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Kurzzusammenfassung 

Mikrogele sind dreidimensionale, vernetzte polymere Netzwerke, die in einem guten 

Lösungsmittel gequollen vorliegen. Poly-N-Isopropylacrylamid (PNIPAM)-basierte Mate-

rialien sind aufgrund ihres responsiven Verhaltens auf äußere Parameter, wie Temperatur 

und Lösungsmittelzusammensetzung, von großem Interesse. Obwohl PNIPAM-Mikrogele 

Gegenstand einer Vielzahl von anwendungsorientierten Studien sind, werden fundamentale 

Fragen immer noch diskutiert. Der Fokus dieser Arbeit liegt auf der Sensitivität von 

PNIPAM gegenüber der Zusammensetzung von Wasser-Methanol-Mischungen, der 

sogenannten Cononsolvency. Dabei sind die Gele in den reinen Lösungsmitteln gequollen, 

während Mischungen um 20 mol% Methanol ein Kollabieren der Gele bewirken. 

Im ersten Teil dieser Arbeit wurden die Eigenschaften des Polymernetzwerks im 

Vergleich zu seiner Umgebung im Gleichgewicht untersucht. Massenbilanzexperimente in 

Kombination mit Raman-Mikrospektroskopie zeigten eine Anreicherung von Methanol im 

Inneren von makroskopischen PNIPAM-Gelen für ungünstige Wasser-Methanol-Gemische. 

Diese bevorzugte Adsorption von Methanol wurde durch Messergebnisse zur Fluoreszenz-

lebensdauer von solvatochromen Mikrogelen bestätigt. Darüber hinaus weisen die 

kollabierten PNIPAM-Mikrogele in ungünstigen Mischungen eine geringere Polarität auf 

als ihre Umgebung. Die Möglichkeit, die Eigenschaften der Mikrogele durch äußere 

Parameter zu steuern, wurde genutzt, um die katalytische Aktivität von PNIPAM-basierten 

Mikrogel-Katalysatoren zu modulieren. Des Weiteren wurden die mechanischen Eigen-

schaften von Mikrogelen durch Variation des externen osmotischen Drucks untersucht. Es 

wurde ein Übergang von einem weichen, verformbaren Polymernetzwerk zu einem 

steiferen, teilweise kollabierten Objekt beobachtet.  

Im zweiten Teil wurde die Dynamik des Volumenphasenübergangs untersucht. Viele 

Anwendungen von responsiven Mikrogelsystemen beruhen auf der schnellen und 

reversiblen Anpassungsfähigkeit des Polymernetzwerks an die Umgebungseigenschaften. 

Um den Ablauf des Kollapses weiter aufzuklären, wurden fluoreszenzmarkierte Mikrogele 

im Mikrometerbereich untersucht. Ein speziell angefertigter Mikrofluidik-Aufbau er-

möglicht einen schnellen Wechsel von reinem Wasser zu dem ungünstigen Gemisch aus 

20 mol% Methanol in Wasser. Das Entquellungsverhalten wird durch einen zweistufigen 

Prozess beschrieben. Die größte Volumenänderung findet im ersten, schnellen Prozess statt, 

bei dem die Mikrogele noch porös sind. Im zweiten, langsameren Prozess werden nur 

geringe Größenänderungen beobachtet. Die Abhängigkeit der Relaxationszeiten vom 

Mikrogeldurchmesser wird unter Berücksichtigung der adhäsionsbedingten Verformung der 

Gele und der dem Kollaps zugrundeliegenden physikalischen Prozesse diskutiert. 
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Abstract 

Microgels are three-dimensional, cross-linked polymeric networks swollen by a good 

solvent. Poly-N-isopropylacrylamide (PNIPAM)-based materials are of ongoing scientific 

interest due to their unique responsive behavior to external parameters such as temperature 

and solvent composition. Although PNIPAM microgels are the subject of a variety of 

application-oriented studies, fundamental aspects about the underlying processes of the 

responsive behavior are still under discussion. The present work focuses on the sensitivity 

of PNIPAM to the composition of water-methanol mixtures, the so-called cononsolvency 

effect. Here, the gels are swollen in either of the pure solvents, whereas water-rich mixtures 

around 20 mol% methanol cause deswelling of the gels. 

In the first part of this thesis, the internal properties of the microgels in different swelling 

states in comparison to their surroundings were studied under equilibrium conditions. Mass 

balance experiments combined with Raman microspectroscopy revealed an enrichment of 

methanol inside the macroscopic PNIPAM gels for the cononsolvency-inducing water-

methanol mixtures. This preferential adsorption of methanol was confirmed by measure-

ments of the fluorescence lifetime of solvatochromic microgels beads. In addition, the 

collapsed PNIPAM microgel beads exhibit a lower polarity in unfavorable mixtures than the 

respective binary water-methanol mixtures. The possibility to control the properties of the 

microenvironment provided by microgels using external stimuli was exploited to modulate 

the catalytic activity of PNIPAM-based microgel-catalysts. Furthermore, the mechanical 

properties of microgel beads were investigated by variation of the external osmotic pressure. 

Upon compression, a transition from a soft, deformable polymer network to a stiffer, 

partially collapsed object was observed.  

In the second part, the dynamics of the volume phase transition were studied. Many 

applications of responsive microgel systems rely on the fast and reversible adaptability of 

the polymer network to changes in the environment. To further elucidate the kinetics of the 

polymer response, fluorescently labeled PNIPAM microgel beads in the micrometer range 

were studied. A custom-made microfluidic setup allows a fast solvent exchange from pure 

water to the unfavorable mixture of 20 mol% methanol in water. The deswelling behavior is 

described by a two-step process. The major volume change occurs in the initial, rapid process 

where the microgels are still porous. In the second, slower process, only minor changes in 

size are observed. The dependence of the relaxation times on the microgel’s diameter is 

discussed taking into account the adhesion-induced deformation of the gels and the physical 

processes underlying the collapse. 
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1. Introduction 

Polymers are large macromolecules comprising multiple repeating units of low molecular 

mass known as monomers.[1] One key goal of research in polymer sciences is to mimic the 

diversity and adaptability of systems found in nature by synthetic materials. Here, 

environmentally sensitive polymers that can adapt to changes, e.g. in temperature, solvent 

composition, or pH, are promising candidates.[2] These polymers are often referred to as 

“smart” or “responsive” materials. The most prominent examples for responsive polymers 

are poly-N-isopropylacrylamide (PNIPAM)-based systems.[3-7] Aside from linear polymers, 

advances in synthesis procedures enable the production of a variety of architectures such as 

stars, polymer brushes, (hyper)branched polymers, or three-dimensional, cross-linked 

polymer networks.[8-13] The latter are generally termed as polymer gels or hydrogels when 

swollen by water.[14] The covalent cross-links provide structural integrity and can be 

realized, e.g. by the addition of a cross-linking agent or by self-cross-linking.[4,5] Microgels 

are a sub-category of polymer gels defined as gel particles of any shape with an equivalent 

diameter between 100 nm and 100 µm.[14] All PNIPAM-based materials independent of their 

size exhibit a stimuli-responsive behavior. PNIPAM-based microgels are often used as a 

model system for soft materials as they can combine characteristics of flexible polymers and 

rigid particles.[5,15] Additionally, they are surface-active and readily adsorb at interfaces 

similarly to surfactants. In general, microgels can adapt to environmental changes by a 

transition from a soft, porous polymer network to a collapsed particle resembling a hard 

colloid.[4] This volume phase transition is accompanied by changes in size and physical 

properties. Furthermore, there is high flexibility in the synthesis procedures of microgels. 

Thereby, microgels with different sizes, compositions, morphologies, shapes, func-

tionalities, and compartments can be produced.[5] In combination with the possibility to 

reversibly tune their physicochemical properties by external stimuli, PNIPAM-based 

systems are interesting building blocks for a broad range of applications.[15] To fully take 

advantage of the capabilities of responsive microgels, a fundamental and detailed 

understanding of the underlying physical processes and the timescales of their responsive 

behavior is crucial. A comprehensive knowledge allows for the systematic development of 

complex, functional microgel systems and the optimization for targeted applications.  
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1.1 Functional microgels 

Microgels are three-dimensional, intramolecularly cross-linked polymer networks swollen 

by their surrounding medium in case of good solvent conditions.[4,5] Typically, microgels are 

spherical, porous objects with an average size between 100 nm and 100 µm.[14] Often 

microgels consist of adaptive polymer systems. These functional microgels show a unique 

swelling behavior as they change their physical properties, dimensions, structure, and 

interactions upon changes in the environment. Typical external triggers are temperature,[3] 

pH,[16,17] solvent composition,[18-22] ionic strength,[23] pressure,[24-26] UV exposure,[27-29] 

magnetic fields[30,31] and electrochemical potentials.[32] Size, shape, and properties such as 

cross-linking density can be adapted during the synthesis procedure. Furthermore, variation 

in the synthesis, e.g. by the choice of monomers, co-monomers, the integration of functional 

moieties or nanoparticles, allows combining multiple sensitivities in one system. 

Additionally, besides the conventional microgel morphology, a variety of microgel 

architectures such as hollow spheres,[33-35] core-shell[36] or anisometric microgels[37-40] are 

accessible nowadays. The most common synthesis method is a free-radical precipitation 

polymerization,[4,41] but also emulsion polymerizations[42-44] and microfluidics[39,45-50] can be 

applied to synthesize smart polymer networks.  

The most prominent example of a stimuli-responsive polymer is poly-N-isopropyl-

acrylamide (PNIPAM).[3-7] PNIPAM-based systems are widely studied due to their 

sensitivity to temperature and solvent composition. Linear PNIPAM was already 

synthesized in 1968 by Heskins and Guillet.[6] In 1986, the first preparation of a PNIPAM 

microgel, at that time referred to as aqueous latices of NIPAM, was reported.[42] Here, the 

monomer, N-isopropylacrylamide (NIPAM), is polymerized in presence of a cross-linker 

bearing two functional groups such as N,N’-methylenebis(acrylamide) (BIS). Thus, cross-

links between the linear PNIPAM chains are formed. The swelling ratio, i.e. the difference 

between the fully swollen and collapsed state of the microgels, is highly determined by the 

amount of cross-linker. The swelling ratio increases with decreasing amount of cross-

links.[51-53] The lowest degree of cross-linking is achieved by exploiting the self-

polymerization of NIPAM without any additional cross-linking agent. These extremely soft 

and highly deformable microgels are called ultra-low cross-linked (ULC) microgels.[54-56]  

PNIPAM is most known for its reversible temperature-responsive behavior (Figure 1.1). 

It exhibits an entropy-driven and sharp change in size and other properties with temperature. 

For pure PNIPAM systems, this transition temperature, also known as the volume phase 

transition temperature (VPTT), is observed at 32 °C in water.[3,4] Below the VPTT, the 

microgels present a swollen, soft and deformable polymer network. The amide groups of the 
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polymer form hydrogen bonds with the surrounding water molecules. When exceeding the 

VPTT, hydrophobic interactions between polymer chains predominate over the polymer-

solvent interactions. Thus, water is expelled from the polymer network leading to a 

significant volume loss. The size change is accompanied by a different internal architecture 

with a more homogeneous polymer density and a sharp surface resembling a hard colloid.[3] 

Even in the collapsed state, a significant water content of around 60 – 70% remains in the 

microgels.[53,57] The transition temperature can be precisely tuned by the choice of monomer 

or the incorporation of suitable co-monomers.[4,58] 

 

 

Figure 1.1: Scheme of the temperature-dependent swelling behavior of PNIPAM microgels: the 

water-swollen network below the VPTT (32 °C in water)[3] collapses at high temperatures above the 

VPTT.  

Overall, the responsive behavior to various external parameters and the possibility to 

tailor the properties of microgels during their synthesis make microgels appealing building 

blocks for a wide field of applications.[15,59] Due to the transition temperature being close to 

the physiological temperature of 37 °C, PNIPAM-based materials exhibit a high potential 

for biomedical applications.[15,60-62] Microgels have been explored as smart nano-carriers, 

e.g. in drug-delivery systems[63-69] or catalysis.[70-78] The tuneable swelling state and thus 

permeability of the polymer network allows controlling the uptake, encapsulation, and 

release of molecules.[63-69] Also, microgels enable immobilization, stabilization, and easy 

recycling of catalysts.[70-78] Due to their interfacially active character, microgels can generate 

smart emulsions that can be destabilized on demand by external triggers.[79,80] Furthermore, 

applications as sensors,[81-84] actuators,[85] or switchable membranes for filtration[86] have 

been discussed in the literature.   

T

T

T < VPTT T > VPTT
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1.2 The cononsolvency effect 

Some polymers are sensitive to the composition of solvent mixtures. In certain cases, either 

of the pure solvents acts as a good solvent, while mixtures of both cause a collapse of the 

polymer.[19,87] The effect is referred to as cononsolvency and has been studied since the 

1990s.[87,88] The cononsolvency behavior of linear polymers, macroscopic gels, and 

microgels has been the subject of many experimental and theoretical investigations.[19] 

PNIPAM is known for this effect in mixtures of water and methanol (MeOH),[19] other 

alcohols,[89,90] and other organic solvents such as dimethylformamide (DMF), tetra-

hydrofuran (THF), dimethyl sulfoxide (DMSO), acetone, acetic acid, or dioxane.[20,89,91-95] 

Also, other polymer systems are sensitive to the solvent composition,[96-98] e.g. poly-

vinylpyrrolidone (PVP),[99] polyvinyl alcohol (PVA),[100] poly-N,N-diethylacrylamide 

(PDEAAM),[101,102] or copolymers of PNIPAM.[103,104]  

Figure 1.2 schematically depicts the cononsolvency of PNIPAM microgels in water and 

methanol.[19] An example of the microgel diameter as a function of the methanol mole 

fraction is displayed in Figure 1.3. Pure water and pure methanol swell the polymer network. 

Upon addition of the respective other solvent to a pure solvent system, the microgels undergo 

a drastic volume loss. The microgels collapse in water-rich mixtures with the most 

unfavorable mixture at 20 mol% methanol.[19,22] For the methanol-rich regime, the polymer 

network is already rather swollen by the solvent mixture. In comparison to the thermo-

responsive behavior, PNIPAM microgels collapse less in an unfavorable mixture than at 

high temperatures in water.[19] Mass transport of the cosolvent into the polymeric network is 

required for a cononsolvency-induced deswelling. For a temperature-induced deswelling, 

solely heat transfer is needed.  

 

 

Figure 1.2: Scheme of the cononsolvency effect of PNIPAM microgels in water-methanol mixtures 

at room temperature: while the pure solvents, water and methanol, act as a good solvent for the 

microgels, their mixtures around 20 mol% methanol cause a drastic volume loss. Adapted from 

Scherzinger et al.[19] 
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Figure 1.3: Typical course of the microgel diameter as a function of the methanol mole fraction in an 

aqueous solution. Here, representatively shown for a PNIPAM microgel bead with 5 mol% cross-

linker and a diameter in water of 81 µm synthesized by microfluidics.  

Multiple explanations regarding the origin of the cononsolvency effect are proposed and 

controversially discussed in the literature. There are various theories such as competitive 

hydrogen bonding,[18,105-107] preferential adsorption,[107-115] geometric frustration,[116,117] and 

strong water-cosolvent interactions[118] including the formation of water-methanol 

clusters.[119] Tanaka et al.[105] proposed that the cooperativity of hydration is reduced by 

competitive hydrogen bonding of methanol and water molecules with the polymer. As a 

result, the polymer undergoes a minimum of the total coverage and collapses. Related to 

these ideas, the concept of preferential adsorption of the cosolvent is discussed frequently. 

Here, methanol is assumed to be enriched within the polymer network. According to 

Dalgicdir et al.[117] applying computational calorimetry, methanol obstructs the formation of 

hydrogen bonds between water and the peptide group of PNIPAM causing dehydration of 

the polymer. The importance of the amide proton to explain the cononsolvency behavior is 

stressed by Scherzinger and Hofmann et al.[102,120] They compared the dependence on the 

solvent composition of PNIPAM, bearing a secondary amide group, to PDEAAM which is 

a tertiary amide and does not show cononsolvency. Walter et al.[121] combined swelling 

experiments with molecular dynamic simulations. They proposed that the methanol 

molecules orient their methyl groups towards the bulk solvent generating an overall 

hydrophobic appearance to the water-rich bulk. Further studies by Mukherji et al.[122] and 

Zhu et al.,[94] using experimental data in combination with molecular dynamic simulations 

or mean-field approaches, suggested additional bridging of the cosolvent between polymer 

chains. In contrast, indirect mechanisms have been proposed without polymer-solvent 

interactions: In the work of Zhang and Wu,[119] stoichiometric water-methanol complexes 

are formed through hydrogen bonds acting as a poor solvent for PNIPAM. Zuo et al.[118] also 

recently supported the idea of strong water-cosolvent interactions exceeding the hydrogen 
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bonding to the polymer chains in combination with preferential adsorption as the origin of 

the cononsolvency. Here, results from neutron total scattering were combined with all-atom 

molecular dynamic simulations. Bischofberger et al.[123] explained that hydrophobic 

hydration governs the phase behavior of amphiphilic polymers. The hydration of 

hydrophobes is decreased by the kosmotropic effect of the cosolvent which strengthens the 

hydrogen-bonded water network. 

Besides studies on the origin of the cononsolvency, the impact of the solvent mixture 

composition on the physical properties of polymers and gels has been widely investigated. 

Predominantly, the swelling behavior as a response to a change in solvent composition has 

been described. Here, microgels have the great advantage that they are colloidally stable 

even in the collapsed state. Since they do not precipitate like linear chains, more 

experimental methods such as scattering techniques are applicable. [19] Scattering methods 

have been used to determine the size and structure of microgels as a function of the solvent 

composition.[18,21,22,104,124] It was found that the composition range in which cononsolvency 

occurs is almost independent of the cross-linking density of the PNIPAM gels.[19,21,121] 

Furthermore, the influence of temperature on the cononsolvency behavior was investigated. 

Kojima et al.[18] measured the temperature-dependent change of the hydrodynamic radius of 

PNIPAM microgels for various water-methanol mixtures. With increasing mole fraction of 

methanol, the volume phase transition becomes wider until no temperature dependence is 

detected in methanol-rich mixtures. The VPTT as a function of the solvent composition 

exhibits a minimum with a transition temperature below 0 °C at around 35 mol% of 

methanol.[18] This observation is in concordance with early data from Winnik et al.[87] for the 

lower critical solution temperature (LCST) of linear PNIPAM chains. Backes et al.[125] 

studied PNIPAM microgels adsorbed on various surfaces compared to bulk solutions at 

different temperatures and in various water-ethanol mixtures by atomic force microscopy 

(AFM). The swelling behavior of the adsorbed microgels is influenced by the sample 

preparation and slight changes of the minimum microgel size were observed. Moreover, the 

cononsolvency behavior was studied as a function of pressure by small-angle X-ray or 

neutron scattering (SAXS, SANS).[124,126,127] At high pressures, the typical cononsolvency 

behavior found at room temperature and ambient pressure vanishes. 

The aforementioned preferential adsorption of one solvent species results in differences 

in the solvent composition between the polymer-rich phase, e.g. inside a gel, and the 

surroundings. The solvent partitioning in ternary PNIPAM-water-cosolvent systems was 

experimentally investigated by mass balance experiments and multiple spectroscopy 

measurement methods.[89-91,110,128-131] Further details on these studies and the results from the 
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present work regarding the solvent composition inside PNIPAM gels are discussed in 

Chapters 4 and 5.  

