing them to change direction but without any 

transfer of energy or excitation. As a result, the scattered electrons retain the same 

energy as the incident electrons. For the classical mechanics model of elastic 

scattering, electrons are mainly scattered by the nucleus. The principle is shown in 

Figure 2.15 (b). As the nucleus is multiple times heavier than the incident electrons 

the position is almost not affected during the scattering event. The positive charged 

nucleus will attract the negative electrons which are then redirected by Coulomb 

forces.  
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Rutherford’s differential cross-section is commonly given to describe the probability 

that an electron is elastically scattered from 𝑑𝜎el.  into a solid angle segment 𝑑Ω with 

the angle Θ:148 

 
𝑑𝜎el.

𝑑Ω
= (

𝑒2

4𝐸0𝜋𝜀0

)

2

𝑍2
1

𝑠𝑖𝑛4 (
Θ
2
)
 (2.35) 

Here, 𝑍 describes the atomic number of the nucleus and 𝐸0 the kinetic energy of the 

electron. 𝜀0 gives the permittivity. Equation 2.35 shows that the scattering angle 

increases with a higher atomic number of the nucleus with a dependence of 𝑍2 while 

at the same time increases with decreasing kinetic energy of the incident electron. 

Furthermore, the thickness of the investigated specimen plays an important role for 

the contrast of the image as the probability of electrons being scattered is greatly 

increased with every layer of atoms the electrons have to pass (mass-thickness 

contrast). Directly connected to mass-thickness contrast is the diffraction contrast 

which is especially relevant for crystalline specimen. In crystalline specimen scattered 

electrons are not continuously distributed with scattering angles but discontinuously 

distributed as diffracted waves. Diffraction contrast results from changing diffraction 

conditions at different areas of the specimen. Additionally, phase contrast which is 

produced by changes in the phases of scattered electromagnetic waves gets 

dominant with increasing magnification. More detailed information about diffraction 

contrast and phase contrast can be found in the textbook of David. B Williams and C. 

Barry Carter.144 

Electrons passing the sample can also experience inelastic scattering where the 

kinetic energy of the incident electrons is not conserved during the scattering process. 

Inelastic scattering processes are particularly interesting as they are not only relevant 

for the imaging process but also can be useful to gain additional information about the 

sample when using characterization methods like EDX or EELS. When an incident 

electron interacts with a specimen atom, energy can be transferred from the incident 

electron to another electron. Depending on the amount of energy transferred, different 

events can occur. Figure 2.15 (c) shows one of the possibilities which is the release 

of characteristic X-rays. If the energy of the incident electron is high enough to transfer 

energy to an electron of the specimen at an inner shell, the electron of the specimen 

can either move to a position at a higher energy level (outer shell) or get emitted into 

the vacuum. In both cases the vacant position closer to the nucleus will be filled by an 
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electron from a higher energy level. The difference of energy is released by the 

emission of an X-ray quantum which is characteristic for each individual atom and can 

therefore be used for chemical composition analysis with EDX. Furthermore, the 

orbital jump of an electron from a higher energetic level to a lower energetic level can 

result in the release of an Auger electron which can be detected as part of Auger 

electron spectroscopy. The loss of energy due to the energy transfer to another 

electron can also be measured via EELS.  

Sample Preparation and Investigation of Microgel Systems with Transmission 

Electron Microscopy 

Beside the operation of the instrument, the proper preparation of the investigated 

sample is crucial for the successful imaging in TEM. TEM is typically used for 

investigations of specimen in research fields such as material science and biology 

where the vastly different properties of the samples require distinct preparation 

methods.  

Samples in material science often consist of one or multiple inorganic materials which 

may be in the form of fibers, powders, in thin films or in bulk. The challenge to prepare 

these samples is the thinning of the specimen so that the electron beam can penetrate 

the sample without destroying the structure or material. Depending on the type and 

initial geometry of the sample, different processing techniques like electropolishing, 

ion milling, microtomy or simple grinding or crushing can be applied to process the 

materials.   

The main difference between specimen in material science and biology is the water 

content of biological samples which bring their own set of challenges for preparation 

as liquid dynamics need to be suppressed for proper investigation. As TEM operates 

in an ultra-high vacuum, potential effects towards the samples need to be considered. 

For example, all common liquids will evaporate immediately, materials can degas and 

loose particles can detach from the surface of the specimen resulting in the alteration 

or destruction of the morphology and shape of the investigated sample. To still allow 

for the investigation of sensitive and intact samples in TEM, there are a multitude of 

different strategies to “protect” the specimen from the harsh conditions during the 

imaging. The common method to examine biological ultra structures is the chemical 

fixation and subsequent embedment in a resin.149, 150 Typically, the procedure involves 

several steps with different fixations agents that crosslink possible cellular structures 
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into a matrix and therefore preserve the internal structure during preparation and 

during the imaging. Afterwards, the water in the structure is usually changed carefully 

to different solvents (dehydration) and finally infiltrated by resin which can be cured 

under UV light. This method allows to receive a precise impression of the 

ultrastructure which is no longer affected by conditions in TEM. The cured resin blocks 

can be sectioned extremely thin by using cutting tools like a microtome and afterwards 

contrasted by different staining techniques like negative and positive staining before 

imaging. 

Negative staining is a method that is commonly used for investigation of samples that 

show a low electron contrast like protein complexes, viruses, micelles or 

macromolecules due to the fact that they mostly consist of light atoms like carbon, 

hydrogen and oxygen.149, 151, 152 To enhance the contrast of the specimen and allow 

for the imaging of shape or morphology, not the sample itself but the surrounding 

background can be modified. Normally, the carrier material of a TEM grid consists of 

a thin film of amorphous carbon or polymer blend which also does not provide 

significant contrast during the imaging. In negative staining, the sample is adsorbed 

onto the surface of the grid and afterwards embedded in a film of electron dense stain 

compound which usually are heavy metal salts, such as uranyl acetate, osmium 

tetroxide or ammonium molybdate. The heavy metal ions produce a high relative 

contrast compared to the investigated sample. Compared to positive staining, where 

the actual specimen is stained, the investigated sample should be unaltered while the 

contrast of the background is strongly increased.150  

Although microgels are mostly composed of light atoms like carbon, hydrogen, oxygen 

and nitrogen, the contrast is usually considerably more distinct compared to singular 

polymer chains or biological molecules like proteins. Therefore, they do not require 

extensive preparation prior to the imaging. Microgel samples can be prepared by drop 

casting and drying of microgel dispersion on the grid. The reason for the difference in 

contrast is the high density of polymer chains in the spherical microgel based on 

crosslinking of polymer chains. Additionally, when microgels are investigated in TEM 

in dried state, the microgels lose most of the content of water leading to further 

accumulation of polymer chains. In dried state and also dependent on the degree of 

crosslinking, microgels can be imaged as spheres without noticeable topographical 

features. In the literature, negative staining is rarely used for imaging of microgels, 

due to sufficient contrast of the microgels without further modification. Experiments 
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showed that negative staining improves the visibility of the periphery and the transition 

of the microgels and the background.10 However, the technique does not allow to gain 

additional information about the morphology or topography when investigating 

microgels with a degree of crosslinking above 5 mol%.153 Electron microscopy 

methods are particularly interesting for hybrid microgel systems consisting of 

inorganic nanoparticles and a microgel scaffold as they provide established 

measurement techniques that allow for the visualization of the combined systems on 

a nanometer scale. Nanoparticles made of metals like gold or silver as well as 

nanoparticles based on silicon dioxide show a strong contrast compared to the 

microgels due to the high (electron) density and the comparably heavy core of the 

atoms resulting in pronounced scattering of the electron beam. Thereby, the exact 

position, number and shape of the nanoparticles within the microgels can be 

determined. Additionally, nanoparticles in the periphery but also within the microgels 

can be used as fiducial markers during experiments like TEM tomography.154 

In contrast to most biological samples based on light atoms, another advantage of the 

investigation of microgels with EM is the lower sensitivity towards radiation damage 

from the electron beam.  
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3. Synopsis 
 

The term microgel was first introduced by William Baker following his initial synthesis 

of crosslinked polybutadiene latex particles in 1949.155 Since then, the synthesis and 

consequently also the characterization of such macromolecular objects have received 

growing attention from research and industry. Despite the significant interest, the 

internal structure and composition on a nanoscale remain challenging to examine and 

are still not well-understood. To fully comprehend the interplay of monomers during 

the phase transition, interactions with nanoparticles or ions, that diffuse into the 

microgels, the understanding of the spatial distribution of crosslinker molecules and 

other comonomers plays an important role.  

This thesis focuses on the characterization of structure-property relations of 

multifunctional PNIPAM-based copolymer microgels depending on the composition 

and synthesis route. The two works presented in Chapter 4 and Chapter 5 involve 

characterization methods like DLS, SAXS, UV-Vis spectroscopy and electron 

microscopy.  

In the systematic study presented in Chapter 4, a new synthesis route to provide 

access to hybrid microgels based on PNIPAM was established. Previously, most 

attempts to introduce single nanoparticles into microgel networks were performed by 

controlled seeded precipitation polymerization in the presence of nanoparticles as 

seed particles. In this work, the introduction of specific functionalities trough the choice 

of different comonomers allowed for the in situ formation of monodisperse, single gold 

nanoparticles in the microgels. Figure 3.1 shows the basic principle of the synthesis 

process supported by corresponding exemplary TEM images.  
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Figure 3.1: Schematic overview of the contents of Chapter 4. The sketch presents the principle of in situ 
formation of single gold nanoparticles in complex PNIPAM-based microgels and the growth of the 
nanoparticles by multiple times. The result of each synthesis step is highlighted by TEM images and also 
digital photographs of the dispersions of the hybrid microgel dispersion.  
 
The in situ formation of gold nanoparticles within the microgels was realized by using 

complex PNIPAM-based copolymer microgels which contain ß-diketone functional 

groups. The functional groups are introduced by incorporation of acetoacetoxy ethyl 

methacrylate (AAEM) monomers into the crosslinked polymer network. 

The ß-diketone groups are reported to complex and reduce metal ions and therefore 

allow for the selective accumulation and controlled reduction of metal ions within the 

microgel.156-158 In combination with the introduction of negative charge by 

incorporating acryl acid (AAc) monomers, the successful in situ formation of single 

gold nanoparticles inside of the microgels could be observed. To investigate the 

influence of the different comonomers during the in situ synthesis, systematic 

investigations were performed with microgels of increasing complexity i.e. more 

complex compositions. It was found that the combination of the complexing 

ß-diketone groups and charge introduced by AAc are essential for the controlled 

formation of single gold nanoparticles. On the contrary, less complex compositions 

lead to the uncontrolled formation of multiple or not any nanoparticles within the 

microgels. It was also shown that the ratio between the microgels and the used gold 

ions has an influence on the amount of gold nanoparticles formed and thus the 

controllability of the reaction. Finally, a surfactant-free as well as a surfactant-

supported one-step overgrowth protocol was applied which allowed for the increase 

in size by multiple times while maintaining the spherical shape. An exemplary TEM 

image of the hybrid microgel after the surfactant-supported overgrowth is also 

presented in Figure 3.1. Both, the hybrid microgels after the initial in situ formation 

and after the growth process are supplemented with digital photographs of the 
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concentrated aqueous microgel dispersions. A change in color of the dispersion from 

pink to orange is observed due to the increase in size of the gold nanoparticles in the 

microgels.  

The introduction of an accessible, reproduceable protocol for the controlled in situ 

formation of gold nanoparticles within PNIPAM-based microgels was a successful 

step towards the conception of new pathways to receive hybrid microgel systems with 

defined sizes and single inorganic cores. However, specific processes, like the 

interplay of the different monomers as well as the distribution of the monomers in the 

microgel network remain not fully understood. More detailed investigations and new 

or improved measurement techniques are required to gain deeper insights into 

structural inhomogeneities and distribution of components in such complex microgel 

networks. 

A first step towards this objective was accomplished in the second study of this work 

where the significance of a novel analytical methodology was evaluated through 

screening of the swelling behavior of a large number of different microgels. Typically, 

DLS measurements are used for microgel characterization as the method provides 

fast and easy access to the size and dispersity of the particles, in dependence of the 

temperature. In this thesis, a combination of temperature-dependent DLS and 

temperature-dependent UV-Vis absorbance measurements was used to characterize 

and compare three categories of microgel systems in regard to their swelling behavior. 

UV-Vis absorbance spectroscopy has the advantage of being comparable to DLS in 

terms of accessibility, cost-efficiency and fast measurement times. The combination 

of both techniques shows the potential to provide deeper insights into structural 

inhomogeneities and possible differences between the global volume phase transition 

and local structural changes.  

The idea for the correlation of data from DLS and UV-Vis absorbance spectroscopy 

was first presented by Ponomareva et al. who used this novel approach to 

characterize the swelling behavior of PNIPAM-based core-shell microgels with gold 

cores and different crosslinker degrees. The authors showed that for the investigated 

samples, a linear dependency can be found for the relative change in hydrodynamic 

radius and the relative change in absorbance, dependent on the temperature. The 

linear dependency underlines that temperature-dependent UV-Vis and DLS 



3. Synopsis 

 

62 

measurements can potentially be used interchangeable for characterization of 

microgels.73  

One main goal of this thesis was to verify whether such a linear dependency is valid 

for microgel systems with different complexities and compositions. The concept of this 

work is schematically illustrated in Figure 3.2. 30 microgel systems including hybrid 

core-shell microgels with silica cores synthesized by seeded precipitation 

polymerization and microgels without inorganic cores synthesized by regular 

precipitation polymerization have been investigated. The “classical” coreless PNIPAM 

microgels were further diversified by variation of the crosslinker content and initiator. 

In addition, copolymer microgels were synthesized by addition of comonomers during 

the polymerization to make the particles more complex in regard to their composition. 

The results are presented in Chapter 5. 

 
Figure 3.2: Schematic overview of the contents of Chapter 5. One main emphasis of this work was the 
correlation of data from temperature-dependent DLS (green curve) and temperature-dependent UV-Vis 
absorbance measurements (red curve) for microgels that show a temperature-dependent swelling behavior 
to obtain new insights into the networks structure.  
 
The systematic investigation revealed that core-shell microgels with silica cores and 

“classical” PNIPAM microgels, without the addition of comonomers, mostly follow the 

linear correlation that was already found by Ponomareva et al. for PNIPAM core-shell 

microgels with gold cores.73 The relative change in the hydrodynamic radius can  

therefore be directly correlated to the relative change in absorbance of the microgel 

dispersion. For copolymer microgels, deviations from the linear correlation behavior 

were observed. These deviations are likely a result of heterogeneities in the microgel 

networks which impact the local and global microgel collapse. In addition, the 

prediction of the temperature evolution of the hydrodynamic radius, based only on 

simple absorbance measurements, was validated to be possible. This is the case for 

microgel systems that show a linear correlation between absolute changes in the 
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normalized absorbance and absolute changes in the normalized hydrodynamic 

radius.  
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3.1 Contributions to Joint Publications 
 

The following parts of this thesis have been published previously. The contributions 

of all involved authors are listed below. 

Chapter 4: PNIPAM-based copolymer microgels as nanoreactors for the in situ 
synthesis of gold nanoparticles 

Marius Otten, Diana Hildebrandt, Saskia Mölders, Marco Hildebrandt, Andrij Pich and 

Matthias Karg  

Manuscript in preparation for submission 

M.K and I designed the study. I synthesized the copolymer microgels and conducted 

all in situ reduction and overgrowth experiments presented in this work. D.H. and S.M. 

realized ideas for experiments and tried out multiple reaction conditions and 

parameters for the synthesis of the copolymer microgels as well as the formation and 

overgrowth process of the gold nanoparticles as part of their bachelor theses. M.H. 

performed and analyzed the SAXS measurements. Moreover, I measured and 

evaluated all DLS data and performed TEM imaging of all samples. I designed and 

prepared all figures and wrote the first version of the manuscript. All authors 

contributed with helpful discussion and proofread the manuscript.  

 

Chapter 5: Following the volume phase transition of thermoresponsive 
microgels by dynamic light scattering and turbidity: Correlations depend on 
microgel homogeneity 
 
Marius Otten, Marco Hildebrandt, Ben Pfeffing, Victoria Voigt, Thomas Hellweg and 

Matthias Karg 

 
Manuscript in preparation for submission 

M.K and I designed the study. V.V., B.P. and I synthesized the “classical” PNIPAM 

microgels and copolymer microgels and performed the characterization via DLS, UV-

Vis absorbance spectroscopy and electrophoretic mobility measurements. M.H. 

provided most of the core-shell particles and contributed with helpful discussion, 
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especially regarding the interpretation of data and the prediction of hydrodynamic radii 

of the microgel systems using the data from the UV-Vis absorbance measurements. 

I processed and evaluated the data from DLS and UV-Vis absorbance measurements 

for all microgel systems. Furthermore, I designed and prepared all figures and wrote 

the first version of the manuscript. All authors contributed with helpful discussion and 

proofread the manuscript.  
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4.1 Abstract 
 

Core-shell microgels and nanoparticle-loaded microgels attract great attention in 

research fields such as catalysis, optics and biomedicine due to their optical properties 

and possibilities of externally switching and manipulation. A common strategy to 

introduce nanoparticles into microgels is the encapsulation by seeded precipitation 

polymerization of monomers and crosslinker molecules in presence of the 

nanoparticles. Encapsulation provides a consistent and well understood method that 

allows for the preparation of core-shell colloids with a wide variety of inorganic cores 

and microgel shells with different morphologies and compositions. 

Recent investigations revealed that also in situ formation of nanoparticles inside of 

the microgels present a controlled way to obtain small, single metal nanoparticles 

within complex crosslinked polymer networks that can act as starting point for further 

processing and post-modifications.  

In this work we systematically investigate the influence of various comonomers in 

PNIPAM-based microgels with respect to the formation of gold nanoparticles in the 

microgels by an in situ approach. With increasing complexity of the microgels by 

gradually adding different comonomers during the synthesis, we present new findings 

on the influence of the individual monomers. With our results we confirm, that the 

formation of single, monodisperse particles is possible in PNIPAM-based microgels, 

but a complex system with two comonomers is needed to achieve the controlled 

formation. Without the addition of comonomers AAEM and AAc to the system, the 

formation is either not possible or strongly hampered. Additional experiments with 

different ratios between the added gold ions and microgels suggested the existence 

of specific sites in the microgel that are favored by free diffusing gold ions and also 

have an impact on the size of the formed gold nanoparticles. Two different ways to 

overgrow the nanoparticles revealed that the overgrowth mechanism known for 

systems synthesized by encapsulations is neither affected by functional groups that 

are present in the microgel nor the formation mechanism of the particles via in situ 

synthesis.        
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4.2 Introduction 
 

Crosslinking of polymer chains during polymerization can lead to the formation of 

micro- or nano-meter sized gel-like networks that are known as micro- and nanogels. 

These soft, deformable objects can react to external stimuli like changes in pH, 

temperature or ionic strength, which enable the microgels to either swell or de-swell 

in the surrounding solvent resulting in a change of the effective size.1, 64, 159 

These characteristics make them attractive systems for different applications like the 

usage as carrier for (bio)molecules in medical applications160-162 or as responsive 

coatings.39, 40 The combination of microgels and nanoparticles e.g. made from gold, 

silver or silicon dioxide, allow for the development of beneficial or completely new 

synergy-effect of both types of materials. Generally, a distinction can be made 

between common classes of hybrid microgels. 

Beside microgels homogenously or partially loaded with multiple nanoparticles163, 164 

and microgels covered with nanoparticles,49, 50, 165, 166 especially core-shell microgels 

with single nanoparticles as cores experienced an ever-increasing interest in research 

fields like sensing,167-169 photonics118, 170 and catalysis46, 171. The existence of only a 

single, monodisperse metal nanoparticle within the microgel can enhance the 

morphology- and size- dependent electronic and optical properties like often desired 

surface plasmon resonance which is a fundamental principle for several colour-based 

biosensor applications and sensors.172, 173 The phenomenon is based on the 

interaction between free electrons in metals and incident light of visible wavelengths. 

Upon irradiation, the free electrons show coherent oscillations, so called plasmons, at 

a defined frequency depending on the morphology, size and spacing of the metal 

nanoparticles.174, 175 A surrounding semi-transparent microgel shell can be varied in 

terms of size and composition and thereby allow to define the effective interparticle 

distance of the nanoparticles. Further, the microgel shell can increase the colloidal 

stability of the nanoparticles in dispersion.172 

In literature, three different pathways are known to obtain hybrid materials of microgel 

networks and noble metal nanoparticles. The controlled encapsulation by 

polymerization of monomers and crosslinker moieties in presence of single inorganic 

nanoparticles has been already reported by Karg et. al in 2006.116 The group 

introduced a method to encapsulate silica nanoparticles with a hydrophobic surface 
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into PNIPAM microgel networks by radical polymerization. Based on that idea, in the 

following years the procedure has been further refined by Contreras-Cáceres et al. to 

enable the reproduceable encapsulation and growth of gold nanoparticles in a variety 

of PNIPAM-based microgel systems.47 The encapsulation of inorganic nanoparticles 

by microgel shells offers a well understood and consistent technique that shows high 

flexibility in regard to the composition, size and shape of the inorganic core as well as 

the microgel shell. 

Further, hybrid microgel systems can also be obtained by diffusion of metal 

nanoparticles into prior synthesized microgels or their periphery. While technically an 

easy and accessible method, the synthesis via diffusion comes with comparably large 

disadvantages as there is no precise control over the number of particles diffusing into 

the microgel network and the possible occurrence of leaking of the particles over time 

based on the absence of covalent or strong non-covalent interactions between the 

nanoparticles and the microgels.113, 176   

As the third method and in direct opposite to the encapsulation, in situ synthesis of 

nanoparticles within microgels allows for the precise adjustment of the desired 

microgel shell before the subsequent preparation of the hybrid system. 

Although, many groups showed that is possible to form various metal nanoparticles 

in the periphery and inside of microgel networks by harsh reduction conditions, 

controlling the size, number and position of the nanoparticles remain a prevalent 

challenge.125, 163, 177-181    

To address these problems, Thies et al. first presented the successful formation and 

growth of single gold nanoparticles within complex PVCL-based microgels in 2018.130 

By incorporation of the negatively charged monomer acrylic acid (AAc) and 

acetoacetoxy ethyl methacrylate (AAEM) which contains ß-diketone groups that are 

reported to be able to complex surrounding metal ions,172, 182 they presented a novel 

strategy to perform a in situ synthesis of single gold metal nanoparticles in microgels. 

To our knowledge this system is unique until this day and outlines the potential for the 

in situ as attractive pathway for the fabrication of hybrid microgels. Hereby, the 

synthesis of microgels prior to the in situ synthesis could provide several advantages 

like an improved control over the chemical composition and architecture of the 

microgel shell and flexible but controlled loading of nanoparticles. 



4. PNIPAM-based copolymer microgels as nanoreactors for the in situ synthesis of gold nanoparticles 

 

71 

In this work we present new findings regarding the course of the mechanism and 

influences on the in situ formation and growth of single gold nanoparticles in complex 

copolymer-microgels. To get a deeper understanding on influences and 

dependencies on the in situ formation process, we systematically synthesized 

PNIPAM-based microgels with different comonomer compositions and compared the 

properties and capabilities towards the formation of gold nanoparticles within the 

microgels via the in situ mechanism. We report that the successful formation of single 

gold nanoparticles in PNIPAM-based microgels with pronounced sweeling capacities 

is possible but strongly dependent on a cleverly chosen composition of the microgel 

system. Additional experiments revealed the strong dependency on the ratio between 

used microgels and gold ions during the in situ synthesis that lead to an increase in 

size and number of the formed nanoparticles. We could localize the formation of the 

nanoparticles inside of the microgels and also show the one-step growth of the gold 

nanoparticles by more than eight-times using surfactant-free and surfactant-

supported overgrowth approaches. Our findings are supported by TEM imaging, 

SAXS measurements, temperature-dependent DLS measurements and the 

determination of the surface charge via electrophoretic mobility measurements.  

 

4.3 Experimental Section 
 

4.3.1 Materials 
 

Tetrachloroauric(III) acid trihydrate (HAuCl4·3H2O, Sigma Aldrich, 99.995 %), 

acetoacetoxy ethyl methcrylate (AAEM, Sigma Aldrich, 95 %), acrylic acid (AAc, 

Sigma Aldrich, 99 %), 3,9-Divinyl-2,4,8,10-tetraoxaspiro[5.5]undecane (VOU, 

Sigma Aldrich, 98 %), 2,2’-Azobis[N-(2-carboxyethyl)-2-methylpropionamidine] 

n-Hydrate (ACMA, FUJIFILM Wako Pur Chemical Corporation, 95 %), sodium 

dodecyl sulfate (SDS, Sigma-Aldrich, p.a.), sodium borohydride (NaBH4, Merck, 

99 %), potassium thiocyanate (KSCN, Fisher Scientific, 98 %), 

cetyltrimethylammonium chloride (CTAC, Sigma Aldrich, 25 wt% in H2O), L(+)-

ascorbic acid (Roth, 99 %) and phosphate buffer solution (PBS buffer, pH7, Pan 

React AppliChem) were used as received. N-isopropylacrylamide (NIPAM; TCI, 

98 %) was recrystallized from cyclohexane. Water used for all syntheses and 
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measurements was purified with a MilliQ system (Millipore). The final resistivity 

of the water was 18 MΩ cm.  

4.3.2 Synthesis 
 

Synthesis of microgels. Microgels were prepared by precipitation polymerization. 

We present an overview of the chemical structures of all monomers, the crosslinker 

and the initiator that were used for the synthesis of the PNIPAM-based copolymer 

microgels in Scheme S4.1 in the Supporting Information. All batches were 

synthesized in a total volume of 50 ml using 100 ml three-necked flasks equipped with 

a reflux condenser, dropping funnel and gas inlet. NIPAM (507 mg, 4.48 mmol), 

stabilizer SDS (6.6 mg, 0.023 mmol), crosslinker VOU (26.7 mg, 0.125 mmol, 

2.8 mol%) and comonomer AAEM (112.6 mg, 0.5259 mmol, 11.7 mol%) were 

dissolved in 40 ml of water under stirring and heating to 70 °C. The solutions were 

purged with nitrogen for at least 30 min. During that time the zwitterionic initiator 

ACMA (23.3 mg, 0.0563 mmol) was dissolved in 5 ml water. After heating, the initiator 

solution was added. Depending on the synthesis, solutions of 40.35 mg (0,56 mmol, 

12.5 mol%), 8.07 mg (0.112 mmol, 2.5 mol%) or 1.61 mg (0.224 mmol, 0.5 mol%) 

acrylic acid were prepared in water. Ten minutes after the start of the reaction, which 

is indicated by slight turbidity of the reaction mixture, the respective solution of acrylic 

acid in water was added dropwise using a dropping funnel. After 4 h, the dispersion 

was cooled to room temperature and purified by extensive dialysis against water for 

one week. After dialysis we freeze-dried all microgel samples.   

For additional experiments, we synthesized microgels with different composition of 

comonomers. Apart from the changed components the reaction was performed 

analogue to the protocol described before. We summarize the masses and 

abbreviations for all microgels in Table 4.1. 
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Table 4.1: Summary of the synthesis details for all prepared copolymer microgels.  

Microgel  
m(PNIPAM) 

[mg]  
(mmol) 

m(AAEM) 
[mg] 

(mmol) 

m(AAc) 
[mg] 

(mmol) 

m(VOU)   
[mg] 

(mmol)  

m(SDS)  
[mg] 

(mmol) 

m(ACMA) 
[mg]  

(mmol) 

µgel-
PNIPAM 

507  
(4.48) - - 26.7 

(0.125) 
6.6 

(0.023) 
23.3 

(0.0563) 

µgel- 
AAc12.5% 

507  
(4.48) 

- 40.35 
(0.56) 

26.7 
(0.125) 

6.6 
(0.023) 

23.3 
(0.0563) 

µgel-AAEM 507  
(4.48) 

112.6  
(0.526) - 26.7 

(0.125) 
6.6 

(0.023) 
23.3 

(0.0563) 

µgel-
AAEM-
AAc2.5% 

507  
(4.48) 

112.6  
(0.526) 

8.07 
(0.112) 

26.7 
(0.125) 

6.6 
(0.023) 

23.3 
(0.0563) 

µgel-
AAEM-
AAc12.5% 

507  
(4.48) 

112.6  
(0.526) 

40.35 
(0.56) 

26.7 
(0.125) 

6.6 
(0.023) 

23.3 
(0.0563) 

µgel-
AAEM-
AAc0.5% 

507  
(4.48) 

112.6  
(0.526) 

1.61 
(0.224) 

26.7 
(0.125) 

6.6 
(0.023) 

23.3 
(0.0563) 

 

In situ growth of gold nanoparticles. For in situ synthesis, 562 µl of microgel 

solution with a concentration of 1 wt% were transferred into a 4 ml screw top vial. 10 µl 

of tetrachloroauric(III) acid trihydrate (HAuCl4·3H2O) solution (0.01 M) were added. 

For simplicity, we will only use HAuCl4 in the following. After stirring for 60 minutes at 

room temperature, the reduction of gold was initiated by the addition of 1.5 ml of a 

cold NaBH4 solution (0.02 M). The dispersion was then allowed to stir for additional 

90 minutes. The course of the reaction could be followed visually due to the 

spontaneous change in colour. Right after the addition of NaBH4 the dispersion turned 

from yellow to pink to a light grey. Eventually, after a short amount of time the 

dispersion turned back to a pinkish colour due to agglomeration of excess gold that 

forms black aggregates or clusters which rapidly precipitate at the bottom of the vial 

or gather in the foam at the top of the dispersion that is formed during the reduction 

process.  

We performed additional experiments where we adjusted the amount of HAuCl4 

solution used for the in situ synthesis. Beside the added amount of HAuCl4, the 
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experiments were performed analogue to the process described before. Depending 

on the volume of HAuCl4 used for the in situ synthesis, the colour of the dispersion 

shortly after the reduction varied from light pinkish to deep grey, which is an indication 

for the number of gold particles and gold aggregates that formed in- and outside of 

the microgels.  

Purification of the hybrid microgels was performed in a two-step process due to the 

high amount of elemental gold formed outside of the microgels caused by the use of 

the strong reducing agent sodium borohydride. First excess gold that formed during 

the synthesis was removed by short cycles of centrifugation. Hybrid microgels were 

centrifuged five times for 45 s at 5600 rcf. After each cycle a black sediment could be 

identified at the bottom of the tube which can be attributed to excess gold. The 

dispersion of hybrid microgels was separated and the process repeated. After the 

separation of the excess gold species, the microgels were centrifuged five times for 

20 minutes at 5600 rcf. Microgels after the in situ synthesis can be redispersed after 

centrifugation but long durations or high centrifugal forces lead to irreversible 

aggregation. After centrifugation the hybrid microgels were dialyzed against water for 

one week and finally freeze-dried. 

One-step overgrowth of the gold cores. For the surfactant-supported growth of the 

gold nanoparticles a modified version based on a protocol by Honold et al. was 

used.183 The protocol is based on a surfactant-assisted seeded-growth used to 

overgrow gold nanoparticles. First, a feed solution was prepared by adding 112 µl 

HauCl4 (0.130 M) and 184 µl cetyltrimethylammonium chloride (CTAC) (0.78 M) to 

29 ml of water. Next, 200 µl of the hybrid microgel dispersion (2 wt%) were combined 

with 200 µl CTAC (0.1 M) to create a precursor stock solution. Under heavy stirring, 

200 µl of the precursor stock solution, 25.4 µl CTAC (0.78 M) and 388 µl of an ascorbic 

acid solution (0.049 M) were successively added to 7.975 ml of water in a 100 ml 

glass vial. The prepared seed solution was combined with the feed solution and stirred 

for twenty minutes at room temperature. Within the first minutes of the reaction, a shift 

in colour of the dispersion from light pink to orange-brown could be observed. The 

obtained microgels with overgrown gold nanoparticles were centrifuged five times for 

10 min at 5600 rcf and freeze-dried afterwards. 

For additional experiments we used a surfactant-free one-step approach for the 

growth of gold nanoparticles. First, 15 µl of 1M KSCN solution were added into a 4 ml 
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screw top vial. Upon addition of 50 µl of 0.05 M HAuCl4 under heavy stirring, the 

formation of an orange solid was observed. Next, 1.6 ml of phosphate-buffer (pH 7) 

were transferred to the reaction solution leading to a spontaneous discoloration. 

Finally, 1 mL of the hybrid microgel dispersion (1 wt%) was added to the solution and 

stirred for 24 h at room temperature. During the progress of the reaction a slow shift 

of the colour from initially light pink to a deep red was observed.  

After the growth process the purification of the obtained microgels was realized by 

sequential steps of repeated centrifugations. Initially, large gold particles and 

aggregates that formed outside of the microgels were removed by short centrifugation 

cycles. The dispersion was centrifuged five times at 5600 rcf for 15 s each. After each 

cycle, the black sediment was removed prior to the next cycle of centrifugation. 

At these short times of centrifugation, the larger fraction of the hybrid microgels 

remained stable in dispersion in the supernatant. In the next step, hybrid microgels 

with increased size of gold nanoparticles were separated from small amount of 

unreacted hybrid microgels. The hybrid microgels were centrifuged five times for 50 s 

at 5600 rcf. After each step, the supernatant was removed and hybrid the residue 

containing the hybrid microgels was redispersed in water. Finally, the hybrid microgels 

were dialyzed against water for one week and freeze dried afterwards.  

 

4.3.3 Methods 
 

Experimental details for all characterization techniques can be found in the 

Supporting Information in Chapter 4.6. 
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4.4 Results and Discussion 
 

We started with the determination of the essential components of a microgel network 

to provide an environment for a controlled in situ formation of a gold nanoparticles. 

To achieve a pronounced temperature-responsive behaviour, we decided to choose 

NIPAM as main monomer for all synthesized microgels. At the same time, we retained 

VOU as crosslinker and ACMA as zwitterionic initiator which have been previously 

reported in microgel systems for the controlled in situ synthesis of nanoparticles.130 

We first synthesized two microgels without the addition of the comonomer AAEM to 

prove the necessity of the ß-diketone groups for the coordination of gold ions and the 

resulting formation of nanoparticles upon reduction.  

Consequently, microgel µgel-PNIPAM consists only of PNIPAM crosslinked with VOU 

while µgel-AAc12.5% is based on the same monomers but with the addition of negatively 

charged comonomer acrylic acid. For both microgel syntheses, ACMA was used as 

initiator for the polymerization. As expected, we could not observe a formation of 

nanoparticles in both microgel systems applying our in situ synthesis protocol. 

Temperature-dependent DLS measurements for both microgels and TEM images 

after in situ synthesis and purification are provided in Figure S4.1 and S4.2 in the 
Supporting Information. The observations for the experiments indicate the 

importance and necessity of the metal-ion complexing AAEM monomer within the 

microgels for the in situ synthesis approach that is used in this work.  

Next, we incorporated the ß-diketone group containing monomer AAEM into the 

PNIPAM-based microgels and examined the influence on the in situ synthesis. 

   

4.4.1 µgel-AAEM 
 

Obtained P(NIPAM-co-AAEM) microgels (µgel-AAEM) exhibit a hydrodynamic 

diameter 𝐷H of 358 ± 11 nm at 20 °C in the swollen state. We can observe aggregation 

of the microgel particles which starts at 34 °C close to the corresponding, well-known 

VPTT of crosslinked PNIPAM chains in water.1, 69, 91, 184 Prior to the aggregation, the 

particles show a hydrodynamic diameter 𝐷H of 268 ± 2 nm in the collapsed state 
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at 33 °C. Due to the hydrophobic character of incorporated AAEM the VPTT is shifted 

to a temperature of 23 °C (Figure S4.3).   

The observed aggregation-behaviour of the microgels can be explained by weak 

colloidal stability as a result of the ratio between hydrophobic AAEM monomers and 

NIPAM monomers as well as the absence of functional groups that ensure stability for 

example by electrostatic repulsion. This is further validated by electrophoretic mobility 

measurements that revealed a zetapotential of -2 mV which indicate the absence of 

charges within the microgel. Despite the weak colloidal-stability we performed in situ 

experiments with the µgel-AAEM particles which are carried out at room temperature 

below the VPTT.  

 
Figure 4.1: (a) - (c) Schematic illustration of the proposed reaction mechanism for the in situ formation of 
gold nanoparticles in AAEM containing microgels. (d) Digital photograph of the initial microgel dispersion 
prior to the in situ synthesis. (e) Exemplary TEM image of µgel-AAEM after in situ synthesis. We marked 
one formed gold particle (AuNP) with a red circle for clarification. (f) Digital photograph of the corresponding 
microgel dispersion after in situ synthesis and purification.   
  
Our findings for the in situ synthesis of µgel-AAEM are presented in Figure 4.1. We 

first want to introduce a possible reaction mechanism for the in situ process in (a) - (c). 
We suggest that the incorporation of AAEM, more precisely the ß-diketone groups, 

into the microgels allow for the coordination of gold-ions diffusing into the microgels 
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(Figure 4.1 (a) and (b)). The coordinated gold-ions can subsequently be reduced by 

only a strong reduction agent like sodium borohydride leading to the formation of gold 

nanoparticles (Figure 4.1 (c)). Further, (d) shows a digital photograph of the microgel 

before the in situ synthesis. A typical milky white colour can be identified which is 

expected for microgel and latex dispersions.111 The TEM image in (e) shows purified 

microgels with gold nanoparticles in some of the microgels after the in situ synthesis.  

For µgel-AAEM, we performed the in situ synthesis with three different amounts of 

HAuCl4 to investigate the dependency of the gold ion concentration and consequently 

the ratio between microgels and added gold ions. In the TEM image presented in (e), 
we used 50 µl (0.01M) of HAuCl4 for the in situ synthesis. The image shows purified 

microgels that partially contain gold nanoparticles. With 50 µl of HAuCl4 used for the 

synthesis, we can report an inconsistent, uncontrolled formation of gold nanoparticles. 

More precisely, we found the formation of single particles only within about one third 

of the particles, while we observed the formation of two or more particles in about 

10 % of the microgels. The remaining microgels do not show presence of 

nanoparticles at all. By using lower amounts of HAuCl4 during the synthesis, the 

amount of empty microgels is increasing. Still, we occasionally found the formation of 

multiple gold nanoparticles within few microgels. Higher amounts of HAuCl4 led to a 

decreased amount of unloaded microgels but we observed the formation of multiple 

gold nanoparticles up to 10 per microgel in certain instances. We present exemplary 

TEM images for all three amounts of HAuCl4 in Figure S4.4. For all three amounts of 

HAuCl4 the size 𝐷TEM of the formed nanoparticles was determined in a range between 

8 ± 2 nm for the lowest to 7 ± 2 nm for the highest amount. As a result, the size of the 

formed gold nanoparticles is seemingly not affected by the used amount of HAuCl4 

for µgel-AAEM.  

The inconsistent and uncontrolled formation of the particles is also reflected by the 

change in colour of the microgel dispersion after the in situ formation and purification. 

The microgel dispersion presented in the digital photograph in (f) shows a slight 

change from initially white to barely perceptible pink. The weak colouring suggests 

that the majority of the microgels do not contain gold nanoparticles.   

Independent of the ratio of gold ions to microgels and various reaction conditions, we 

could not realize a in situ synthesis where every microgel only contains a single gold 

nanoparticle. This observation might be connected to inhomogeneities in the internal 
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architecture within and between the microgels caused by the different reactivities of 

the monomers. We assume that the formation of gold nanoparticles can only occur in 

AAEM rich domains that presumably favor and cause the accumulation of gold ions 

in these regions of the microgels. 

Surprisingly, we found that after the in situ synthesis with µgel-AAEM, priorly unstable 

microgels exhibit colloidal stability and can be heated above the VPTT without 

aggregation although they only show a slightly more negative zetapotential of -9 mV 

at 20 °C (Figure S4.5). We suppose that the recovered colloidal stability is caused by 

a structural change of the functional groups. A strong reduction agent like sodium 

borohydride could likely reduce ß-diketone functionalities and thus enhance the 

hydrophilicity leading to an increase in the colloidal stability.  

In a next step, we added acrylic acid as a second comonomer during the synthesis of 

the microgel. 

 

4.4.2 µgel-AAEM-AAc 
 

With the addition of 2.5 mol% AAc during the synthesis, we obtained microgels with a 

hydrodynamic diameter 𝐷H of 309 ± 2 nm at 20 °C. Compared to µgel-AAEM, the new 

obtained microgels µgel-AAEM-AAc2.5%, show colloidal stability at higher 

temperatures due to the electrostatic repulsion of the negatively charged carboxylic 

acid groups. We validated this assumption by determination of the electrophoretic 

mobility and found a zetapotential of -39 mV at 20 °C. Using temperature-dependent 

DLS measurements shown in Figure 4.2 (a), we could determine the VPTT of the 

microgels at 27.7 °C. Compared to µgel-AAEM the shift of the VPTT to lower 

temperatures is less pronounced due to the additional incorporation of the hydrophilic 

acrylic acid. Compared to the lower volume swelling capacity of 1.2 of PVCL microgels 

known from the literature,130 µgel-AAEM-AAc2.5% show a volume swelling ratio 𝛽 

of 3.1. The volume swelling ratio 𝛽 describes the quotient of the volume of the 

microgel in the swollen state divided by the volume in the collapsed state and thereby 

quantifies the possible increase in volume during the swelling of the microgel 

(Equation S4.1). 
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Figure 4.2: (a) Temperature-dependent measurement of the hydrodynamic diameter by of 
µgel-AAEM-AAc2.5% by dynamic light scattering. The solid red line corresponds to a Boltzmann fit-function 
which was applied to determine the VPTT of the microgel. (b) Exemplary TEM image after the in situ 
synthesis and purification of µgel-AAEM-AAc2.5% where a single gold nanoparticle can be identified in every 
microgel. (c) Digital photograph of the corresponding hybrid microgel dispersion. 
 
In Figure 4.2 (b) we show a TEM image of the microgels after the successful in situ 

synthesis and a digital photograph of the corresponding pink dispersion of the 

microgel particles after purification in Figure 4.2 (c). The presented TEM image 

verifies the successful formation of small, single gold particles with a size 𝐷TEM of 

10 ± 1 nm in each individual microgel. Our findings lead to the assumption that the 

incorporation of acrylic acid into the microgels network is mandatory for the course of 

the consistent and controlled in situ synthesis. Compared to the in situ synthesis for 

µgel-AAEM, we want to highlight that for µgel-AAEM-AAc2.5% a significant lower 

amount of HAuCl4 is needed for the uniform formation of single nanoparticles in the 

microgels which we cannot explain by our experiments.      

Similar to our findings for µgel-AAEM, we observed a change in the physicochemical 

properties of the microgels with incorporated nanoparticles. After the in situ synthesis 

the VPTT of the hybrid microgels is shifted towards higher temperatures by almost 

9 °C to 36.2 °C and an increase in size by almost 80 nm to 389 ± 13 nm at 20°C can 

be observed for µgel-AAEM-AAc2.5%. The observations are in good agreement with 

our assumption of a reduction of functional groups by the strong reducing agent 

sodium borohydride leading to the higher hydrophilicity of the microgels. 

We synthesized two microgels with AAc contents of 12.5 mol% and 0.5 mol% added 

during the synthesis of the microgels to further investigate the influence of the charged 

comonomers on the in situ synthesis. For microgels with 12.5 mol% AAc we could not 

find a noticeable difference for the properties of the hybrid microgels and gold 

nanoparticles before and after the in situ synthesis. Despite the increase of AAc by 
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five times compared to µgel-AAEM-AAc2.5%, microgel µgel-AAEM-AAc12.5% shows a 

nearly identical hydrodynamic diameter of 𝐷H of 308 ± 12 nm at 20 °C and a VPTT of 

25.2 °C. The size after the in situ synthesis is increased to 392 ± 22 nm with a VPTT 

of 36.5 °C (Figure S4.6). Also, the size 𝐷TEM of the gold nanoparticles was determined 

as 9 ± 1 nm which matches the sizes we found for µgel-AAEM-AAc2.5%. In case of 

microgels with 0.5 mol% AAc content, TEM images after the in situ synthesis resemble 

our results for the experiments for µgel-AAEM without the addition of AAc and only 

shows the formation of particles in few microgels (Figure S4.7). From our 

observations, we conclude that a certain amount of charged functional groups is 

needed to allow a controllable and uniform in situ synthesis that appears to be 

influenced by the introduced charged carboxylic acid groups but higher amounts of 

charged groups do not further alter the results. 

We wanted validate the proposed mechanism in regard to complexation of gold ions 

and the location of the formation of the gold nanoparticles. Therefore, we performed 

an experiment where we centrifuged the microgel dispersion ten times after the initial 

addition of HAuCl4 and successive stirring for 60 minutes. After each cycle of 

centrifugation, we removed the supernatant and redispersed the microgels in water. 

By repeating the process ten times, we ensured that freely diffusing gold ions are 

completely removed from the supernatant and thus only ions that are complexed by 

the ß-diketone groups remain inside of the microgels. After the cycles of the 

centrifugation the gold ions were reduced by addition of strong reduction agent sodium 

borohydride. In Figure S4.8 in the Supporting Information, we present exemplary 

TEM images that show the resulting microgels after reduction. The images confirm 

that formation of the gold nanoparticles occurs within the microgels and show the 

existence of microgels with a single gold nanoparticle. Thereby, we could disprove 

the possibility of small nanoparticles diffusing into the microgels after the formation on 

the outside. To further strengthen this point, we present the results for an experiment 

where sodium borohydride was added only 60 seconds after the addition of HAuCl4 

to the microgels. The recorded TEM images reveal that only few microgels contain 

formed gold nanoparticles (Figure S4.9). The short time frame before reduction 

seems to be insufficient to saturate the ß-diketone groups with free diffusing gold ions. 

Still, the high amount of free gold ions outside of the microgels did not lead to a 

subsequent loading of the microgels after the reduction. 
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Figure 4.3: Schematic illustration and corresponding TEM images for in situ experiments with µgel-AAEM-
AAc2.5% for different amounts of HAuCl4. The applied amount is increasing in ascending order from left to 
right which is indicated by the orange bar below the images. The amount used are (a) 10 μl , (b) 50 μl and 
(c) 100 μl of a 0.01M HAuCl4 while using 562 μl of a 1 wt% microgel dispersion. The insets show TEM 
images of single particles at higher magnifications. The scale bars in the insets represents a magnitude of 
50 nm. 
 
Similar to our experiments for µgel-AAEM we compare the results after the in situ 

synthesis and purification of three different applied amounts of substance of of HAuCl4 

in Figure 4.3 to get a deeper understanding of the influence of the ratio between 

added gold ions and microgels. In (a) - (c) we present schematics and the 

corresponding TEM images of in situ syntheses performed with µgel-AAEM-AAc using 

amounts of 10, 50 and 100 µl (0.1M) of HAuCl4 in ascending order. Results for the 

synthesis presented in (a) are almost identical to the results we presented in 

Figure 4.2 (b) which emphasizes on the reproducibility of the synthesis. In contrast to 

our observations in (a), in (b), five times the amount of HAuCl4 leaded to a growth in 

size of the nanoparticles by about 40 % to 14 ± 4 nm. TEM imaging reveals that the 

increase in size is partially caused by the formation of two nanoparticles that appear 

to be similar in size and are located very close to each other and thus appear to grow 

together during the in situ process. We cannot confirm whether the increase in size is 

completely based on the assembly of two single particles for all particles or can also 

be caused by successive growth of initial, single gold particles. Occasionally, we can 

observe the formation of an isolated second nanoparticle which is the case in less 
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than 5 % of the microgels. In (c), doubling of the amount did not further increase the 

size of the gold nanoparticles (𝐷TEM of 13 ± 4 nm) but caused the increased formation 

of second nanoparticles in some cases and also third nanoparticles in very few 

microgels. Further increase of amount of HAuCl4 only causes the formation of 

additional nanoparticles within the microgels.  

Our observations for µgel-AAEM-AAc differ from the results that we found for µgel-

AAEM. The increase in size of the nanoparticles with increased amount of added 

HAuCl4 as well as the formation of multiple nanoparticles in direct proximity indicate 

a difference in the internal architecture i.e., distribution of AAEM monomer in the 

microgels. We want to highlight that the introduction of comonomers into a polymer-

based system is known for being challenging and our experiments underline that 

every comonomer adds a new layer of complexity to the system either regard to the 

properties of the microgel or subsequent functionalization and reactions. Detailed 

investigations on the internal structure are needed in the future to understand and 

control these complex copolymer microgel systems.  
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4.4.3 One-Step Gold Overgrowth 
 

Next, we want to present results for the one-step growth of the gold nanoparticles 

within the microgels using a surfactant-supported approach. By the addition of the 

cationic surfactant CTAC, the overgrowth process of gold nanoparticles is reported to 

provide controlled reaction conditions which results in the growth of uniform sizes and 

shapes and only a low number of gold particles formed outside of the microgels.183  

We can confirm that no gold particles outside of the microgels are formed during the 

surfactant-supported overgrowth and therefore centrifugation is sufficient for 

purification. Although we expected that electrostatic interactions between negative 

charged acrylic acid moieties and partly positively charged CTAC molecules could 

potentially have an influence on the process, we report the successful spherical 

growth of the gold nanoparticles by the surfactant-supported protocol and show or 

findings in Figure 4.4.  

In (a), we present the UV-Vis absorbance spectra for the hybrid microgels before and 

after the overgrowth process. For the hybrid microgels after the initial in situ synthesis 

we can observe a decrease in the absorbance with increasing wavelengths and no 

distinct extreme values because of the dominant scattering contribution of the 

microgel compared to the small gold nanoparticles. In contrast, hybrid microgels after 

the surfactant-supported overgrowth show a local maximum at 560 nm which can be 

attributed to the pronounced LSPR of the gold nanoparticles. The narrow latitude of 

the signal is based on the comparably uniform distribution of the particles size and 

shape and covers wavelengths from 500 to 650 nm.  