Furthermore, few investigations on the dynamics of the cononsolvency-induced collapse 

can be found in the literature. Recently, the time-resolved response of thin films in mixed 

water-methanol vapors was studied by spectral reflectance, time-of-flight neutron 

reflectometry and Fourier transform infrared (FTIR).[132,133] For linear chains and microgels, 

a two-step process of the dynamics of the collapse after a sudden change of solvent 

composition has been proposed.[22,134] In previous work by Keidel et al.[22] using small 

PNIPAM microgels, structural changes of the microgels were revealed by time-resolved 

SAXS and mesoscale hydrodynamic computer simulations. However, the initial collapse 

could not be experimentally resolved with the time resolution of the SAXS experiments. The 

contribution of the present work to the understanding of the kinetics of the collapse behavior 

of PNIPAM microgels is presented in Chapter 8. In this chapter, further experimental and 

theoretical studies regarding the dynamics of the volume phase transition of responsive 

polymer systems are discussed in more detail.  
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2. Scope of the thesis 

Smart polymer gels based on poly-N-isopropylacrylamide (PNIPAM) gained increasing 

interest over the past decades. The reversible responsiveness to external parameters such as 

temperature or solvent composition is essential for a variety of applications. However, 

fundamental aspects about the underlying processes of the responsive behavior are still under 

discussion. The main focus of this thesis lies on the cononsolvency effect of PNIPAM gels 

in water-methanol mixtures. The aim is to deepen the fundamental understanding of local 

properties depending on the swelling state and the response kinetics of microgels after a 

sudden external trigger. 

Within the following work, different size ranges of gels are studied. The differences in 

their synthesis approaches, e.g. template synthesis for macroscopic gels, microfluidics for 

microgels of 20 to 100 µm (referred to as “microgel beads”), and precipitation poly-

merization for small microgels of several hundred nanometers, result in fundamental 

structural differences. Thus, Chapter 3 gives a theoretical description of microfluidics, the 

synthesis of microgel beads, and a comparison to small microgels. Furthermore, the two 

central characterization methods, Raman spectroscopy and fluorescence, are presented. The 

subsequent main scientific part of this thesis is divided into two sections: equilibrium 

(Chapter 4 – 7) and dynamic (Chapter 8) investigations. Each chapter includes an abstract 

and a short, more specific introduction into the approach and the main question addressed. 

All experimental details are described in Chapter 10. The first chapters concern equilibrium 

studies to gain insights on the kind of microenvironment the PNIPAM gels provide 

compared to their surroundings. Chapter 4 reports on macroscopic PNIPAM gels which were 

equilibrated in water-methanol mixtures. A mass balance approach was combined with 

Raman spectroscopic measurements to study the solvent partitioning and molecular 

interactions. Chapter 5 describes the synthesis of solvatochromic microgel beads labeled 

with Nile Red. The polarity and hydrogen-bonding environment was probed using 

fluorescence spectroscopy and lifetime imaging. Chapter 6 presents the impact of the 

previously studied polarity and swelling state of microgels on a model catalysis system using 

small L-proline modified PNIPAM microgels. The last equilibrium study (Chapter 7) 

focuses on the mechanical properties of PNIPAM microgel beads. Here, microgel beads with 

different cross-linking and sizes were immersed in solutions with varying osmotic pressure 

exerted by high molecular weight dextran to calculate the bulk moduli. In the second part 

(Chapter 8), the dynamics of the volume phase transition of PNIPAM gels were investigated. 

A previous study using small microgels and time-resolved small-angle X-ray scattering 
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proposed a two-step collapse after a sudden solvent-jump. The polymer collapse could not 

be resolved entirely, especially with regard to the rapid initial deswelling. Therefore, larger 

PNIPAM microgel beads, thus with slower kinetics, were exposed to a solvent-jump in a 

custom-made microfluidic device in the present work. The response was visualized by 

fluorescence microscopy. The size evolution and the dependence of the kinetics on the 

microgel bead size are discussed. 
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3. Synthesis and characterization methods 

The following sections provide an overview of the theoretical background of the primarily 

used synthesis method, microfluidics including a differentiation from precipitation polymer-

ization. Furthermore, the two main characterization approaches, Raman spectroscopy and 

fluorescence methods, are briefly introduced.  

3.1 Microfluidics 

Microfluidics has emerged as a new technology since the beginning of the 1990s. It describes 

the controlled manipulation of small volumes (nano- to attoliter) by microfluidic devices 

with channel dimensions of tens to hundreds of micrometers.[135] The origin of microfluidics 

emerged from the motivation to create small analysis platforms for (bio)chemical 

purposes.[135-139] Nowadays, microfluidics is applied in a vast amount of applications such 

as analysis, screening assays, biomedical research, material synthesis, microreactors, 

sensors, to name a few.[39,135,140-144] Due to the miniaturization of dimensions, only small 

volumes and thus, quantities of reagents are necessary. The miniaturization leads to a 

reduction of the ecological footprint, time, and costs. The large surface-to-volume ratio and 

low thermal mass in these systems facilitate heat transfer and temperature control. 

Microfluidic devices allow controlled flow manipulation through miniaturized channels, 

valves, pumps, mixers, filters, separators, etc.[145,146] To characterize the fluid behavior in 

confined spaces, various dimensionless quantities are available.[147] The Reynolds number 

(Re) relates the inertial forces to viscous forces and is defined as  

𝑅𝑒 =  
𝜐𝑙𝜌

𝜂
 (1) 

where  is the fluid velocity, l a characteristic length,  the density, and  the viscosity 

of the fluid. At low Reynolds numbers, the flow is laminar as the viscous forces overwhelm 

inertial forces. Above a critical, high Reynolds number (Re > 2000), the flow becomes 

turbulent.[147] The flow regime encountered in the dimensions of microfluidic devices at 

common fluid velocities usually remains within the laminar flow regime. Other typical 

dimensionless numbers are the capillary number, relating viscous forces to surface tension, 

and the Péclet number, relating convection and diffusion.[147]  

 



3   Synthesis and characterization methods 

12 

3.1.1 Droplet microfluidics 

Microfluidics is a powerful tool to generate highly monodisperse emulsion droplets from 

two immiscible phases. The droplet formation is affected by various parameters such as 

channel geometry and surface properties of the channels, flow rates of the fluid phases, their 

viscosities, densities, and interfacial tension.[148] Typical microfluidic designs for droplet 

generation are shown in Figure 3.1, namely co-axial flowing stream, T-junction, and flow-

focusing geometries.[46,148] Each design carries intrinsic features leading to a precise droplet 

formation. 

In general, the droplet formation is based on the balance between the interfacial tension 

and the shear forces posed on the dispersed phase by the continuous phase.[149] Droplet 

microfluidic devices can be operated in the dripping or jetting regime. In the dripping 

regime, droplets of the dispersed phase are generated, whereas the dispersed phase does not 

break into individual droplets but forms an even stream in the jetting regime. A dimension-

less number important to understand and predict the droplet formation is the capillary 

number.[148] It describes the balance between local shear stresses and capillary pressure. For 

droplet generation, capillary numbers are typically between 10-3 and 10. In case of the flow-

focusing geometry, the ratio of the capillary numbers of the continuous and dispersed phase 

controls the transition between dripping and jetting.[148]  

 

Figure 3.1: Schematic drawings of microfluidic designs for droplet generation: (a) co-flowing stream 

(b) T-junction, and (c) flow-focusing geometry. The dispersed and continuous phases are depicted in 

blue and grey, respectively. Arrows indicate the flow direction. Adapted from ref. [148]. 

Microfluidic devices for droplet generation can be fabricated from different materials. 

The two most common ones are glass capillaries and elastomeric polymers such as 

polydimethylsiloxane (PDMS).[150,151] Glass capillary devices are coaxially arranged glass 

capillaries that have to be aligned with high precision by hand to achieve optimal 

performance. This time-consuming, filigree process is compensated by the high solvent 

resistance of glass.[150] Additionally, the wettability can be easily adjusted by treatment with 

appropriate surface modifiers to render the surface hydrophobic or hydrophilic. In the case 

a b c
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of double emulsions, different surface properties are desired for the different channels. Here, 

glass capillary devices offer the advantage that each capillary can be modified individually 

before assembling the device as well as there are low wetting constraints due to the three-

dimensional setup.[152] In contrast, the modification of individual channels on a PDMS chip 

is more complicated.[153] However, the fabrication of PDMS microfluidic devices by soft 

lithography is easy and inexpensive.[154] The preparation of a PDMS-based device is 

described in detail in Figure 10.1 of section 10.3.1. Briefly, a silicon master patterned with 

any desired design is covered by a PDMS precursor. After curing, the PDMS is peeled off 

exhibiting the inverse pattern of the master, and holes for the tubing are punched. By oxygen 

bonding, e.g. to a microscope slide, the microchannels of the microfluidic setup are 

fabricated. The structured master is reusable and a numerous amount of identical micro-

fluidic devices can be replicated.[151]  

The main restriction of PDMS-based microfluidics is the limited solvent compatibility of 

PDMS.[155] Certain organic solvents swell, deform or dissolve the PDMS reducing the 

number of possible reaction systems. For emulsions, the channels of the microfluidic device 

are modified to prevent wetting by the dispersed phase.[156] The surface modification can be 

achieved by physical modification such as plasma treatment[157] or chemical modification. 

Chemical derivatization can be realized by covalent attachment of hydrophobic or 

hydrophilic molecules,[158-160] physi-/chemisorption,[161,162] or polymer grafting.[163,164] A 

common treatment for single water-in-oil emulsions is the silanization with a fluoroalkyl 

silane.[165] Another approach is the deposition of Parylene C.[166] Here, several micrometers 

of Parylene C can be deposited onto the channels using chemical vapor deposition to 

increase hydrophobicity and prevent swelling of the PDMS.[167] The longevity of a surface 

treatment depends on the modification method and usage conditions.[156] The modification 

of the channel surfaces adjusted to the desired application is crucial to prevent wetting of the 

channel walls by the dispersed phase which would lead to non-uniform droplet formation. 

In addition to wetting, there are multiple further phenomena causing droplet failure or 

polydispersity such as satellite droplet formation, coalescence, or fouling of the device.[156] 

Emulsion droplets fabricated by droplet microfluidics can be exploited as templates for 

the polymerization of a variety of monomers to obtain monodisperse microgel beads. This 

strategy gives control over microgel sizes, shapes, morphologies, and compositions.[39,46-50] 

Optimized systems reach polydispersities below 2 – 3 %.[46] There are numerous synthetic 

methods for the polymerization of the droplets.[148] For a free-radical polymerization, a 

typical initiator system is ammonium persulfate (APS) in one of the immiscible phases and 

the accelerator N,N,N’,N’-tetramethylethylenediamine (TEMED) in the other phase.[168,169] 

After droplet formation, the TEMED diffuses into the droplet where their redox reaction 
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leads to the formation of radicals starting the polymerization on-chip. Furthermore, photo- 

or thermo-initiators, or pre-polymer systems with cross-linkable side groups can be 

used.[38,39,170] Here, the microdroplets can be polymerized directly on-chip or collected and 

polymerized off-chip in a collection vial or another microfluidic device. For on-chip 

polymerization, it is crucial to precisely limit the external trigger, e.g. the irradiation, to the 

outlet channel to prevent clogging of the inlet channels by prematurely polymerized 

reagents.[38,150,171] Furthermore, a reaction system with rapid polymerization kinetics, 

adjusted channel dimensions and flow rates allow the synthesis of anisometric particles. 

Here, the droplets formed at the cross-junction are squeezed and/or elongated in the outlet 

channel determining their shape.[39] Before leaving the outlet channel, the droplets have to 

be sufficiently polymerized so that their shape remains and relaxation into spheres off-chip 

is prevented. Krüger et al.[38] presented another approach where the flow-focusing 

microfluidic chip was operated in the jetting regime. To receive anisometric microgels, 

Krüger et al. applied a strong, pulsed laser for a segmented polymerization of the poly-

ethylene glycol (PEG) precursor solution. Despite single emulsions, droplet microfluidics 

can be modified to create double or high-order multiple emulsions, microcapsules or even 

multi-core capsules, Janus-like particles, or microbubbles.[50,152,153,172-177] 

3.1.2 Synthesis of PNIPAM microgel beads by microfluidics 

PNIPAM microgels or microcapsules in the micrometer range can be synthesized via droplet 

microfluidics.[35,149,168,169,178] Within this thesis, these larger microgels are referred to as 

“microgel beads”. The easiest synthesis approach is a free-radical polymerization 

(Figure 3.2): The aqueous phase contains the monomer N-isopropylacrylamide (NIPAM), 

the cross-linker N,N’-methylenebis(acrylamide) (BIS), and an initiator such as APS. A co-

monomer can be added to the aqueous phase, e.g. to render the microgel beads fluorescent 

or integrate functional side groups for post-modification. The continuous phase is immis-

cible with water and comprises a surfactant to stabilize the interface of the droplets 

preventing coalescence. Typical combinations for the continuous phase are a fluorocarbon 

oil (Novec 7500) with a fluorinated surfactant (Krytox),[169] kerosene with polyglycerol 

polyricinoleate (PGPR 90),[149,179] n-hexadecane with Span 80,[180] or paraffin oil with a 

silicone-based surfactant such as ABIL EM 90.[179,181] Additionally, the reaction accelerator 

TEMED is added to the continuous phase. TEMED is soluble in both the continuous and 

aqueous phases. Upon emulsification, TEMED diffuses into the aqueous droplets. Here, a 

redox reaction with APS takes place initiating the formation of radicals and thus the 

polymerization. The aqueous droplets act as a spatial limitation for the microgel gelation. 

Therefore, the final size of the microgel beads can be modified by controlling the droplet 
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size by adjusting the relative flow rates of the aqueous and continuous phases. After 

polymerization inside the templating microdroplets, the microgel beads are washed and 

redispersed in water.[169]  

 

Figure 3.2: Schematic illustration of the PNIPAM microgel beads synthesis using flow-focusing 

microfluidics. The aqueous phase containing NIPAM, if desired a co-monomer, BIS and APS is 

dispersed at the cross-junction of the microfluidic device by the oil phase comprising a fluorocarbon 

oil, fluorinated surfactant, and TEMED. TEMED diffuses into the aqueous droplet, triggers a redox 

reaction with APS, and thereby initiates the free-radical polymerization. 

The microgel bead fabrication starting with low molecular weight monomers has some 

drawbacks. The uncontrolled polymerization mechanism causes the formation of inhomo-

geneities on the nano- and micrometer length scale. In addition, the control over cross-

linking, copolymerization of functional moieties, or the overall degree of polymerization is 

limited to adjustments prior to synthesis.[170,182] Thus, synthesis strategies have been 

developed separating the polymer synthesis from the microgel bead formation. One method 

is the polymer-analogous gelation from a pre-polymer solution.[172,183] Such an approach was 

realized for cross-linked alginate or gelatin microspheres[46,184-186] and has been adapted for 

PNIPAM microgel beads by Seiffert and Weitz.[170,172] To this end, a photo-cross-linkable 

pre-polymer comprising linear PNIPAM chains with dimethylmaleimide (DMMI) side 

groups was synthesized under controlled conditions. A semidilute solution of this pre-

polymer is emulsified using microfluidics. Upon UV irradiation in presence of a triplet 

sensitizer, the DMMI groups transform into dimers leading to permanent interconnections 

between polymer chains.[183] The DMMI moieties only slightly influence the thermo-

responsive behavior of PNIPAM. The microgel bead synthesis by such a polymer-analogous 

gelation allows higher control over composition, chain architecture, and homogeneity.  

The group of Seiffert studied the influence of the inhomogeneity of PNIPAM microgel 

beads from microfluidics on their thermoresponsive behavior.[182] A fast polymerization, e.g. 

realized by a high amount of initiator or high temperatures, results in a strongly inhomo-

geneous network. Seiffert et al.[182] observed an inhomogeneity on the micro- and nanometer 

dispersed phase:

continuous phase:

fluorinated oil & surfactant

TEMED

NIPAM

(+ co-monomer)

BIS APS
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scale. Microgel beads synthesized under mild reaction conditions were found to be more 

homogeneous. The lowest degree of network inhomogeneity was achieved by the 

aforementioned controlled polymer-analogous gelation of photo-cross-linkable PNIPAM. 

Comparing these three systems, no influence of the network inhomogeneity on the 

temperature-dependent behavior under equilibrium was observed. However, the kinetics of 

the polymer response varied depending on the synthesis conditions.[182] Microgel beads with 

micrometer-sized inhomogeneities showed a continuous and faster deswelling. Furthermore, 

Huang et al.[187] reported that the porosity of the polymer network influences the response of 

microgels. An approach to significantly increase the porosity of PNIPAM microgel beads is 

the addition of polyethylene glycol (PEG) chains as porogens to the aqueous phase.[187] 

Phase separation and the spatial hindrance due to the PEG molecules during polymerization 

result in a porous morphology of the PNIPAM network. The PEG chains are removed during 

purification of the microgel beads after synthesis. Chain length and concentration of the PEG 

additive can be varied to tune the morphology and thereby the volume change and the 

thermal response rate of the microgel beads. 

3.1.3 Differentiation between microgel beads and microgels from 

precipitation polymerization  

Within this thesis, microgels resulting from different synthesis methods are discussed and 

compared. Formally, the gels synthesized via microfluidics are considered microgels, as are 

the microgels from precipitation polymerization. However, their structure and accessible 

size range are fundamentally different due to different synthesis characteristics. To simplify 

the distinction where necessary, the larger microgels from microfluidics are referred to as 

“microgel beads” and the ones from precipitation polymerization as “small microgels”. In 

the following, differences in size and structure of the microgels due to the synthesis method 

are outlined. 

Microgel beads synthesized by droplet microfluidics can reach sizes in the range of ten to 

several hundred micrometers as they rely on a stable droplet formation in the microfluidic 

chips.[149,169] Temperature-responsive microgels in the size range between 100 nm and 3 µm 

are accessible by free-radical precipitation polymerization above the lower critical solution 

temperature (LCST).[4] Here, the water-soluble monomer(s), e.g. NIPAM or N-vinylcapro-

lactam (VCL), a cross-linking agent, and an initiator are dissolved in water. These water-

soluble initiators such as peroxide- or azo-based compounds decompose at the reaction 

temperature producing free radicals. These free radicals attack the monomers followed by 

radical propagation and chain growth. Reaching a critical molecular weight, the temperature-

sensitive polymer chains collapse at the synthesis temperature forming precursor particles. 
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These polymer-rich phases can grow upon aggregation, deposition on the surface of existing 

polymer particles, or monomer addition.[4] The resulting microgel particles are deswollen at 

the reaction temperature and are electrostatically stabilized by the remaining charges from 

the initiator.[3] LCST-type polymers and their microgels swell upon cooling down to below 

the critical temperature. Here, the microgels are also stabilized by steric mechanisms.[4] The 

incorporation of cross-links secures the structure of the polymer network upon swelling. As 

aforementioned, the softness and swelling behavior is strongly influenced by the amount of 

cross-linker. Low cross-linker contents correlate with a soft polymer network and a high 

swelling ability. The size can be controlled by the addition of surfactants, e.g. sodium 

dodecyl sulfate (SDS), the initiator or monomer concentrations, or the reaction tem-

perature.[52,188-190] Temperature-ramp or seed and feed protocols allow the preparation of 

microgels in the intermediate size range up to 5 µm.[191,192]  

A characteristic feature of many polymer gels is a certain degree of spatial inhomogeneity 

of their cross-linking density. The origin of nano- to microstructural spatial inhomogeneity 

in polymer gels has been studied since the 1990s.[193,194] In 2004, Stieger et al.[195] studied 

the structure of small temperature-sensitive PNIPAM microgels synthesized by precipitation 

polymerization. Small-angle neutron scattering revealed an inhomogeneous distribution of 

the cross-linking density. The radial density profile gradually decreased towards the 

periphery of the microgel. Thus, small microgels have a highly cross-linked core and a less 

cross-linked outer region with dangling chains.[195-197] This characteristic morphology results 

from the faster consumption of the cross-linker in comparison to the monomer during the 

synthesis.[3,193,198,199] However, structural changes occur upon heating to above the volume 

phase transition temperature (VPTT). The collapse of the polymer chains sharpens the 

particle surface and an almost box-like radial density profile is found.[195] Ultra-low cross-

linked (ULC) microgels exhibit a similar structural behavior with a fuzzy core-shell structure 

in the swollen state and a sharp homogeneous structure in the collapsed state.[54,56] In 

comparison to conventional microgels, the fuzziness is reduced but still significant.[54,200]  

The microfluidic synthesis of PNIPAM-based microgel beads is fundamentally different 

from the precipitation polymerization at elevated temperatures. Accordingly, it is not 

surprising that the internal structure of the resulting microgel beads differs. From a polymer 

physical point of view, microgel beads from microfluidics resemble more macroscopic 

hydrogels.[182] Furthermore, one should keep in mind that a conventional precipitation 

polymerization and a microfluidic synthesis are typically carried out at different 

temperatures. The relaxed state of a microgel from precipitation polymerization is the 

collapsed state as they are synthesized at elevated temperatures well above the VPTT. The 

microgels experience stress upon swelling at room temperature.[19,201] In contrast, a 
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microfluidic synthesis using the APS/TEMED system is carried out at room temperature. 