The optical characterization is validated by TEM imaging in (b) and the visual 

impression of the microgel dispersion in (c). For the mostly spherical shaped particles 

within the microgels, we determined an average size 𝐷TEM of 76 ± 9 nm which 

corresponds to a growth by about eight times. Compared to the light pinkish solution 

for the microgels that hold smaller gold nanoparticles, the digital photograph shows 

the characteristic shift to a darker orange-brownish colour for the hybrid microgels 

after the overgrowth process and purification.  
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Figure 4.4: Summary for our findings for the surfactant-supported gold nanoparticle overgrowth. 
(a) Absorbances for the hybrid microgels before and after the overgrowth process. According to the colour 
of the hybrid microgel dispersions, the spectrum in pink corresponds to the microgels after the initial in situ 
synthesis, the spectrum in orange refers to the microgels after surfactant-supported one-step overgrowth 
and the spectrum in dark-red represents the microgels after the surfactant-supported one-step overgrowth. 
(b) Exemplary TEM images after the surfactant-supported overgrowth of the gold nanoparticles in 
µgel-AAEM-AAc2.5%. (c) Digital photograph of the corresponding microgel dispersion. 
 
Further we wanted to address, if the overgrowth process is affected by the underlying 

overgrowth mechanism or by the composition of the microgels and influences by the 

surrounding functional groups. Therefore, we iterated the overgrowth of our particles 

with a surfactant-free approach.  

Compared to the surfactant-supported approach, overgrown particles show a higher 

number of irregular shapes. In the Supporting Information we present exemplary 

TEM images that show that we could not achieve an evenly growth of all nanoparticles 

to obtain uniform particles in size and shape (Figure S4.10). We determined an 

increase in size 𝐷TEM from 10 ± 1 nm to 83 ± 13 nm which equals a growth by almost 

nine times. Due to the uncontrolled nature of the surfactant-free reaction, we can not 

only observe the growth of spherical particles with partially misshaped morphologies 

but also rods and triangles independent on different tested reaction conditions. The 

larger average size but lower uniformity of the particles is expressed by a change to 

a dark red color of the dispersion compared to the pinkish color of the initial, small 

gold nanoparticles and the orange-brownish color of the smaller, more uniform gold 

nanoparticles for the surfactant-supported overgrowth. The visual difference and 

difference in size are accompanied by a shift of the LSPR signal in the corresponding 

UV-Vis absorbance spectrum in Figure 4 (a). The shift to higher wavelength to 

578 nm and a broader signal that covers wavelength from approximately 500 to 

700 nm are in good agreement with the observed lower uniformity of the particles 

shape and size and an overall smaller size of the gold nanoparticles.  
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We can confirm that growth of gold nanoparticles formed by a in situ mechanism is 

independent on the composition of the microgel and possible for both, the one-step 

surfactant-supported and surfactant-free approach. Experiments show that the 

surfactant-supported approach leading to a more uniform growth of spherical particles 

but a more pronounced growth in size can be achieved by the surfactant-free growth. 

The uncontrolled nature of the surfactant-free growth mechanism could possibly be 

enhanced by careful adjustment of the reaction conditions.   

Determined characteristics including sizes of the microgels and formed gold 

nanoparticles, VPTTs and the corresponding surface charges are summarized for all 

microgels and hybrid microgel systems in Table S4.1 and Table S4.2, respectively.  

 

4.4.4 Characterization via small-angle X-ray scattering (SAXS) 
 

Along with the determination of the size and morphology of the gold nanoparticles 

within the microgels using TEM, we further want to verify the results by the means of 

SAXS measurements of the hybrids microgels. Figure 4.5 (a) and (b) show the 

change in the scattering profiles prior and after the in situ synthesis for µgel-AAEM 

and µgel-AAEM-AAc2.5% respectively. In (a), the SAXS scattering profile in black 

represents µgel-AAEM prior the formation of gold nanoparticles while the blue profile 

shows the scattering profile after the in situ synthesis with 50 µl of HAuCl4. For the 

microgel system without nanoparticles we found the expected scattering behaviour 

for the investigated q-regime without visible form factor minima. We applied a porod 

function (orange) with a slope of q-4 to roughly describe the data of the microgel. 

For the data recorded from the hybrid microgels after the in situ synthesis we applied 

a hard sphere model to describe the scattering contribution of formed gold 

nanoparticles and added a porod function to consider the contribution of the microgel 

in the lower q-regime below 0.02 nm-1 (red). The red dashed line shows the fit solely 

for a hard sphere. We can confirm that the combination of both functions sufficiently 

describes the scattering data over the whole investigated q-range. A noticeable 

difference between both scattering profiles can be found in the q-range of 

0.2 nm-1 < q < 0.8 nm-1 where the system with formed gold nanoparticles shows a 

slight increased scattering intensity which is properly described by the fit for a hard 

sphere. The increase in scattering intensity is attributed to the formation of the gold 
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nanoparticles but only slightly pronounced due to the small size and the formation in 

only about 40 % of the microgel particles. Based on the hard sphere fit we obtained 

an average particle diameter of 9 ± 3 nm which is slightly higher than the diameter of 

8 ± 2 nm determined by TEM. The difference in size is most likely attributed to the 

better statistics provided by SAXS measurements of the dispersion but confirms the 

dimensions of the gold nanoparticles within the microgels. Additional information 

about the parameters applied to fit all scattering profiles can be found in 

Table S4.3 - S4.6 in the Supporting Information. 

 
Figure 4.5: Radially averaged SAXS profiles for different investigated microgels before and after the 
formation of gold nanoparticles via in situ synthesis and overgrowth procedure. (a) Scattering profiles before 
(black) and after (blue) in situ synthesis of µgel-AAEM with 50 µl HAuCl4. (b) Comparison of scattering 
profiles prior (black) and after the formation of gold nanoparticles (blue) for µgel-AAEM-AAc2.5% with 10 µl 
of HAuCl4. (c) Scattering profiles for µgel-AAEM-AAc2.5% after surfactant-supported overgrowth of the gold 
nanoparticles (black) and µgel-AAEM after in situ synthesis with 100 µl of HAuCl4 (blue). Solid red and 
orange lines and dashed red lines correspond to different fit functions and models to describe the scattering 
profiles of the microgels and hybrid systems. The right y-axis in each diagram gives the intensity. We 
adjusted the intensity values for all scattering profiles for better comparability and visibility.  
 
Similar observations can be found for the scattering profiles in (b) where we present 

the results for µgel-AAEM-AAc2.5%. Again, the black scattering profile shows the data 

for the microgel without gold nanoparticles and the scattering profile in blue relates to 

the microgel system after the in situ synthesis with 10 µl of HAuCl4 respectively. 

According to both systems investigated in (a), we used a porod function to describe 

the data of the microgel (orange) which is again combined with the hard sphere model 

for the microgel system after the in situ synthesis (red). Compared to the behaviour 

for µgel-AAEM after in situ synthesis in (a), we can now observe a noticeable increase 

in scattering intensity in the q-range of 0.2 nm-1 < q < 1.0 nm-1 whereas the microgels 

before in situ synthesis show no noticeable difference in their scattering profile. The 

strong increase in intensity is based on the uniform formation of one gold nanoparticle 

in every microgel resulting in a higher number of gold nanoparticles in the probed 

volume. While no form factor minima can be observed due to the small size and 

number of the gold nanoparticles the hard sphere model describes the scattering 
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profile in a sufficient way. Fitting procedure of the scattering profile after the in situ 

synthesis resulted in an average particle diameter of 7 ± 1 nm which again is close to 

the diameter received by analysis of TEM images (10 ± 1. nm). The comparably large 

difference for both methods is once again likely based on the smaller amounts of 

particles recorded and analysed during TEM studies.     

Finally, in (c) we compare the recorded scattering profiles for µgel-AAEM-AAc2.5% 

after surfactant-supported overgrowth of the gold nanoparticles presented in black 

and µgel-AAEM after in situ synthesis with a higher amount of 100 µl HAuCl4 shown 

in blue. As previously described, the in situ synthesis with higher amounts of HAuCl4 

leaded to the uncontrolled formation of multiple gold nanoparticles within the 

microgels while the surfactant-supported overgrowth allowed for the growth of the 

gold nanoparticles in size by about eight times.  Compared to the investigation on 

microgel systems with smaller gold nanoparticles in (a) and (b) an overall higher 

relative intensity is observable which is based on the correlation of the scattering 

intensity and the radius of the scattering object to the power of six. The higher 

scattering intensity results in visible form factor oscillations in the q-range of 

0.1 nm-1 < q < 0.4 nm-1. Based on the distinct form factor oscillations were able to 

perfectly describe the overgrown gold nanoparticles with a model for a hard sphere 

(orange).  The resulting diameter of determined by the fit function 70 ± 12 nm is in 

good agreement with the diameter obtained by TEM investigation (76 ± 9 nm) and 

deviates only within the error values. For µgel-AAEM after the in situ synthesis with 

100 µl HAuCl4 we used a combination of porod function and fractal model (red). While 

the porod function again covers the contribution of the microgel, the fractal model 

allows to describe the contribution of multiple singular gold nanoparticles according to 

the hard sphere model (dashed red) but also an additional portion of dimers and 

trimers in spatial proximity formed by aggregation of nanoparticles. Using the fractal 

model, we were able to successfully describe the scattering profile caused by the 

presence of gold aggregates with different sizes. The received diameter of 12 ± 3 nm 

noticeably differs from the diameter obtained by TEM evaluation which was 

determined to be 7 ± 2 nm. This observation is again based on the strong deviation of 

nanoparticles sizes which could not fully be covered by TEM analysis. The fractal 

model also provided the correlation length which characterizes the average size of an 

aggregate of gold nanoparticles within the microgels in the dispersion. Based on a 

correlation length of 12.4 nm we report that the majority of the gold nanoparticles 
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formed during the in situ synthesis with higher amounts HAuCl4 in µgel-AAEM are 

aggregates of two gold nanoparticles.  

 

4.5 Conclusion 
 
In this work, we presented the successful in situ formation and growth of gold 

nanoparticles in PNIPAM-based microgels. We relied on a systematic approach 

where we synthesized different microgels with increasing complexity by adding 

additional functional groups for each microgel system and thus got a better 

understanding of the individual effects of each component on the in situ formation 

process.  

By incorporation of AAEM monomer into the PNIPAM-based microgel networks we 

initially showed an uncontrolled way to form gold nanoparticles inside of the microgels. 

The introduction of AAEM groups and therefore ß-diketone moieties allow for the 

complexation of free gold ions and are necessary for the successful formation of 

nanoparticles in case of our applied reaction pathway. At the same time the addition 

of AAEM functionalities leads to a decrease in colloidal stability of the microgels due 

to the hydrophobic character of the functional groups. 

Introduction of charge in form of AAc to the system restored the colloidal stability of 

the microgels because of the electrostatic repulsion of negatively charged carboxylic 

acid groups. The increase in colloidal stability is further accompanied by a generally 

improved environment for the in situ formation. Within the negatively charged 

P(NIPAM-co-AAEM-co-AAc) microgels we were able to achieve the formation of 

single, monodisperse gold nanoparticles. 

For in situ experiments with different amounts of chloroauric acid, we found that the 

size and number of the formed gold particles can be varied within certain limits. 

The experiments indicated the existence of AAEM rich domains or sites forming 

during the microgel synthesis that are favoured for the initial accumulation and 

complexation of gold ions and influence the reachable size of the formed 

nanoparticles. The spatial position and dimensions of these AAEM rich sites within 

the microgels are most likely dependent on the other reaction components and 

conditions. 
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With our experiment we also showed that not only individual monomers have a major 

influence on the results of the in situ formation and growth, but that especially the 

(spatial) composition and interactions between different components in respect to 

charge and hydrophilicity are crucial for the understanding of the underlying 

mechanism. This is further highlighted by the fact that rather complex systems are 

needed for a controlled in situ synthesis that are challenging to characterize.   

Finally, investigations on the spherical growth of the nanoparticles within the 

PNIPAM-based microgels suggested not only that a one-step growth of the particles 

by almost nine times can be achieved but that the growth process is not affected by 

the initial formation mechanism nor the surrounding functional groups. 

Future experiments should focus on a better understanding of the chemical structure 

of the microgels and the mechanism of the in situ formation – especially looking at the 

role of charge introduced by AAc and the change that the microgel system undergoes 

upon the reduction of the gold ions.   
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4.6 Supporting Information 
 

MATERIALS 
 

 
Scheme S4.1: Chemical structure of monomers NIPAM (a), AAEM (b) and AAc (c) used for the synthesis 
of the PNIPAM-based copolymer microgels in this work. The zwitterionic initiator ACMA and the crosslinker 
VOU are shown in (d) and (e), respectively.   
 

METHODS 
 
Transmission electron microscopy (TEM). TEM was performed on a JEOL 

JEM-2100Plus operating in bright-field mode at 80 kV acceleration voltage. 

Samples were prepared by drop-casting 7 μL of dilute microgel dispersions on 

carbon-coated copper grids (200 mesh, Science Services). The diameter of the 

microgels were obtained using the image analysis software ImageJ.  

 

Ultraviolet-visible (UV-Vis) absorbance spectroscopy. UV-Vis absorbance 

spectra were recorded using a Specord® S600 (Analytic Jena AG) spectrophotometer. 

Dilute, aqueous microgel dispersions (0.02 wt%) were measured in PMMA cuvettes 

with a light path of d = 1 cm. For every measurement a reference spectrum (water) 

was recorded and subtracted. Measurements were performed in the wavelength 

range of 182 to 1019 nm. All measurements were performed at 20 °C.   
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Electrophoretic light scattering (ELS). Electrophoretic mobilities were determined 

using a Zetasizer Nano ZS (Malvern Panalytical). Aqueous microgel dispersions were 

diluted to 0.02 wt% and measured in folded capillary cells (DTS 1070, Malvern 

Panalytical). For all samples, we performed measurements at 20 °C and 50 °C with 

equilibration times of 600 seconds. Each measurement was repeated three times.  

 

Temperature-dependent dynamic light scattering (DLS). Hydrodynamic diameter, 

DH were determined by DLS using a Zetasizer Nano S (Malvern Panalytical). The 

device detects scattered light at a scattering angle of 173 °. We performed singular 

measurements at 20 and 50 °C and also measurements in a temperature range of 15 

and 55 °C in steps of 1 °C with a thermal stability of ± 0.1 °C. Samples equilibrated 

for 10 minutes at each temperature before the respective measurement. We 

performed three measurements with an acquisition time of 60 s for each temperature. 

All samples were diluted to a concentration of 0.02 wt% and were measured in 

triplicate in semimicro PMMA cuvettes. Presented error bars are the product of the 

intensity weighted mean hydrodynamic diameter (z-average) and the polydispersity 

index which is given by the cumulant analysis performed by the Malvern measurement 

software. The polydispersity index is an indication of the overall distribution of the 

determined size, assuming a single mean.  

 

Small-angle X-ray scattering (SAXS). SAXS measurements were performed on a 

Xeuss 2.0 (XENOCS) equipped with an X-ray source that provides a beam with an 

energy of 8.048 keV. The sample-to-detector distances were set to 0.55 m and 2.495 

m and measurements were performed with acquisition times of 900 s and 1800 s, 

respectively. Scattering patterns were recorded with a Pilatus3R 300 K detector 

providing an area of 83.8 × 106.5 mm2 and a pixel size of 172 × 172 μm2. In this case 

the setup provides a q-range of 0.03 nm–1 < q < 5 nm–1. Scattering profiles for both 

sample-to-detector distances were merged in the q-range between 0.1 nm–1 and 0.25 

nm–1. Dilute samples were measured in 1 mm round capillaries (WJM Glas) at a 

temperature of 20 °C. The measured signal was background-corrected for the 

scattering of water and finally radially averaged with the Foxtrot software provided by 

Xenocs.185 Fitting of the scattering profiles was conducted with the SasView 

software.186  
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RESULTS AND DISCUSSION 

 

µgel-PNIPAM & µgel-AAc12.5% 

Figure S4.1 (a) and S4.2 (a) present results from temperature-dependent 

measurements of the hydrodynamic diameter by DLS for µgel-PNIPAM and µgel-

AAc12.5%. The volume swelling ratio 𝛽 was determined to be 2.9 and 2.2 for the 

microgels, respectively. The following Equation S4.1 describes the calculation of 𝛽:97, 

187  

 𝛽 =
(𝑅𝐻(20°𝐶))3

(𝑅𝐻(50°𝐶))3
 (S4.1) 

µgel-AAc with incorporated carboxylic acid groups possess a lower volume swelling 

capacity compared to µgel-PNIPAM. Due to electrostatic repulsion the possibility of 

the polymer chains to converge during the collapse above the VPTT is noticeably 

reduced and consequently leading to the difference in the swelling capacity. The 

temperature-dependent measurements of the size for µgel-PNIPAM in Figure S4.1 
(a) show the low polydispersity of the microgels only containing PNIPAM without 

comonomers. The presented error bars are the product of the intensity weighted mean 

hydrodynamic diameter (z-average) and the polydispersity index which is given by the 

cumulant analysis and thus allow to get an impression of the polydispersity in plots of 

the hydrodynamic diameter in dependence of the temperature for all discussed 

microgels. The µgel-PNIPAM microgels were found to be neutral in charge with a 

value of 1 mV determined by electrophoretic mobility measurements. Figure S4.1 (b) 
and Figure S4.2 (b) show exemplary TEM images after the in situ synthesis of gold 

nanoparticles in presence of the microgels without purification. In the TEM image in 

Figure S4.1 (b) we can observe a large number of gold nanoparticles outside of the 

microgels that form aggregates of uncontrolled shape and size. We cannot report the 

formation of nanoparticles inside of the microgels.   
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Figure S4.1: (a) Hydrodynamic diameter of µgel-PNIPAM in dependence of temperature as determined by 
DLS. The solid red line corresponds to a Boltzmann fit which was applied to determine the VPTT of the 
microgel at 27.2 °C. (b) Exemplary TEM image after the in situ synthesis prior to purification. Large gold 
aggregates can be identified outside of the microgels while the formation of singular gold nanoparticles 
within the microgels cannot be observed. 
 
For the temperature-dependent measurements of size for µgel-AAc12.5% presented in 

Figure S4.2 (a), large error-bars indicate a high polydispersity of the microgel system. 

Measurements of the electrophoretic mobility of the microgels reveal a zetapotential 

of -38 mV and thus confirm the incorporation of acrylic acid monomer into the polymer 

chains. Analogue to Figure S4.1 (b), TEM images in Figure S4.2 (b) underline that 

microgels that only contain PNIPAM and AAc are not suitable for the in situ synthesis 

protocol and successful formation of gold nanoparticles within the microgels, 

respectively. Again, only large aggregates of formed gold particles can be observed 

outside of the microgel particles while the formation of singular gold nanoparticles 

within the microgels cannot be observed.  
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Figure S4.2: (a) Hydrodynamic diameter of µgel-AAc in dependence of temperature as determined by DLS. 
The solid red line corresponds to a Boltzmann fit which was applied to determine the VPTT of the microgel 
at 27.9 °C. (b) Exemplary TEM image after the in situ synthesis without purification. Large gold aggregates 
can be identified outside of the microgels while the formation of singular gold nanoparticles within the 
microgels cannot be observed. 
 
 

µgel-AAEM 

  
Figure S4.3: Hydrodynamic diameter of µgel-AAEM in dependence of temperature as determined by DLS. 
 

In Figure S4.3 the temperature-dependent change of the hydrodynamic diameter is 

presented for µgel-AAEM. The low colloidal stability of the microgel system is reflected 

by the abrupt increase in the hydrodynamic diameter above 33 °C. The aggregation 
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of the microgels is reversible upon cooling of the dispersion. Below 20 °C, the 

determined hydrodynamic diameter and also the polydispersity which is reflected by 

the error bars increase significantly. The determined volume swelling ratio 𝛽 is 2.4 

using the hydrodynamic diameter of 358 ± 11 nm in the swollen state at 20 °C and 

268 ± 3 nm in the collapsed state at 33 °C prior to aggregation of the microgels.  

 

 
Figure S4.4: Schematic illustration and corresponding TEM images for in situ growth experiments with 
µgel-AAEM using different amounts of HAuCl4 increasing from left to right. The amount used are (a) 50 μl, 
(b) 100 μl and (c) 200 μl of a 0.01M HAuCl4 while consistently using 562 μl of a 1 wt% microgel dispersion. 
The insets show TEM images of single microgels at higher magnifications. The scale bars in the insets 
correspond to 50 nm. 
 
Similar to the experiments presented in Figure 4.3 in the main manuscript, we 

performed in situ experiments with different amounts of HAuCl4 of the same 

concentration with µgel-AAEM. Three characteristics can be identified comparing the 

three TEM images in Figure S4.4. First, a higher amount of gold ions is needed to 

cause initial formation of gold nanoparticle compared to in situ experiments with µgel-

AAEM-AAc. Further, it was not possible to achieve a formation of a single nanoparticle 

in every microgel. Low amounts of HAuCl4 will not lead to the formation of 

nanoparticles in only a negligible small portion of the microgels as shown in (a). With 

an increased amount of HAuCl4 in (b), the number of microgels that contain one or 

multiple gold nanoparticles can be increased. Still, a high number of empty microgels 

can be found until the amount of HAuCl4 is high enough so that multiple nanoparticles 
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are obtained in every (imaged) microgel shown in (c). Interestingly, the size of the 

formed gold nanoparticles is nearly independent of the amount of HAuCl4 used for the 

in situ synthesis, ranging from 7 ± 2 nm to 8 ± 2 nm. 

 
Figure S4.5: Hydrodynamic diameter of µgel-AAEM in dependence of temperature as determined by DLS. 
The measurements were performed after the in situ synthesis with 100 µl HAuCl4 and purification.  The 
solid red line corresponds to a Boltzmann fit which was applied to determine the VPTT of the microgel at 
25.6 °C. 
 
In Figure S4.3 we showed that µgel-AAEM aggregates upon exceeding a 

temperature of 33 °C. The temperature-dependent determination of the hydrodynamic 

diameter via DLS presented in Figure S4.5 highlights the increase in colloidal stability 

of µgel-AAEM after the in situ synthesis at high temperatures. The swelling profile 

corresponds to the microgel particles imaged by TEM shown in Figure S4.4 (c). After 

the reduction of gold ions and possible reduction of functional groups, the obtained 

microgels exhibit a hydrodynamic diameter of 296 ± 5 nm at 20°C in the swollen state. 

A hydrodynamic diameter of 218 ± 1 nm at 50 °C in the collapsed state leads to a 

calculated volume swelling ratio 𝛽 of 2.5. Compared to the swelling profile prior to the 

in situ synthesis presented in Figure S4.3, the hydrodynamic diameter of the microgel 

after the in situ synthesis is decreased by about 60 nm in the swollen state at 20 °C 

and about 40 nm at 33°C, respectively. Moreover, small error bars suggest a lower 

polydispersity compared to microgels prior to the in situ synthesis.  
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µgel-AAEM-AAc 

 
Figure S4.6: (a) Hydrodynamic diameter of µgel-AAEM-AAc12.5% in dependence of temperature as 
determined by DLS . The solid red line corresponds to a Boltzmann fit-function which was applied to 
determine the VPTT of the microgel at 25.1 °C. (b) Exemplary TEM image after the in situ synthesis and 
purification of µgel-AAEM-AAc12.5% where a single gold nanoparticle can be identified in every microgel. 
 
To investigate the possible influence of higher contents of AAc incorporated into the 

microgel network, we synthesized microgels with incorporated AAEM and 12.5 mol% 

of acrylic acid (µgel-AAEM-AAc12.5%). The synthesized microgels exhibit a volume 

swelling capacity 𝛽 of 2.1. The corresponding swelling profile is presented in 

Figure S4.6 (a) where the microgel shows a hydrodynamic diameter of 308 ± 12 nm 

in the swollen state at 20 °C and 240 ± 4 nm in the collapsed state at 50 °C. Compared 

to 𝛽 of 3.1 that was calculated for µgel-AAEM-AAc2.5% in the main manuscript, the 

lower volume sweeling capacity is most likely based on the higher number of 

incorporated carboxylic acid groups (Determined zetapotential of -40 mV).  Apart from 

the lower volume swelling capacity, µgel-AAEM-AAc12.5% shows almost identical 

properties to µgel-AAEM-AAc2.5% in respect to the effective size in the swollen state. 

Furthermore, TEM imaging presented in Figure S4.6 (b) reveal the formation of gold 

nanoparticles with a size 𝐷TEM of 9 ± 1 nm in every microgel. The determined size of 

the gold nanoparticles is in agreement with the results for the in situ synthesis with 

µgel-AAEM-AAc2.5% which are described in the main manuscript and gold 

nanoparticles with a size 𝐷𝑇𝐸𝑀 of 8 ± 1 nm were found. Thereby, we conclude that the 

outcome of the in situ synthesis is not affected by higher contents of AAc for our 

investigated systems.  
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Figure S4.7: (a) Hydrodynamic diameter of µgel-AAEM-AAc0.5% in dependence of temperature as 
determined by DLS . The solid red line corresponds to a Boltzmann fit-function which was applied to 
determine the VPTT of the microgel at 24.7 °C. (b) Exemplary TEM image after the in situ synthesis and 
purification of µgel-AAEM-AAc0.5% where single gold nanoparticles can only be identified in few microgels.  
 