The resulting microgel beads are synthesized in a spatially restricted water droplet but not 

in their collapsed state. Thus, in the more or less swollen conformation, the polymer network 

is relaxed, whereas stress is exerted on the microgel bead as it collapses. 

3.2 Raman (micro)spectroscopy 

Raman spectroscopy is a laser-spectroscopic method that allows for in-situ and non-invasive 

characterization of substances and mixture compositions.[202-205] It can be applied to any 

physical state (solid, liquid, and vapor) and offers a wide range of sizes of the probe volume 

(bulk, microscopic particles, etc.). Furthermore, the main advantages of Raman spectroscopy 

are that the intensity of the scattered light is proportional to the concentration and that the 

peak positions within the spectrum represent a kind of fingerprint of the individual molecules 

and their structure. Thus, quantitative evaluation of the amount of every single compound in 

a mixture sample is possible. However, the evaluation can become tricky when bands of 

different components strongly overlap or when nonlinear effects occur. Raman scattering is 

less widely applied than infrared spectroscopy due to problems, e.g. with fluorescent back-

ground signal or degradation.[202] However, advances in the technology of detectors, lasers, 

and processing devices simplified the application of the method. Modern setups allow the 

automatic recording of spectra in real-time due to short exposure times. Furthermore, the 

combination of Raman spectroscopes with additional optical devices, often referred to as 

Raman microspectroscopy, provides high spatial resolution.[202-205]  

In literature, Raman spectroscopy has been applied for various studies exceeding the sole 

identification of substances. For example, the hydrogen bonding between water and alcohols 

for various mixtures[206-208] or the influence of the temperature on the water structure[209] was 

studied. Another example is the determination of diffusion coefficients in multicomponent 

systems. Peters et al.[210,211] created a laminar co-flow of miscible solvents in a microfluidic 

chip. The channel geometry corresponds to a spiral with a Y-shaped inlet. Measurement 

points at different positions of the channel equal different contact times between the solvents. 

Thus, temporally and spatially resolved concentration profiles can be extracted from the 

Raman spectra. In combination with a multicomponent convection-diffusion model, 

diffusion coefficients were calculated. Others used Raman spectroscopy to analyze the 

production or properties of soft matter materials such as polymer systems.[212] For example, 

Meyer-Kirschner et al.[213] used in-line Raman spectroscopy to study the polymerization 

kinetics of microgels. The progress of the polymerization can be followed by the quantitative 

evaluation of time-resolved Raman data. The conversion of the monomers and production 
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of polymer is revealed by the decrease and increase of their Raman signals. Tsuboi et al.[214] 

studied the laser-induced volume phase transition of rod-shaped PNIPAM gels. They 

qualitatively compared the Raman signals from PNIPAM at various photon pressures and 

different positions in the gel to gain information on the hydration state of the polymer. In 

this thesis, Raman microspectroscopy was applied to study the cononsolvency behavior of 

PNIPAM gels in water-methanol (MeOH) mixtures in equilibrium[128] and the kinetics of a 

sudden solvent exchange. Both are discussed in detail in Chapters 4 and 8. In the following, 

the basic principles behind Raman (micro)spectroscopy and the quantitative evaluation of 

Raman spectra are presented. More detailed information can be found in textbooks on 

Raman, e.g. by Smith et. al.[202] or Ferraro et al.[215] 

3.2.1 The Raman effect 

The Raman effect was first experimentally observed by Raman and Krishnan in 1928.[216] It 

describes the inelastic scattering of electromagnetic radiation by matter leading to an energy 

transfer between the photons and the molecular vibrations:[202,203,217] The light interacts with 

the molecule and polarizes and distorts the electron cloud around the nuclei. Thereby, an 

unstable virtual state is formed and the photon is quickly reradiated (Figure 3.3). Here, the  
 

 

Figure 3.3: Principle of Rayleigh and Raman scattering. Molecules can be excited from their 

vibrational ground states (m and n) into virtual states by interaction with electromagnetic radiation. 

For Rayleigh scattering, the excitation energy (upward arrows) equals the scattered energy 

(downward arrows). During Stokes Raman scattering, the scattered photons have less energy leading 

to a red shift (0-). Oppositely, anti-Stokes Raman scattering means that the scattered photons have 

more energy leading to a blue shift (0+). Usually, the intensity of Stokes Raman scattering is 

stronger than anti-Stokes scattering. Adapted from ref. [202] and [203]. 
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molecule predominantly returns from the virtual level to the ground level. This process is 

called elastic scattering or Rayleigh scattering. In case of an energy transfer either from the 

photon to the molecule (Stokes scattering) or from the molecule to the photon (anti-Stokes 

scattering), the scattering is inelastic. In both cases, the energy of the incident photon 

deviates from the scattered photon. This comparably rare process is defined as Raman 

scattering. At room temperature, Raman Stokes scattering is dominant because most 

molecules are present in the ground state, the lowest energy vibrational state (m). Anti-

Stokes scattering requires molecules already in the excited vibrational state (n). The ratio 

between Stokes and anti-Stokes scattering is influenced by temperature. Higher temperatures 

increase the number of molecules in excited states and thus, increase anti-Stokes scattering. 

Although Raman scattering is a rare process (only one in every 106 – 108 photons[202]), 

modern setups allow high sensitivity at low laser power. 

All Raman active molecules, i.e. with a polarizable electron shell, exhibit characteristic 

vibrations. The scattered light forms a component-specific spectrum. Each component shows 

characteristic bands at certain positions in this spectrum depending on the vibrational 

degrees of freedom of the molecules. The number of vibrational degrees possible for a 

nonlinear molecule is given by 3N – 6 with N the number of atoms. For example, water has 

three modes of vibration (Figure 3.4): the symmetric and asymmetric stretch and the bending 

mode.[202]  

 

Figure 3.4: The three vibrational modes of water (O: red. H: white). Adapted from ref. [202]. 

In complex molecules, there are many Raman-active intramolecular vibrations. It was 

found that if two or more bonds are close together and of similar energy, they interact as a 

group. For example, in the methyl group –CH3, the C-H bonds are treated as a group 

differentiating between a symmetric and an asymmetric stretching vibration rather than 

separate CH stretches.[202] The energy of the vibration is defined by the mass of the atoms or 

groups and the strength of the bond: the lighter the atoms and stronger the bonds, the higher 

the frequency. In vibrational spectroscopy, the intensity of the vibrations is typically 

depicted in dependence of the relative wavenumber. In Raman spectra, the terms 

“wavenumber” and “Raman shift” are often used as synonyms. The Raman shift refers to 

the difference in energy and therefore the difference in frequency between the incident and 
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scattered radiation.[204] This has the advantage that the Raman shift is independent from the 

excitation wavelength.[202] The relation of wavenumber (𝜈), frequency () and wavelength 

(λ) is given in equation (2). The unit of the wavenumber is historically specified in cm-1.  

𝜈 =
𝜈

𝑐
=

1

𝜆
 (2) 

The intensity of Raman scattering from a sample is proportional to the number of atoms 

in the investigated sample volume (i.e. concentration of the component). This proportionality 

is basis for most quantitative analysis. For multicomponent systems without nonlinear 

effects, the spectrum is a simple, linear superposition of the spectra of each pure 

component.[205] Nonlinear effects can occur due to intermolecular interactions, e.g. hydrogen 

bonding, in liquid mixtures.[218] These interactions cause changes of the spectral position or 

shape of certain bands depending on the composition of the mixture. The accuracy of the 

quantitative analysis of the mole fractions in multicomponent system is typically 0.1 to 

1 mol%.[128,211,218-220] Nonlinear effects and/or an overlap of peaks of different components 

complicate the quantitative evaluation of data. However, the nonlinear features can be 

exploited to gain other information from the spectra as will be demonstrated in detail in 

Chapter 4. 

3.2.2 Indirect hard modeling (IHM) 

Raman spectra of multicomponent mixtures are usually evaluated by fitting a weighted sum 

of pure component spectra to the mixture spectrum referred to as classical least squares 

(CLS) method.[205] The peak area of a component scales with its concentration at the 

measurement point. However, as aforementioned, especially multicomponent systems are 

prone to exhibit nonlinear effects. To achieve a precise, quantitative evaluation, a variable 

spectral analysis is needed. To this end, Alsmeyer et al.[218,221] presented an analysis method 

called indirect hard modeling (IHM). In IHM analysis, every peak in a spectrum of a pure 

component is modeled with peak-shaped pseudo-Voigt functions. The sum of these peak 

functions forms the pure component model (𝒜𝑖
∗). Each peak function has four degrees of 

freedom such as peak position, full width at half maximum (FWHM), the area of the peak 

and Gaussian part of the peak shape. To account for nonlinear effects, these parameters can 

be assigned as fixed or flexible. For example, a degree of freedom regarding the peak 

position enables the modeling of peak shifts. In IHM, it is usually assumed that the peak area 

within each component spectrum is unaffected by molecular interactions.[203,205] Therefore, 

the area of a pseudo-Voigt function is a fixed parameter during spectral fitting.[222] In 

addition, a baseline can be explicitly included to compensate for spectrometer and sample 

errors[221] or a background model (ℬ) to account, e.g. for the glass signal of the analysis 
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platform (for example cuvette or microfluidic device). All pure component models needed 

for the investigated system are weighted by factors (𝜁i, with 𝜁i ≥ 0) and combined to a 

mixture model 𝒜. Here, nC is the number of components. 

𝒜 = 𝜁𝐵ℬ + ∑𝜁𝑖𝒜𝑖
∗

𝑛𝐶

𝑖=1

 (3) 

To evaluate multicomponent spectra, the residuals between the mixture spectrum and the 

mixture model are minimized in a least-squares procedure. Within this spectral fitting step, 

the parameters set as flexible can be adjusted to address nonlinear effects. The results of the 

spectral fitting step are the weights of each component which are proportional to the area 

below each pure component model.[222] As aforementioned, the peak areas and thus weights 

are proportional to the concentrations of the components. To convert the weights into mole 

fractions, a calibration is required. A ratiometric calibration considers the ratio of weights as 

the ratio is not dependent on experimental parameters such as laser intensity or refractive 

index.[222] For two components i and j, the ratio of the weights correlates with the ratio of 

the mole fractions.  

𝜁𝑖
𝜁𝑗

= 𝑘𝑖,𝑗

𝑥𝑖

𝑥𝑗
 (4) 

ki,j denotes the calibration factor of the binary system in mole fractions. Furthermore, the 

closure condition that the sum of the mole fractions of all components must equal 1 applies. 

Therefore, the mole fraction of one component in a mixture spectrum can be calculated using 

the following equation.[218] 

𝑥𝑖 = 
1

∑
𝜁𝑗
𝜁𝑖

𝑘𝑖,𝑗
𝑛𝐶

𝑗=1

 
(5) 

The calibration factors are previously determined from the analysis of mixture spectra 

with known composition in a further least-squares procedure. For a binary mixture, one 

mixture spectrum with known composition (xtrue) in addition to the pure component spectra 

is technically sufficient. However, usually multiple spectra are used to assess the quality of 

the calibration by calculating the root-mean-square error (RMSE).[223]  

𝑅𝑀𝑆𝐸cal = √(
1

𝑛cal𝑛𝐶
∑ ∑(𝑥pred,𝑠,𝑖 − 𝑥true,𝑠,𝑖)

2

𝑛𝐶

𝑖=1

𝑛cal

𝑠=1

) (6) 

Here, ncal is the number of calibration spectra and xpred,s,i the mole fraction of component 

i that is predicted from equation (5).  
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3.2.3 Raman setup 

A typical Raman setup consists of a laser, focused onto a probe volume by a suitable mirror 

and lens.[202,204] The scattered light can be observed at 90° of the incident beam or 

backscattered light is detected depending on the setup. A notch or band-pass filter must be 

installed to suppress the Rayleigh scattering. The Raman signal from the sample is then 

focused on the entrance slit of a spectrometer. Here, the scattered light is decomposed into 

different wavelengths, e.g. by a diffraction grating, and detected by a two-dimensional 

charge-coupled device (CCD). In modern setups, Raman spectrometers are often coupled to 

confocal microscopes as schematically shown for an inverted setup in Figure 3.5.[202] In a 

combined setup, the microscope objective is used as focusing lens and the backscattered 

Raman signal is detected. To receive a confocal resolution, the entrance slit of the 

spectrometer serves as a pinhole to spatially filter the incident light. Thus, only scattering of 

a specific plane of the sample is collected and any signal from the surroundings which is out 

of focus is eliminated. Such setups combine the precise spatial resolution at distinct 

measurement points and the in-situ identification and quantification of the present 

compounds.[202] 

 

Figure 3.5: Schematic setup of an inverted confocal Raman microscope similar to the one used for 

the Raman measurements in the present work. 
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3.2.4 Raman spectra of water, methanol and their mixtures 

Within this thesis, Raman spectroscopy was utilized to study water-methanol systems. 

Therefore, a closer description of their Raman signals and special features of their mixtures 

is given here. Figure 3.6 shows the Raman spectra of pure water (black) and pure methanol 

(red). The Raman spectrum of water exhibits a broad O-H stretching region at 

2800 – 3750 cm-1. Additionally, a very weak contribution of the bending vibration is visible 

near 1645 cm-1.[224] Methanol has strong contributions due to the symmetric and asymmetric 

stretching of the methyl group at 2837 cm-1 and around 2946 cm-1, respectively. A weak and 

broad contribution of the O-H stretching overlaps with the water signal. In the fingerprint 

region, further distinct bands are visible. The CH3 deformation is located around 1451 cm-1 

and the CO stretching around 1037 cm-1.[225]  

 

Figure 3.6: Raman spectra of pure water (black) and pure methanol (red). 

Mixtures of water and methanol exhibit strong nonlinear effects in their Raman spectra. 

Figure 3.7 shows the methanol CO stretching and CH3 symmetric stretching bands in 

dependence of the methanol mole fraction in water-methanol mixtures. While the CO band 

shifts to lower wavenumbers with decreasing methanol fraction, the CH3 band shifts towards 

higher wavenumbers. These methanol peak shifts reveal information on the hydrogen-

bonding environment.[207,226] The peaks shifts occurring in water-methanol mixtures and the 

information content received from a peak shift analysis are discussed in more detail in 

section 4.4. 
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Figure 3.7: Nonlinear effects in water-methanol mixtures: peak shift of the CO and CH3 symmetric 

stretching band of methanol depending on the methanol mole fraction. 

3.3 Fluorescence 

Fluorescence techniques are essential tools for studies of biological systems and in material 

sciences.[227-230] In the following, a brief introduction to the basic principle and experimental 

methods is given. More detailed information can be found in textbooks on fluorescence, e.g. 

by Lakowicz[229] or Kubitscheck et al.[230] The first observation of fluorescence was 

described for a quinine solution in sunlight by Herschel in 1845.[231] Molecules emitting 

fluorescence are called fluorophores and often bear aromatic groups. Typical examples are 

quinine, rhodamine, and fluorescein.[229] The common processes taking place between the 

light absorption and emission are illustrated in the Jablonski diagram (Figure 3.8).[229,232]  

 

Figure 3.8: Illustration of a simplified Jablonski diagram. Adapted from ref. [229]. 

There are various electronic states such as the singlet ground state (S0) and the first and 

second excited states (S1 or S2). Each electronic state comprises a number of vibrational 

energy levels, depicted by 0, 1, 2, etc. Upon irradiation with light of an appropriate 
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wavelength, the fluorophores absorb photons. Thereby, a fluorophore is excited from the 

singlet ground state to one of the higher energy states of S1 or S2. In the subsequent internal 

conversion process, the molecules rapidly relax to the lowest vibrational state of S1. The 

internal conversion occurs within 10-12 s or less. As fluorescence lifetimes are typically close 

to 10-8 s, the internal conversion usually completes prior to emission.[229] Therefore, 

fluorescence results from the lowest energy vibrational state of S1. In general, the fluoro-

phore returns to a higher excited vibrational ground state. The emission of fluorescence is 

shifted to a longer wavelength, i.e. lower energy, than the excitation. This energy loss is 

typically due to the thermal relaxation to the first vibrational state of S1 during the internal 

conversion and the decay to a higher vibrational level of S0. The decay from S1 to S0 may 

also result from a collision with solvent molecules. Here, the excess energy is lost without 

fluorescence emission. Furthermore, molecules in the S1 state can undergo a conversion to 

the first triplet state (T1). This process is called intersystem crossing. Emission from T1 is 

known as phosphorescence. As the relaxation from T1 to S0 is spin forbidden, the intensity 

is comparably low. For phosphorescence, the energy loss between excitation and emission 

is even larger than in case of fluorescence.[229]  

Each fluorophore has characteristic excitation and emission spectra with one or more 

bands depending on its atomic structure, electron resonance properties, as well as chemical 

environment.[233] Due to the aforementioned energy loss between excitation and emission, a 

shift of the absorption and emission maximum can be observed. This difference in 

wavelength is referred to as Stokes shift. Depending on the fluorophore, the shift can range 

from a few to several hundreds of nanometers.[233] The Stokes shift is highly important for 

fluorescence microscopy as the emitted light can be separated from the excitation light using 

appropriate filters.[229] Furthermore, the properties of the fluorophores depend on their local 

environment. Factors such as the solvent polarity and viscosity need to be considered as they 

can influence the position, intensity, and shape of the absorption bands.[234] Pronounced 

changes of position and intensity of an absorption band and/or an emission band due to a 

change in the polarity of the surrounding medium are termed solvatochromism.[234,235] One 

prominent example of a hydrophobic solvatochromic dye is Nile Red (NR). The emission 

wavelength exhibits a red shift with increasing polarity of the solvent (see Chapter 5). In 

contrast, other dyes, e.g. rhodamine derivatives, only show a negligible shift with solvent 

polarity.[232] Therefore, solvatochromic dyes can be exploited for fluorescence imaging and 

sensing of local properties, e.g. in biological or polymer systems.[234,236,237] 

In addition to common steady-state measurements, time-resolved methods measure 

intensity decays or anisotropy decays.[229] Here, the sample containing the fluorophore is 

exposed to a light pulse shorter than the decay time of the sample. This excitation results in 
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an initial population of fluorophores in the excited state which subsequently decays with 

time. In an experiment, the fluorescence intensity decay of the sample is recorded with a 

high-speed detection system on the nanosecond timescale.[229] The time-dependent intensity 

decay is typically fitted to a multi-exponential model, i.e. the sum of individual single 

exponential decays. Often, a distribution of decay times is expected due to a range of 

environments. The time-resolved data contains information lost during the averaging 

processes in steady-state measurements. For example, the existence of more than one 

lifetime (or decay time) reveals the presence of more than one conformational state or 

microenvironment. Similar to the emission wavelength, the fluorescence lifetime of NR is 

sensitive to its environment. In the literature, this sensitivity was used to probe the local 

hydrogen-bonding strength.[238] Furthermore, advances in technology allow to create 

spatially resolved lifetime images, also referred to as fluorescence lifetime imaging (FLIM). 