Analogue to the experiments with higher contents of AAc presented in Figure S4.6, 

we verified if the in situ synthesis is effected when AAc contents lower than 2.5 mol% 

are incorporated into the microgels. The swelling profile for the microgel with 0.5 mol% 

of incorporated AAc (µgel-AAEM-AAc0.5%) presented in Figure S4.7 (a) shows a 

swelling behaviour similar to µgel-AAEM-AAc2.5% and µgel-AAEM-AAc12.5% with a 

hydrodynamic diameter of 280 ± 8 nm at 20 °C in the swollen state and 210 ± 8 nm at 

50 °C in the collapsed state. As a result, the swelling capacity 𝛽 can be determined 

as 2.4. Surprisingly, measurements of the electrophoretic mobility (-33 mV) reveal that 

despite the small amount of AAc incorporated into the polymer network, the charge of 

the microgels is in the same order of magnitude as the microgels systems with larger 

amount of AAc incorporated. In Figure S4.7 (b), we present an exemplary TEM image 

after the in situ synthesis. The formation of nanoparticles in less than 10% of the 

microgels can be observed. Therefore, we conclude that that the incorporated content 

of 0.5 mol% of AAc is insufficient for the successful in situ synthesis in every microgel 

and certain content of AAc in the microgels is necessary to allow for the controlled 

formation of the gold nanoparticles. The formation of gold nanoparticles in a few 

isolated microgels is likely based on the statistical incorporation of AAc monomer 

during the microgel synthesis. The findings are in good agreement with our findings 

for the in situ synthesis with µgel-AAEM where the microgels were synthesized 

without the addition of AAc. For both microgel systems, an uncontrolled, uneven 

outcome of the in situ synthesis can be observed whereby the amount of formed gold 
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nanoparticles could be adjusted for µgel-AAEM by using higher amounts of HAuCl4 

(Figure S4.4). 

In Figure S4.8 we present TEM images for modified in situ synthesis experiment with 

µgel-AAEM-AAc2.5%. We observe the successful formation of single gold 

nanoparticles with a low polydispersity (𝐷TEM = 10 ± 1 nm) inside each microgels and 

a neglectable number of nanoparticles outside of the microgels. In contrast to the 

synthesis described for µgel-AAEM-AAc2.5% in the main manuscript, microgels were 

centrifuged ten times after addition and stirring with HAuCl4 for one hour. After each 

step of centrifugation, the supernatant was removed and replaced to ensure the 

complete removal of HAuCl4 outside of the microgels. Despite adjustments to the 

synthesis protocol, the formed nanoparticles do not show a difference to the synthesis 

described in the main manuscript where the gold nanoparticles also exhibit a diameter 

𝐷TEM  of 10 ± 1 nm. Due to removement of the supernatant we cannot observe the 

formation of gold nanoparticles outside of the microgels. The experiment allows to 

localize the position of the reduction of gold ions within the microgels.  

 
Figure S4.8: Exemplary TEM images after the modified in situ synthesis of gold 
nanoparticles in presence of µgel-AAEM-AAc2.5% at 20k magnification (a) and 50k 
magnification (b) prior to purification.  
 
Further, we validated the time-scale on which the diffusion of gold inside the microgels 

and complexation take place. We performed a modified in situ synthesis experiment 

with µgel-AAEM-AAc2.5% where we initiated the reduction of gold ions already 60 

seconds after the addition of HAuCl4 to the microgels. The corresponding TEM images 

in Figure S4.9 reveal that the diffusion of a sufficient number of gold ions inside the 
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microgels is on a time-scale which takes longer than 60 seconds. Only about one third 

of the microgels contain a formed gold nanoparticle while the remaining microgels 

remain empty. The size and shape of formed nanoparticles do not differ from the 

regular synthesis with µgel-AAEM-AAc2.5% and µgel-AAEM-AAc12.5% and show a 

determined size 𝐷TEM of 9 ± 1 nm.  

 
Figure S4.9: Exemplary TEM images after the modified in situ synthesis with and purification of µgel-
AAEM-AAc2.5% at 20k magnification (a) and 50k magnification (b).  
 

One-Step Gold Overgrowth 

Figure S4.10 provides additional results for the surfactant-free overgrowth approach 

described in the main manuscript. In (a) we present a schematic representation of the 

proposed reaction mechanism for the one-step overgrowth of gold nanoparticles 

without addition of a surfactant. In the presented approach, gold (III) ions are first 

reduced by the weak reduction agent potassium thiocyanate to a state of gold (I) ions. 

The pre-reduced gold ions are then further reduced to elemental gold on the surface 

of the existing gold nanoparticles over a duration of multiple hours causing the 

noticeably growth in size. The exemplary TEM image in (b) shows that we could 

achieve a growth of all nanoparticles. Based on the TEM image we determined an 

increase in size 𝐷TEM from 10 ± 1 nm to 83 ± 13 nm, in other words we could increase 

the average diameter of the cores by almost a factor of nine. At the same time, we 

can observe that the surfactant-free synthesis route favors the growth of non-uniform 

particles in size and shape. The uncontrolled nature of reaction is reflected by the 

color of the corresponding microgel dispersion shown in (c). Compared to the orange-

brownish color of the dispersion of the surfactant-supported approach shown in the 
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main manuscript, the dispersion of the surfactant-free approach shows a dark red 

color. The corresponding UV-Vis absorbance spectrum shown in the main manuscript 

(Figure 4.4 (a)) exhibits a red shift of 18 nm compared to the spectrum for the 

surfactant-supported approach and a broader full with at half maximum, both caused 

by an overall larger size of grown gold nanoparticles and a higher number of particles 

that show a non-spherical morphology.81, 83, 188-5 

 
Figure S4.10: Summary for our findings for the surfactant-free gold nanoparticle overgrowth. (a) Schematic 
illustration of the postulated reaction mechanism for the overgrowth process. (b) Exemplary TEM image 
after the surfactant-free overgrowth of the gold nanoparticles in µgel-AAEM-AAc2.5% and a digital 
photograph of the corresponding microgel dispersion in (c). 
 
We summarized properties of all microgel systems prior to in situ syntheses 

(Table S4.1) and after in situ syntheses experiments (Table S4.2) including 

hydrodynamic diameter at 20 and 50 °C and VPTT determined by DLS, volume 

swelling ratios 𝛽, zetapotential and electrophoretic mobility measurements at 20 and 

50 °C. In Table S4.2, we additionally present 𝐷TEM of the gold nanoparticles formed 

during the in situ syntheses.  

Characterization via small-angle X-ray scattering (SAXS) 

Finally, in Table S4.3 - S4.6 we present an overview of the fitting parameters that 

were applied to describe the scattering patterns that were recorded for selected 

microgel systems prior to the in situ syntheses, after the formation of gold 

nanoparticles and after the overgrowth of the gold nanoparticles.  
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36.2 

10 ± 1 
-30 ± 1 

-28 ± 1 
-2.1 ± 0.0 

-3.1 ± 0.0 

µgel-A
A

E
M

-A
Ac

2.5%  - In 
S

itu 50 µl 
333 ± 12 

246 ± 8 
- 

14 ± 4 
- 

- 
- 

- 

µgel-A
A

E
M

-A
Ac

2.5%  - In 
S

itu 100 µl 
312 ± 1 

238 ± 8 
- 

14 ± 4 
- 

- 
- 

- 

µgel-A
A

E
M

-A
Ac

2.5%  - 
surfactant-free 

O
vergrow

th
 

357 ± 12 
210 ± 4 

- 
83 ± 13 

- 
- 

- 
- 

µgel-A
A

E
M

-A
Ac

2.5%  - 
surfactant-supported 

O
vergrow

th 
325 ± 7 

278 ± 8 
- 

76 ± 9 
- 

- 
- 

- 

µgel-A
A

E
M

-A
Ac

12.5%  - In 
S

itu 10 µl 
392 ± 22 

346 ± 2 
36.5 

9 ± 1 
- 

- 
- 

- 

 Table S4.2: Sum
m

ary of determ
ined D

H  above and below
 the VPTT, VPTTs, D

TEM  of form
ed gold nanoparticles, zetapotential and electrophoretic m

obility at 20 °C
 and 

50 °C
 of all com

posite m
icrogels discussed in this w

ork. 
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C
om

posite M
icrogel 

M
odel 

Scale 
B

G
 [a.u.] 

Porod Law
 

Slope 

µgel-A
A

E
M

 
Porod 

1.9·10
-10 ± 1.5·10

-12 
8.8·10

-5 ± 3.0·10
-

6 
4 

µgel- A
Ac

2.5%  
Porod 

1.4·10
-10 ± 1.6·10

-12 
1.6·10

-4 ± 
280·10

-6 
4 

 

Tab
le

 S4
.3: Fit p

aram
ters ap

p
lied

 to
 d

escrib
e th

e scatterin
g p

ro
file

s o
f m

icro
gels p

rio
r to

 in
 situ

 syn
th

esis. 

 

C
om

posite M
icrogel 

M
odel 

Scale 
B

G
 

[a.u.] 

D
TEM  (A

u-
N

anoparticle) 
[nm

] 

D
SAXS  (A

u-
N

anoparticle) 
[nm

] 
σ 

SLD
  

 [10
-6 Å

2] 
SLD

 (Solvent) 
[10

-6 Å
2] 

Scale (Porod) 

µgel-A
A

E
M

 In Situ 50 µl 
H

ard 
Sphere + 

Porod 

1.1·10
-9 ± 

4.3·10
-11 

5.0·10
-5 

7.7 ± 1.8 
9.0 ± 2.7  

0.30 
124.7 

9.5 
9.4·10

-11 ± 
12·10

-12 

µgel-A
A

E
M

-A
Ac

2.5%  - In 
S

itu 10 µl 

H
ard 

Sphere + 
Porod 

1.6·10
-8  

1.4·10
-4 

9.7 ± 1.1 
7.4 ± 0.9  

0.12 
124.7 

9.5 
7.2·10

-11 ± 
1.3·10

-12 

 Table S4.4: Fit param
ters applied to describe the scattering profiles of m

icrogels after the form
ation of gold nanoparticles via in situ synthesis using a com

bination of a 
porod function and a hard sphere m

odel. For com
parison w

e also included the diam
eter of the gold nanoparticles determ

ined by TEM
 im

aging. 
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C
om

posite M
icrogel 

M
odel 

Scale 
B

G
 

[a.u.] 
D

TEM  (A
u-

N
anoparticle) [nm

] 
D

SAXS  (A
u-

N
anoparticle) [nm

] 
σ 

SLD
  

 [10
-6 Å

2] 
SLD

 (Solvent) 
[10

-6 Å
2] 

µgel-A
A

E
M

-A
Ac

2.5%  - 
surfactant-supported 

O
vergrow

th 

H
ard 

Sphere 
1.6·10

-8 
4.8·10

-5 
76.4 ± 9.1 

70.0 ± 11.9 
0.17 

124.7 
9.5 

 Table S4.5: Fit param
ters applied to describe the scattering profiles of m

icrogels after the form
ation of gold nanoparticles via in situ synthesis and overgrow

th of the 
nanoparticles w

ith a surfactant-supported approach using a hard sphere m
odel. For com

parison w
e also included the diam

eter of the gold nanoparticles determ
ined by 

TEM
 im

aging. 

 

C
om

posite 
M

icrogel 
M

odel 
B

G
 

[a.u.] 
Scale 

D
TEM  (A

u-
N

anoparticle) 
[nm

] 

D
SAXS  (A

u-
N

anoparticle) 
[nm

] 
σ 

SLD
  

 [10
-6 Å

2] 

SLD
 

(Solvent) 
[10

-6 Å
2] 

Fractal 
dim

ension 
C

orrelation 
Length [nm

]  

µgel-A
A

E
M

 In Situ 
100 µl 

Fractal + 
Porod 

1.2·10
-4 

2.1·10
-7 ± 

1.3·10
-10 

7.1 ± 1.8 
12.2 ± 2.5 

0.2 
124.7 

9.5 
2.2 

12.4 

 Table S4.6 Fit param
ters applied to describe the scattering profiles of m

icrogels after the form
ation of gold nanoparticles via in situ synthesis w

ith a high am
ount of H

AuC
l4  

using a com
bination of a porod function and a fractal m

odel. For com
parison w

e also included the diam
eter of the gold nanoparticles determ

ined by TEM
 im

aging. 
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5.1 Abstract 
 
Thermoresponsive microgels undergo a temperature-induced volume phase 

transition that is typically scrutinized by dynamic light scattering focusing on the global 

changes in size via the diffusion coefficient. The resulting changes in structure on a 

local scale are typically addressed by much more complex and costly measurements 

using small-angle neutron scattering and/or X-ray scattering. In this work we study the 

volume phase transition of poly-N-isopropylacrylamide-based microgels by a 

combination of temperature-dependent dynamic light scattering and simple, fast and 

much more efficient absorbance measurements. Absorbances at fixed wavelength 

are used as direct measure for the dispersion turbidity. We link the obtained absolute 

changes in hydrodynamic radius to the absolute changes in turbidity. By doing so we 

compare “classical” PNIPAM microgels from precipitation polymerization, charged 

copolymer microgels from precipitation copolymerization as well as core-shell 

microgels from seeded precipitation polymerization. In total we systematically study 

and compare 30 different microgels.  The direct comparison of data from dynamic light 

scattering and absorbance spectroscopy provides insights into structural homogeneity 

and deviation from the established fuzzy sphere morphology. We also demonstrate 

how turbidity data can be used to recalculate swelling curves.   
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5.2 Introduction 
 
Microgels are three-dimensional, crosslinked polymer networks that exhibit unique 

properties between singular polymer chains and macroscopic gels. On the one hand, 

the character of the soft particles commonly in the nano- or micron sized regime 

provide colloidal stability and allow swelling in a good solvent while being not 

completely dissolvable and retaining a spherical shape. On the other hand, the 

properties of the individual polymer chains and monomers can be introduced to the 

microgel networks and therefore unfold a new playing-field with a vast number of 

possibilities including the tunability of external stimuli like temperature or pH 

responsiveness.1, 30, 159, 189, 190 A common example for microgels with a 

temperature-dependent swelling behavior are polymer networks based on 

N-isopropylacrylamide (NIPAM).100, 191 If incorporated into a microgel network, the 

microgel can undergo a phase transition at a certain temperature that causes a 

de-swelling of the microgel network. The temperature which is at about 32 °C for 

microgels based on NIPAM is known as volume phase transition temperature 

(VPTT).192 The introduction of charges or other moieties with a pronounced 

hydrophobicity or hydrophilicity by incorporation of comonomers into the microgel 

network can than further alter the VPTT and the overall swelling behavior.11, 59, 193 

While copolymer microgel systems are interesting for a multitude of potential 

applications,160, 162 many aspects about the distribution of the components within the 

microgel and the influence on the inner structure are still unknown. The 

characterization of microgels in terms of size and morphology can be realized by 

imaging techniques like electron-84, 180, 194-196 or atomic force microscopy94, 99, 197-200. 

Recently, also super-resolution optical microscopy was used to image internal 

microgel structures with a spatial resolution of about 28 nm.77 While a powerful tool, 

the downside of imaging techniques is that only a small fraction of a synthesized 

system can be analyzed at a time, resulting in an overall bad statistic and methods 

like e.g. dSTORM were only sparsely used up to now. The problem can be bypassed 

by using spectroscopy techniques. Dynamic light scattering (DLS) also known as 

photon correlation spectroscopy (PCS) is a well-established method to characterize 

the size of microgel systems in dispersion.65, 94, 99, 201 The technique uses the time 

correlation of the fluctuation of scattered light intensity stemming from the random 

movement of the particles in the dispersion.202, 203 Further a mathematical processing 



5. Following the volume phase transition of thermoresponsive microgels by dynamic light scattering 
and turbidity: Correlations depend on microgel homogeneity 

 

110 

of the recorded data is needed to calculate the size of the scattering particles of the 

system.204, 205  

Another method for characterization is spectrophotometry which was already used in 

1986 when Pelton and Chibante synthesized PNIPAM-based microgels for the first 

time.64 By measuring the absorbance in dependence of the temperature (or in this 

case scattering cross-section as the measurements almost resemble the  setup of a 

static light scattering experiment without the angle dependency), Pelton and Chibante 

found that absorbance increases with increasing temperature, especially around the 

VPTT of the microgel. From a scattering theory perspective this observation is 

counter-intuitive as the scattering of a spherical scattering object depends on the 

6th power of the size.206 The observable increase in the absorbance is justified by the 

network character of the microgels. Tadgell et al. recently found that the observed 

behavior is connected to the distinct change of the refractive index environment during 

the collapse of the microgel.207 Thereby, the converge of chains within the microgel 

and the reduction of water in the microgel is potentially leading to an increase in 

absorbance. Almost 40 years ago, Pelton and Chibante thus were able to follow the 

relative swelling behavior of microgels in a similar way to temperature-dependent DLS 

measurements. Surprisingly, as UV-Vis absorbance measurements are a common 

method for characterization of linear temperature-responsive polymers,208 the 

question arises why the use is rare for the characterization of microgels and if the 

method could possibly provide new insights into the properties of the systems.     

Recently Ponomareva et al. showed a linear dependency when the normalized data 

of temperature-dependent absorbance measurements is plotted against normalized 

data of temperature-dependent dynamic light scattering measurements for core-shell 

microgels with a gold core.73 The resulting linear dependency for systems with 

different core to shell ratios and crosslinker degrees of the PNIPAM shell clarify that 

the relative swelling behavior can be followed by dynamic light scattering or 

absorbance measurements almost interchangeable.  

In this work we present new findings on the correlation between the data of 

absorbance and light scattering measurements for microgel systems. To get a deeper 

understanding, we synthesized 30 different microgel divided in three groups of 

microgels systems. 
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The analysis of our data revealed a different behavior for SiO2-core-shell microgels 

and PNIPAM microgels compared to copolymer microgels where we incorporated 

different comonomers into the microgel during the synthesis. While we found an 

almost perfect agreement of the relative swelling behavior detected by DLS and 

absorbance measurements for the former microgels independent of the degree of 

crosslinking or charge, we revealed a strong deviation of the relative swelling behavior 

between both techniques for all investigated copolymer microgels possibly based on 

differences in the internal structures and inhomogeneous distribution of comonomers 

within the microgel particles.  

Additionally, we revealed that temperature dependent absorbance measurements can 

potentially be used to predict and validate results of dynamic light scattering 

measurements as they can be performed with a high output and also do not require 

any form of mathematical operation to process the data. The quality of the calculated 

data is drastically influenced by the agreement of the relative swelling behavior 

observed by DLS and absorbance measurements. Our findings are supported by 

temperature-dependent light scattering, temperature-dependent UV-Vis absorbance 

measurements and the determination of charge that is present in the microgel and on 

the surface of the particles via electrophoretic mobility measurements.   

 

5.3 Experimental Section 
 

5.3.1 Materials 
 
Acrylic acid (AAc, Sigma Aldrich, 99 %), 2-Acrylamido-2-methyl-1-propanesulfonic 

acid (AMPS, Sigma Aldrich, 99%), (3-Acrylamidopropyl) trimethylammonium chloride 

(APTAC, 75 wt% in water, Sigma Aldrich), 2-vinylpyridine (2-VP, Sigma-Aldrich, 97%), 

potassium peroxodisulfate (KPS, Sigma Aldrich, ≥99%), 2,2’-Azobis(2-

methylpropionamidine) dihydrochloride (V50, Acros Organics, 98%), N,N’-

methylenebisacrylamide (BIS, Sigma Aldrich, 99%), Tetraethyl orthosilicate (TEOS, 

Sigma Aldrich, 98%), cyclohexane (Fischer Scientific, analy. reag. grade), L-Arginine 

(PanReacAppliChem, ≥99%), 3-(Trimethoxysilyl) propyl methacrylate (MPS, Sigma 

Aldrich, 98%), sodium dodecyl sulfate (SDS, Sigma Aldrich, p.a.), sodium hydroxide 
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(NaOH, Fischer Scientific, ≥99.9%), rhodamine b isothiocyanate (RITC, Sigma 

Aldrich, mixed isomers), ammonium hydroxide (NH3(aq.), Sigma Aldrich, 30-33%) and 

ethanol (EtOH, Chemsolute, ≥99.9%) were used as received. N-isopropylacrylamide 

(NIPAM; TCI, 98 %) was purified by recrystallization from cyclohexane. Water 

used for all syntheses and measurements was purified with a MilliQ system 

(Millipore). The final resistivity of the water was 18 MΩ cm. 

 

5.3.2 Synthesis 
 
PNIPAM Microgels 

Microgels were prepared by free-radical precipitation polymerization. All batches were 

synthesized in a total volume of 100 ml using 250 ml three-necked flasks equipped 

with a reflux condenser and gas inlet. NIPAM (507 mg, 4.48 mmol) and the respective 

amount of crosslinker BIS were dissolved in 95 ml of water under stirring and heating 

to 70 °C. The solutions were purged with nitrogen for at least 30 min. During that time 

25 mg (0.092 mmol) of the initiator was dissolved in 5 ml of water. We used KPS and 

V50 as initiators to obtain slightly anionic and cationic microgels, respectively. 

Additionally, we performed polymerizations with only 1 mg of KPS (0.003 mmol) to 

yield almost neutral microgels. 

Each of the three microgel systems was synthesized with three different amounts of 

crosslinker of 0.99 mol%, 5.44 mol% and 16.31 mol% leading to a total of nine 

different batches of PNIPAM microgels. Each reaction was stirred for 4 h before the 

dispersions were allowed to cool to room temperature. Purification was performed by 

dialysis for 1 week. The dialysis bag had a molecular weight cut-off (MWCO) of 10000-

20000 Da and the water was changed every 24 h. After dialysis we freeze-dried all 

microgel samples.   

An overview of the PNIPAM microgels and all relevant masses and volumes is 

presented in Table 5.1. The description of the microgel batches is consisting of the 

different initiator and amount of initiator used for the initiation of the polymerization 

and the molar weight of the incorporated crosslinker BIS. 
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Table 5.1: Overview of synthesis parameters for PNIPAM microgels. The crosslinker content given in mol% 
refers to the amount of NIPAM monomer used and corresponds to the nominal value. 

Microgel system Crosslinker 
[mol%] 

m(BIS)  
[mg] (µmol) 

m(initiator)  
[mg] (µmol) 

m(NIPAM) 
 [mg] (mmol) 

KPS25mg - 1.0 1.0 7 (5) 25 (92) - KPS 507 (4.48) 

KPS25mg - 5.4 5.4 38 (244) 25 (92) - KPS 507 (4.48) 

KPS25mg - 16.3 16.3 113 (732) 25 (92) - KPS 507 (4.48) 

KPS1mg - 1.0 1.0 7 (5) 1 (3) - KPS 507 (4.48) 

KPS1mg - 5.4 5.4 38 (244) 1 (3) - KPS 507 (4.48) 

KPS1mg -16.3 16.3 113 (732) 1 (3) - KPS 507 (4.48) 

V5025mg - 1.0 1.0 7 (5) 25 (92) - V50 507 (4.48) 

V5025mg - 5.4 5.4 38 (244) 25 (92) - V50 507 (4.48) 

V5025mg - 16.3 16.3 113 (732) 25 (92) - V50 507 (4.48) 

 

Copolymer Microgels 

Copolymer microgels have been synthesized mostly analogue to the synthesis 

protocol described for the PNIPAM microgels. In a 250 ml three-neck flask 251 mg 

(2.22 mmol) NIPAM and BIS were dissolved in 95 mL of water under stirring. Again, 

each of the following microgels was synthesized with three different amounts of 

crosslinker 0.99 mol%, 5.44 mol% and 16.31 mol% which equal 6.9 mg 

(0.0045 mmol), 37.6 mg (0.2439 mmol) and 112.8 mg (0.7317 mmol). After heating to 

70 °C, the solution was purged with nitrogen for 30 min. Meanwhile, 2.5 mol% of the 

respective comonomer was dissolved in 13 mL of water. We used four different 

comonomers for our experiments: AAc, AMPS, 2-VP and APTAC. Combined with 

three different amounts of crosslinker results in a total of twelve copolymer microgels. 

The AMPS solution was neutralised by adding 1 equivalent of 1 M sodium hydroxide 

solution prior to further processing.  

The polymerization was then initiated by either adding 2 mg of KPS or V50 diluted in 

water. For the negatively charged comonomers AAc and AMPS we used KPS while 

the reactions with the positively charged comonomers 2-VP and APTAC were initiated 

with V50. 10 min after the start of the polymerization which is indicated by an 

observable turbidity of the dispersion, the dissolved comonomer was added dropwise 

using a dropping funnel. The reaction was cooled down to room temperature after a 

reaction time of 4 h. The microgels were purified by dialysis against water for 1 week. 
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A molecular weight-cut off of 10000-20000 Da was used whereby the water was 

changed every 24 h. After dialysis also in the case of the copolymer microgels we 

freeze-dried all samples. 

An overview of the PNIPAM microgels and all relevant masses and volumes is 

presented in Table 5.2. As all copolymer microgels are also based on the same 

amount of NIPAM as main monomer we simplified the description of the microgel 

systems by only indicating the incorporated comonomer with the respective molar 

weight used. The information of the incorporated comonomer in the name is followed 

by the crosslinker degree of the microgel network.    

Table 5.2: Overview of synthesis parameters for copolymer microgels. The crosslinker content given in 
mol% refers to the amount of NIPAM monomer used and corresponds to the nominal value. 

Microgel system Crosslinker 
[mol%] 

m(BIS)  
[mg]  

(µmol) 
Comonomer 

[mol%] 
m(NIPAM) 

[mg] 
(mmol) 

m(initiator) 
[mg]  

(µmol)  

AAc2.5mol% - 1.0 1.0 7 (5) 2.5 - AAc 251 (2.22) 2 (6) 

AAc2.5mol% - 5.4 5.4 38 (244) 2.5 - AAc 251 (2.22) 2 (6) 

AAc2.5mol% - 16.3 16.3 113 (732) 2.5 - AAc 251 (2.22) 2 (6) 

AMPS2.5mol% - 1.0 1.0 7 (5) 2.5 - AMPS 251 (2.22) 2 (6) 

AMPS2.5mol% - 5.4 5.4 38 (244) 2.5 - AMPS 251 (2.22) 2 (6) 

AMPS2.5mol% - 16.3 16.3 113 (732) 2.5 - AMPS 251 (2.22) 2 (6) 

APTAC2.5mol% - 1.0 1.0 7 (5) 2.5 - APTAC 251 (2.22) 2 (6) 

APTAC2.5mol% - 5.4 5.4 38 (244) 2.5 - APTAC 251 (2.22) 2 (6) 

APTAC2.5mol% - 16.3 16.3 113 (732) 2.5 - APTAC 251 (2.22) 2 (6) 

2-VP2.5mol% - 1.0 1.0 7 (5) 2.5 - 2-VP 251 (2.22) 2 (6) 

2-VP2.5mol% - 5.4 5.4 38 (244) 2.5 - 2-VP 251 (2.22) 2 (6) 

2-VP2.5mol% - 16.3 16.3 113 (732) 2.5 - 2-VP 251 (2.22) 2 (6) 
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Core-Shell Microgels 

The inorganic silica cores in the core-shell microgels investigated in this work have 

been synthesized by two different routes to allow the formation of silica cores with 

different sizes.  

The synthesis of the first type of silica cores is based on the amino acid L-arginine 

and adapted by Hartlen et al.209 In a 100 mL three-neck flask 81.9 mg (0.47 mmol) 

were solved in 78 mL water under constant stirring at 60 °C. After 30 min of 

equilibration, the solution was overlaid with 4.05 mL cyclohexane follow by another 

30 min of equilibration. To avoid mixing of the aqueous and organic phase, the stirring 

speed was significantly lowered and the flask was only heated up to the lower end of 

the phase boundary. After equilibration 4.95 mL (22.2 mM) TEOS were added and 

the reaction carried out for 72 h. During that time a turbidity of the aqueous phase 

could be observed due to scattering of the formed silica particles.  

To enable the covalent binding of PNIPAM polymer chains to the silica particles to 

form core-shell particles, the surface of the silica particles was functionalized with 

MPS without prior purification. Therefore, the aqueous phase which contains the silica 

particles was removed and again overlaid with 9 mL of cyclohexane. After heating to 

60 °C and equilibration under slow stirring for 30 min, 90 mL of MPS (372.7 nM) were 

added to the organic phase. The functionalization was finished after 24 h under 

permanent stirring at 60 °C. Afterwards the aqueous phase was separated. The 

functionalized silica particles were used without further purification after freeze-drying. 

The resulting silica cores exhibit a radius of 18 ± 2 nm.  

The second type of silica cores is based on the Stöber method.210 Before the Stöber 

synthesis, the xanthene dye RITC was functionalised with APS to label the silica 

particles. APS was added dropwise to an RITC solution (10 mM) in ethanol and 

afterwards stirred in the dark for 2 h. The amount of APS corresponds to a 10-fold 

excess to ensure the covalent binding of all dye molecules. Afterwards the 

functionalised dye solution was diluted with ethanol by five times. The traceable 

fluorescence of the silica particles is not relevant for the experiments of this work and 

is therefore not further discussed.   

For the synthesis of the silica particles, 10 mL of ammonium hydroxide solution 

(30-33 %) were added to 125 mL of EtOH and heated to 50°C in a 250 mL three-neck 
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flask equipped with a reflux condenser. After equilibration for 20 min, a mixture of 

5 mL TEOS (0.02 mM) and 20 mL EtOH was heated to 50°C and rapidly added to the 

solution. As soon as the solution showed a slight turbidity, 2 mL of the diluted 

functionalized RITC solution was added dropwise. The solution was allowed to stir 

overnight and afterwards cooled to room temperature. The purification of the silica 

particles was realized by centrifugation at 2599 rcf for 90min and redispersed in 

ethanol. This process was repeated three times.  

For further processing, the surface of the silica particles was functionalized with MPS. 

In a first step, the pH of the particle dispersion was adjusted to 9-10 by the addition of 

ammonium hydroxide solution (30-33 %). Then 62 µL (260.9 nM) MPS were added to 

achieve a calculated surface density of 1 MPS molecule per 40 Å2 on the surface of 

the silica particles. The dispersion was stirred for 24 h and a solution of SDS in EtOH 

is added during cooling. The amount of SDS was adjusted to obtain a final 

concentration of 0.2 mM to stabilize the silica particles. The particles were again 

purified three times by centrifugation at rotation speeds of 2599 rcf for 90 min and 

each time redispersed in ethanol. The resulting silica cores exhibit a radius of 

53 ± 3 nm. 

The encapsulation of the silica particles of both synthesis routes was performed by 

free-radical seeded precipitation polymerisation based on the same protocol. As the 

masses and volumes used for the encapsulation vary dependent on the batch of core-

shell particles, an overview of all masses and volumes is presented in Table 5.3. The 

table is divided into two methods for the synthesis of the silica cores. For the overview 

of the different core-shell systems we choose a description including properties and 

molar masses for a better distinction. C (Core) and the subscript represent the 

determined radius of the silica core while S (Shell) and the subscript indicate the 

hydrodynamic radius of the overall core-shell microgel. The following number ranging 

from 2.5 to 15 shows the molar percentage of incorporated crosslinker BIS. For two 

of the microgel systems, AMPS was incorporated into the microgel shell as commoner 

which is shown including the molar percentage.  

For the synthesis of the microgel shell, NIPAM, BIS and SDS were dissolved in water 

in a three-neck flask equipped with a reflux condenser and gas inlet. The mixture was 

heated to 70 °C and purged with nitrogen for 30 min.  After equilibration, the respective 

volume or mass of MPS functionalized silica particle dispersion is added. The 
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dispersion was allowed to stir for another 30 min before the initiator KPS dissolved in 

water was added to start the polymerization. The reaction was carried out for 6 h and 

then the reaction mixture was cooled to room temperature. Purification was performed 

by centrifugation at 2599 rcf for 180 min and repeated three times. After dialysis we 

again freeze-dried all microgel samples.  
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Table 5.3: Overview of synthesis parameters for core-shell microgels. The crosslinker content given in 
mol% refers to the amount of NIPAM monomer used and corresponds to the nominal value. 

Microgel 
system 

m(NIPAM) 
[mg]  

(mmol) 

m/V (SiO2) 
[mg/µL] 

m(KPS) 
[mg] 

(µmol) 

m(BIS)   
[mg] 

(mmol)  

m(SDS)  
[mg] 

(µmol) 

V(H2O) 
[mL]  

C18S65-15a 1500  
(13.3) 100 mg 15 (18) 306 

(2.0) - 1500  

C18S100-15 
3050  
(27.0) 

136 mg 40 (140) 623 
(4.0) - 600 

C18S155-15 4000 (35.4) 122 mg 100 (350) 817.4 
(5.3) - 600 

C18S155-15-
co-

AMPS1mol% 

4000 (35.4) 135 mg  100 (350) 817.4 
(5.3) - 600 

C18S163-15-
co-

AMPS2.5mol% 

4000 (35.4) 132 mg  100 (350) 817.4 
(5.3) - 600 

C53S154-2.5b 113 (1.0) 438 μl (0.125 µM) 2 (7) 4 (0.03) 1.4 
(5.0) 20 

C53S152-5 113 (1.0) 438 μl (0.125 µM) 2 (7) 8 (0.05) 1.4 
(5.0) 20 

C53S158-10 113 (1.0) 480 μl (0.125 µM) 2 (7) 15 (0.1) 1.4 
(5.0) 20 

C53S152-15 113 (1.0) 333 μl (0.125 µM) 2 (7) 23 
(0.15) 

1.4 
(5.0) 20 

aCores labelled as C18 were synthesized by the protocol of Hartlen et al.209 bCores labelled as C53 were 
synthesized by the protocol of Stöber et al.210 

 

5.3.3 Methods 
 
Experimental details for all characterization techniques can be found in the 

Supporting Information in Chapter 5.7. 
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5.4 Results 
 
We synthesized 30 different types of microgels which can be assigned to three 

general categories: 1) Microgels solely based on NIPAM and BIS (“classical” 

microgels), 2) PNIPAM-based copolymer microgels, and 3) core-shell microgels with 

silica nanoparticle cores and PNIPAM shells. For simplicity, these microgels will be 

referred to as “PNIPAM microgels”, “copolymer microgels” and “core-shell microgels” 

in the following. All of the different microgels were analyzed by temperature-

dependent DLS and UV/vis absorbance spectroscopy. Motivated by the previous work 

of Ponomareva et al.73, we aimed to correlate the absolute changes in absorbance at 

a fixed wavelength, i.e. the turbidity, to the absolute change in hydrodynamic radius. 

To do so, data were recorded in a temperature range from 5 to 55 °C in steps of 1 °C.  

 

5.4.1 PNIPAM microgels 
 

We synthesized a total of nine PNIPAM microgels that differ in crosslinker content and 

amount and type of the used ionic radical initiator (KPS and V50). More details of the 

synthesis conditions can be found in Table 5.1.  The measured electrophoretic 

mobilities summarized in Figure S5.1 and S5.2 in the Supporting Information reveal 

a positive charge for the microgels synthesized with V50 and negative charges for the 

batches synthesized with KPS. Reducing the amount of KPS to 1 mg led to microgels 

with lower charges as expected. The results obtained from measurements at 50 °C 

revealed increased electrophoretic mobilities, roughly by a factor of two larger than at 

20 °C for each microgel system.  

Figure 5.1 summarizes the results from DLS and absorbance measurements for the 

PNIPAM microgels synthesized with 5 mol% BIS and 25 mg of KPS as a 

representative system.  
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Figure 5.1: Overview of the characterization and processing of the measurement data for a PNIPAM 
microgel (5 mol% BIS, 25 mg KPS). (a) Schematical representation of the microgel swollen in water. 
(b) Hydrodynamic radii and polydispersity indices (PDI) from temperature-dependent DLS measurements. 
(c) Spectra from temperature-dependent UV-Vis absorbance measurements. The inset in (c) shows the 
plot of the absorbances measured at 300 nm against temperature. (d) Plot of the normalized data from (b) 
in green and (c) in red against temperature. (e) Plot of the normalized change in absorbance against the 
normalized change in hydrodynamic radii. The black line has a slope of -1 and corresponds to the 
dependence given in Equation 5.3. (f) Comparison of the DLS data (green) and the calculated 
hydrodynamic radii by use of the absorbance data (black). Red dots represent the reference points from 
DLS at 25 and 50 °C which are needed for the calculation.     
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Figure 5.1 (a) shows a schematic illustration of the PNIPAM microgel with the 

crosslinked polymer chains (black lines) and the high-water content schematically 

illustrated by the blue sphere. The swelling curve obtained from DLS shown in 

Figure 1 (b) reveals the typical VPT behavior of PNIPAM microgels with a VPTT of 

approximately 32 °C. The hydrodynamic radius decreases continuously starting from 

approximately 170 nm at 5-10 °C until reaching a plateau with values of approximately 

82 nm for temperatures of 40 °C and higher. We want to highlight the differences 

between the collapsed and swollen state, where we observe a small but significant 

and almost linear decrease in radius between temperatures of 5 and 25 °C. In 

contrast, the radius remains almost constant for temperatures of 40 °C and higher 

(collapsed regime). The reported PDIs obtained from second order cumulant analysis 

are small (< 0.1) and are slightly larger in the swollen than in the collapsed state. 

Similarly, the standard deviation in radius obtained from three individual 

measurements per temperature is slightly larger in the swollen state (error bars in 

green). Although these differences between swollen and collapsed state are small, 

they point to the better defined structure in the collapsed state where the microgels 

behave more closely to rigid and homogeneous spheres211 and the less defined/more 

complex structure in the swollen state with a fuzzy sphere morphology69 and dangling 

chains in the outer periphery.212 

Figure 5.1 (c) shows absorbance spectra recorded in the same temperature range 

as the DLS data. All spectra reveal a continuous, power-law like decrease in 

absorbance with increasing wavelength that is related to light scattering from the (non-

absorbing) microgels.73, 207 With increasing temperature starting at 5 °C (blue), the 

scattering increases and the slope of the absorbance spectra changes. The change 

in scattering can be nicely quantified by plotting absorbances recorded at 300 nm as 

a function of temperature (inset of Figure 5.1 (c)). The data reveal a continuous 

increase in absorbance with increasing temperature. In other words, as the microgels 

shrink the turbidity of the dispersion increases. This, at a first glance counterintuitive 

observation, is related to the increasing polymer volume fraction and consequently 

increasing effective refractive index as well as to the transition from a fuzzy sphere 

morphology to collapsed spheres with a rather homogeneous polymer density and 

thus refractive index.73 Similar to the DLS data we observe a sigmoidal-shaped 

transition with an inflection point at approximately 32 °C.  In order to permit an easier 
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comparison of the DLS and turbidity data, we normalized both datasets according to 

Equation 5.1 and 5.2.   

 
𝐴(𝑇) − 𝐴swollen

𝐴collapsed − 𝐴swollen

 =  
∆𝐴(𝑇)

∆max𝐴
 (5.1) 

 
𝑅𝐻(𝑇) − 𝑅H,collapsed

𝑅H,collapsed − 𝑅H,swollen

= 
∆𝑅H(𝑇)

∆max𝑅H

 (5.2) 

For the swollen state we used absorbances (𝐴swollen) and radii (𝑅H,swollen) determined 

at 15 °C.  The collapsed state values (𝐴collapsed and 𝑅H,collapsed) correspond to 50 °C. 

The values 𝐴(𝑇)and 𝑅𝐻(𝑇)correspond to the respective values of absorbance/radius 

at any given temperature T in between 15 °C and 50 °C. The resulting data is plotted 

in Figure 5.1 (d). Please note that we inverted the y-axis for the reduced absorbance 

data to allow a direct comparison between both datasets. Both curves have a 

sigmoidal shape and overlap except for some slight deviation at temperatures right 

below the VPTT and some larger deviations just above the VPTT. Importantly, both 

curves reveal inflection points at very similar temperatures. In other words, the 

datasets from both measurements reveal nearly the same VPTT. By plotting the 

reduced absorbances (Equation 5.1) as a function of the reduced radii 

(Equation 5.2) we observe a linear relationship with a slope close to -1 in 

Figure 5.1 (e). This is similar to the findings for gold-PNIPAM core-shell microgels 

reported in our earlier work.73 However, for the PNIPAM microgels in this work, the 

data (orange symbols) lie below the solid black line that corresponds to:213  

 
∆𝐴(𝑇)

∆max𝐴
= 1 −

∆𝑅H(𝑇)

∆max𝑅H

 (5.3) 

What we believe to be the origin of this deviation will be discussed later when we 

directly compare the findings for the different microgel systems. We now want to test 

whether the absorbance data can be used to calculate theoretical swelling curves, 

i.e., the temperature evolution of the hydrodynamic radii (𝑅H,calc(𝑇)). Therefore, we 

rewrite Equation 5.3 to obtain: 

 [∆max𝑅H  ∙  (1 −
∆𝐴(𝑇)

∆max𝐴
)] + 𝑅H,collapsed = 𝑅H,calc(𝑇)  (5.4) 
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The calculation of 𝑅H,calc(𝑇) requires two known reference points, i.e., the radii in the 

swollen and collapsed state that define ∆max𝑅H. We used different reference points 

including the previously used values corresponding to temperatures of 15 °C and 

55 °C (see Supporting Information, Figure S5.12).  Reasonably good agreement 

between calculated and measured radii was found when using 25 °C and 50 °C as 

the reference temperatures as shown in Figure 5.1 (f). Here the green symbols 

correspond to the swelling curve measured by DLS and the black symbols correspond 

to the values of 𝑅H,calc(𝑇) calculated using radii measured at 25 and 50 °C indicated 

by the red circles. The calculated and the measured data match closely in the 

collapsed state for temperatures of approximately 37 °C and higher. In between the 

chosen reference temperatures, the calculated radii still match closely to the 

measured ones although the curve is shifted to slightly higher temperatures that also 

shifts the obtainable VPTT to a slightly higher value. Below 25 °C, i.e., in the swollen 

state, measured and calculated data deviate stronger with an increasing deviation for 

decreasing temperature. Similar data and calculations for all PNIPAM microgels can 

be found in Figure S5.3 - S5.11 in the Supporting Information and relevant radii 

and VPT temperatures are summarized in Table S5.1. 

We will now present the results obtained for copolymer microgels.  

 

5.4.2 Copolymer Microgels 
 

We synthesized a total of twelve PNIPAM-based microgels with different amounts of 

crosslinker and different comonomers. We chose four different comonomers: 

AAc, AMPS, APTAC and 2-VP. More details of the synthesis conditions can be found 

in Table 5.2. Negative charges are introduced by AAc and AMPS while APTAC and 

2-VP provide positive charges. Measurements of the electrophoretic mobility that 

validate the incorporation of the comonomers into the microgel networks are 

presented in Figure S5.13 and S5.14.   

As an example, for the analysis of the copolymer microgels we present the data of a 

PNIPAM-based microgel with 2.5 mol% of incorporated 2-VP monomer and a nominal 

crosslinker content of 15 mol% in Figure 5.2 in a similar fashion as previously 

presented for the PNIPAM microgels (Figure 5.1). Figure 5.2 (b) compares the 
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reduced hydrodynamic radii with the reduced absorbances in dependence of 

temperature. While the reduced absorbances show the typical sigmoidal shape, the 

reduced radii profile is significantly shifted towards lower temperatures and also 

shows a more complex evolution. The transition temperatures that we determined 

from the first derivatives that are also shown in the graph reveals a difference of 

approximately 5 °C (transition at 32 °C from DLS and at 37 °C from absorbance). The 

differences in the evolution of both profiles becomes even clearer when plotting the 

reduced absorbances as a function of the reduced radii in Figure 5.2 (c). Here the 

dashed area highlights the difference from the ideal linear behavior (solid black line). 

 
Figure 5.2: Overview of the processed data for a copolymer microgel based on PNIPAM, 2.5 mol% 2-VP 
added during the polymerization and crosslinked with 15 mol% BIS. The polymerization was initiated with 
2 mg of KPS. (a) Schematical representation of the microgel swollen in water with 2-VP polymer chains 
implied in red. (b) Plot of the normalized hydrodynamic radii obtained from temperature-dependent DLS 
measurements (green) and temperature-dependent absorbance measurements (red) against temperature. 
Also shown are the first derivatives in the respective color. (c) Plot of the normalized absorbance against 
the normalized hydrodynamic radii. The black line indicates a slope of -1. (d) Comparison of the DLS initial 
data (green) and the calculated hydrodynamic radii by use of the absorbance data (black). Red dots 
represent the reference points from DLS at 25 °C and 50 °C which are needed for the calculation. 
Additionally presented is the first derivative of both functions in the respective color.       
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Due to the deviation also the measured and, based on the absorbance data, 

calculated hydrodynamic radii (𝑅H,calc(𝑇) ) shown in Figure 5.2 (d) significantly 

deviate. Agreement between measured and calculated radii is only observed in the 

collapsed state, i.e., for temperatures of approximately 45 °C and higher. Thus, in the 

presented case, a reliable prediction of hydrodynamic radii on the basis of absorbance 

data is not possible for the copolymer microgel. 

The complete data for all twelve copolymer microgels can be found in the 

Supporting Information in Figure S5.15 - S5.26. A summary including relevant radii 

and VPT temperatures can be found in Table S5.2.     

We will now present the results for the core-shell microgels. 

 

5.4.3 Core-shell microgels 
 

In total we synthesized nine different core-shell microgels that contain silica cores and 

PNIPAM-based shells. The investigated systems include five microgel systems with 

a mean core radius of 18 ± 2 nm, 15 mol% BIS and varying shell sizes leading to total 

hydrodynamic radii ranging from 65 nm to 163 nm. In addition, two of these systems 

contain 2.5 mol% of AMPS (nominal amount in the synthesis). The remaining four 

microgel systems contain cores with a mean radius of 53 ± 3 nm and increasing 

crosslinker contents from 2.5 to 15 mol%. A summary of the synthesis conditions can 

be found in Table 5.3. Additional details on all investigated core-shell microgels can 

be found in Figure S5.27 - S5.35 and Table S5.3.  

In Figure 5.3 we exemplary present the results for the core-shell microgels with a core 

radius of 18 ± 2 nm, 2.5 mol% of AMPS and 15 mol% BIS.  
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Figure 5.3: Overview of the processed data for an SiO2-core-shell microgel. The microgel shell is based 
on PNIPAM, 2.5 mol% AMPS added during the encapsulation and crosslinked with 15 mol% BIS. The 
polymerization was initiated with 100 mg of KPS. (a) Schematical representation of the microgel swollen in 
water with AMPS polymer chains implied in orange and the silica core in the center of the microgel in grey. 
(b) Plot of the normalized hydrodynamic radii obtained from temperature-dependent DLS measurements 
(green) and temperature-dependent absorbance measurements (red) against the temperature. Also shown 
are the first derivatives in the respective color. (c) Plot of the normalized absorbance against the normalized 
hydrodynamic radii. The black line indicates a slope of -1. (d) Comparison of the DLS initial data (green) 
and the calculated hydrodynamic radii by use of the absorbance data (black). Red dots represent the 
reference points from DLS at 25 °C and 50 °C which are needed for the calculation. Additionally presented 
is the first derivative of both functions in the respective color.       
 
The schematic illustration of the microgel in Figure 5.3 (a) shows the silica core in the 

center of the microgel. Figure 5.3 (b) shows almost perfect overlap of the reduced 

hydrodynamic radii and reduced absorbance profiles. Both profiles show a sigmoidal 

shape with matching points of inflection, i.e., VPTTs. The derivatives that are also 

plotted in the graph reveal a VPTT of 35 °C. Furthermore, in Figure 5.3 (c) we see 

the perfect correlation between reduced hydrodynamic radii and reduced 

absorbances following the ideal linear behavior with a slope of -1. The agreement of 

the relative swelling behavior and the resulting linear behavior can eventually be used 

to calculate the hydrodynamic radii based on the absorbance values with almost 

perfect agreement in the temperature range between 25 °C and 50 °C in 
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(Figure 5.3 (d)). Only small deviations between calculated and measured 

hydrodynamic radii can be found at temperatures below 25 °C, which are nearly within 

the experimental errors.  

In the following we will discuss the observations and trends for all 30 investigated 

microgel systems. 

 

5.5 Discussion 
 
Figure 5.4 summarizes the findings of all 30 microgel systems by plotting the reduced 

absorbances as a function of the reduced hydrodynamic radii for the three classes of 

microgels.  

The three different types of symbols in each plot correspond to the different crosslinker 

contents: 1.0 mol% (circle), 5.4 mol% (square) and 16.3 mol% (triangle). Different 

colors represent different microgel systems (e.g., initiators, comonomers and core-

shell ratio). We will only discuss the overall trends that are observable and not go into 

further detail with each individual sample so that the different symbols and colors only 

allow to differentiate between the large number of samples in each plot.  

 
Figure 5.4: Direct comparison of all 30 microgels by plotting the reduced absorbances as a function of the 
reduced hydrodynamic radii. (a) PNIPAM microgels, (b) copolymer microgels, and (c) core-shell microgels. 
The solid black lines in each plot correspond to the linear behavior. Different symbols correspond to different 
amounts of crosslinker: 1.0 mol% (circles), 5.4 mol% (squares) and 16.3 mol% (triangles). Different colors 
represent different microgel systems e.g., comonomers and core to shell ratios but are only shown to 
distinguish different microgel systems in the plots. 
 
Comparing the summarized data for the three types of microgel systems we can 

observe that all nine investigated PNIPAM microgels in Figure 5.4 (a) and all nine 

core-shell microgels in Figure 5.4 (c) show a linear correlation between the reduced 

absorbances and reduced hydrodynamic radii. The data scatter around the solid black 
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line that corresponds to the ideal linear behavior with a slope of -1 (see Equation 5.3). 