Here, the contrast of the image is based on the lifetime in each region of the sample. For 

visualization, the lifetime components are commonly depicted in different colors.[229]  

3.3.1 Fluorescence microscopy 

Fluorescence microscopy is widely applied to examine and image specimens. In contrast to 

bright-field microscopy, fluorescence microscopy offers high contrast and specificity.[230] In 

conventional fluorescence microscopy, the sample is illuminated with light of a specific 

wavelength matching the excitation wavelength of the fluorophore. Several light sources, 

such as arc lamps along with an excitation filter, lasers, or high-power light-emitting diodes 

(LEDs), are commonly used.[230] The light emitted by the sample is much weaker and 

separated from the incident light using an emission filter with a beam-splitter. Subsequently, 

the emitted light is focused onto a detector, e.g. a CCD camera. The major drawback of 

conventional fluorescence microscopy is that light emitted from out-of-focus regions also 

reaches the detector leading to blurry images.[239]  

Confocal imaging allows better observation of fine details with a high spatial resolution 

compared to conventional fluorescence microscopy. The principle was developed by Minsky 

et al.[240] in 1961 and is still applied in modern setups.[239,241] In confocal microscopy, a 

focused beam scans across the sample point by point. Emitted light that does not originate 

from the focal plane is excluded by introducing a narrow aperture, the confocal pinhole. 

Thus, only a thin cross-section of the sample in the focal plane is perceived. To provide high 

intensities, a laser is used as excitation source which scans the sample using a dichroic mirror 

and lenses. With this setup, only a single spot of the sample is imaged at once and the final 

image is constructed one pixel at a time. This leads to high resolution and a sharp, high-

contrast image, but is a time-consuming procedure.[239] This limitation can be overcome 
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using a spinning-disk confocal microscope. Its principle was invented by Nipkow in 1884 

and was later adopted for confocal microscopy by Petrán et al.[242] Here, the single pinhole 

is replaced by a rotating disk with multiple pinholes and an additional disk with multiple 

micro-lenses. The pinholes are arranged in a spiral so that the entire field of view is covered 

when the disk rotates. Upon imaging, the micro-lenses focus the excitation light onto the 

pinholes increasing the intensity reaching the sample. The light that goes through the 

pinholes creates a set of confocal mini-beams scanning the sample.[241] The detection of the 

emitted light is usually realized by means of a photomultiplier tube (PMT) or a CCD camera 

providing high detection efficiencies. A confocal image is formed almost immediately. 

Commercial spinning-disk confocal microscopes can reach framerates of > 50 fps, however, 

usually less confocality is reached in comparison to single beam setups.[239,241] In modern 

confocal systems, several laser systems are combined with acousto-optical devices to 

precisely control the wavelength (ranging from 400 – 750 nm) and excitation intensity. 

Additionally, it is possible to construct three-dimensional images of the specimen by 

stacking a series of thin slices taken along the vertical z-axis.[239,243]



 

 

29 

EQUILIBRIUM 

The following part concerning equilibrium studies of PNIPAM gels is structured in four 

subsections. Each subsection includes an abstract and a short, more specific introduction into 

the approach and the main question addressed. In the first two sections, the distribution of 

the solvent and cosolvent in the ternary system with PNIPAM was examined. On the one 

hand, macroscopic gels are studied by mass balance experiments and Raman micro-

spectroscopy. On the other hand, PNIPAM microgel beads were modified with solvato-

chromic, covalently bound moieties and investigated using fluorescence spectroscopic 

methods. The third part depicts the relevance of detailed studies of the collapse behavior and 

the resulting environment provided by PNIPAM microgels for applications such as catalysis. 

The last part deals with another trigger, namely the osmotic pressure. Instead of penetration 

into the polymer network as for cononsolvency, large linear polymer chains are excluded 

from the network increasing the external osmotic pressure. These studies reveal insights into 

the mechanical properties of the microgel beads. The results from the osmotic pressure 

experiments are relevant for the interpretation of the dynamics of the polymer collapse in 

the second part of the thesis. 

4. Enrichment of methanol inside PNIPAM gels in the cononsolvency-

induced collapse 

Parts of the following chapter were published. Adapted from: Nothdurft, K.; Müller, D. H.; 

Brands, T.; Bardow, A.; Richtering, W., Enrichment of methanol inside PNIPAM gels in the 

cononsolvency-induced collapse. Physical Chemistry Chemical Physics 2019, 21, 22811-

22818. with permission from PCCP Owner Societies – for contributions of authors see 

page V 

 

ABSTRACT: Cross-linked poly-N-isopropylacrylamide (PNIPAM) gels adapt to their 

environment by a unique transition from a flexible, swollen macromolecular network to a 

collapsed particle. PNIPAM gels are swollen in both, pure water and pure methanol 

(MeOH). However, a drastic volume loss is observed in mixtures of water and methanol 
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over a wide composition range. This effect is referred to as cononsolvency. Cononsolvency 

couples the volume phase transition to the transport of the cosolvent into the polymeric 

network. So far, the mechanisms underlying cononsolvency have not been fully elucidated. 

To obtain insights on cononsolvency, Raman microspectroscopy was applied to capture 

spatially resolved spectra distinguishing between the surroundings and the inside of the gel. 

Here, indirect hard modeling (IHM) was used for the spectral analysis. Mass balancing 

allowed the calculation of the solvent composition inside the PNIPAM gel. The results show 

an increased methanol fraction inside the collapsed gel as compared to its surroundings. 

Furthermore, the sensitivity of the vibrational bands of methanol to its local hydrogen-

bonding environment allows to derive information about the molecular interactions. The 

methanol peak shifts measured inside the gel point towards donor-type hydrogen bonds 

between methanol and the peptide group of PNIPAM in the cononsolvency-induced 

collapse. The presented data should enhance our understanding of cononsolvency. 

4.1 Introduction 

Environmentally sensitive polymer gels are three-dimensional, cross-linked polymeric 

networks that are reversibly affected by changes in their surroundings, e.g. temperature, pH, 

or solvent composition.[5,59] In particular, water-based systems are of great interest for 

variable applications.[15,62,66,70,71,82] The most prominent example of a stimuli-responsive gel 

is based on poly-N-isopropylacrylamide (PNIPAM) in combination with the cross-linker 

N,N’-methylenebis(acrylamide) (BIS).[3] Besides the well-studied thermoresponsive 

behavior, PNIPAM is sensitive to the solvent composition, e.g. of water-alcohol 

mixtures.[19,87] Either of the respective pure solvent swells the polymer network. However, a 

drastic, very fast volume loss is caused by changing the solvent mixture to a certain 

intermediate range.[22] This volume change is similar to the volume phase transition induced 

by temperature. For water and methanol (MeOH), a minimum in size is found around the 

most unfavorable mixture of about 20 mol% of methanol. This effect is referred to as 

cononsolvency. Cononsolvency is an intriguing phenomenon whose underlying processes 

are controversially discussed since the 1990s (see section 1.2).[87,244,245] For PNIPAM, 

cononsolvency behavior was found in mixtures of water and methanol[87,246] or other 

alcohols[21,89,247,248] and water-organic solvent mixtures.[91,93,108,248-250]  

The understanding of the cononsolvency is essential for the optimal design of new 

functional materials for applications such as catalysis, actuators, sensors, or extraction and 

separation processes.[9,251-254] One example is the system developed by Wang et al.[252] who 

designed bilayer hydrogel actuators made of PNIPAM and poly(N-hydroxyethylacrylamide) 
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with controllable actuation performance combining the temperature and solvent-dependent 

behavior of the PNIPAM layer. Another application of cononsolvency has been demon-

strated for double hydrophilic block copolymers composed of PNIPAM and poly(N-

vinylimidazole) that exhibit an enhanced catalytic performance in esterolysis reactions 

within the cononsolvency-induced micellization.[255] Moreover, greater insights about the 

collapse behavior of polymers in cononsolvency mixtures will be of interest for the usage of 

PNIPAM-based brushes as a transfer system for nanoparticles that would be prone to 

aggregation otherwise.[9] Another theoretical study was presented by Li et al.[254] concerning 

a system with polymer brushes forming cylindrical nanopores switchable by a cosolvent.  

Along with publications regarding the origin of the cononsolvency of PNIPAM in binary 

water-alcohol mixtures, several studies have investigated the difference in solvent 

composition within the PNIPAM gel compared to the surrounding fluid. As discussed in 

section 1.2, various theoretical studies and molecular dynamics simulations have suggested 

preferential adsorption of alcohol by strong interactions with the PNIPAM chain in the 

collapsed region.[107,111,113,117,121] Wang et al.[110] performed high-resolution 1H MAS NMR 

experiments on PNIPAM microgels in pure water and in binary water-alcohol mixtures. 

Solely mixtures with low alcohol contents (2.5 or 5 mol%) were investigated. They 

determined preferential adsorption of alcohol molecules within the collapsed microgel 

network by quantification of the free and confined solvent species. Similar results were 

found by Mukae et al.[90] and Hüther et al.[89] performing indirect mass balancing 

experiments with macroscopic PNIPAM gels. Maeda et al.[129] investigated linear PNIPAM 

in water-isopropanol mixtures by Raman microspectroscopy. They distinguished between 

polymer-rich domains of adsorbed chains and the solvent-rich matrix. Preferential 

adsorption of isopropanol in the polymer-rich regions was observed. The opposite behavior 

was found for linear PNIPAM in water-DMSO mixtures, where the cosolvent is excluded 

from the collapsed, polymer-rich phase.[91] Regarding water-methanol mixtures, Maeda et 

al.[129] briefly stated that methanol was not enriched in the polymer-rich phase. Yang et al.[130] 

proposed that methanol molecules interact solely with water molecules in the first solvation 

shell of the PNIPAM chains up to x(MeOH) < 0.75.  

In this chapter, the cononsolvency of PNIPAM gels in water-methanol mixtures was 

explored over a wide composition range. The experimental approach of a mass balance 

pursued by Hüther et al.[89] was combined with Raman microspectroscopic measurements. 

For the quantitative evaluation of the Raman spectra, the method of indirect hard modeling 

(IHM) was used.[218] The spatial resolution of the Raman microscope in combination with a 

polymer gel allows a clear distinction between the polymer and its surroundings. The mass 

balancing method was applied to determine the solvent composition within a macroscopic 



4   Enrichment of methanol inside PNIPAM gels in the cononsolvency-induced collapse 

32 

gel in comparison to the surrounding solution over a wide range of water-methanol mixtures. 

Subsequently, the PNIPAM-solvent interactions were elucidated by direct Raman micro-

spectroscopy measurements inside the gel. Here, the sensitivity of the methanol peaks on the 

methanol molecules’ local hydrogen-bonding environment is discussed.  

4.2 Swelling behavior of macroscopic PNIPAM gels 

Macroscopic PNIPAM gels with 5 mol% cross-linker were synthesized by a cooled molding 

approach (details in section 10.2). The swelling behavior of these gels was evaluated in 

binary water-methanol mixtures between 0 and 70 mol% methanol. Figure 4.1 shows the 

dependence of the swelling degree on the methanol mole fraction. The swelling degree is 

defined as the weight of the gel equilibrated in the mixture divided by the dry mass. In water, 

the gel is fully swollen at ambient temperature. Upon addition of methanol, the polymer 

network collapses with a significant volume loss, also observable in the decreasing swelling 

degree. The smallest swelling degrees are reached for 15, 20, and 30 mol% methanol. 

Subsequently, a further increase in methanol fraction leads to reswelling of the gel. The 

results are in agreement with previous experiments of PNIPAM microgel, macrogels, or 

linear chains in water-methanol mixtures.[19] 

 

Figure 4.1: Swelling degree (qswell = m(gel)/m(gel,dry)) of PNIPAM gels as a function of the 

methanol mole fraction in water-methanol mixtures. 

4.3 Mass balance experiments 

The approach for the mass balancing experiments is depicted in Figure 4.2 (for experimental 

details, see sections 10.2.1 and 10.4.2): The dried PNIPAM gels were equilibrated in known 

water-methanol mixtures. For the mass balance, Raman microspectroscopy measurements 

were performed for the surrounding solution. Afterwards, the gels were removed from their 
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vial and weighed. The solvent composition of the surrounding solution was evaluated by 

IHM. Previous to the removal of the gel, Raman spectra were captured inside the equilibrated 

PNIPAM gel to perform a peak shift analysis (section 4.4).  

 

Figure 4.2: Approach for the equilibrium investigations of macroscopic PNIPAM gels in water-

methanol mixtures. 

The composition of the surrounding solution was evaluated by spectral analysis of the 

component areas using IHM.[218] To this end, measurements were performed for binary 

mixtures of water and methanol of known compositions beforehand for calibration. The 

calibration yields a root-mean-square error (RMSE) of 0.36% for the mole fractions 

(Figure 4.3a). An exemplary fit of the mixture model to the measured spectra including the 

corresponding residuals is shown in Figure 4.3b for 20 mol% methanol in water.  

 

  

Figure 4.3: (a) Calibration of the applied indirect hard model using various binary water-methanol 

mixtures. (b) Exemplary fit of the Raman spectrum of 20 mol% methanol in water (used for 

calibration) with the modeled (pure component) spectra and the residuals. 

From the IHM analysis, the methanol mole fraction in the surrounding fluid is obtained 
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mass fractions 𝜔MeOH
sol . In combination with the weight 𝑚gel of the gel swollen in the 

respective mixture, the solvent composition inside the gel is calculated using the mass 

balance of methanol:[256] 

𝜔MeOH
gel

= 
𝑚MeOH

0 − 𝜔MeOH
sol (𝑚MeOH

0 + 𝑚water
0 − 𝑚gel + 𝑚gel

dry
)

𝑚gel − 𝑚gel
dry

 (7) 

Here, 𝑚i
0 denotes the known initial masses of the components in the system. The weight 

fraction (ω(MeOH)) is afterwards converted to the corresponding mole fraction (x(MeOH)).  

Figure 4.4 displays the comparison of the methanol concentration inside the gel to that in 

the surroundings as a function of the overall concentration. An accumulation of the alcohol 

within the polymer network is found for solvent compositions that induce the gel collapse 

(15 – 30 mol% MeOH). The highest deviation (7.4 mol%) from the overall composition is 

found for the most unfavorable mixture of 20 mol% methanol. For the partly swollen states 

at 10, 50, and 70 mol% methanol, no difference from the overall or surrounding solvent 

composition is measured.  

 

Figure 4.4: Methanol distribution inside the gel (red) compared to its surroundings (black) after 

equilibration in various water-methanol mixtures. The diagonal line represents the case of a uniform 

distribution of the solvent mixture within the whole system. 

Comparable results were found for various aqueous mixtures inducing conon-

solvency.[89,110,129] Wang et al.[110] compared the preferential adsorption of methanol and 

ethanol to PNIPAM in binary water-alcohol mixtures using 1H MAS NMR. Here, Wang et 

al. could separate confined and free alcohol species due to peak splitting. For comparatively 

low overall concentrations of 2.5 and 5.0 mol% of alcohol, they determined an increased 

mole fraction of confined binary solvents. They ascribed this effect to a preferential 

interaction of the polymer with the alcohols and observed a more pronounced effect for the 

more hydrophobic ethanol compared to methanol. For 2.5 and 5.0 mol% overall alcohol 
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concentration, 5.7 and 7.4 mol% was found inside the gel in case of ethanol, while methanol 

only reached values of 3.3 and 5.8 mol%. Hüther et al.[89,256] conducted mass balancing 

experiments using PNIPAM gels in combination with water-ethanol mixtures over the whole 

composition range. An increased fraction of the cosolvent inside the gel is suggested – more 

precisely, within the collapsed region of PNIPAM in water-ethanol mixtures (between 11 

and 50 wt% of ethanol). The greatest difference (15.2 wt%) between the inside of the gel 

and the overall mixture was evaluated for an initial concentration of 28.9 wt% ethanol. Wang 

et al. concluded for low alcohol fractions that the enrichment of alcohol inside the gels 

increases with the hydrophobicity of the alcohol. This conclusion is confirmed by the 

presented data on water-methanol mixtures over a wider composition range in comparison 

to the results of Hüther et al.[89] for water-ethanol mixtures. The accumulation of ethanol 

(15.2 wt%) found by Hüther et al. is higher than the accumulation of methanol found in this 

work (7.4 mol% methanol corresponding to 12.5 wt%). 

Besides the preferential adsorption of alcohol species, other aqueous mixtures inducing 

cononsolvency show an accumulation of the cosolvent in the polymer network. Hüther et 

al.[89] also investigated water-acetone mixtures and found that acetone was less enriched than 

ethanol. Additionally, preferential interaction of acetone with PNIPAM was found using 

high-resolution 1H MAS NMR spectroscopy[250] and molecular dynamic simulations.[108] 

Zhu et al.[94] recently used a local-bulk partitioning model to quantify the distribution of 

dimethylformamide (DMF) molecules between the chain surface and the surrounding bulk 

solution to study PNIPAM microgels in water-DMF mixtures. The number of DMF 

molecules adsorbed to the chain, in particular the number of DMF bridges, is increased in 

the collapsed structure. 

4.4 Peak shift analysis 

In addition, it was tested whether Raman microspectroscopy can be applied to directly 

determine the solvent composition inside the gel. To this end, Raman was additionally 

measured inside the PNIPAM gels (Figure 4.5). However, the PNIPAM peaks in the spectra 

strongly overlap with the methanol peak in the CH-stretching region between 

2850 – 3050 cm-1. Furthermore, nonlinear effects appear, such as peak shifts of all 

components, changes in the Gaussian part of the pseudo-Voigt peak shape and width, 

complicating the evaluation of the peak area during the spectral analysis by IHM. Although 

there is less overlap in the fingerprint region at low wavenumbers, no water signal is present 

to determine the water-methanol ratio. As no quantitative evaluation of the solvent 
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composition can be achieved using the peak area, the sensitivity of the methanol peak 

positions to the hydrogen-bonding environment is exploited.  

 

Figure 4.5: Raman spectra captured at 20 mol% initial methanol concentration in the binary reference 

solution, next to the PNIPAM gel and inside the gel. The intensity is normalized to the water signal 

at 3415 cm-1. 

For the binary mixture of water and methanol, it is well known that a significant shift 

occurs for the methanol CO- and CH-stretching band located at 1035.3 and 2836.5 cm-1 in 

pure methanol, respectively.[207,257] A reference solution consisting solely of the binary 

mixture of water and methanol (0.1 < x(MeOH) < 0.7) was measured and a linear dependence 

of the peak shifts on the methanol concentration was found over a wide composition range. 