Overall, the core-shell microgels better follow the hypothetical linear behavior. The 

data of the PNIPAM microgels (a) scatter slightly more around the auxiliary line. Here, 

the deviations are strongest for samples with a low crosslinker degree (circles). 

Interestingly none of the copolymer microgels reveals such a linear correlation 

(Figure 5.4 (c)). For some samples, the data lie completely above and for some 

samples completely below the auxiliary line. Only in a few cases the data scatter 

around the solid black line.  Obviously, the correlation between changes in 

hydrodynamic size and accompanied changes in turbidity depends strongly on the 

microgel composition and morphology. We want to highlight that all investigated 

microgels are strictly copolymers with a complex internal architecture. The PNIPAM 

microgels in (a) are copolymers of the main monomer NIPAM and the crosslinker BIS. 

Due to the different polymerization rates, these microgels show a pronounced fuzzy 

sphere morphology with an inner, higher crosslinked core region and an outer lower 

density shell that has a gradient in crosslinking.69 This fuzzy sphere morphology is 

most pronounced in the swollen state and was found for microgels with medium 

(5.5 mol%) and low (1.4 mol%) crosslinker contents. Ponomareva et al. have recently 

shown that this fuzzy sphere morphology is also observed for core-shell microgels 

with relatively small gold nanoparticle cores.73 It is worth to note that in this work, the 

gold cores were small enough that it can be assumed that these do not affect the 

swelling properties of the microgels. Microgels with different sizes and crosslinker 

contents spanning a broad range (5 – 25 mol%) were all described with the fuzzy 

sphere model in the swollen state. In this work two important findings were discussed: 

1) The linear correlation between absolute changes in normalized absorbance and 

hydrodynamic radius that led to a master curve behavior for all studied microgels. 

2) The increase in turbidity with increasing degree of microgel shrinking was 

attributed to the transition from fuzzy spheres with low/none scattering outer shells in 

the swollen state to more homogeneous spheres of higher effective refractive index 

in the collapsed state. The latter explanation was later confirmed by Tadgell et al. 

using recursive T-matrix Mie simulations.207 It is worth to note that the gold cores in 

these works were too small to significantly scatter light. Thus, both measurements, 

DLS (at 632.8 nm) and turbidity (different wavelengths probed) were not affected by 

the presence of the cores.  
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The fuzzy sphere morphology of PNIPAM microgel shells was also found for silica-

PNIPAM core-shell microgels with silica cores of significant size.214 Due to the surface 

functionalization of the silica cores with covalently bound methacrylate groups prior to 

the seeded precipitation polymerization, these core-shell microgels are expected to 

have covalent bonds between the PNIPAM network shells and the silica cores. 

Our findings for the PNIPAM microgels and the variety of investigated core-shell 

microgels in Figure 5.4 (a) and (c) suggest that all of these microgels possess the 

typical fuzzy sphere like morphology with a transition to more homogeneous spheres 

with increasing degree of shrinking. The direct comparison also suggests that the 

core-shell microgels in (c) have slightly better-defined morphologies as these follows 

closer the expected ideal linear trend. In particular, when looking at the data for 

PNIPAM microgels in (a) we see that there is also a small influence of the crosslinker 

content. Microgels with higher crosslinker contents follow the ideal linear behavior 

better. This suggests that the fuzzy sphere morphology is less defined for lower 

crosslinker contents, which we attribute to the larger mesh sizes. We believe that the 

internal structure of the lower crosslinker microgels is more inhomogeneous as 

compared to higher crosslinked microgels.  

We believe that the differences observed are related to differences of the internal 

structure, in particular the network homogeneity, and potentially also the 

polydispersity in size of the microgels. The extreme case is obviously presented by 

the studied copolymer microgels in (b) that contain charged comonomers in addition 

to NIPAM and BIS. We believe that these most likely contain local domains that differ 

in composition and therefore, show a more complex collapse mechanism than the 

classical fuzzy sphere microgels. For the PNIPAM microgels and also most of the 

studied core-shell microgels, the temperature-induced collapse is expected to start in 

the outer periphery where the PNIPAM chains possess the largest molecular weight. 

This is followed by collapse and rearrangements in the inner microgel region213 that 

contains shorter PNIPAM chains. We want to highlight that a combination of small- 

and wide-angle X-ray scattering has also revealed a more complex collapse 

mechanism for uncrosslinked PNIPAM chains.215 A correlation peak in the scattering 

profiles at high q that emerges during the collapse was attributed to the formation of 

microglobules. Results from an in situ high speed atomic force microscopy study 

indicate that such heterogeneities are also present in microgels. However, in that 

work, the presence of decanano-sized domains in the microgels was attributed to the 
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synthesis protocol.216 In any case, those domains would be too small to affect the 

absorbance profiles that we use in this work to probe the turbidity changes of the 

microgels during collapse. Here, the effective refractive index and its radial profile are 

relevant rather than differences on the nanometer-scale. Now, in case of the 

copolymer microgels in (b) the collapse of the chain segments inside the microgels 

does not only depend on the chain length but also on the composition. It is known 

from literature that the introduction of charged comonomers like acrylic acid strongly 

affects the volume phase transition behavior of PNIPAM-based microgels.11 

Furthermore, due to the differences in polymerization rates, such copolymer microgels 

are expected to show an even more complex internal structure. A recent study by 

Wiehemeier et al. showed that the global collapse of copolymer microgels as typically 

followed by DLS is rather unrelated to the local collapse within the microgels.217 DLS 

might even show no collapse at all despite of the presence of a local microphase 

separation which can be revealed by molecular level probes. 

To summarize we believe that whether or not thermoresponsive microgels show a 

linear correlation between absolute changes in normalized turbidity and absolute 

changes in normalized hydrodynamic radius is related to the fuzzy sphere 

morphology, the homogeneity of the fuzzy spheres and also the overall size 

polydispersity of the microgels. For “ideal” fuzzy spheres we expect that the degree 

of reduction in hydrodynamic radius is directly proportional to the changes in turbidity. 

Core-shell microgels fulfill this direct correlation the best indicating that their microgel 

structure shows the smallest degree of local heterogeneities. Their microgel shell 

match nicely to the fuzzy sphere model. Surprisingly, this is the case over a broad 

range of crosslinker contents and also when additional comonomers are used. 

Similarly, this is the case for “classical” microgels although the precipitation 

polymerization leads to somewhat more pronounced local heterogenities.216 

In contrast, the collapse behavior of “classical” PNIPAM microgels show a more 

pronounced dependence of the crosslinker content, indicating that with increasing 

crosslinking the microgels match better to the fuzzy sphere model. The introduction 

of different comonomers however, completely alters the global volume phase 

transitions behavior. We claim that there is a significant difference in local microgel 

structure based on the synthesis protocol: classical precipitation polymerization, 

precipitation polymerization in presence of additional comonomers, and seeded 

precipitation polymerization. 
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5.6 Conclusion 
 
We systematically studied 30 different types of microgels focusing on 

temperature-dependent absorbance as well as dynamic light scattering 

measurements. In particular we compared the temperature trends of the 

hydrodynamic radii and absorbances at fixed wavelength that are a direct measure of 

the dispersion turbidity. The thermoresponsive microgels under investigation are all 

PNIPAM-based and comprise “classical” PNIPAM microgels that were synthesized by 

free radical precipitation polymerization of NIPAM in presence of the crosslinker 

N,N’-methylenebisacrylamide. Furthermore, we studied copolymer microgels that 

were synthesized by precipitation polymerization in presence of different charged 

comonomers. Lastly, we studied core-shell microgels that were synthesized by 

seeded precipitation polymerization and that differ vastly in composition and 

morphology.  

Except for the charged copolymer microgels, we found a linear correlation between 

absolute changes in normalized absorbance and absolute changes in normalized 

hydrodynamic radius. When plotting both quantities against each other revealed data 

collapsed on a master curve (slope of -1). In other words, changes in hydrodynamic 

radius translate directly to changes in absorbance when data are normalized to the 

maximum changes between the swollen and collapsed state. This correlation is 

slightly better fulfilled for the core-shell microgels than for the “classical” PNIPAM 

microgels, in particular for low crosslinker contents. The charged copolymer microgels 

show a completely uncorrelated behavior. Here, the prediction/recalculation of the 

swelling curve, i.e., the temperature evolution of the hydrodynamic radius, based on 

simple and fast absorbance measurements is not possible. We attribute the deviations 

from the linear correlation between absorbances and hydrodynamic size to 

heterogeneities that impact the global and local microgel collapse and also to the 

overall polydispersity of the microgels. While DLS only follows the volume phase 

transition globally via changes of the diffusion coefficient that are then used to 

compute the hydrodynamic size, the turbidity changes during the phase transition 

depend on changes of the total microgel volume, changes of the internal polymer and 

thus refractive index profile, as well as the local and global refractive index contrast 

with respect to the aqueous environment. The strongest support for these differences 

and the role of structural homogeneity was identified through the pronounced 
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difference between the volume phase transition temperature determined from DLS 

and that obtained from the absorbance measurements in case of the charged 

copolymer microgels. Contrary, where we found the best agreement between the 

phase transition temperatures, that is the case for core-shell microgels and some of 

the “classical” PNIPAM microgels, we could calculate theoretical swelling curves 

based on the temperature-dependent absorbances using only two reference points 

for the hydrodynamic radius. We believe that such a correlation will be very helpful for 

future studies, for example on large microgels and core-shell microgels218 where the 

influence of gravitation might already hamper DLS measurements. In addition, 

absorbance measurements are fast, simple, do not require any data treatment other 

than proper background correction and can be performed in parallel using 

temperature-controlled sample changers. In our case we could measure seven 

samples in parallel using affordable standard spectrometer setups. Surprisingly the 

value of such simple measurements and the extraction of turbidity profiles for the 

study of the volume phase transition of microgels has mostly been overlooked in the 

past.  

Our results suggest that the combination of DLS and absorbance measurements 

allow to gain deeper insights into structural homogeneity and potential differences 

between the global volume phase transition and local structural changes. The 

systematic comparison between the different microgels point to strong differences in 

internal structure and composition depending on the polymerization technique. 

According to this, single batch precipitation copolymerization using charged 

comonomers leads to the most heterogeneous microgels that deviate the most from 

the established fuzzy sphere picture. Contrary, seeded precipitation polymerization in 

the presence of methacrylate-surface-functionalized silica nanoparticles leads to 

core-shell microgels where the shells fit best to the fuzzy sphere model.  

Future studies should focus on a better understanding of the inner structure and 

composition of the complex microgels accompanied by temperature-dependent form 

factor analysis. Ideally temperature-jump experiments that allow following time-

dependent changes in turbidity213 are combined with in situ temperature-jump 

experiments using synchrotron small-angle X-ray scattering. 
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5.7 Supporting Information 
 

METHODS 
 
Temperature-dependent Ultraviolet-visible (UV-Vis) absorbance spectroscopy.  

Absorbance spectra were recorded using a Specord® S600 (Analytic Jena AG) 

spectrophotometer. The spectrometer is equipped with an 8-fold cuvette holder and a 

peltier cooler unit which allowed for a temperature control with an accuracy of ± 0.1 °C 

and a possible temperature range reaching from -5 to +105 °C at 25°C ambient 

temperature. The particles in dispersion were measured in PMMA cuvettes with a light 

path of d = 1 cm. For every measurement a reference spectrum in water was recorded 

and subtracted. Another position in the 8-fold holder was used for a cuvette sensing 

probe in water to allow for accurate control of the temperature in all cuvettes. 

Measurements were performed in the wavelength range of 182 to 1019 nm at 

temperatures between 5 and 55 °C in steps of 1°C whereby the samples equilibrated 

for 10 minutes at each temperature before the respective measurement. Measured 

particle dispersions were diluted in water to a concentration of 0.02 wt%.  

 

Temperature-dependent dynamic light scattering (DLS). DLS experiments were 

performed using a Zetasizer Nano S (Malvern Panalytical) to determine 

Hydrodynamic radii RH of the microgel systems. The device detects scattered light at 

a scattering angle of 173 °. We measurements in a temperature range of 15 and 55 

°C in steps of 1±0.1 °C. Samples equilibrated for 10 minutes at each temperature 

before the respective measurement and we performed three measurements with an 

acquisition time of 60 s for each temperature. All samples were diluted to a 

concentration of 0.02 wt% and were measured in semimicro PMMA cuvettes. Particle 

sizes were calculated by means of the three measurements. Presented error bars are 

given by the standard deviation of the measurements of the hydrodynamic diameter. 

The polydispersity index is an indication of the overall distribution of the determined 

size, assuming a single mean and is calculated by the cumulant analysis performed 

by the Malvern Panalytical measurement software. 
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Electrophoretic light scattering (ELS). Electrophoretic mobility of the particle 

systems was determined using a Zetasizer Nano ZS (Malvern Panalytical). Samples 

were diluted to 0.02 wt% and measured in Folded Capillary Cells (DTS 1070, Malvern 

Panalytical). For all samples, we performed measurements at 20 °C and 50 °C with 

equilibration times of 600 seconds. Each measurement was repeated three times. 

 

RESULTS AND DISCUSSION 
 
PNIPAM Microgels 

In Figure S5.1 and S5.2 we present the results for the measurements of the 

electrophoretic mobility for all nine investigated PNIPAM microgels at 20 °C and 50°C 

respectively. The colored bars represent the three different amounts of crosslinker 

that were used for the different syntheses of the PNIPAM microgels. With our 

measurements we validate the synthesis of negatively charged microgels by using a 

larger amount of the initiator KPS (25 mg), positively charged microgels by using the 

initiator V50 and low charged (neutral) microgels by using the least amount of KPS 

(1mg) to initiate the polymerization. The measurements for polymerizations initiated 

with KPS show a negative electrophoretic mobility whereby microgels initiated with 

25 mg KPS show higher values reaching from -2 to -4 depending on the temperature. 

In contrast, V50 initiated microgels show a positive electrophoretic mobility between 

0.75 and 1.75 at 20 °C and between 3 and 3.75 at 50 °C.  

Two trends for the measurements could be identified. Overall, the electrophoretic 

mobility increases for all PNIPAM microgels at temperatures of 50 °C above the VPTT 

compared to the measurements at 20 °C below the VPTT. The observation can be 

explained with collapse of the microgel so that the polymer chains converge on a 

smaller volume which leads to an increase of the charge density. The collapse also 

causes the microgel to show a more hard-sphere-like character that also has an 

influence on the measurement. 

For the measurements at 20 °C a trend can observe where microgels with a higher 

crosslinker degree of 5.44 mol% (yellow) and 16.31 mol% (blue) show a noticeable 

higher electrophoretic mobility compared to the measurements of the PNIPAM 

microgels with a low crosslinker degree of 0.99 mol% (red). This trend cannot be found 
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at 50 °C. Again, the observation is based on the collapsed state of the microgel 

particles at high temperatures but also the degree of crosslinker. With a higher degree 

of crosslinking, the microgel network is more rigid and the character of a fuzzy sphere 

with a large amount of polymer chains with higher mobility is decreased. Therefore, a 

higher degree of crosslinking is increasing the density of charge and thus the 

electrophoretic mobility. At higher temperatures the degree of crosslinker has less 

influence on the electrophoretic mobility as the microgel is present in a collapsed 

state. 

 
Figure S5.1: Overview of the electrophoretic mobility measurements at 20 °C for all PNIPAM microgels 
synthesized in this work. The color of the bars represents the respective crosslinking degree of the PNIPAM 
microgel. Microgels with 0.99 mol% BIS (red), 5.44 mol% (yellow) and 16.31 mol% (blue) have been 
investigated. 
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Figure S5.2: Overview of the electrophoretic mobility measurements at 50 °C for all PNIPAM microgels 
synthesized in this work. The color of the bars represents the respective crosslinking degree of the PNIPAM 
microgel. Microgels with 0.99 mol% BIS (red), 5.44 mol% (yellow) and 16.31 mol% (blue) have been 
investigated. 

 
As part of the Supporting Information, we present measured and processed data 

for all 30 microgel systems in this work. (PNIPAM microgels in Figure S5.3 - S5.11, 

copolymer microgels in Figure S5.15 - S5.26, SiO2-core-shell microgels in 

Figure S5.27 - S5.36) The presentation of data is the same for all systems and also 

very similar to the presentation of data in the main manuscript. In the following, we 

will discuss one exemplary microgel system to further clarify all contents and features 

that can be found in the figures for all 30 systems. Additionally, we summarized 

properties of the microgel systems including VPTT determined by DLS and 

absorbance measurements, hydrodynamic radii at 25 and 50 °C and important 

components of the systems in Table S5.1 (PNIPAM microgels), Table S5.2 

(copolymer microgels) and Table S5.3 (Core-shell microgels with SiO2 cores). 

In Figure S5.3 the data for a PNIPAM microgel with a crosslinker content of 0.99 

mol% BIS is presented. The polymerization during the microgel synthesis was initiated 

with 1 mg (0.08 mol%) KPS. In (a) the hydrodynamic radii are plotted against the 

temperature. The microgel systems shows the expected temperature-dependent 
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swelling behavior with a VPTT at 32 °C. The transition in size is very distinct around 

the VPTT which is based on the loose crosslinking of the polymer network. Also due 

to the low degree of crosslinking, we can observe the overall large absolute change 

in size from a hydrodynamic radius of around 400 nm at 5 °C to 150 nm at 55 °C.  

The error bars for each determined hydrodynamic radius are given by the mean of the 

standard deviation for the three measurements performed at the respective 

temperature. We also present the polydispersity index calculated at each temperature 

below the swelling curve which is given by the cumulant analysis performed by the 

Malvern Panalytical measuring software. We found that microgels with a low amount 

of crosslinker tend to have a higher polydispersity and larger error bars at 

temperatures below the VPTT which is based on the more diffusive character of the 

particles at these temperatures.  

The recorded absorbance values are plotted against the wavelength in (b). 
The colored lines represent the measurements in dependence of the temperature 

from 5 to 55 °C in steps of 1 °C. The color gradient from blue to red hereby represent 

the increasing temperature from cold (blue) to hot (red). In agreement with the sharp 

transition observed for the DLS measurements in (a), we observe a high density of 

functions at high and low temperatures but only scattered function at temperatures 

around the VPTT (yellow). This is further validated by the inset where the absorbance 

values at 300 nm are plotted against the respective temperature. We can observe a 

temperature-dependent behavior which appears similar to the swelling behavior of the 

DLS data. A detailed discussion of the relation can be found in the main manuscript.  

Figure S3 (c) and (d) show the plot of the normalized data from DLS (green) and 

absorbance (red) measurements against the respective temperature. For a simplified 

comparison we inverted the y-axis for the absorbance (red) in (d). Thereby, both 

functions show the same temperature-dependent behavior. The plots are supported 

by the first derivative below the functions whereby the maximum of the first derivate 

equate to the VPTT of the respective measurement technique. It can be observed that 

the normalized DLS and absorbance data are in good agreement for low temperatures 

at 5 °C and high temperatures at 55 °C and exactly at the VPTT at 32.5 °C. In contrast, 

we found deviations at temperatures shortly before and after the VPTT.  

In a next step the normalized absorbance data is plotted against the normalized 

hydrodynamic radii in (e). The solid black auxiliary line possesses a slope of -1. 
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The plot is a measure for the match of the swelling behavior for both measurement 

techniques. We observe distinct deviations from the auxiliary line for some data points 

which is in good agreement with our observations in (d).  

Finally, the plot in (f) compares the initially measured DLS data (green) with calculated 

hydrodynamic radii by the use of data from the absorbance measurements (red). 

The two red points at 25 and 50 °C represent two reference points that are also 

needed for the calculation. Also presented are the first derivatives of the functions in 

the respective color which allow for the determination of the VPTT. As the match of 

the data from DLS and absorbance measurements clarified by the plot in (e) play an 

important role for the result of the calculation of the hydrodynamic radii, we can 

observe that the deviations in (e) also lead to deviations between the calculated and 

initial data for the hydrodynamic radii especially shortly below and above the VPTT 

but also for very low temperatures between 5 and 20 °C. Despite the deviations the 

trend of the swelling behavior and the overall size range can be successfully modeled 

using the absorbance data.       
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Figure S5.3: Overview of the characterization and processing of the measurement data for an microgel 
based on PNIPAM which is crosslinked with 0.99 mol% BIS. The polymerization was initiated with 1 mg 
(0.08 mol%) of KPS. Temperature-dependent DLS measurements including the poly dispersity indices 
(PDI) and temperature dependent UV-Vis absorbance measurements are presented in (a) and (b) 
respectively. The inset in (b) shows the plot of the absorbance values at 300 nm against the respective 
temperature. (c) Plot of the normalized data from (a) in green and (b) in red against the temperature. 
(d) Alternative representation of the plot in (c). The y-axis that shows the normalized absorbance data is 
inverted to simplify the comparison of the normalized data. Both plots (c) and (d) include the first derivatives 
of the functions in the respective color. (e) Plot of the normalized absorbance against the normalized 
hydrodynamic radii. The black line indicates a slope of -1. (f) Comparison of the DLS data (green) and the 
calculated hydrodynamic radii by use of the absorbance data (black). Red dots represent the reference 
points from DLS at 25 and 50 °C which are needed for the calculation. Additionally presented is the first 
derivative of both functions in the respective color.    
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Figure S5.4: Overview of the characterization and processing of the measurement data for an microgel 
based on PNIPAM which is crosslinked with 5.44 mol% BIS. The polymerization was initiated with 1 mg 
(0.08 mol%) of KPS. Temperature-dependent DLS measurements including the poly dispersity indices 
(PDI) and temperature dependent UV-Vis absorbance measurements are presented in (a) and (b) 
respectively. The inset in (b) shows the plot of the absorbance values at 300 nm against the respective 
temperature. (c) Plot of the normalized data from (a) in green and (b) in red against the temperature. 
(d) Alternative representation of the plot in (c). The y-axis that shows the normalized absorbance data is 
inverted to simplify the comparison of the normalized data. Both plots (c) and (d) include the first derivatives 
of the functions in the respective color. (e) Plot of the normalized absorbance against the normalized 
hydrodynamic radii. The black line indicates a slope of -1. (f) Comparison of the DLS data (green) and the 
calculated hydrodynamic radii by use of the absorbance data (black). Red dots represent the reference 
points from DLS at 25 and 50 °C which are needed for the calculation. Additionally presented is the first 
derivative of both functions in the respective color.    
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Figure S5.5: Overview of the characterization and processing of the measurement data for an microgel 
based on PNIPAM which is crosslinked with 16.31 mol% BIS. The polymerization was initiated with 1 mg 
(0.08 mol%) of KPS. Temperature-dependent DLS measurements including the poly dispersity indices 
(PDI) and temperature dependent UV-Vis absorbance measurements are presented in (a) and (b) 
respectively. The inset in (b) shows the plot of the absorbance values at 300 nm against the respective 
temperature. (c) Plot of the normalized data from (a) in green and (b) in red against the temperature. 
(d) Alternative representation of the plot in (c). The y-axis that shows the normalized absorbance data is 
inverted to simplify the comparison of the normalized data. Both plots (c) and (d) include the first derivatives 
of the functions in the respective color. (e) Plot of the normalized absorbance against the normalized 
hydrodynamic radii. The black line indicates a slope of -1. (f) Comparison of the DLS data (green) and the 
calculated hydrodynamic radii by use of the absorbance data (black). Red dots represent the reference 
points from DLS at 25 and 50 °C which are needed for the calculation. Additionally presented is the first 
derivative of both functions in the respective color.    
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Figure S5.6: Overview of the characterization and processing of the measurement data for an microgel 
based on PNIPAM which is crosslinked with 0.99 mol% BIS. The polymerization was initiated with 25 mg 
(2.1 mol%) of KPS. Temperature-dependent DLS measurements including the poly dispersity indices (PDI) 
and temperature dependent UV-Vis absorbance measurements are presented in (a) and (b) respectively. 
The inset in (b) shows the plot of the absorbance values at 300 nm against the respective temperature. 
(c) Plot of the normalized data from (a) in green and (b) in red against the temperature. (d) Alternative 
representation of the plot in (c). The y-axis that shows the normalized absorbance data is inverted to 
simplify the comparison of the normalized data. Both plots (c) and (d) include the first derivatives of the 
functions in the respective color. (e) Plot of the normalized absorbance against the normalized 
hydrodynamic radii. The black line indicates a slope of -1. (f) Comparison of the DLS data (green) and the 
calculated hydrodynamic radii by use of the absorbance data (black). Red dots represent the reference 
points from DLS at 25 and 50 °C which are needed for the calculation. Additionally presented is the first 
derivative of both functions in the respective color.    
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Figure S5.7: Overview of the characterization and processing of the measurement data for an microgel 
based on PNIPAM which is crosslinked with 5.44 mol% BIS. The polymerization was initiated with 25 mg 
(2.1 mol%) of KPS. Temperature-dependent DLS measurements including the poly dispersity indices (PDI) 
and temperature dependent UV-Vis absorbance measurements are presented in (a) and (b) respectively. 
The inset in (b) shows the plot of the absorbance values at 300 nm against the respective temperature. 
(c) Plot of the normalized data from (a) in green and (b) in red against the temperature. (d) Alternative 
representation of the plot in (c). The y-axis that shows the normalized absorbance data is inverted to 
simplify the comparison of the normalized data. Both plots (c) and (d) include the first derivatives of the 
functions in the respective color. (e) Plot of the normalized absorbance against the normalized 
hydrodynamic radii. The black line indicates a slope of -1. (f) Comparison of the DLS data (green) and the 
calculated hydrodynamic radii by use of the absorbance data (black). Red dots represent the reference 
points from DLS at 25 and 50 °C which are needed for the calculation. Additionally presented is the first 
derivative of both functions in the respective color.    