The CO band experiences a red shift by 16.2 cm-1 upon decreasing the methanol fraction to 

10 mol%, whereas the CH band experiences a blue shift by 8.5 cm-1. The opposite direction 

and difference in the strength of the CO and CH shift were observed experimentally before 

and supported by ab initio calculations.[225] Investigations focusing on the dependence of the 

methanol peak position on the methanol hydration were published by Dixit et al.[207] In this 

context, a linear shift was observed in the intermediate composition range (0.7 > x(MeOH) 

> 0.25/0.15). In the outer regions (for x(MeOH) > 0.7, x(MeOH) < 0.25/0.15), a deviation 

from this linear dependence was found. Different hydrogen-bonding configurations of 

methanol and water are proposed to explain the behavior. These configurations are discussed 

in more detail further below.  

Evaluating the same methanol CO- and CH-stretching band and their shifts in the ternary 

system from the spectra captured inside the PNIPAM gel, a different correlation with the 

methanol fraction is found. A comparison of the spectra and the peak shifts for the binary 

and ternary system is displayed in Figure 4.6 and Figure 4.7: As aforementioned, the binary 

water-methanol mixtures exhibit a linear dependence of peak position and solvent 

composition (black symbols in Figure 4.7). In contrast, the peak shift is strongly reduced 

inside the gel compared to the value expected for a uniform distribution of solvent molecules 
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in the whole system, especially in the region of the cononsolvency-induced collapse (red full 

symbols in Figure 4.7). The peak positions found inside the gel are always closer to their 

original positions in pure methanol. The highest deviation of the peak shift inside the gel 

compared to the pure binary solvent mixture is again visible for the collapsed polymer region 

between 15 and 30 mol% methanol. If the peak shift would still be linearly correlated to the 

methanol fraction, as for the binary system, the measurements would indicate a higher 

amount of methanol inside the polymer network.  

 

  

Figure 4.6: Comparison of the CO-peak position (a) and the CH-stretching region (b) of reference 

binary solutions (dashed lines) and inside a PNIPAM gel (solid lines) for different water-methanol 

mixtures. 

 

  

Figure 4.7: Methanol CO-peak shift (a) and CH-peak shift (b) extracted from spectra measured in a 

binary reference solution of solely water and methanol (black) and inside the gel (full red). The open 

red symbols represent the peak shifts corresponding to the methanol fraction obtained in the mass 

balancing experiment which were calculated using the linear fit (black line) of the binary reference 

solution. 
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To correlate the aforementioned enrichment of methanol inside the gel with the sensitivity 

of the peak positions, the mole fraction of methanol calculated in the mass balancing 

experiment is transferred to the corresponding peak shift. Here, a linear fit of the binary 

reference solution is used to convert x(MeOH) in the gel to peak shifts (red open symbols in 

Figure 4.7): In principle, the same trend is found that peak shifts are reduced inside the gel 

compared to the initial solution. However, the effect is significantly weaker. The peak shift 

caused by the enrichment of methanol inside the gel is much smaller than the peak shift 

actually measured. Thus, it is not possible to simply evaluate peak shifts to obtain the 

methanol concentration in the ternary system due to additional effects on the methanol peak 

positions. Most likely, methanol-polymer interactions affect the vibrational bands in addition 

to the solvent composition.  

To elucidate the origin of the methanol peak positions inside PNIPAM gels, the results 

are compared to the literature by Gruenloh et al.[226] and Dixit et al.[207] on the binary mixture 

and molecular simulations. First, the effect of various hydrogen-bonding options on the 

methanol peak position is described for binary solvent mixtures. For facilitation, the 

discussion is focussed on the CH-peak position:  

Gruenloh et al.[226] derived trends for the shift of the CH-peak position by evaluating well-

known benzene-methanol clusters measured with resonant ion-dip infrared spectroscopy: 

When methanol acts as a hydrogen-bond donor (D), the wavenumber of the CH peak 

decreases. In contrast, the peak position increases to higher wavenumbers when methanol is 

an acceptor (A) of a hydrogen bond or is existent in an acceptor-acceptor-donor (AAD) 

configuration. The strength of this increase is similar for both configurations. This behavior 

is explained by the compensating effects of the combination of acceptor and donor hydrogen 

bonding. In pure liquid methanol (Figure 4.8a), the solvent molecules form chain-like 

clusters where each methanol molecule acts as a single acceptor/single donor (AD). As 

aforementioned, Dixit et al. explained the shift of the CH- and CO-methanol-peak bands by 

the change in the hydrogen-bonding environment. If only little water is added to pure 

methanol (Figure 4.8b), water molecules coordinate at the end of the chain-like methanol 

clusters. Here, the chain-end methanol molecules act as hydrogen-bond acceptors. Upon 

further hydration (Figure 4.8c), water breaks/shortens the methanol chains and, in addition, 

individually solvated methanol molecules are formed. Each methanol molecule can accept 

two and donate one hydrogen bond leading to an AAD configuration. These explanations 

align with Gruenloh’s findings that A and AAD methanol molecules cause a blue shift of 

the CH band in the spectra. The different hydrogen bonds have the opposite effect on the 

CO-peak position and a red shift occurs. These trends are applied to interpret the peak shifts 

inside the PNIPAM gel shown before.  
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Figure 4.8: Acceptor (A) and donor (D) hydrogen bonding of methanol molecules in pure 

methanol (a) and in mixtures with increasing water fraction (b, c). Adapted from Dixit et al.[207] 

One factor decreasing the peak shift of the CH band is the increased methanol fraction 

inside the PNIPAM gels in the region of the cononsolvency-induced collapse. Here, the 

AAD hydrogen bonding is reduced compared to that in the binary solvent mixture. As 

mentioned in the discussion of Figure 4.7, only a part of the peak shift is caused by this 

increased methanol fraction. The remaining difference in peak shift arises from interactions 

with the polymer. Various studies show that there is a strong preference for the PNIPAM 

chains to form hydrogen bonds.[117,121,122] In pure water, hydrogen bonds predominantly exist 

between PNIPAM-CO and water. These bonds are broken upon the addition of methanol 

and are partly replaced by hydrogen bonds to methanol. As aforementioned, Dalgicdir et 

al.[117] debated that the methanol molecules geometrically frustrate the ability of water to 

form hydrogen bonds with the PNIPAM peptide group. The total number of hydrogen bonds 

decreases in the cononsolvency-induced collapse, however, the number of PNIPAM-

methanol hydrogen bonds is enlarged. According to Mukherji et al.[122] hydrogen bonds 

between the oxygen of the carbonyl group of PNIPAM and the hydrogen of methanol are 

expected to be most prominent. Here, methanol acts as a donor. Other hydrogen-bonding 

options involve the PNIPAM-NH group. In this case, methanol can act either act as an 

acceptor or donor. With respect to the trends established by Gruenloh et al.,[226] donor-type 

hydrogen bonding causes a decrease in the wavenumber of the CH-peak position. Thus, to 

align with the decrease in CH-peak shift measured inside the PNIPAM gel, donor-type 

hydrogen bonding between methanol and either the oxygen or nitrogen of the PNIPAM 

peptide group is indicated.  

As previously mentioned, the effect of different hydrogen bonds on the CH-peak position 

is opposite compared to the effect of the CO peak position. Therefore, the red shift of the 

CO peak indicates donor-type hydrogen bonds as well.  
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4.5 Variation of the cross-linker content 

In addition to the samples with 5 mol% cross-linker discussed in the previous sections, 

macroscopic gels with varying BIS content were prepared. When the amount of cross-linker 

in the synthesis was increased to 10 or 20 mol%, the macrogels became opaque and more 

brittle when dried. Therefore, such high cross-linked gels are not further discussed in the 

following. Instead, macroscopic gels with only 1 mol% BIS were investigated. The inset in 

Figure 4.9a shows a photograph comparing two gels swollen by water, one with 5 mol% BIS 

(black) and the other with 1 mol% BIS (red). Although both gels were prepared in the same 

mold, the lower cross-linked gel is significantly larger, i.e. its polymer network swelled more 

upon washing with water after the synthesis procedure. Additionally, Raman spectra were 

measured inside both gel types swollen in water (Figure 4.9a). The spectra are normalized 

to the highest intensity of the water signal. For the less cross-linked gel, a lower intensity of 

the PNIPAM bands between 2700 and 3025 cm-1 is found. Hence, inside the same confocal 

volume, the amount of polymer relative to the water content is smaller, which aligns with 

the visual comparison of the gels. For both gel types, the swelling ratio defined as 

qswell = m(gel, swollen)/m(gel, dried) is determined in various water-methanol mixtures 

(Figure 4.9b). Within the synthesis procedure, solely the ratio of NIPAM and BIS was 

varied, but the overall mass fraction of the monomer solution was kept at 1 g/mL in both 

cases. Therefore, the weights of the dried gels are similar, independent from the cross-linker 

content. For the most unfavorable mixtures between 15 and 30 mol% methanol in water, no 

difference in the swelling ratio is found. However, significant differences are observed for 

the gels in their swollen or partly swollen states. Here, the swelling degree of the samples 

with 1 mol% BIS is larger, i.e. more solvent could be retained inside the gel. These 

observations are in concordance with findings for small PNIPAM microgels[53] and medium-

sized PNIPAM microgel beads from microfluidics (Chapter 7).  

Mass balancing experiments (Figure 4.10a) and peak shift analysis (Figure 4.10b) were 

also conducted with the gels containing only 1 mol% BIS and compared to the previously 

presented higher cross-linked samples. The peak shift analysis for the CO stretching band is 

shown in the Appendix (Figure A1). Both the enrichment of methanol and the correlation 

between peak shift and methanol fraction are found to be almost quantitatively the same for 

the differently cross-linked systems. 
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Figure 4.9: (a) Raman spectra and photograph of a gel with 5 mol% BIS (black) and a gel with 

1 mol% BIS (red). For both, a 96 well plate was used as mold. Scale bar 1 cm. (b) Swelling ratio 

(qswell = m(gel, swollen)/m(gel, dried)) of macroscopic gels with different cross-linker contents.  

 

  

Figure 4.10: Comparison of PNIPAM macrogels with 5 mol% (red, full) or 1 mol% (red, open) cross-

linker: (a) Methanol distribution inside the gel after equilibration in various water-methanol mixtures. 

The diagonal line represents the case of a uniform distribution. (b) Methanol CH-peak shift extracted 

from spectra measured in a binary reference solution of solely water and methanol (black) and inside 

the gels (red).  

4.6 Conclusions 

In the region of the cononsolvency-induced collapse, an increased fraction of methanol 

inside PNIPAM gels is found compared to the surrounding liquid. However, less methanol 

is observed in the PNIPAM gel compared to the same system with ethanol presented by 

Hüther et al.[89] Thus, the accumulation of the alcohol species inside the polymer network in 

its collapsed region is more pronounced with increasing hydrophobicity of the alcohol 

moiety.  
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For more detailed information on molecular interactions, the sensitivity of the methanol 

vibrational bands to the local environment of methanol was exploited. More explicitly, the 

impact of acceptor/donor hydrogen bonding of methanol is taken into account. The binary 

water-methanol mixture exhibits a linear dependence of the methanol peak positions on the 

methanol fraction over a wide composition range. However, a deviation from this trend is 

found for the ternary system with water-methanol-PNIPAM which is ascribed to two effects: 

Firstly, a small shift is caused by the different solvent composition inside the gel leading to 

a change in water-methanol hydrogen bonding. Secondly, a major part of the peak shift is 

due to interactions between methanol and PNIPAM. Based on literature findings, donor-type 

hydrogen bonding can be responsible for a decrease in wavenumber of the methanol CH-

peak position (and an increase of the methanol CO-peak position).[207,226] Therefore, the 

presented results suggest that methanol predominantly donates its hydrogen for interactions 

with the oxygen of the carbonyl group of PNIPAM within the cononsolvency-induced 

collapse. In general, no distinct difference is found between gels with different cross-linker 

contents. Both, 1 and 5 mol% BIS-gels exhibit the accumulation of methanol accompanied 

by similar shifts of the CO- and CH-peak positions. 

The obtained results regarding the cononsolvency behavior, the enrichment of methanol 

inside the gel, and the molecular interactions can provide further understanding of the 

performance of new functional materials. For applications in catalysis, drug delivery 

systems, or extraction and separation processes, information on the local structure and 

polarity within the gels are valuable.[258,259] For example, the properties of the environment 

during catalysis impact the catalytic activity and selectivity.[72,75,260] Hydrophobic substrates 

and/or catalysts will prefer the increased hydrophobicity of the collapsed, methanol-enriched 

polymer network (see Chapter 6). Furthermore, Mukherji et al.[251] recently pointed out the 

importance of a detailed understanding of the cononsolvency to create design principles for 

new materials. Here, molecular information about the local arrangement of the solvent 

molecules can support the setup or verification of simulations predicting, e.g. properties and 

structures of PNIPAM-based systems in cononsolvency mixtures. In this respect, further 

detailed insights regarding the kinetics of the volume phase transition induced by 

cononsolvency should be pursued (see Chapter 8).[22,261,262] 
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5. Probing the internal environment of solvatochromic microgel 

beads 

ABSTRACT: Many applications of microgels rely on their unique adaptability, and 

therefore variable physical properties of the polymer network. Especially for drug-delivery 

systems, uptake and release, or catalysts, the environment provided by the microgels in 

contrast to the surroundings is crucial. Poly-N-isopropylacrylamide (PNIPAM) microgels 

are mostly known and studied due to their thermoresponsive behavior. Other external 

stimuli, such as the solvent composition, are less understood. Here, the internal properties of 

the microgels at different compositions still require further detailed investigations. This work 

contributes to this question by taking a close look at the polarity of PNIPAM microgel beads 

in various water-methanol (MeOH) mixtures. To this end, PNIPAM microgel beads were 

synthesized by microfluidics and subsequently covalently labeled with Nile Red (NR). NR 

is a solvatochromic dye that can probe the polarity of its microenvironment. Its emission 

maximum and lifetime correlates with the solvent composition. Confocal fluorescence 

spectroscopy was employed to resolve the polarity inside the microgels in comparison to the 

polarity of binary water-methanol mixtures. Significant differences are found for the 

cononsolvency-inducing mixtures. Here, the polymer network presents a lower polarity than 

the respective binary mixture. This deviation can be attributed to the combined effect of the 

deswollen polymer network and a higher methanol concentration inside the gels. 

Fluorescence lifetime imaging of microgel beads shows high potential to give quantitative 

and spatially resolved insights into the enrichment of methanol inside the microgel beads. 

5.1 Introduction 

Microgels are often discussed in terms of a versatile functional material for various 

applications, e.g. as nano-carriers in drug-delivery systems, sensors, and catalysts.[15,63,72,81] 

In these applications, the environment inside the polymer network in comparison to the 

surrounding fluid is crucial as the environment inside the microgel should often be favored. 

Consequently, it is important to understand and investigate the differences, e.g. in polarity. 

A powerful tool to probe the polarity is the solvatochromism of fluorescent dyes. Solvato-

chromic dyes change their color in response to a change in their microenvironment and are 

widely applied for fluorescence sensing and imaging.[234,236,237] One prominent example of a 

hydrophobic solvatochromic dye is Nile Red (NR, Scheme 5.1). NR exhibits an intensive 

fluorescence emission in methanol (MeOH) around 638 nm. In contrast, water causes a 
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significant red shift to 661 nm and the emitted fluorescence intensity decreases.[263] Thus, 

the emission wavelength shifts to higher values with increasing polarity of the solvent. 

Therefore, a common approach to obtain insights into the local polarity is the evaluation of 

the position of the emission maximum of NR (max). The fluorescence lifetime poses another 

parameter influenced by the hydrogen-bonding ability of the surrounding solvent.[237,238]  

 

Scheme 5.1: Chemical structure of Nile Red (NR). 

NR has been used to stain and examine the polarity of biological structures,[234,237,264-266] 

as a probe for hydrogen bonding,[238] and for uptake[95] and release studies.[267] Furthermore, 

it has been utilized to observe structural changes of linear polymers, highly-branched 

polymers, or gels.[95,258,268,269] In super-resolved fluorescence microscopy, NR has been 

exploited to gain information about environmental properties in addition to positional 

information.[258,265,266] Moon et al.[266] used the polarity-dependent emission shift of NR to 

reveal a compositional inhomogeneity in the membranes of live mammalian cells. Purohit 

et al.[258] investigated the local polarity inside poly-N-isopropylacrylamide (PNIPAM)-based 

core-shell microgels with super-resolved fluorescence microscopy. PNIPAM is an inten-

sively studied functional polymer that can change its physical properties in response to 

external triggers. It is most known for its temperature-dependent behavior.[3] Increasing the 

temperature above a critical value causes a transition from a swollen, flexible polymer 

network to a hard, collapsed sphere. Purohit et al. exploited the sensitivity of NR without 

covalent binding to gain spatially resolved information on the hydrophobicity of the core-

shell microgels at various temperatures. The polarity decreased with the collapse of the 

respective microgel compartment. Pietsch et al.[236] reviewed the combination of the 

thermoresponsive behavior of smart polymers and the solvatochromism of dyes to create 

“fluorescent thermometers”.  

Despite the well-investigated thermoresponsive behavior, PNIPAM can additionally 

exhibit a distinct sensitivity to the solvent mixture composition, the so-called cononsolvency 

effect (see section 1.2). Here, PNIPAM attains a swollen structure in either of the two pure 

solvents, whereas certain mixtures lead to a collapse of the polymer chains. Typical 

examples are water-alcohol mixtures but cononsolvency can also occur in mixtures of water 

and other organic solvents such as dimethylformamide (DMF) or tetrahydrofuran (THF). 
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Thivaios and Bokias[95] studied PNIPAM gels in water-THF mixtures and observed the 

adsorption of NR by the gels using indirect measurements of the surrounding solution. 

Depending on the swelling state of the polymer network, a different affinity of NR to diffuse 

into the gels was found. Due to the deswelling of the gels in water-rich mixtures, the polymer 

network offers a hydrophobic environment favored by the hydrophobic dye. In contrast, no 

significant adsorption of NR in the THF-rich regime, and thus by a swollen polymer network 

in a less polar solvent, was observed.[95]  

In the present work, the cononsolvency behavior of PNIPAM microgel beads with 

covalently bound NR moieties in water-methanol mixtures was investigated. To allow 

spatially resolved measurements without needing a highly complex measurement method, 

microgel beads with a diameter of around 26 µm in water were synthesized by microfluidics. 

In a second step, these microgel beads were covalently labeled with a NR derivative. The 

size of the microgel beads allows to resolve the change of the NR emission and lifetime 

directly inside the gels as a function of the methanol fraction using confocal fluorescence 

spectroscopy. Here, pronounced differences between the polarity inside the microgel beads 

and the polarity of a binary methanol-water system were found for the cononsolvency-

inducing mixtures. Furthermore, the high potential of fluorescence lifetime imaging (FLIM) 

to obtain spatially resolved and quantitative information on the microenvironment was 

shown in first experiments. 

5.2 Synthesis of solvatochromic microgel beads 

Solvatochromic microgel beads were prepared in several steps (for experimental details, see 

section 10.3.4). Microfluidics was used to synthesize PNIPAM microgel beads with a 

primary amine group by introducing N-(3-aminopropyl) methacrylamide (APMA) as a co-

monomer in the aqueous phase. Here, 1 or 3 mol% APMA was used. Both samples exhibited 

a mean diameter around 25 µm in their swollen state in water: for MG-PNIPAM-APMA-1 

(1 mol% APMA), a diameter of 26 ± 2 µm was measured, and for MG-PNIPAM-APMA-3 

(3 mol% APMA), a diameter of 25 ± 3 µm. For the subsequent labeling step (Scheme 5.2), 

a NR derivative with an o-carboxylic group (NR-O-C-COOH) was activated with 

N-hydroxysuccinimide (NHS) (Scheme 5.2a). The NHS-activated ester group then reacted 

with the primary amine of the APMA-modified microgel beads (Scheme 5.2b).  

In the first approach of the labeling step, the concentration of MG-PNIPAM-APMA-1 

was adjusted to approximately 1 mg/mL in phosphate buffer (pH 8) and the NR derivative 

was added. After purification, the microgel beads were imaged by fluorescence microscopy. 

Here, an inhomogeneous distribution of the NR-labels was observed (Figure A2 in the 
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Appendix). The cause of this uneven labeling might be the nonpolar character of the NR 

derivative. If added to the rather polar buffer solution, the NR catches onto the more 

hydrophobic microgel beads as soon as possible without a uniform distribution throughout 

the solution and polymer network. As a consequence, the labeling step was conducted in 

methanol instead of the phosphate buffer solution. To additionally increase the fluorescence 

intensity, the MG-PNIPAM-APMA-3 sample, i.e. with more primary amine groups, was 

labeled in parallel to the MG-PNIPAM-APMA-1. For both samples, a uniform fluorescence 

was imaged after labeling, mixing, and washing (Figure 5.1). As higher labeling is desirable 

for the following fluorescence spectroscopy, experiments proceeded with the MG-PNIPAM-

APMA-3-NR sample.  

 

 

Scheme 5.2: (a) Activation of the NR derivative (NR-O-C-COOH) with NHS. (b) Labeling reaction: 

the NR-O-C-COO-NHS reacts with the primary amine groups present in the APMA-modified 

microgel beads (simplified as R-NH2). 

 

Figure 5.1: Images of the NR-labeled PNIPAM microgel beads in methanol using a conventional 

fluorescence microscope: (a) MG-PNIPAM-APMA-3-NR (d(MeOH) = 23 ± 3 µm) and (b) MG-

PNIPAM-APMA-1-NR (d(MeOH) = 22 ± 2 µm).  

a b

50 µm 50 µm
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5.3 Probing the local polarity by fluorescence spectroscopy 

In the following, the results from the fluorescence spectroscopic measurements in various 

water-methanol mixtures are discussed (for experimental details, see section 10.5.1). The 

measurements were performed by Dr. Silvia Centeno Benigno. First, reference measure-

ments with free NR-O-C-COOH were conducted for various water-methanol mixtures. The 

black points in Figure 5.2 represent the position of the emission maximum of NR-O-C-

COOH (λmax(ref)) in the respective mixture. Depending on the solvent composition, values 

between 638.4 nm in pure methanol and 661.5 nm in pure water were extracted from the 

fluorescence spectra. A linear dependence of λmax(ref) and x(MeOH) is found: the higher the 

methanol mole fraction the lower the wavelength of the maximum emission. Hence, the 

position of the maximum emission gives insights into the polarity and solvent composition 

of the system. As water is more polar than methanol, a higher wavelength correlates with 

higher polarity.  

 

 

Figure 5.2: Wavelength of the maximum emission of NR as a function of the methanol mole fraction 

in the reference system (NR-O-C-COOH, black) and the NR-labeled PNIPAM microgel beads (blue, 

MG-PNIPAM-APMA-3-NR).  

Secondly, comparative experiments were performed in similar mixtures using the NR-

labeled PNIPAM microgel beads. The values of λmax(microgel) were extracted as described 

in the experimental section (blue points Figure 5.2). For high methanol fractions (> 50 mol% 

methanol), the values for the position of the maximum emission inside the gel are found to 

be similar to those of the reference experiments. However, a significantly different 

dependence of λmax(microgel) on the solvent composition is obtained in the water-rich region 

(< 50 mol% methanol). In pure water, the emission maximum inside the microgel beads is 

lower than in the reference solution due to the hydrophobic character of the polymer 

network. Upon addition of methanol, the wavelength strongly decreases up to 20 mol% of 
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methanol in water. Subsequently, a slight increase of the wavelength for methanol fractions 

up to 30 mol% occurs before it decreases again for higher methanol fractions. The “bump” 

around the most unfavorable mixture of 20 mol% methanol in Figure 5.2 correlates with two 

overlaying effects. As known from temperature-dependent investigations, collapsed 

microgels present a higher hydrophobicity of the polymer network.[258] Water-methanol 

mixtures around 20 mol% methanol also lead to a collapse of the microgel beads. 

Additionally, the results in Chapter 4 show that methanol accumulates inside PNIPAM gels 

in the region of the cononsolvency-induced collapse. Both effects cause a less polar 

environment inside the PNIPAM microgel beads in the collapse-inducing solvent mixtures, 

nicely captured by the locally decreased emission wavelength of the NR-label. When 

exceeding a methanol concentration of 20 mol%, the partial reswelling of the microgel beads 

lead to a small increase of the wavelength of the NR band. At methanol fractions > 30 mol%, 

the effect of the reswelling of the polymer network on the local polarity is exceeded by the 

higher apolarity due to the overall increased methanol fraction. Consequently, λmax(microgel) 

decreases and follows the linear course of the reference above 50 mol% methanol. 

5.4 Fluorescence lifetime imaging (FLIM) 

The potential of fluorescence lifetime measurements (FLIM) to obtain further detailed 

insights was tested in first experiments (for experimental details, see section 10.5.2). 

Measurements were conducted by Dr. Silvia Centeno Benigno. First of all, a reference 

system comprising the NR derivative (NR-O-C-COOH) in different solvent mixtures was 

investigated. The average arrival times of emitted photons after excitation by a laser pulse 

were detected and evaluated with a multi-exponential decay function to extract the lifetime 

components . In the case of the reference system, a mono-exponential model was sufficient 

to describe the decay curves, and therefore one lifetime component was extracted for each 

composition. The dependence of the lifetime on the methanol mole fraction is shown in 

Figure 5.3. Similar to the shift in the position of the maximum emission, there is a linear 

correlation between the lifetime and the solvent composition. The longer the lifetime, the 

less polar is the environment of the NR-derivative. In comparison, the lifetime determined 

for the NR-derivative (3.0 ns) in the present measurements is slightly higher than the 2.80 ns 

Cser et al.[238] measured for pristine NR in methanol.  

Furthermore, FLIM measurements of NR-labeled microgel beads under different 

conditions were performed: directly after being spin-coated from a methanol dispersion, 

swollen by methanol, or immersed in an unfavorable mixture of 20 mol% methanol. For the 
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Figure 5.3: Fluorescence lifetime of the reference system (NR-O-C-COOH) as a function of the 

methanol mole fraction in water-methanol mixtures fitted with a linear function. For all binary 

mixtures, only one lifetime component was required to describe the fluorescence decay. 

 

Figure 5.4: Fluorescence lifetime measurements of a NR-labeled microgel bead (MG-PNIPAM-

APMA-3-NR) immersed in pure methanol after spin-coating. The average arrival times visible in the 

FastFLIM image (a) are analyzed using a multi-exponential tail fit with n lifetime components (b). 

The lifetime components obtained from the fit are applied to the FastFLIM image to construct the 

final FLIM image (c). Each pixel containing a certain lifetime is indicated in the corresponding color. 

In this case, only one lifetime of 3.51 ns was found and the respective pixels are marked in red. 

case of using the microgel beads swollen by methanol, the data acquisition and processing 

is illustrated in Figure 5.4. An area of around 115x115 µm² of the sample was imaged and 

the arrival times of the photons emitted by the sample were detected for each pixel resulting 

in a color-map image of the average arrival times (FastFLIM image). Then, a region of 

interest, i.e. a single microgel bead, was defined (a). As before, the time-dependent photon 

count was plotted and fitted with a multi-exponential fit to determine the lifetime com-

ponents (b). Depending on the decay curve, one, two, or more exponential terms were 

required for an adequate description of the data. Finally, the multi-exponential decay model 

was applied to each pixel in the FastFLIM image to build up the FLIM image (c). Every 

pixel was colored in the color assigned to the corresponding lifetime component. In the case 
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of the microgel bead swollen by methanol, one lifetime component was sufficient. Therefore, 

only one color (red) is visible in the final FLIM image. A lifetime distribution with its 

maximum at 3.51 ns for the NR-labeled microgel beads in methanol was observed. As 

aforementioned, in the reference measurements of NR-O-C-COOH in methanol, a lifetime 

of 3.0 ns was obtained. Thus, the microenvironment of the NR-label inside the microgel bead 

is more hydrophobic than the one without the polymer network.  

An exemplary FLIM image of the microgel beads solely spin-coated from a methanol 

dispersion, without addition of any further solvent, is shown in Figure 5.5a. Here, two 

lifetime components were necessary to fit the fluorescence decay. Specifically, 1 = 4.5 ns 

(red pixels) and 2 = 3.1 ns (green pixels). Yellow pixels result from the combination of both. 

The longer lifetime corresponds to an ethylacetate-like environment or a poor hydrogen-

bonding solvent.[238] The second lifetime can be assigned to a methanol environment. The 

less polar environment is mainly detected at the outer region of the microgel beads. In the 

core of the microgel beads, yellow, thus the combination of both lifetimes, is predominantly 

found. This distribution suggests that only the periphery of the microgel beads dried during 

the spin-coating process leaving a hydrophobic, polymer-rich shell. In the interior of the gel, 

some methanol molecules were entrapped resulting in regions with a smaller lifetime. 

 

Figure 5.5: FLIM images of NR-labeled microgel beads (MG-PNIPAM-APMA-3-NR): (a) spin-

coated from a methanol dispersion without additional solvent, and (b) immersed in 20 mol% 

methanol in water. 

Figure 5.5b gives an example of a microgel bead immersed in the most unfavorable water-

methanol mixture with 20 mol% methanol. Again, a bi-exponential function was required to 

properly describe the fluorescence decay. Both components are nearly evenly distributed 

throughout the microgel bead resulting in numerous yellow pixels. Interestingly, some pixels 

are exclusively green or red. Thus, heterogeneity of the polymer network on the length scale 

of one pixel (between 150 and 179 nm) is suggested. The first lifetime exhibits a value of 

4.6 ns (red) and is comparable to the lifetime found for the spin-coated sample ascribed to 

the hydrophobic polymer network. The second lifetime of 1.6 ns (green) is significantly 

1 = 4.6 ns 2 = 1.6 ns1 = 4.5 ns 2 = 3.1 nsa b
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shorter and is assigned to the solvent mixture. Using the linear fit from the reference 

measurements (Figure 5.3), 1.6 ns correspond to a water-methanol mixture with 28 mol% 

methanol. Thus, in this cononsolvency-inducing mixture, an enrichment of methanol can be 

observed. This aligns almost quantitatively with the results from the mass balance experi-

ment using macroscopic PNIPAM gels presented in Chapter 4 (Figure 4.4). These first 

experiments already demonstrate the high potential of FLIM. The measurement method and 

size of the microgel beads enable the spatially resolved and quantitative evaluation of the 

internal environment and solvent composition. Further measurements and data evaluation 

for more microgel beads are ongoing to achieve better statistics.    

The diameter of the microgel bead in the unfavorable mixture is strikingly close to the 

size measured for the swollen state. In the 20 mol% methanol sample, microgel beads with 

a significantly smaller diameter were found as well (~ 13 µm). Fluorescence spectroscopy 

measurements and FLIM of these smaller microgel beads revealed a smaller wavelength of 

the emission maximum and longer lifetimes for the solvent mixture environment compared 

to larger microgel beads. These observations hint towards an even higher accumulation of 

around 40 mol% methanol inside the microgel beads. Further investigations are needed to 

elucidate where these differences originate from. Spreading and adhesion due to the spin-

coating during the sample preparation presumably influence the contact area of the microgel 

beads with the glass slide.  

5.5 Conclusions 

PNIPAM microgel beads containing primary amine groups were successfully synthesized 

by microfluidics and subsequently covalently labeled with a NR-derivative. Due to the 

apolar nature of NR, homogeneously labeled microgel beads are only obtained when the 

labeling step is conducted in methanol instead of phosphate buffer. The labeling density can 

be adjusted by the concentration of co-monomer APMA during the synthesis, i.e. the number 

of primary amine groups in the polymer network. 

The evaluation of the shift in wavelength of the maximum emission band of NR revealed 

a linear dependence on the solvent composition for the reference measurements with free 

NR-O-C-COOH. In contrast, there was a clear deviation from this linear correlation in the 

case of the NR signal emitted by the NR-labeled microgel beads. The wavelength of the 

emission maximum of the NR-label represents the local polarity inside the modified 

microgel beads: in the water-rich regime, the water-methanol mixtures act as bad solvents 

for the polymer network. The resulting collapse of the microgel beads increases the local 

hydrophobicity, therefore reducing the wavelength of maximum emission. Additionally, the 
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wavelength was lowered even further by the enrichment of methanol inside the beads in 

these cononsolvency-inducing mixtures. For methanol fractions above the most unfavorable 

mixture of 20 mol% methanol, the partial reswelling of the microgel beads lead to a small 

increase of the wavelength of the NR band. Subsequently, for the methanol-rich regime, the 

position of the NR band is mainly governed by the apolarity due to the methanol fraction in 

the surrounding mixture.  

First spatially resolved measurements of the fluorescent lifetime of the NR-label provided 

further and quantitative insights. Similar to the position of the emission maximum, the 

lifetime of the reference (NR-O-C-COOH) exhibits a linear dependence on the solvent 

composition. For the NR-labeled microgel beads in pure methanol, one lifetime component 

evenly distributed across the microgel bead was evaluated. The hydrophobic polymer 

network slightly increased the lifetime component in comparison to the lifetime of free NR 

in methanol. In contrast, the evaluation of FLIM for microgel beads immersed in a 20 mol% 

methanol in water mixture required two lifetime components. The longer lifetime corre-

sponds to the hydrophobic polymer network. The shorter lifetime correlates to an enrichment 

of methanol inside the polymer network. These findings align with the enrichment found for 

the macroscopic PNIPAM gels discussed in Chapter 4. Open questions regarding the degree 

of deswelling and quantitative enrichment of methanol in the unfavorable mixture remain 

and require further investigations. 



 

 

53 

6. Modulation of the catalytic activity of microgel-catalysts by 

external triggers 

The following chapter was reproduced from: Kleinschmidt, D.; Nothdurft, K.; Anakhov, M. 

V.; Meyer, A. A.; Mork, M.; Gumerov, R. A.; Potemkin, I. I.; Richtering, W.; Pich, A., 

Microgel organocatalysts: modulation of reaction rates at liquid-liquid interfaces. Materials 

Advances 2020, 1, 2983-2993. Published by the Royal Society of Chemistry. – for 

contributions of authors see page V – Solely the results of the scattering experiments 

performed by myself are discussed in detail. The remaining results are briefly presented to 

enable the placement in the context. 

 

ABSTRACT: Smart and responsive nano-carriers for catalysis show high potential to 

systematically investigate and control the catalytic activity. Within this chapter, a colloidal 

microgel-catalyst comprised of poly-N-isopropylacrylamide (PNIPAM) with covalently-

bound L-proline moieties is presented. The work focuses on the modulation of the catalytic 

activity due to the responsiveness of PNIPAM to temperature and solvent composition. Here, 

the aldol reaction of cyclohexanone with 4-nitrobenzaldehyde was studied in water, 

methanol (MeOH), and various mixtures of these two solvents. Previous to catalytic testing, 

the microgel-catalysts and their swelling behavior were characterized by dynamic and static 

light scattering (DLS, SLS). Additionally, the experimental results were combined with 

dissipative particle dynamics (DPD) simulations providing insights into the structure of the 

reaction system in different solvents. Here, a grave difference with respect to the surrounding 

solvents was found. In methanol, reagents and microgel-catalysts form a homogeneous 

system. In contrast, the system is heterogeneous in an aqueous solution where the microgel-

catalysts adsorb at the liquid-liquid interface between water and the hydrophobic reagents. 

When increasing the temperature to above the volume phase transition temperature (VPTT) 

of PNIPAM, the collapsed polymer network immerses more into the reagents phase. As a 

result, the reaction rate increases. In water-methanol mixtures, overlaying effects occur. The 

collapse of the microgels and enrichment of methanol inside the microgels at 20 mol% 

methanol increases the catalytic activity for mixtures around this composition. In general, a 

higher methanol fraction positively influences the reaction rate. The different micro-

environments provided by the polymer network depending on its swelling state and the 

general solvent quality modulate the catalytic behavior. 
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6.1 Introduction 

Microgels are usually spherical, cross-linked polymer networks with a porous and soft 

structure. One outstanding property of microgels is their responsiveness to their 

surroundings. Depending on the monomer or combination of monomers, the physical 

properties, such as size or stiffness, can be modulated by external stimuli, e.g. temperature, 

pH, or solvent composition.[5] The most intensively studied microgels are based on poly-

N-isopropylacrylamide (PNIPAM) and N,N’-methylenebis(acrylamide) (BIS) as the cross-

linker.[3] Additionally, functional co-monomers for fluorescent labeling, protein sequences, 

or catalytically active sites can be easily incorporated during the free-radical precipitation 

polymerization.[4,5] Due to their versatile compositions and properties, microgels have 

become an important material class in recent studies of polymer science. Microgels find 

application, e.g. in drug-delivery, biomaterials, smart emulsion (de)stabilization, sensors, or 

catalysis.[15,59] In catalysis, microgels have been explored as smart nano-carriers, e.g. for 

metal nanoparticles, enzymes, metallic complexes, or organocatalysts.[73-78] Microgels 

enable the immobilization and stabilization of the catalysts in the reaction medium. For 

instance, the incorporation of metal nanoparticles into the polymer network prevents their 

aggregation and leaching.[270,271] Additionally, microgels simplify the recycling and reuse of 

catalysts.[75,270] In the case of functional microgels, their responsiveness to the surroundings 

can be exploited to modulate the catalytic activity.[74,271,272] Lu et al.[272] reported a nano-

composite system comprising a polystyrene core with a PNIPAM shell carrying Ag 

nanoparticles for the model reaction of 4-nitrophenol to 4-aminophenol by sodium 

borohydride. Due to the thermoresponsive behavior of PNIPAM, the catalytic activity of the 

nanoparticles could be controlled. At high temperatures, the collapsed polymer network 

caused a significant diffusion limitation and thus, a deviation from the conventional 

Arrhenius-type dependence on temperature. Ferguson et al.[74] also studied PNIPAM-based 

nanogels but additionally copolymerized a photocatalytic co-monomer. These dual-

responsive photocatalytic polymer nanogels can be repetitively quenched and reactivated by 

changes in temperature. Photocatalysis only takes place at low temperatures in the swollen 

state of the microgel-catalysts.  

In a recent study by Kleinschmidt et al.,[75] the amino acid L-proline was incorporated in 

PNIPAM microgels. L-proline is an example of an organocatalyst, i.e. an inexpensive and 

nontoxic small organic molecule, that can be used instead of metal-based catalysts or 

enzymes for asymmetric catalysis. Free L-proline is water-soluble, however, most organic 

reagents are only poorly soluble in water. Thus, only a slow reaction rate and low catalyst 

turnover number at high catalyst loading can be achieved.[273] To overcome this problem, 

polymer-supported L-proline systems[273-276] such as the L-proline modified PNIPAM 
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microgels[75,277] were explored. Kleinschmidt et al.[75] focused on the optimization of the 

enantioselective aldol reaction of 4-nitrobenzaldehyde and cyclohexanone. For this purpose, 

the influence of the localization of the L-proline within the microgel was compared. In all 

cases, the microgel-catalysts allowed catalytic reactions in an aqueous reaction system by 

creating a hydrophobic environment, while free L-proline is inactive in an aqueous solution. 