5. Following the volume phase transition of thermoresponsive microgels by dynamic light scattering 
and turbidity: Correlations depend on microgel homogeneity 

 

145 

 
Figure S5.8: Overview of the characterization and processing of the measurement data for an microgel 
based on PNIPAM which is crosslinked with 16.31 mol% BIS. The polymerization was initiated with 25 mg 
(2.1 mol%) of KPS. Temperature-dependent DLS measurements including the poly dispersity indices (PDI) 
and temperature dependent UV-Vis absorbance measurements are presented in (a) and (b) respectively. 
The inset in (b) shows the plot of the absorbance values at 300 nm against the respective temperature. 
(c) Plot of the normalized data from (a) in green and (b) in red against the temperature. (d) Alternative 
representation of the plot in (c). The y-axis that shows the normalized absorbance data is inverted to 
simplify the comparison of the normalized data. Both plots (c) and (d) include the first derivatives of the 
functions in the respective color. (e) Plot of the normalized absorbance against the normalized 
hydrodynamic radii. The black line indicates a slope of -1. (f) Comparison of the DLS data (green) and the 
calculated hydrodynamic radii by use of the absorbance data (black). Red dots represent the reference 
points from DLS at 25 and 50 °C which are needed for the calculation. Additionally presented is the first 
derivative of both functions in the respective color.    
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Figure S5.9: Overview of the characterization and processing of the measurement data for an microgel 
based on PNIPAM which is crosslinked with 0.99 mol% BIS. The polymerization was initiated with 25 mg 
(2.1 mol%) of V50. Temperature-dependent DLS measurements including the poly dispersity indices (PDI) 
and temperature dependent UV-Vis absorbance measurements are presented in (a) and (b) respectively. 
The inset in (b) shows the plot of the absorbance values at 300 nm against the respective temperature. 
(c) Plot of the normalized data from (a) in green and (b) in red against the temperature. (d) Alternative 
representation of the plot in (c). The y-axis that shows the normalized absorbance data is inverted to 
simplify the comparison of the normalized data. Both plots (c) and (d) include the first derivatives of the 
functions in the respective color. (e) Plot of the normalized absorbance against the normalized 
hydrodynamic radii. The black line indicates a slope of -1. (f) Comparison of the DLS data (green) and the 
calculated hydrodynamic radii by use of the absorbance data (black). Red dots represent the reference 
points from DLS at 25 and 50 °C which are needed for the calculation. Additionally presented is the first 
derivative of both functions in the respective color.    
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Figure S5.10: Overview of the characterization and processing of the measurement data for an microgel 
based on PNIPAM which is crosslinked with 5.44 mol% BIS. The polymerization was initiated with 25 mg 
(2.1 mol%) of V50. Temperature-dependent DLS measurements including the poly dispersity indices (PDI) 
and temperature dependent UV-Vis absorbance measurements are presented in (a) and (b) respectively. 
The inset in (b) shows the plot of the absorbance values at 300 nm against the respective temperature. 
(c) Plot of the normalized data from (a) in green and (b) in red against the temperature. (d) Alternative 
representation of the plot in (c). The y-axis that shows the normalized absorbance data is inverted to 
simplify the comparison of the normalized data. Both plots (c) and (d) include the first derivatives of the 
functions in the respective color. (e) Plot of the normalized absorbance against the normalized 
hydrodynamic radii. The black line indicates a slope of -1. (f) Comparison of the DLS data (green) and the 
calculated hydrodynamic radii by use of the absorbance data (black). Red dots represent the reference 
points from DLS at 25 and 50 °C which are needed for the calculation. Additionally presented is the first 
derivative of both functions in the respective color.    
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Figure S5.11: Overview of the characterization and processing of the measurement data for an microgel 
based on PNIPAM which is crosslinked with 16.31 mol% BIS. The polymerization was initiated with 25 mg 
(2.1 mol%) of V50. Temperature-dependent DLS measurements including the poly dispersity indices (PDI) 
and temperature dependent UV-Vis absorbance measurements are presented in (a) and (b) respectively. 
The inset in (b) shows the plot of the absorbance values at 300 nm against the respective temperature. 
(c) Plot of the normalized data from (a) in green and (b) in red against the temperature. (d) Alternative 
representation of the plot in (c). The y-axis that shows the normalized absorbance data is inverted to 
simplify the comparison of the normalized data. Both plots (c) and (d) include the first derivatives of the 
functions in the respective color. (e) Plot of the normalized absorbance against the normalized 
hydrodynamic radii. The black line indicates a slope of -1. (f) Comparison of the DLS data (green) and the 
calculated hydrodynamic radii by use of the absorbance data (black). Red dots represent the reference 
points from DLS at 25 and 50 °C which are needed for the calculation. Additionally presented is the first 
derivative of both functions in the respective color.    
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Table S5.1: Determined hydrodynamic radii below the VPTT at 25 °C and above the VPTT at 50 °C, VPTT 
by DLS and absorbance measurements and important components of the investigated PNIPAM microgels.  

Microgel system Crosslinker 
[mol%] 

m(Initiator) 
[mg] (µmol) 

RH@25 
°C [nm] 

RH@50 
°C [nm] 

VPTT 
DLS 
[°C] 

VPTT 
Abs. 
[°C] 

KPS25mg - 0.99 0.99 25.0 (92.0) - 
KPS 161 ± 5 70 ± 0 32.5 32.0 

KPS25mg - 5.44 5.44 25.0 (92.0) - 
KPS 155 ± 2 83 ± 0 34.0 34.0 

KPS25mg - 16.31 16.31 25.0 (92.0) - 
KPS 153 ± 5 105 ± 2 36.0 36.0 

KPS1mg - 0.99 0.99 1.0 (3.0) - 
KPS 351 ± 25 154 ± 13 32.0 32.0 

KPS1mg - 5.44 5.44 1.0 (3.0) - 
KPS  297 ± 17 169 ± 1 34.0 33.0 

KPS1mg -16.31 16.31 1.0 (3.0) - 
KPS 266 ± 18 197 ± 6 34.0 35.0 

V5025mg - 0.99 0.99 25.0 (92.0) - 
V50 253 ± 80 103 ± 4 33.0 33.0 

V5025mg - 5.44 5.44 25.0 (92.0) - 
V50 245 ± 10 118 ± 2 36.0 33.5 

V5025mg - 16.31 16.31 25.0 (92.0) - 
V50 274 ± 7 172 ± 2 37.0 36.0 

 

In Figure S5.12 we present results for the calculations to find suitable reference points 

for the calculations of the hydrodynamic radii by using absorbance data. The plot 

shows the sum of difference between initial measured DLS data and calculated 

hydrodynamic radii for different reference points used for the calculations. 

The calculations were performed for the three microgel systems discussed in the main 

manuscript. We found that for the calculations, reference points that cover a large or 

small temperature range lead to large difference in the final calculated values. 

We observed the best agreement for all three types of microgels (PNIPAM microgels 

in (a), copolymer microgels in (b) and SiO2-core-shell microgels in (c)) for reference 

point which are selected 5-15 °C below and 5-15 °C above the VPTT. Therefore, we 

found the lowest divergences for reference points at 20 and 50, 25 and 45 as well as 

25 and 50 (red bar). We finally decided to choose the reference points at 25 and 50 °C 

as we found the lowest deviations between DLS and calculated data on average.  
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Figure S5.12: Overview of the results for using different reference points for the calculation of the 
hydrodynamic radii with the data from absorbance measurements. The sum of derivations between the 
initial DLS data and the calculated data is represented by the different bar for (a) PNIPAM microgels (b) 
copolymer microgels and (c) SiO2-core-shell microgels.  
 
 

Copolymer Microgel 

In Figure S5.13 and S5.14 we present the results for the measurements of the 

electrophoretic mobility for all twelve investigated copolymer microgels at 20 °C and 

50 °C respectively. The colored bars represent the three different amounts of 

crosslinker that were used for the different syntheses of the copolymer microgels. With 

our measurements we validate the incorporation of the comonomers into the microgel 

and the resulting charge of the network. The measurements show a negative 

electrophoretic mobility for copolymer microgels with incorporated AAc and AMPS 

with values between -1.25 and -2.5 at temperatures of 20 °C and -3.5 and -4 at 50 °C. 

As opposed to this, APTAC and 2-VP copolymer microgels show positive values 

between 0.5 and 2 at 20 °C and 3.5 and 4 at 50 °C. Similar to our findings for the 

NIPAM microgels (Figure S51 and S5.2), we found an overall higher electrophoretic 

mobility at 50 °C above the VPTT compared to measurements at 20 °C. Also, the 

electrophoretic mobility increases with increasing crosslinker degrees (especially 

comparing very soft microgels with a crosslinker degree of 0.99 mol% BIS (red) and 

very high crosslinker degree of 16.31 mol% (blue)) at temperatures below the VPTT.  

As for the NIPAM microgels we can explain the observations for the copolymer 

microgels with increasing rigidity of the microgel network by an increasing amount of 

incorporated crosslinker monomer and the collapse of microgel causing in the 

existence of the microgel network in an overall smaller volume. The result is an 

increasing charge density and therefore a higher detectable electrophoretic mobility.  
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Figure S5.13: Overview of the electrophoretic mobility measurements at 20 °C for all copolymer microgels 
synthesized in this work. The color of the bars represents the respective crosslinking degree of the 
copolymer microgel. Microgels with 0.99 mol% BIS (red), 5.44 mol% (yellow) and 16.31 mol% (blue) have 
been investigated. 
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Figure S5.14: Overview of the electrophoretic mobility measurements at 50 °C for all copolymer microgels 
synthesized in this work. The color of the bars represents the respective crosslinking degree of the 
copolymer microgel. Microgels with 0.99 mol% BIS (red), 5.44 mol% (yellow) and 16.31 mol% (blue) have 
been investigated. 
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Figure S5.15: Overview of the characterization and processing of the measurement data for a copolymer 
microgel with a crosslinking degree of 0.99 mol% BIS. During the synthesis 2.5 mol% AAc were added to 
the reaction. The polymerization was initiated with 2 mg of KPS. Temperature-dependent DLS 
measurements including the poly dispersity indices (PDI) and temperature dependent UV-Vis absorbance 
measurements are presented in (a) and (b) respectively. The inset in (b) shows the plot of the absorbance 
values at 300 nm against the respective temperature. (c) Plot of the normalized data from (a) in green and 
(b) in red against the temperature. (d) Alternative representation of the plot in (c). The y-axis that shows 
the normalized absorbance data is inverted to simplify the comparison of the normalized data. Both plots 
(c) and (d) include the first derivatives of the functions in the respective color. (e) Plot of the normalized 
absorbance against the normalized hydrodynamic radii. The black line indicates a slope of -1. 
(f) Comparison of the DLS data (green) and the calculated hydrodynamic radii by use of the absorbance 
data (black). Red dots represent the reference points from DLS at 25 and 50 °C which are needed for the 
calculation. Additionally presented is the first derivative of both functions in the respective color.    
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Figure S5.16: Overview of the characterization and processing of the measurement data for a copolymer 
microgel with a crosslinking degree of 5.44 mol% BIS. During the synthesis 2.5 mol% AAc were added to 
the reaction. The polymerization was initiated with 2 mg of KPS. Temperature-dependent DLS 
measurements including the poly dispersity indices (PDI) and temperature dependent UV-Vis absorbance 
measurements are presented in (a) and (b) respectively. The inset in (b) shows the plot of the absorbance 
values at 300 nm against the respective temperature. (c) Plot of the normalized data from (a) in green and 
(b) in red against the temperature. (d) Alternative representation of the plot in (c). The y-axis that shows 
the normalized absorbance data is inverted to simplify the comparison of the normalized data. Both plots 
(c) and (d) include the first derivatives of the functions in the respective color. (e) Plot of the normalized 
absorbance against the normalized hydrodynamic radii. The black line indicates a slope of -1. 
(f) Comparison of the DLS data (green) and the calculated hydrodynamic radii by use of the absorbance 
data (black). Red dots represent the reference points from DLS at 25 and 50 °C which are needed for the 
calculation. Additionally presented is the first derivative of both functions in the respective color.    
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Figure S5.17: Overview of the characterization and processing of the measurement data for a copolymer 
microgel with a crosslinking degree of 16.31 mol% BIS. During the synthesis 2.5 mol% AAc were added to 
the reaction. The polymerization was initiated with 2 mg of KPS. Temperature-dependent DLS 
measurements including the poly dispersity indices (PDI) and temperature dependent UV-Vis absorbance 
measurements are presented in (a) and (b) respectively. The inset in (b) shows the plot of the absorbance 
values at 300 nm against the respective temperature. (c) Plot of the normalized data from (a) in green and 
(b) in red against the temperature. (d) Alternative representation of the plot in (c). The y-axis that shows 
the normalized absorbance data is inverted to simplify the comparison of the normalized data. Both plots 
(c) and (d) include the first derivatives of the functions in the respective color. (e) Plot of the normalized 
absorbance against the normalized hydrodynamic radii. The black line indicates a slope of -1. 
(f) Comparison of the DLS data (green) and the calculated hydrodynamic radii by use of the absorbance 
data (black). Red dots represent the reference points from DLS at 25 and 50 °C which are needed for the 
calculation. Additionally presented is the first derivative of both functions in the respective color.    
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Figure S5.18: Overview of the characterization and processing of the measurement data for a copolymer 
microgel with a crosslinking degree of 0.99 mol% BIS. During the synthesis 2.5 mol% AMPS were added 
to the reaction. The polymerization was initiated with 2 mg of KPS. Temperature-dependent DLS 
measurements including the poly dispersity indices (PDI) and temperature dependent UV-Vis absorbance 
measurements are presented in (a) and (b) respectively. The inset in (b) shows the plot of the absorbance 
values at 300 nm against the respective temperature. (c) Plot of the normalized data from (a) in green and 
(b) in red against the temperature. (d) Alternative representation of the plot in (c). The y-axis that shows 
the normalized absorbance data is inverted to simplify the comparison of the normalized data. Both plots 
(c) and (d) include the first derivatives of the functions in the respective color. (e) Plot of the normalized 
absorbance against the normalized hydrodynamic radii. The black line indicates a slope of -1. 
(f) Comparison of the DLS data (green) and the calculated hydrodynamic radii by use of the absorbance 
data (black). Red dots represent the reference points from DLS at 25 and 50 °C which are needed for the 
calculation. Additionally presented is the first derivative of both functions in the respective color.    
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Figure S5.19: Overview of the characterization and processing of the measurement data for a copolymer 
microgel with a crosslinking degree of 5.44 mol% BIS. During the synthesis 2.5 mol% AMPS were added 
to the reaction. The polymerization was initiated with 2 mg of KPS. Temperature-dependent DLS 
measurements including the poly dispersity indices (PDI) and temperature dependent UV-Vis absorbance 
measurements are presented in (a) and (b) respectively. The inset in (b) shows the plot of the absorbance 
values at 300 nm against the respective temperature. (c) Plot of the normalized data from (a) in green and 
(b) in red against the temperature. (d) Alternative representation of the plot in (c). The y-axis that shows 
the normalized absorbance data is inverted to simplify the comparison of the normalized data. Both plots 
(c) and (d) include the first derivatives of the functions in the respective color. (e) Plot of the normalized 
absorbance against the normalized hydrodynamic radii. The black line indicates a slope of -1. 
(f) Comparison of the DLS data (green) and the calculated hydrodynamic radii by use of the absorbance 
data (black). Red dots represent the reference points from DLS at 25 and 50 °C which are needed for the 
calculation. Additionally presented is the first derivative of both functions in the respective color.    
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Figure S5.20: Overview of the characterization and processing of the measurement data for a copolymer 
microgel with a crosslinking degree of 16.31 mol% BIS. During the synthesis 2.5 mol% AMPS were added 
to the reaction. The polymerization was initiated with 2 mg of KPS. Temperature-dependent DLS 
measurements including the poly dispersity indices (PDI) and temperature dependent UV-Vis absorbance 
measurements are presented in (a) and (b) respectively. The inset in (b) shows the plot of the absorbance 
values at 300 nm against the respective temperature. (c) Plot of the normalized data from (a) in green and 
(b) in red against the temperature. (d) Alternative representation of the plot in (c). The y-axis that shows 
the normalized absorbance data is inverted to simplify the comparison of the normalized data. Both plots 
(c) and (d) include the first derivatives of the functions in the respective color. (e) Plot of the normalized 
absorbance against the normalized hydrodynamic radii. The black line indicates a slope of -1. 
(f) Comparison of the DLS data (green) and the calculated hydrodynamic radii by use of the absorbance 
data (black). Red dots represent the reference points from DLS at 25 and 50 °C which are needed for the 
calculation. Additionally presented is the first derivative of both functions in the respective color.    
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Figure S5.21: Overview of the characterization and processing of the measurement data for a copolymer 
microgel with a crosslinking degree of 0.99 mol% BIS. During the synthesis 2.5 mol% 2-VP were added to 
the reaction. The polymerization was initiated with 2 mg of KPS. Temperature-dependent DLS 
measurements including the poly dispersity indices (PDI) and temperature dependent UV-Vis absorbance 
measurements are presented in (a) and (b) respectively. The inset in (b) shows the plot of the absorbance 
values at 300 nm against the respective temperature. (c) Plot of the normalized data from (a) in green and 
(b) in red against the temperature. (d) Alternative representation of the plot in (c). The y-axis that shows 
the normalized absorbance data is inverted to simplify the comparison of the normalized data. Both plots 
(c) and (d) include the first derivatives of the functions in the respective color. (e) Plot of the normalized 
absorbance against the normalized hydrodynamic radii. The black line indicates a slope of -1. 
(f) Comparison of the DLS data (green) and the calculated hydrodynamic radii by use of the absorbance 
data (black). Red dots represent the reference points from DLS at 25 and 50 °C which are needed for the 
calculation. Additionally presented is the first derivative of both functions in the respective color.    
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Figure S5.22: Overview of the characterization and processing of the measurement data for a copolymer 
microgel with a crosslinking degree of 5.44 mol% BIS. During the synthesis 2.5 mol% 2-VP were added to 
the reaction. The polymerization was initiated with 2 mg of KPS. Temperature-dependent DLS 
measurements including the poly dispersity indices (PDI) and temperature dependent UV-Vis absorbance 
measurements are presented in (a) and (b) respectively. The inset in (b) shows the plot of the absorbance 
values at 300 nm against the respective temperature. (c) Plot of the normalized data from (a) in green and 
(b) in red against the temperature. (d) Alternative representation of the plot in (c). The y-axis that shows 
the normalized absorbance data is inverted to simplify the comparison of the normalized data. Both plots 
(c) and (d) include the first derivatives of the functions in the respective color. (e) Plot of the normalized 
absorbance against the normalized hydrodynamic radii. The black line indicates a slope of -1. 
(f) Comparison of the DLS data (green) and the calculated hydrodynamic radii by use of the absorbance 
data (black). Red dots represent the reference points from DLS at 25 and 50 °C which are needed for the 
calculation. Additionally presented is the first derivative of both functions in the respective color.    
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Figure S5.23: Overview of the characterization and processing of the measurement data for a copolymer 
microgel with a crosslinking degree of 16.31 mol% BIS. During the synthesis 2.5 mol% 2-VP were added 
to the reaction. The polymerization was initiated with 2 mg of KPS. Temperature-dependent DLS 
measurements including the poly dispersity indices (PDI) and temperature dependent UV-Vis absorbance 
measurements are presented in (a) and (b) respectively. The inset in (b) shows the plot of the absorbance 
values at 300 nm against the respective temperature. (c) Plot of the normalized data from (a) in green and 
(b) in red against the temperature. (d) Alternative representation of the plot in (c). The y-axis that shows 
the normalized absorbance data is inverted to simplify the comparison of the normalized data. Both plots 
(c) and (d) include the first derivatives of the functions in the respective color. (e) Plot of the normalized 
absorbance against the normalized hydrodynamic radii. The black line indicates a slope of -1. 
(f) Comparison of the DLS data (green) and the calculated hydrodynamic radii by use of the absorbance 
data (black). Red dots represent the reference points from DLS at 25 and 50 °C which are needed for the 
calculation. Additionally presented is the first derivative of both functions in the respective color.    
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Figure S5.24: Overview of the characterization and processing of the measurement data for a copolymer 
microgel with a crosslinking degree of 0.99 mol% BIS. During the synthesis 2.5 mol% APTAC were added 
to the reaction. The polymerization was initiated with 2 mg of KPS. Temperature-dependent DLS 
measurements including the poly dispersity indices (PDI) and temperature dependent UV-Vis absorbance 
measurements are presented in (a) and (b) respectively. The inset in (b) shows the plot of the absorbance 
values at 300 nm against the respective temperature. (c) Plot of the normalized data from (a) in green and 
(b) in red against the temperature. (d) Alternative representation of the plot in (c). The y-axis that shows 
the normalized absorbance data is inverted to simplify the comparison of the normalized data. Both plots 
(c) and (d) include the first derivatives of the functions in the respective color. (e) Plot of the normalized 
absorbance against the normalized hydrodynamic radii. The black line indicates a slope of -1. 
(f) Comparison of the DLS data (green) and the calculated hydrodynamic radii by use of the absorbance 
data (black). Red dots represent the reference points from DLS at 25 and 50 °C which are needed for the 
calculation. Additionally presented is the first derivative of both functions in the respective color.    
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Figure S5.25: Overview of the characterization and processing of the measurement data for a copolymer 
microgel with a crosslinking degree of 5.44 mol% BIS. During the synthesis 2.5 mol% APTAC were added 
to the reaction. The polymerization was initiated with 2 mg of KPS. Temperature-dependent DLS 
measurements including the poly dispersity indices (PDI) and temperature dependent UV-Vis absorbance 
measurements are presented in (a) and (b) respectively. The inset in (b) shows the plot of the absorbance 
values at 300 nm against the respective temperature. (c) Plot of the normalized data from (a) in green and 
(b) in red against the temperature. (d) Alternative representation of the plot in (c). The y-axis that shows 
the normalized absorbance data is inverted to simplify the comparison of the normalized data. Both plots 
(c) and (d) include the first derivatives of the functions in the respective color. (e) Plot of the normalized 
absorbance against the normalized hydrodynamic radii. The black line indicates a slope of -1. 
(f) Comparison of the DLS data (green) and the calculated hydrodynamic radii by use of the absorbance 
data (black). Red dots represent the reference points from DLS at 25 and 50 °C which are needed for the 
calculation. Additionally presented is the first derivative of both functions in the respective color.    
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Figure S5.26: Overview of the characterization and processing of the measurement data for a copolymer 
microgel with a crosslinking degree of 16.31 mol% BIS. During the synthesis 2.5 mol% APTAC were added 
to the reaction. The polymerization was initiated with 2 mg of KPS. Temperature-dependent DLS 
measurements including the poly dispersity indices (PDI) and temperature dependent UV-Vis absorbance 
measurements are presented in (a) and (b) respectively. The inset in (b) shows the plot of the absorbance 
values at 300 nm against the respective temperature. (c) Plot of the normalized data from (a) in green and 
(b) in red against the temperature. (d) Alternative representation of the plot in (c). The y-axis that shows 
the normalized absorbance data is inverted to simplify the comparison of the normalized data. Both plots 
(c) and (d) include the first derivatives of the functions in the respective color. (e) Plot of the normalized 
absorbance against the normalized hydrodynamic radii. The black line indicates a slope of -1. 
(f) Comparison of the DLS data (green) and the calculated hydrodynamic radii by use of the absorbance 
data (black). Red dots represent the reference points from DLS at 25 and 50 °C which are needed for the 
calculation. Additionally presented is the first derivative of both functions in the respective color.    
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Table S5.2: Determined hydrodynamic radii below the VPTT at 25 °C and above the VPTT at 50 °C, VPTT 
by DLS and absorbance measurements and important components of the investigated copolymer 
microgels.  

Microgel Crosslinker 
[mol%] 

Comonomer 
[mol%] 

RH@ 
25 °C 
[nm] 

RH@ 
50 °C 
[nm] 

VPTT 
DLS 
[°C] 

VPTT  
Abs.  
[°C] 

AAc2.5mol% - 0.99 0.99 2.5 - AAc 330 ± 36 167 ± 3 32.5 31.5 

AAc2.5mol%- 5.44 5.44 2.5 - AAc 389 ± 27 221 ± 6 35.5 34.0 

AAc2.5mol%- 16.31 16.31 2.5 - AAc 363 ± 16 255 ± 3 28.0 36.5 

AMPS2.5mol%- 0.99 0.99 2.5 - AMPS 135 ± 39 89 ± 4 33.0 32.0 

AMPS2.5mol%- 5.44 5.44 2.5 - AMPS 145 ± 19 89 ± 5 34.5 37.0 

AMPS2.5mol%- 16.31 16.31 2.5 - AMPS 150 ± 12 120 ± 4 39.0 34.0 

APTAC2.5mol%- 0.99 0.99 2.5 - APTAC 149 ± 27 79 ± 2 32.0 31.5 

APTAC2.5mol%- 5.44 5.44 2.5 - APTAC 155 ± 12 95 ± 2 33.5 34.0 
APTAC2.5mol%- 

16.31 16.31 2.5 - APTAC 223 ± 10 140 ± 3 34.0 37.0 

2-VP2.5mol%- 0.99 0.99 2.5 - 2-VP 140 ± 38 77 ± 1 32.5 32.5 

2-VP2.5mol%- 5.44 5.44 2.5 - 2-VP 159 ± 21 94 ± 2 34.0 34.0 

2-VP2.5mol%- 16.31 16.31 2.5 - 2-VP 209 ± 7 138 ± 4 32.0 37.0 
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Core-Shell Microgels with SiO2 cores 

 
Figure S5.27: Overview of the characterization and processing of the measurement data for a core-shell 
microgel with a SiO2 core. The microgel shell is crosslinked with 15 mol% BIS and the encapsulated silica 
core has a radius of 18 ± 2 nm. Temperature-dependent DLS measurements including the poly dispersity 
indices (PDI) and temperature dependent UV-Vis absorbance measurements are presented in (a) and (b) 
respectively. The inset in (b) shows the plot of the absorbance values at 300 nm against the respective 
temperature. (c) Plot of the normalized data from (a) in green and (b) in red against the temperature. 
(d) Alternative representation of the plot in (c). The y-axis that shows the normalized absorbance data is 
inverted to simplify the comparison of the normalized data. Both plots (c) and (d) include the first derivatives 
of the functions in the respective color. (e) Plot of the normalized absorbance against the normalized 
hydrodynamic radii. The black line indicates a slope of -1. (f) Comparison of the DLS data (green) and the 
calculated hydrodynamic radii by use of the absorbance data (black). Red dots represent the reference 
points from DLS at 25 and 50 °C which are needed for the calculation. Additionally presented is the first 
derivative of both functions in the respective color.    
 



5. Following the volume phase transition of thermoresponsive microgels by dynamic light scattering 
and turbidity: Correlations depend on microgel homogeneity 

 

167 

 
Figure S5.28: Overview of the characterization and processing of the measurement data for a core-shell 
microgel with a SiO2 core. The microgel shell is crosslinked with 15 mol% BIS and the encapsulated silica 
core has a radius of 18 ± 2 nm. Temperature-dependent DLS measurements including the poly dispersity 
indices (PDI) and temperature dependent UV-Vis absorbance measurements are presented in (a) and (b) 
respectively. The inset in (b) shows the plot of the absorbance values at 300 nm against the respective 
temperature. (c) Plot of the normalized data from (a) in green and (b) in red against the temperature. 
(d) Alternative representation of the plot in (c). The y-axis that shows the normalized absorbance data is 
inverted to simplify the comparison of the normalized data. Both plots (c) and (d) include the first derivatives 
of the functions in the respective color. (e) Plot of the normalized absorbance against the normalized 
hydrodynamic radii. The black line indicates a slope of -1. (f) Comparison of the DLS data (green) and the 
calculated hydrodynamic radii by use of the absorbance data (black). Red dots represent the reference 
points from DLS at 25 and 50 °C which are needed for the calculation. Additionally presented is the first 
derivative of both functions in the respective color.    
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Figure S5.29: Overview of the characterization and processing of the measurement data for a core-shell 
microgel with a SiO2 core. The microgel shell is crosslinked with 15 mol% BIS and the encapsulated silica 
core has a radius of 18 ± 2 nm. Temperature-dependent DLS measurements including the poly dispersity 
indices (PDI) and temperature dependent UV-Vis absorbance measurements are presented in (a) and (b) 
respectively. The inset in (b) shows the plot of the absorbance values at 300 nm against the respective 
temperature. (c) Plot of the normalized data from (a) in green and (b) in red against the temperature. 
(d) Alternative representation of the plot in (c). The y-axis that shows the normalized absorbance data is 
inverted to simplify the comparison of the normalized data. Both plots (c) and (d) include the first derivatives 
of the functions in the respective color. (e) Plot of the normalized absorbance against the normalized 
hydrodynamic radii. The black line indicates a slope of -1. (f) Comparison of the DLS data (green) and the 
calculated hydrodynamic radii by use of the absorbance data (black). Red dots represent the reference 
points from DLS at 25 and 50 °C which are needed for the calculation. Additionally presented is the first 
derivative of both functions in the respective color.    
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Figure S5.30: Overview of the characterization and processing of the measurement data for a core-shell 
microgel with a SiO2 core. The microgel shell is crosslinked with 15 mol% BIS and the encapsulated silica 
core has a radius of 18 ± 2 nm. During the encapsulation of the silica core 1 mol% AMPS were added to 
the reaction.  Temperature-dependent DLS measurements including the poly dispersity indices (PDI) and 
temperature dependent UV-Vis absorbance measurements are presented in (a) and (b) respectively. The 
inset in (b) shows the plot of the absorbance values at 300 nm against the respective temperature. (c) Plot 
of the normalized data from (a) in green and (b) in red against the temperature. (d) Alternative 
representation of the plot in (c). The y-axis that shows the normalized absorbance data is inverted to 
simplify the comparison of the normalized data. Both plots (c) and (d) include the first derivatives of the 
functions in the respective color. (e) Plot of the normalized absorbance against the normalized 
hydrodynamic radii. The black line indicates a slope of -1. (f) Comparison of the DLS data (green) and the 
calculated hydrodynamic radii by use of the absorbance data (black). Red dots represent the reference 
points from DLS at 25 and 50 °C which are needed for the calculation. Additionally presented is the first 
derivative of both functions in the respective color.   
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Figure S5.31: Overview of the characterization and processing of the measurement data for a core-shell 
microgel with a SiO2 core. The microgel shell is crosslinked with 15 mol% BIS and the encapsulated silica 
core has a radius of 18 ± 2 nm. During the encapsulation of the silica core 2.5 mol% AMPS were added to 
the reaction.  Temperature-dependent DLS measurements including the poly dispersity indices (PDI) and 
temperature dependent UV-Vis absorbance measurements are presented in (a) and (b) respectively. The 
inset in (b) shows the plot of the absorbance values at 300 nm against the respective temperature. (c) Plot 
of the normalized data from (a) in green and (b) in red against the temperature. (d) Alternative 
representation of the plot in (c). The y-axis that shows the normalized absorbance data is inverted to 
simplify the comparison of the normalized data. Both plots (c) and (d) include the first derivatives of the 
functions in the respective color. (e) Plot of the normalized absorbance against the normalized 
hydrodynamic radii. The black line indicates a slope of -1. (f) Comparison of the DLS data (green) and the 
calculated hydrodynamic radii by use of the absorbance data (black). Red dots represent the reference 
points from DLS at 25 and 50 °C which are needed for the calculation. Additionally presented is the first 
derivative of both functions in the respective color.    
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Figure S5.32: Overview of the characterization and processing of the measurement data for a core-shell 
microgel with a SiO2 core. The microgel shell is crosslinked with 2.5 mol% BIS and the encapsulated silica 
core has a radius of 53 ± 3 nm. Temperature-dependent DLS measurements including the poly dispersity 
indices (PDI) and temperature dependent UV-Vis absorbance measurements are presented in (a) and (b) 
respectively. The inset in (b) shows the plot of the absorbance values at 300 nm against the respective 
temperature. (c) Plot of the normalized data from (a) in green and (b) in red against the temperature. (d) 
Alternative representation of the plot in (c). The y-axis that shows the normalized absorbance data is 
inverted to simplify the comparison of the normalized data. Both plots (c) and (d) include the first derivatives 
of the functions in the respective color. (e) Plot of the normalized absorbance against the normalized 
hydrodynamic radii. The black line indicates a slope of -1. (f) Comparison of the DLS data (green) and the 
calculated hydrodynamic radii by use of the absorbance data (black). Red dots represent the reference 
points from DLS at 25 and 50 °C which are needed for the calculation. Additionally presented is the first 
derivative of both functions in the respective color.    
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Figure S5.33: Overview of the characterization and processing of the measurement data for a core-shell 
microgel with a SiO2 core. The microgel shell is crosslinked with 5 mol% BIS and the encapsulated silica 
core has a radius of 53 ± 3 nm. Temperature-dependent DLS measurements including the poly dispersity 
indices (PDI) and temperature dependent UV-Vis absorbance measurements are presented in (a) and (b) 
respectively. The inset in (b) shows the plot of the absorbance values at 300 nm against the respective 
temperature. (c) Plot of the normalized data from (a) in green and (b) in red against the temperature. (d) 
Alternative representation of the plot in (c). The y-axis that shows the normalized absorbance data is 
inverted to simplify the comparison of the normalized data. Both plots (c) and (d) include the first derivatives 
of the functions in the respective color. (e) Plot of the normalized absorbance against the normalized 
hydrodynamic radii. The black line indicates a slope of -1. (f) Comparison of the DLS data (green) and the 
calculated hydrodynamic radii by use of the absorbance data (black). Red dots represent the reference 
points from DLS at 25 and 50 °C which are needed for the calculation. Additionally presented is the first 
derivative of both functions in the respective color.   
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Figure S5.34: Overview of the characterization and processing of the measurement data for a core-shell 
microgel with a SiO2 core. The microgel shell is crosslinked with 10 mol% BIS and the encapsulated silica 
core has a radius of 53 ± 3 nm. Temperature-dependent DLS measurements including the poly dispersity 
indices (PDI) and temperature dependent UV-Vis absorbance measurements are presented in (a) and (b) 
respectively. The inset in (b) shows the plot of the absorbance values at 300 nm against the respective 
temperature. (c) Plot of the normalized data from (a) in green and (b) in red against the temperature. (d) 
Alternative representation of the plot in (c). The y-axis that shows the normalized absorbance data is 
inverted to simplify the comparison of the normalized data. Both plots (c) and (d) include the first derivatives 
of the functions in the respective color. (e) Plot of the normalized absorbance against the normalized 
hydrodynamic radii. The black line indicates a slope of -1. (f) Comparison of the DLS data (green) and the 
calculated hydrodynamic radii by use of the absorbance data (black). Red dots represent the reference 
points from DLS at 25 and 50 °C which are needed for the calculation. Additionally presented is the first 
derivative of both functions in the respective color.    



5. Following the volume phase transition of thermoresponsive microgels by dynamic light scattering 
and turbidity: Correlations depend on microgel homogeneity 

 

174 

 
Figure S5.35: Overview of the characterization and processing of the measurement data for a core-shell 
microgel with a SiO2 core. The microgel shell is crosslinked with 15 mol% BIS and the encapsulated silica 
core has a radius of 53 ± 3 nm. Temperature-dependent DLS measurements including the poly dispersity 
indices (PDI) and temperature dependent UV-Vis absorbance measurements are presented in (a) and (b) 
respectively. The inset in (b) shows the plot of the absorbance values at 300 nm against the respective 
temperature. (c) Plot of the normalized data from (a) in green and (b) in red against the temperature. (d) 
Alternative representation of the plot in (c). The y-axis that shows the normalized absorbance data is 
inverted to simplify the comparison of the normalized data. Both plots (c) and (d) include the first derivatives 
of the functions in the respective color. (e) Plot of the normalized absorbance against the normalized 
hydrodynamic radii. The black line indicates a slope of -1. (f) Comparison of the DLS data (green) and the 
calculated hydrodynamic radii by use of the absorbance data (black). Red dots represent the reference 
points from DLS at 25 and 50 °C which are needed for the calculation. Additionally presented is the first 
derivative of both functions in the respective color.    
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Table S5.3: Determined hydrodynamic radii below the VPTT at 25 °C and above the VPTT at 50 °C, VPTT 
by DLS and absorbance measurements and important components of the investigated core-shell microgels 
with SiO2 cores.  

Microgel Crosslinker 
[mol%] 

Comonomer 
[mol%] 

RSiO2-

Core 
[nm] 

RH@25 
°C [nm] 

RH@50 
°C [nm] 

VPTT 
DLS 
[°C] 

VPTT 
Abs. 
[°C] 

C18S65-15 15 - 18 ± 2 64 ± 2 43 ± 1 37.0 35.0 

C18S100-15 15 - 18 ± 2 99 ± 2 65 ± 0 35.0 35.0 

C18S155-15 15 - 18 ± 2 144 ± 4 99 ± 1 35.5 35.0 

C18S155-15-
co-

AMPS1mol% 
15 2.5 (AMPS) 18 ± 2 141 ± 3 96 ± 3 35.0 35.0 

C18S163-15-
co-

AMPS2.5mol% 
15 2.5 (AMPS) 18 ± 2 147 ± 1 100 ± 2 35.5 35.0 

C53S154-2.5 2.5 - 53 ± 3 152 ± 6 79 ± 1 33.0 33.0 

C53S152-5 5 - 53 ± 3 149 ± 1 82 ± 2 34.0 33.5 

C53S158-10 10 - 53 ± 3 152 ± 2 97 ± 2 35.5 35.0 

C53S152-15 15 - 53 ± 3 163 ± 7 113 ± 2 35.0 35.0 
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6. Conclusion and Perspectives 
 
This thesis focused on the synthesis and characterization of complex copolymer 

microgels. First, an in situ approach for the formation of gold nanoparticles within 

PNIPAM-based copolymer microgels was introduced. This approach represents a 

promising alternative to established encapsulation protocols to obtain hybrid core-

shell microgels in a controlled manner. However, the successful formation of single 

gold nanoparticles raised new questions about the internal structure of complex 

copolymer microgels and an inhomogeneous distribution of individual components in 

the network. Then, initiated by these findings, a novel analytical methodology that 

could provide insights into inhomogeneities of the inner structure of microgels was 

evaluated. This methodology is based on the combination of temperature-dependent 

DLS and temperature-dependent UV-Vis absorbance measurements. In the following 

the main findings of this thesis are shortly summarized and concluded. 

In the first part of this work, a protocol to perform in situ synthesis and overgrowth of 

single gold nanoparticles within PNIPAM-based microgels was established. 

The resulting hybrid microgel systems were characterized with various methods 

including DLS, SAXS and TEM measurements. In a systematic approach, microgels 

solely based on PNIPAM were first investigated followed by the successive increase 

in complexity and functionality by incorporation of additional monomers into the 

system. In this context, the effects on the in situ synthesis as well as physicochemical 

properties like the hydrodynamic radius, the electrophoretic mobility of the particles 

and the swelling behavior were studied. 

Microgels that are solely based on PNIPAM were found to be unsuitable to form gold 

nanoparticles within the polymer network by in situ reduction. It turned out that the key 

component for the controlled reduction of gold ions within the microgels are functional 

groups that can selectively complex and gather gold ions in certain domains in the 

microgels.  For the microgels in this work, the monomer AAEM was incorporated 

which introduces ß-diketone functionalities into the polymer chains. The introduction 

of AAEM into the microgels comes with the disadvantage of a bad colloidal stability 

towards higher temperatures due to the hydrophobic character of the monomer. 

Performing in situ experiments with PNIPAM-based microgels with incorporated 

AAEM groups (P(NIPAM-co-AAEM)), the uncontrolled formation of multiple gold 
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nanoparticles within the microgels could be observed. The amount of gold 

nanoparticles formed, that were about 7 nm in diameter, could be varied in part by the 

added amount of chloroauric acid during the synthesis. As a consequence, an 

increased amount of chloroauric acid resulted in a higher amount of gold nanoparticles 

formed. However, it was not possible to achieve the formation of only single gold 

nanoparticles within the microgels, independent on the ratio between chloroauric acid 

and the microgels.  

To increase the affinity between gold ions and the microgel network and achieve a 

better control over the formation of gold nanoparticles, small contents of AAc 

(2.5 mol%) were incorporated into the polymer chains of the microgel resulting in the 

formation of negatively charged P(NIPAM-co-AAEM-co-AAc) microgels. The 

introduction of AAc not only restored the colloidal stability of microgels above the 

VPTT but also improved the controllability of the in situ formation of gold 

nanoparticles. After introduction of negative charges, the controlled formation of 

single, monodisperse gold nanoparticles was achieved successfully. The 

nanoparticles showed a diameter of approximately 10 nm which makes them directly 

comparable to gold nanoparticles synthesized by the well-established Turkevich 

protocol which exhibit diameters between 10 nm and 19 nm.119, 219 

SAXS measurements validated the size range with a determined mean diameter of 

7.5 nm for a larger assembly of hybrid microgels. Furthermore, the overgrowth of the 

formed gold nanoparticles by (surfactant-supported) growth protocols was 

successfully accomplished. In the past, similar results have been reported for the 

overgrowth of Turkevich particles which suggest a similar facet structure for gold 

nanoparticles formed during the in situ synthesis. This observation further highlights 

the potential of the newly introduced hybrid microgel system. Similar to the 

P(NIPAM-co-AAEM) microgels, the number of gold nanoparticles formed could be 

increased to a certain extent by variation of the ratio between microgels and gold ions 

added to the system. The increase in the ratio between ions and microgels initially led 

to a growth of the particle diameter to about 14 nm. Introduction of additional gold ions 

showed no further growth in size but instead lead to the formation of multiple gold 

nanoparticles. The observation indicated the existence of AAEM rich domains in the 

microgel that presumably favor and cause the accumulation of gold ions in these 

regions of the microgels.  
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The exact interplay between AAc and AAEM monomers in the polymer chains and 

the influence on the formation of the microgel network as well as the influence on the 

formation of gold nanoparticles need further investigation in future experiments. 

Nevertheless, the successful in situ formation of gold nanoparticles in complex 

microgels showed that the combination of multiple monomers can allow for new and 

unique properties and applications that cannot be realized with microgels based only 

on a single monomer. At the same time, the complexity of the architecture and the 

interplay between individual monomers becomes even more difficult to understand 

with each additional incorporated monomer.  

The second part of this work dealt with the characterization of different microgel 

systems using a combination of temperature-dependent DLS and UV-Vis absorbance 

spectroscopy measurements. The combination of both techniques results in a novel 

analytical methodology to study the swelling behavior of microgel systems and 

thereby gain deeper insight into structural inhomogeneities caused by distributions of 

monomers in microgel networks. To cover a broad range of microgel systems with 

different properties, 30 PNIPAM-based microgels were synthesized divided in three 

types of systems. The microgel systems covered the “classical” NIPAM-based 

microgels without comonomers or inorganic cores, copolymer microgels with different 

comonomers and core-shell microgels with SiO2 cores.  

“Classical” NIPAM-based microgels were further varied by different degrees of 

crosslinking and initiators which have an influence on the charge without drastically 

altering the composition of the microgels.     

A total of four types of copolymer microgels have been synthesized and characterized. 

For this reason, the respective comonomer with concentrations of 2.5 mol% was 

added during the microgel synthesis. AMPS and AAc were incorporated into the 

microgel networks to provide negative charges, while APTAC and 2-VP were 

incorporated to provide positive charges. A further classification can be made as AAc 

and 2-VP show an additional pH responsiveness while AMPS and APTAC hold a 

permanent charge. The comonomers were chosen to cover a variety of microgels with 

different swelling properties.   
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Moreover, core-shell microgels with different sizes of SiO2 cores, crosslinking degrees 

and shell sizes were synthesized. In addition, by incorporation of AMPS as 

comonomer in the shell, hybrid microgel systems with distinct swelling behaviors and 

properties could be achieved.   

Temperature-dependent DLS and UV-Vis spectroscopy measurements were 

conducted in the range from 5 °C to 55 °C for all 30 microgel systems. For the 

temperature-dependent DLS measurements it was found that all microgel systems 

show the expected VPT behavior. The exact temperature and temperature interval at 

which the microgels transition from swollen into the collapsed state strongly depends 

on the amount of crosslinker and the composition of the microgels, more precisely, 

the incorporated comonomer or amount of initiator used. For the UV-Vis absorbance 

spectroscopy measurements it was shown that the absorbance increases with 

increasing temperature. In case of microgels, measured absorbance represents the 

scattering as the microgels do not absorb visible light. From a scattering theory 

perspective, a decrease in the scattering intensity (and therefore absorbance) would 

be expected due to the decrease in size when the microgels collapse. Nevertheless, 

the observed behavior can be attributed to the transition from the fuzzy sphere 

structure (or similar architectures with an inhomogeneous distribution of crosslinker 

and monomers) to a rather homogenous sphere. In the swollen state, the loosely 

crosslinked fuzzy parts of the microgel do not significantly contribute to the measured 

scattering based on the low refractive index. Upon transition to the collapsed state, 

the polymer material from the fuzzy parts collapses onto the rather homogenous, inner 

core region resulting in a decrease of the effective size of the microgel but an increase 

in size of the core region. The rise in polymer volume fraction of the inner core is 

accompanied with an increase in the refractive index contrast which together result in 

the increase of the absorbance.  

For the correlation of the absolute change in the normalized absorbance and the 

absolute change in the size, a linear correlation for the “classical” PNIPAM microgels 

and the core-shell microgels was found while deviations from the linear behavior were 

observed for the copolymer microgels. The linear dependency is suggested to exist 

when the transition of the microgel from a fuzzy sphere structure in the swollen state 

to a homogenous sphere in the collapsed state happens homogenously on the global 

and local scale. Furthermore, this allows for the direct translation from absolute 

changes in the effective size to absolute changes in the absorbance. For copolymer 
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microgels the deviations from the linear correlation indicate a heterogenous structure 

e.g., distribution of different monomers in the microgel network. The formation of 

subdomain-like structures during the synthesis of the microgels, that have been 

discussed in the Introduction (Chapter 1) of this work, could be the reason for the 

inhomogeneous (de-)swelling on a local scale which would also directly influence the 

refractive index. In consequence, absolute changes in the absorbance differ from 

absolute changes in hydrodynamic radius as DLS only provides access to the 

changes in the effective size of the microgel while changes in absorbance obtained 

by UV-Vis measurements can be based on local changes in the refractive index 

contrast.  

Such inhomogeneous network structures could also be visualized by TEM imaging of 

negative stained “classical” microgels presented in the Introduction (Chapter 1) of this 

work. The imaging of the microgels suggested that heavy metal ions (e.g., uranyl ions) 

can diffuse into the networks to varying degrees dependent on the crosslinker density. 

This observation is particular interesting as it leads to the question if the diffusion of 

gold ions during the in situ synthesis is also dependent on the incorporated amount of 

crosslinker. At the same time the studies showed the potential of TEM imaging to 

visualize microgels and gain additional information about the structure of the 

networks.   

For “classical” PNIPAM microgels and core-shell microgels the linear dependency 

given by the novel methodology allowed for the calculation of theoretical swelling 

curves based on the temperature-dependent absorbances using only two reference 

points from size determination by DLS. The calculated swelling curves were in good 

agreement with the experiments and therefore the UV-Vis absorbance measurements 

could potentially be used for characterization of microgel systems with an even higher 

throughput compared to DLS and without additional data processing. 

Furthermore, the method could allow for the investigations of microgel systems which 

cannot be measured by DLS e.g. hybrid microgel systems with heavy inorganic cores. 

Depending on the system, gravity can influence the movement and therefore impede 

the correlation of the time-dependent scattering intensity that requires random 

Brownian motion. Absorbance measurements do not rely on the random movement 

of the microgels and therefore influences by gravity can be circumvented for example 

by stirring of the particle dispersion. 
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In future studies, it might be possible to fully automate measurements of both methods 

and the subsequent processing of data. DLS and UV-Vis absorbance measurements 

are particular interesting due to the wide accessibility, simplicity and low time 

requirement. The automation could be used to further increase the efficiency of 

microgel characterization and the identification of trends especially in respect to 

machine learning.   

Moreover, the method seems promising to learn more about the inner structure of the 

microgels used for the in situ formation of gold nanoparticles in the first part of this 

work. In combination with temperature-dependent form factor analysis, a better 

understanding of the inner structure and composition of complex microgels could and 

needs to be achieved. Also, it would be imaginable to infiltrate the microgels with dye 

molecules that show affinity to negatively charged carboxy or the complexing 

ß-diketone groups and use dSTORM experiments to visualize domains in the microgel 

structure.  

Until now, reports of hybrid microgels for applications in catalysis were mainly based 

on the uncontrolled immobilization or formation of nanoparticles within the microgel. 

The controlled in situ formation of single nanoparticles in multifunctional copolymer 

microgels presented in this work could potentially open novel pathways towards an 

enhanced efficiency and new possibility of complex microgels as nanoreactors. 

Detailed investigations of the internal structure of microgels containing unique 

functionalities play a crucial role as they allow to further adjust the systems in regard 

to required application and properties respectively. 

Overall, this work underlined the complexity of microgel systems especially when 

(multiple) comonomers are added to the system. The systematic study of the systems 

is inevitable to gain a deeper knowledge about the inner structure, distribution of 

components and interplay of functional groups. However, this work also showed that 

the use of supposedly simple methods can be a new starting point for ideas and 

perspectives. Especially, correlative approaches, in combination with microscopic 

methods, show a tremendous potential to address open questions about microgel 

systems.  
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