In water, this hydrophobic environment surrounding the catalytically active sites is more 

effective when the L-proline moieties are localized in the microgel core. The hydrophobic 

reagents locally accumulate in the L-proline-rich core minimizing unfavorable contacts with 

water leading to higher reaction rates. In methanol (MeOH), the reagents are well soluble. 

Here, easily accessible L-proline moieties are favored resulting in the highest reaction rate 

for the microgel-catalysts with L-proline in the outer shell of the microgels. Finally, 

recycling of the catalysts with stable conversion and selectivity values was reported.[75]  

Within the following chapter, the same microgel-catalysts composed of L-proline 

modified PNIPAM microgels for the aldol-reaction of 4-nitrobenzaldehyde and cyclo-

hexanone are discussed. However, while these microgel-catalysts served only as passive 

carriers in the previous study, the focus now lies on the catalysis and especially its 

modulation due to the responsiveness of the microgels. On the one hand, PNIPAM exhibits 

a distinct thermoresponsive behavior in water with a volume phase transition temperature 

(VPTT) around 32 °C.[3] On the other hand, PNIPAM shows a cononsolvency behavior: In 

pure water and pure methanol, the polymer network is swollen, whereas a drastic volume 

loss occurs around 20 mol% methanol.[19] The influence of these two external triggers, 

temperature and solvent composition, on the catalytic properties of the microgel-catalysts 

was evaluated. In order to gain deeper insights, the experimental results from scattering 

methods and catalytic testing were combined with dissipative particle dynamics (DPD) 

simulations.  

6.2 Characterization of the microgel-catalysts 

The precipitation polymerization of NIPAM, BIS, and the copolymerizable L-proline 

derivative achieved a good yield of 92%. Attenuated total reflection Fourier transform 

infrared (ATR-FTIR) spectroscopic measurements confirmed the presence of 6.69 mol% 

effectively incorporated L-proline groups. The catalytic activity of these microgel-catalysts 

was tested and compared as a function of temperature and various water-methanol mixtures. 

Previous to catalytic testing, the swelling behavior of the microgel-catalysts was 

characterized by dynamic and static light scattering (for experimental details, see section 

10.6). 
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The hydrodynamic radius (Rh) of the microgel-catalysts was investigated as a function of 

the temperature in water (20 – 50 °C), methanol (20 – 50 °C), and 20 mol% methanol 

(10 – 40 °C) (Figure 6.1a). Additionally, the temperature dependence is compared to the 

behavior of pure PNIPAM microgels (5 mol% BIS) (Figure 6.1b). For the microgel-

catalysts, a reversible temperature-responsive behavior is found in all three solvents. The 

heating and cooling cycle overlap (Figure 6.1a). In water, the typical, distinct temperature 

dependence is found between 20 and 50 °C. The microgel-catalysts are swollen in water at 

low temperatures. At the VPTT, a large decrease in size is observed. The hydrodynamic 

radius of 167 ± 2 nm at 25 °C decreases by 34% to 110 ± 1 nm at 45°C. The transition 

temperature of the microgel-catalysts is slightly shifted to a higher value (35 °C) compared 

to pure PNIPAM microgels (32 °C). In the case of pure PNIPAM microgels, a plateau is 

reached for higher temperatures around 40 °C. In contrast, the microgel-catalysts show a 

further significant decrease in size above 45 °C (see Figure 6.1b). The minimum size was 

measured at 70 °C with a hydrodynamic radius of 68 nm corresponding to a decrease in size 

of about 60% compared to 25 °C. A further increase of the temperature up to 75 °C did not 

induce further deswelling. This suggests that the microgel-catalysts are fully collapsed at 

70 °C which is coherent with the synthesis temperature. Normalized to the size measured at 

the highest temperature in water (45 °C for the PNIPAM microgels, 75 °C for the microgel-

catalysts), it becomes obvious that the swelling ratio of the microgel-catalysts is higher than 

that of the PNIPAM microgels. The difference can be explained by the lower cross-linker 

concentration during the microgel-catalyst synthesis (~ 2 mol%). In methanol, no distinct 

temperature dependence is visible for the microgel-catalysts or the pure PNIPAM microgels. 

 

  

Figure 6.1: (a) Temperature-dependent measurements of Rh of the microgel-catalysts in water (blue), 

methanol (red), and 20 mol% methanol (black) (full symbols – heating cycle, open symbols – cooling 

cycle). (b) Comparison of the temperature dependence of Rh of the microgel-catalysts and pure 

PNIPAM microgels (5 mol% BIS). Rh was normalized to the fully collapsed state at the highest 

measured temperature. The data of the pure PNIPAM microgels were taken from Kojima et al.[18]  
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While pure PNIPAM microgels in methanol do not display any response to the temperature, 

the radius of the microgel-catalysts seems to slightly increase with increasing temperature 

(approx. 10 nm). This increase in size suggests that methanol becomes a better solvent for 

the L-proline PNIPAM network with increasing temperature. The water-methanol mixture 

with 20 mol% methanol acts as a poor solvent for the microgels and the microgels are in 

their collapsed state at room temperature. Cooling the samples to below room temperature 

results in a partial reswelling. Both systems, the microgel-catalysts and pure PNIPAM 

microgels, are less collapsed in the mixture at room temperature than in water at high 

temperatures. However, the difference between the radius of the fully collapsed state in water 

at high temperature and in the 20 mol% mixture above 25 °C is significantly higher in the 

case of the microgel-catalysts.  

Figure 6.2 displays the dependence of the hydrodynamic radius on the composition of the 

water-methanol mixture at 25 °C. As already shown in the temperature-dependent measure-

ments, the microgel-catalysts are slightly larger in methanol (175 ± 7 nm) than in water 

(167 ± 2 nm) and exhibit the lowest hydrodynamic radius for the 20 mol% methanol mixture 

(116 ± 2 nm). At low methanol contents, the size decreases significantly, whereas the 

polymer network reswells at methanol mole fractions > 20 mol% until it is rather swollen 

for methanol fractions > 50 mol%. The solvent-dependent swelling shows a minimum at 

20 mol% methanol which is similar to pure PNIPAM systems. Surprisingly, no influence of 

the incorporation of the L-proline on the position of this minimum was detected.  

 

 

Figure 6.2: Rh of the microgel-catalysts as a function of the water-methanol composition at 25 °C. 

In addition to the DLS measurements, the swelling behavior was characterized using SLS 

(Figure 6.3). SLS measurements were performed in water (25 and 45 °C), methanol (25 °C), 

and 20 mol% methanol (10 and 25 °C). The corresponding scattering curves are shown in 

Figure 6.3a. The microgel-catalysts are too small to exhibit any minima in the measured 
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q-range. Therefore, the Guinier region (qRg < 1) was evaluated to obtain the radius of 

gyration (Rg).
[278] Here, very low measurement angles were discarded as the solvent 

background increases significantly in that regime. The Guinier plots and linear fits are shown 

in Figure 6.3b-d.  

 

  

  

Figure 6.3: Scattering curves (a, shifted for visibility) of the microgel-catalysts in various solvents at 

different temperatures and the corresponding Guinier plots in water (b), methanol (c), and 20 mol% 

methanol (d). 

Table 6.1 displays an overview of Rh, Rg, and their ratio Rg/Rh. In principle, Rh and Rg 

exhibit a comparable trend regarding the swelling state of the microgel-catalysts. For the 

ratio Rg/Rh, it is known that a homogeneous sphere has a value of 0.78. For pure PNIPAM 

microgels in their swollen state in water, ratios between 0.55 – 0.6 are documented.[279] In 

comparison, higher ratios close to the one of a hard sphere were found in the case of the 

microgel-catalysts. Here, the Rg/Rh-ratios lie between 0.66 and 0.81. The smallest ratios are 

determined for the swollen microgel-catalysts in methanol and water, as well as for the partly 

swollen state at 10 °C in the 20 mol% methanol mixture. The Rg/Rh-ratios close to 0.78 

indicate a less fuzzy, more homogeneous structure of the microgel-catalysts compared to 

pure PNIPAM microgels. 
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Table 6.1: Comparison of the Rh, Rg, and their ratio of the microgel-catalysts in different swelling 

states in water, methanol, and 20 mol% methanol.  

Solvent T / °C Rh / nm Rg / nm Rg/Rh 

Water 25 167 ± 2 123 ± 2 0.74 ± 0.012 

 45 110 ± 1 87 ± 2 0.79 ± 0.02 

20 mol% MeOH 10 141 ± 1 104 ± 2 0.73 ± 0.012 

 25 116 ± 2 93 ± 3 0.81 ± 0.03 

MeOH 25 175 ± 7 116 ± 2 0.66 ± 0.04 

6.3 Catalytic testing and simulations 

The catalytic activity of the microgel-catalysts was investigated at various temperatures as 

well as in various water-methanol mixtures.  

Temperature-dependent catalytic testing was performed between 25 and 45 °C in steps of 

5 °C in water and methanol, thus comparing the responsive microgel-catalysts in water and 

the non-responsive system in methanol. In general, the apparent reaction rate constant (kapp) 

is significantly higher in methanol. To improve the comparability, the values of kapp were 

normalized to the corresponding value at 25 °C and the relative change due to temperature 

was analyzed (Figure 6.4a). For both solvents, the apparent reaction rate constant increased 

with the reaction temperature. In methanol, the microgel-catalysts only showed a linear 

correlation with a 2.5-fold increase between 25 and 45 °C. In contrast, the temperature-

dependent change of the reaction rate constant in water significantly differs and highly 

resembles the temperature-dependent change of the radius. The deswelling of the microgels 

in water with increasing temperature led to a 5-fold increase in the apparent reaction rate 

constant. Therefore, the deswelling of the microgels seems to be the predominant factor 

governing the catalytic activity. From the literature, it is known that the target aldol reaction 

requires a certain hydrophobic environment close to the L-proline moieties.[75,280] The higher 

hydrophobicity of the collapsed microgel-catalysts at high temperatures provides a favorable 

environment for the hydrophobic reagents. Additional temperature-dependent effects like a 

limited diffusion due to the deswollen network could not be verified. A possible explanation 

lies within the swelling behavior of the microgel-catalysts in water. From DLS measure-

ments (Figure 6.1b), it was obtained that the microgel-catalysts are not fully collapsed at 

45 °C but at the synthesis temperature of 70 °C. The incomplete collapse at 45 °C allows the 

diffusion of the reagents inside the polymer network at this temperature. More detailed 

insights on the temperature-dependent catalytic behavior were obtained by DPD simulations. 

The simulations of the reaction in methanol showed a homogeneous system with no 

significant changes in the number of contacts with increasing temperature. In contrast, a 
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heterogeneous system is present in the aqueous system where the microgel-catalysts adsorb 

at the interface between water and the hydrophobic reagents. Depending on the temperature, 

the microgels either immerse more into the water or the reagents. Increasing the temperature 

to above the VPTT, the microgel-catalysts collapse and immerse more in the reagent phase. 

This leads to a higher average number of contacts between the reagents and the catalytically 

active L-proline sites. As a consequence, the reaction rate increases.  

 

  

Figure 6.4: Catalytic testing of the microgel-catalysts in the aldol reaction of 4-nitrobenzaldehyde 

and cyclohexanone: (a) Temperature dependence of the normalized apparent reaction rate constant 

(kapp/kapp,25°C) of the microgel-catalysts in pure water (blue) and methanol (red). (b) The apparent 

reaction rate constant of the microgel-catalysts (black) and free L-proline (green) as a function of the 

methanol fraction in the water-methanol mixtures.  

Regarding the catalytic activity in various water-methanol mixtures at room temperature 

(Figure 6.4b), overlapping effects were revealed. In general, a high methanol fraction is 

favorable for the catalysis due to the higher solubility of the reagents. Water has an 

ambivalent role in the enamine-type reaction mechanism.[281] On the one hand, the formation 

of key intermediates is suppressed, but on the other hand, water also suppresses reversibly 

and irreversibly formed spectator species. These two effects have an opposite impact on the 

reaction rate and a fine balance between them is necessary. Consequently, in the reference 

experiment with free L-proline, only a slow increase of the reaction rate was found in the 

water-rich regime up to 20 mol% methanol. Then, a large increase of the reaction rate 

occurred up to 80 mol% methanol. As a certain amount of water is favorable to suppress 

spectator species, the reaction rate dropped in pure methanol. In contrast, a slightly different 

behavior was observed using the microgel-catalysts: In the water-rich regime, the reaction 

rate increases up to 20 mol% methanol before the growth of the reaction rate becomes more 

steady, similar to the reaction rate of the unbound L-proline. In the region around 20 mol% 

methanol, the microgel-catalysts are in their collapsed state. The collapsed polymer network 

is less polar than the respective binary water-methanol mixtures as demonstrated in 
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Chapter 5 (Figure 5.2). Thus, the microgel-catalysts provide a more hydrophobic environ-

ment favorable for the reaction. Additionally, methanol is enriched in the collapsed polymer 

network as shown in Chapters 4 and 5.[128] The higher methanol fraction is additionally 

favorable for the aldol reaction and further accelerates the reaction rate.  

6.4 Conclusions 

Responsive PNIPAM microgels modified with catalytically active L-proline can be applied 

to catalyze the enantioselective aldol reaction of 4-nitrobenzaldehyde and cyclohexanone in 

an aqueous solution. The modulation of the catalytic behavior by external triggers and its 

interpretation were supported by DPD simulations. Scattering experiments demonstrated the 

easily addressable responsiveness to temperature and solvent composition. As expected, no 

distinct temperature dependence was found in methanol, while the typical collapse in water 

above the VPTT was observed. The incorporation of L-proline led to a shift of the VPTT to 

a slightly higher value (35 °C) than known for pure PNIPAM microgels. Strikingly, the 

collapse did not reach a plateau below the synthesis temperature of 70 °C. In contrast, the 

cononsolvency behavior is not noticeably influenced by the L-proline groups and the 

minimum in size remains at 20 mol% methanol. SLS measurements revealed a more 

homogeneous structure compared to pure PNIPAM microgels.  

In catalysis experiments, the microgel-catalysts and reagents form a hetero-phased system 

in water and a homogeneous system in methanol. Catalytic testing was performed at various 

temperatures between 25 and 45 °C. The temperature-induced deswelling of the microgel-

catalysts in water correlate with an increasing catalytic reaction rate. The collapsed polymer 

network provides a suitable and more hydrophobic environment for the hydrophobic 

reagents. Even at 45 °C, no hint towards a diffusion limitation was observed. Presumably, 

this can be attributed to the incomplete collapse of the polymer network at this temperature. 

An acceleration of the aldol reaction was achieved with increasing temperature. In contrast, 

the system in methanol shows a homogeneous distribution of the components and only a 

weaker, linear increase of the reaction rate with temperature. Regarding the catalysis 

experiments in various cononsolvency-inducing mixtures of water and methanol at room 

temperature, overlaying effects were identified. In general, methanol is the better solvent for 

the reagents. Therefore, the aldol reaction is accelerated by an increasing methanol share. 

However, additional effects occur in water-rich mixtures. The microgel-catalysts are 

collapsed around 20 mol% of methanol in water. Moreover, methanol accumulates inside 

the polymer network in the region of the cononsolvency-induced collapse. The resulting 

more hydrophobic, collapsed, and methanol-enriched polymer network leads to an increase 
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of the catalytic reaction rate up to 20 mol% methanol. For methanol-rich mixtures and 

therefore (partially) swollen microgel-catalysts, the improved solvent quality for the reagents 

due to the methanol governed the catalytic activity. 
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7. Mechanical properties of PNIPAM microgel beads 

ABSTRACT: Poly-N-isopropylacrylamide (PNIPAM) microgel beads have been the subject 

of numerous fundamental and application-oriented studies. While most of them investigate 

the reversible responsive behavior to different environmental triggers, this chapter focuses 

on the mechanical properties of microgel beads of different sizes and cross-linking densities. 

The bulk modulus can be determined by measuring the volume change of the microgel beads 

due to external osmotic pressures. To this end, multiple PNIPAM microgel beads were 

synthesized by microfluidics and immersed in solutions with high molecular weight dextran 

(Mw = 150 000 g/mol, 1 – 30 wt%). The compression-dependent size of the microgel beads 

was simply visualized using an optical microscope. The correlation between the size of the 

microgel beads and the external osmotic pressure is used to calculate the bulk modulus. In 

agreement with the literature, an increasing bulk modulus is found with increasing cross-

linking density. Furthermore, a transition from a soft to a stiffer polymer network is observed 

after compression to ~ 0.72 of the diameter in water.   

7.1 Introduction 

Responsive microgels have been attracting wide attention in recent decades as they exhibit 

promising properties for multiple applications, especially in the biomedical field.[15,60,61] 

Here, the mechanical properties strongly affect the biological response and acceptance of 

synthetic materials.[282,283] Depending on the field of application, e.g. the cell types, a careful 

adjustment of the softness of the material is important to mimic the target system’s 

environment. In addition to the compatibility with the biological material, the handling and 

resulting mechanical stresses have to be tolerated by the material. During the synthesis, the 

mechanical properties of a single microgel can be controlled by variation of the monomer 

concentration, the cross-linking density, or additives.[284] Just like the size and internal 

morphology of the microgels, the stiffness also depends on the swelling state of the 

respective system. The mechanical properties on the single-particle level influence the 

properties of microgel suspensions at the macroscopic scale.[284,285] However, despite the 

widespread use of microgels in applications and especially fundamental studies, their 

mechanical properties have still not been fully understood. 

In the literature, there are various approaches to define and understand micromechanical 

properties. For example, atomic force microscopy (AFM) has been applied to determine the 
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Young’s modulus of hydrogels or microgels in the nanometer and micrometer range.[286-289] 

Force-distance curves have been measured across the sample to spatially resolve the stiffness 

of microgels.[287] However, AFM measurements require specialized equipment and sophisti-

cated knowledge about the appropriate measurement settings, type of AFM probe, and data 

processing. For larger, micron-sized microgels, Abate et al.[290] presented a less complex 

procedure to estimate the elastic modulus by encapsulation of two polyacrylamide microgels 

in a micro-drop. Yuan et al.[291] used a simple micro-compression technique where a hydro-

gel microsphere is compressed in a controlled manner between a flat surface and a large, flat 

probe. For both methods, the forces acting on the gels were determined and correlated with 

the elastic response of the microgels. Moreover, Wyss et al. developed a capillary 

micromechanical method to characterize the elastic properties of PNIPAM microgel beads 

on the single-particle level.[292,293] A microgel bead is trapped in the tapered end of a glass 

capillary and different pressures are applied. The pressure-dependent deformation provides 

access to the shear as well as the bulk elastic modulus of the gels. Later, a similar approach 

using a polydimethylsiloxane (PDMS)-based microfluidic chip has been developed by the 

same group for kinetic measurements after a sudden increase in osmotic pressure.[294] 

Furthermore, multiple studies can be found exploiting the osmotic pressure exerted by high 

molecular weight polymer chains to probe the mechanical properties of microgels.[295-298] 

Above an external osmotic pressure comparable to the bulk modulus, deswelling of the 

microgels is induced. Osmotic compression is the most direct way to obtain the bulk modulus 

as it results in a fully isotropic compression of the soft particles without any shear 

component. Sierra-Martin et al.[295,296] determined the bulk modulus of small polyvinyl-

pyrrolidone (PVP) and PNIPAM-polyethylene glycol (PEG) microgels by evaluating the 

pressure-dependent deswelling. Dynamic light scattering (DLS) was used to measure the 

hydrodynamic radius of microgels in solutions where the concentration of dextran was 

increased to exert osmotic pressure. Recently, Ruscito et al.[297] studied the response of core-

shell-type microgels to osmotic pressure variations. Distinct cross-linker differences and 

different stainings were chosen for the core and shell of the microgels. They combined DLS 

and confocal fluorescence imaging to visualize and measure the compression of the 

microgels.  

In this chapter, the mechanical properties, more precisely the bulk moduli, of PNIPAM 

microgel beads in the micrometer range were determined by their compression-dependent 

deswelling behavior. To this end, microgel beads of three different sizes were produced 

using droplet microfluidics. Additionally, the amount of cross-linker introduced into the 

system was varied while keeping the droplet size and therefore the microgel bead size in the 

collapsed state constant. To probe the mechanical properties, the microgel beads were 
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exposed to various osmotic pressures exerted by high molecular weight dextran 

(Mw = 150 000 g/mol). Here, a wide range of dextran concentrations (1 – 30 wt%) was 

tested. By direct optical visualization and size evaluation, the deswelling as a function of the 

external osmotic pressure was extracted. The correlation of osmotic pressure and microgel 

volume gives access to the bulk modulus. Here, a transition from a soft to a stiffer network 

is observed after a certain deswelling ratio is reached. Furthermore, the bulk modulus 

increases with increasing cross-linker content. Finally, a striking difference in the deswelling 

behavior was found depending on the linear polymer (dextran or PEG (Mw = 8000 g/mol)) 

used to increase the osmotic pressure. 

7.2 Deswelling by osmotic pressure 

Microgels are porous networks that are swollen by their surrounding solvent. High molecular 

weight molecules or particles in the surrounding fluid with larger sizes than the mesh size of 

the polymer network cannot penetrate the pores. As a consequence, the osmotic pressure of 

the interior of the microgel and that of its surroundings differ. A uniform compression acts 

on the polymer network. From the literature, it is known that an external osmotic 

pressure (Π) larger than the bulk modulus (K) leads to a deswelling of the microgels. The 

bulk modulus is defined by equation (8). Measuring the osmotic pressure and microgel size 

independently allows the calculation of the bulk modulus using the slope of the linear 

dependence between the osmotic pressure and the microgel volume (V).[284,295]  

𝐾 =  −𝑉 (
𝑑Π

𝑑𝑉
) (8) 

To this end, microgel bead samples with two different amounts of cross-linker and 

different diameters in water were investigated (for experimental details, see section 10.3.3). 

In total, five microgel samples were prepared. Their sample codes, distinguishing between 

small, medium, and large microgel beads, cross-linker content, and mean diameter in water 

are listed in Table 7.1. 

Table 7.1: Microgel samples synthesized by microfluidics. For each, the sample code, 

N,N’-methylenebis(acrylamide) (BIS) content, and diameter in water are listed. 

Sample abbreviation BIS / mol% d(H2O) / µm 

MG-5-S 5 22 ± 2 

MG-5-M 5 39 ± 2 

MG-5-L 5 79 ± 4 

MG-1.2-M 1.2 49 ± 2 

MG-1.2-L 1.2 109 ± 6 
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First of all, the three microgel samples with 5 mol% BIS but different diameters in water 

are compared. The microgel beads were imaged in solutions containing increasing 

concentrations of dextran using an optical microscope (for experimental details, see section 

10.7). Figure 7.1a shows the change in diameter as a function of the external osmotic 

pressure. For comparison, the diameters are normalized to their size in water. The initial 

diameters of the microgel beads in water were 22, 39, and 79 µm for MG-5-S, MG-5-M, and 

MG-5-L, respectively (see Table 7.1). Increasing the osmotic pressure above 4 kPa (~ 5 wt% 

dextran), a first slight deswelling is observed for all three samples. Any further increase in 

pressure leads to further, significant deswelling until the lowest value of a normalized 

diameter around 0.55 is reached for the highest measured osmotic pressure. At this highest 

osmotic pressure (~ 30 wt% dextran), the microgel beads partly aggregated due to depletion 

forces. Depletion-induced flocculation was also reported for small microgels at high osmotic 

pressure which impeded the size measurements by scattering methods.[296,299] In contrast, the 

present visualization allows the size evaluation of the remaining single microgel beads. 

Subsequently, the osmotic pressure was plotted against the volume for each sample 

(Figure 7.1b, Figure 7.2). From the log-log plots (Figure 7.1b), the onset of the deswelling 

was evaluated. The volume in water is indicated by small vertical lines. For all three samples, 

the three data points corresponding to low osmotic pressures (below the dashed lines) are 

considered as constant and neglected in the following linear fitting.  

 

  

Figure 7.1: (a) Normalized microgel bead diameter as a function of the osmotic pressure exerted by 

different amounts of dextran. Three microgel bead samples with 5 mol% BIS but different sizes in 

water are compared. (b) External osmotic pressure in relation to the microgel volume in a log-log 

plot. The dashed horizontal lines roughly indicate the critical osmotic pressure above which a 

noticeable deswelling was measured. The three small vertical lines on the x-axis correspond to the 

volume in water of the respective color-coded sample.  

The Π–V plots are depicted in Figure 7.2. The correlation of osmotic pressure and volume 

does not follow a single linear behavior. Instead, two linear fits are tested. For each, the bulk 

modulus is calculated using equation (8). The error of the bulk modulus results from the 
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error of the slope and the standard deviation of the microgel bead volume. The linear fits 

indicated in red correspond to low compressions and exhibit a small slope. Bulk moduli of 

36.3 ± 0.5 kPa, 40 ± 2.5 kPa, and 27.0 ± 0.9 kPa are determined for MG-5-S, MG-5-M, and 

MG-5-L, respectively. In this regime, the polymer network is soft and shows strong 

deswelling with osmotic pressure. After deswelling of the polymer network to around 

0.72 ± 0.02 of the diameter in water, a second linear dependence is observed and fitted 

(blue). Here, significantly larger bulk moduli of 152 ± 13 kPa, 155 ± 14 kPa, and 

153 ± 11 kPa with increasing microgel size are found. This transition between a soft and a 

stiffer polymer network agrees with the assumption that a partially collapsed microgel bead 

is stiffer than the swollen network. Overall, no distinct dependence of the bulk moduli on 

the diameter in water is found. All investigated samples with 5 mol% cross-linker exhibit 

qualitatively comparable mechanical properties. The bulk modulus of the MG-5-L sample 

at small osmotic pressures points towards a softer network for the largest sample in its 

swollen state. In the size dependence in Figure 7.1a, the relative deswelling of MG-5-L is 

slightly larger than for the smaller samples at the same osmotic pressure, however, the 

differences are in the range of error.  

 

  

 

Figure 7.2: External osmotic pressure in relation 

to the microgel volume in a Π–V plot with 

indicated linear fits. All microgel beads contain 

5 mol% cross-linker but vary in diameter in 

water. 
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Additionally, microgel beads with a lower cross-linker content (1.2 mol% BIS) were 

investigated and compared to their higher cross-linked counterparts. To this end, the droplet 

size during the microfluidic synthesis was kept similar and only the BIS concentration was 

varied. Both pairs, MG-5-M/MG-1.2-M (Figure 7.3a) and MG-5-L/MG-1.2-L (Figure 7.3b), 

reach nearly the same diameter at high osmotic pressures. For osmotic pressures higher than 

5 – 7 kPa, the correlation of size and osmotic pressure is almost identical, independent of the 

degree of cross-linker. However, as expected, the swelling in water is significantly larger for 

the less cross-linked samples. Deswelling ratios of around 0.55 and 0.41 were measured for 

the 5 and 1.2 mol% samples, respectively. As before, a log-log plot of Π–V is shown 

(Figure 7.3d). Here, the initial change at low osmotic pressures appears more gradual. The 

critical osmotic pressure where the microgel beads start to collapse seems to be lower than 

for higher cross-linked samples.  

 

   

  

Figure 7.3: Comparison of the osmotic pressure-induced deswelling of (a) MG-5-M and MG-1.2-M 

and (b) MG-5-L and MG-1.2-L. (c) Comparison of the deswelling curves of MG-1.2-M and MG-

1.2-L. The diameter was normalized to the diameter in water. (d) Log-log plot of Π–V for the two 

samples with 1.2 mol% BIS. The two small vertical lines correspond to the volume in water of the 

respective color-coded sample. 
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For the linear fitting (Figure 7.4), only the size in water is excluded. Bulk moduli of 

around 8 ± 1 kPa were calculated from the slopes of the linear fits. In comparison to the 

higher cross-linked microgel beads, they are clearly softer. In concordance with the 

progression of the 5 mol% BIS samples, the less cross-linked microgel beads become 

significantly stiffer after deswelling down to 0.66 – 0.72 of their initial size in water (also 

see Figure A3 in the Appendix). No clear second linear regime is found.  

 

  

Figure 7.4: External osmotic pressure in relation to the microgel bead volume in a Π–V plot with 

indicated linear fit. Both microgels contain 1.2 mol% cross-linker but vary in diameter in water.  

To conclude, microgel beads with the same cross-linker concentration show similar bulk 

moduli independent of the initial diameter in water. Furthermore, less cross-linked microgel 

beads exhibit smaller bulk moduli due to their softer polymer network. Guo et al.[298] used 

the same experimental approach and found a bulk modulus of 17.3 kPa for PNIPAM 

microgel beads with 1.8 mol% BIS. Using the capillary micromechanics technique, a bulk 

modulus of 18.5 kPa[298] was obtained for the same microgel beads, whereas microgel beads 

with cross-linker-to-monomer molar ratios of 1/36 (2.7 mol%) and 1/14 (6.7 mol%) reached 

bulk moduli of 30 kPa and 43 kPa, respectively.[292] The increase in the bulk modulus was 

smaller than the authors had expected and close to the standard deviation of 10% for these 

experiments.[292] The size range of the moduli and the qualitative trend between the mechanic 

properties and cross-linker content correlates with the findings in the present work. The 

quantitative difference might result from the slightly deviating synthesis parameters. In 

comparison, Sierra-Martin et al.[295] determined the bulk moduli of small PNIPAM microgels 

cross-linked with PEG-diacrylate (700 g/mol, 1 mol%) and a diameter around 360 nm in 

their swollen state. Below the transition temperature at 28 °C, a bulk modulus of 

3.3 ± 0.2 kPa was obtained. The longer cross-links created by the PEG700 in comparison to 

BIS cross-links explain the smaller bulk modulus of the PNIPAM-PEG microgels in 

comparison to the MG-1.2-M/L in the present work. Microgels with PEG700 are softer and 
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show a higher degree of swelling than microgels with the same concentration of BIS as cross-

linking agent.[300]  

In the present work, all samples exhibit a transition from a softer to a stiffer polymer 

network after being compressed to around 0.72 of the diameter in water. Other studies 

usually investigate only a smaller range of osmotic pressures.[295,296,298] However, similar 

curve progressions were found by Ruscito et al.[297] for their core-shell microgels with 

distinct morphologies which were described using a Flory-Rehner modified model.  

7.3 Comparison of dextran (150 000 g/mol) and PEG (8000 g/mol) 

For one microgel bead sample (MG-5-S), identical experiments were conducted using PEG 

with an average molecular weight of around 8000 g/mol. The correlation between PEG 

concentration and osmotic pressure was taken from Stanley and Strey.[301] The comparative 

plot of the pressure-dependent deswelling is shown in Figure 7.5. A striking difference in 

the extent of deswelling depending on the type of linear polymer is found. A considerable 

deswelling of the microgel beads is already observed at low concentrations of dextran. In 

contrast, the microgel beads collapse significantly less at theoretically the same osmotic 

pressure when applied by PEG. At very high osmotic pressures (~ 1800 kPa) using 30 wt% 

PEG, a diameter of about 10 µm is found which is slightly smaller than the 12 µm measured 

for the highest osmotic pressure exerted by dextran (30 wt%, 200 kPa). 

 

Figure 7.5: Comparison of the microgel bead diameter (MG-5-S) with increasing external osmotic 

pressure exerted by either dextran (150 000 g/mol) or PEG (8000 g/mol).  

In the literature, the effect of osmotic pressure on microgels has been tested using PEG 

chains of different molecular weights, ranging from 200 up to 50000 g/mol for some 
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concentrations. Instead, slight swelling of the PNIPAM gels was observed. Saunders et 

al.[299] and Ishidao et al.[302,303] concluded that these low molecular weight PEG chains can 

freely enter the polymer network. Ishidao et al. investigated a large range of concentrations 

of the PEG chains and found a re-entrant swelling behavior for PEG200 similar to the 

cononsolvency effect.[303] Ishidao et al.[302] also reported a small uptake of PEG with a 

molecular weight of 1000 and 6000 g/mol into the macroscopic PNIPAM gels with 1 mol% 

cross-linker at low concentrations. In the work of Saunders et al. using higher cross-linked 

microgels (3.5 mol%), PEG chains with molecular weights above 1080 g/mol compressed 

the polymer network already at low concentrations as the chains were effectively excluded 

from the network.[299] However, there were still differences in the extent of deswelling 

depending on the molecular weight for low volume fractions. At the same PEG 

concentration, the swelling ratio becomes smaller with increasing molecular weight.[303] In 

an uptake and release study, it was found that poly(styrene sulfonate) chains with 

hydrodynamic radii of 3 nm and 10 nm were adsorbed by polyampholyte core-shell 

microgels.[304] The length of the polyelectrolyte chains determined the penetration depth. 

The short polyelectrolyte was adsorbed into the core, while the long chains were mainly 

confined in the shell at the surface of the core.  

In the present comparison of dextran and PEG, the different molecular weights and 

thereby the size of the chains are probably responsible for the difference in deswelling. The 

smaller PEG chains might partly diffuse into the interior of the microgel beads, while the 

dextran is completely excluded. Another aspect might be the empirical relations between the 

weight fraction of the polymer and the osmotic pressure currently taken from the literature. 

These relations should be verified for the chemicals used in the present experiments. 

7.4 Conclusions  

PNIPAM microgel beads of different sizes and with different amounts of cross-linker were 

synthesized by microfluidics. The mechanical properties, namely the bulk moduli, were 

determined, exploiting the correlation between the deswelling of the microgel beads and the 

external osmotic pressure exerted by high molecular dextran. The pressure-dependent 

deswelling could easily be measured by optical visualization. Cross-linker contents of 5 and 

1.2 mol% were compared. The smaller amount of BIS results in a looser cross-linked 

polymer network with a higher swelling ability. Therefore, microgel beads with 1.2 mol% 

cross-linker exhibit lower bulk moduli than the microgel beads with 5 mol% cross-linker. 

For the same amount of cross-linker but different sizes, no clear impact on the bulk modulus 

was found. The results align with the literature taking differences in the synthesis procedure 
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and type of cross-links into account. Furthermore, a transition between a soft and a stiffer 

polymer network when the microgel beads collapsed to ~ 0.72 of the diameter in water was 

revealed. Moreover, the use of dextran (150 000 g/mol) or PEG (8000 g/mol), respectively, 

to increase the osmotic pressure was compared. Large differences in the deswelling of the 

microgel beads at (theoretically) the same osmotic pressure were detected depending on the 

polymer. This hints towards a partial uptake of the smaller PEG chains while dextran is fully 

excluded from the polymer network. In the next step, the empirical relations between 

osmotic pressure and weight concentration of polymer found in the literature should be 

verified. 

In the future, a comparison between the microgel beads and small microgels from 

precipitation polymerization should be pursued to elucidate the impact of size and different 

cross-linking distribution (see section 3.1.3). Additionally, AFM measurements can be used 

to further characterize the mechanical properties of the microgel beads. 
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DYNAMICS 

The following part presents the investigation of the dynamics of the cononsolvency-induced 

volume phase transition. After an introduction to the state of the art, the custom-made 

microfluidic setup and its characterization are described including the requirements for the 

microgels in the solvent-jump experiments. Finally, the experimental results and their 

evaluation are discussed and compared to theory.  

8. Dynamics of the cononsolvency-induced collapse: A two-step 

process? 

Parts of the following chapter were published. Adapted with permission from: Nothdurft, 

K.; Müller, D. H.; Mürtz, S. D.; Meyer, A. A.; Guerzoni, L. P. B.; Jans, A.; Kühne, A. J. C.; 

De Laporte, L.; Brands, T.; Bardow, A.; Richtering, W., Is the Microgel Collapse a Two-

Step Process? Exploiting Cononsolvency to Probe the Collapse Dynamics of Poly-N-

isopropylacrylamide (PNIPAM). Journal of Physical Chemistry B 2021, 125, 1503-1512. 

Copyright 2021 American Chemical Society. – for contributions of authors see page VI 

 

ABSTRACT: Many applications of responsive microgels rely on a fast adaptation of the 

polymer network. However, the underlying dynamics of the deswelling/swelling process of 

the gels have not been fully understood. The present work focuses on the collapse kinetics 

of poly-N-isopropylacrylamide (PNIPAM) microgel beads due to cononsolvency. 

Cononsolvency means that either of the pure solvents, e.g. pure water or pure methanol 

(MeOH), act as a so-called good solvent leading to a swollen state of the polymer network. 

However, in mixtures of water and methanol, the previously swollen network undergoes a 

drastic volume loss. To further elucidate the cononsolvency transition, PNIPAM microgel 

beads with diameters between 20 and 110 µm were synthesized by microfluidics. To follow 

the dynamics, pure water was suddenly exchanged with an unfavorable mixture of 20 mol% 

methanol (solvent-jump) within a microfluidic channel. The dynamic response of the 

microgel beads was investigated by optical and fluorescence microscopy and Raman 

microspectroscopy. The experimental data provide unique and detailed insight into the size-
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dependent kinetics of the volume phase transition due to cononsolvency. The change in the 

microgel’s diameter over time points to a two-step process of the microgel collapse with a 

bi-exponential behavior. Furthermore, the dependence between the two time constants of 

this bi-exponential behavior and the microgel’s diameter in the collapsed state deviates from 

the square-power law proposed by Tanaka and Fillmore.[305] The deviation is discussed 

considering the adhesion-induced deformation of the gels and the physical processes 

underlying the collapse. 

8.1 Introduction 

Adaptive microgels are three-dimensional polymer networks swollen by their surrounding 

solvent. Their structure, size, and thus physical properties can adjust to changes in their 

environment. The volume change transition between the swollen microgel and its collapsed 

state can be controlled by external stimuli, such as temperature, pH, light, solvent 

composition, or pressure.[5,15] For all stimuli, the response of the microgels relies on the 

transport of the trigger into the polymer network and the subsequent (partial) expulsion of 

solvent out of the gel. Collapse-inducing stimuli weaken the polymer-solvent interactions 

and strengthen polymer-polymer interactions. Many potential applications, e.g. drug 

delivery systems,[63-65] sensors,[81,82] actuators,[85] switchable membranes,[86] or catal-

ysis,[71,72] rely on the adaptability and the response kinetics of the polymer network to these 

external triggers.[59,306] Many well-studied functional microgels are based on poly-N-

isopropylacrylamide (PNIPAM). While the equilibrium properties of hydrogels have been 

extensively examined, the volume change kinetics have been less studied. Mostly, 

temperature-jump investigations are reported. Here, all size ranges are covered – starting 

with linear chains, small microgels, larger gels of several 100 µm up to macroscopic 

hydrogels.[182,307-312] But also investigations on pH-jumps[313-315] or, more recently, pressure-

jumps using time-resolved small-angle neutron scattering (SANS)[24] have been published. 

A more application-oriented study focused on the deswelling/swelling kinetics of microgels 

due to the uptake and release of an amphiphilic drug.[65] Theoretical studies and simulations 

report more generic descriptions of the dynamic processes.[22,316] All these publications 

discuss the exponential relaxation times (time constants, ) for the swelling and deswelling 

processes and their dependence on the gel size.  

However, while some studies suggest one time constant, others propose up to three 

processes including a plateau region: Tang et al.[307] observed the temperature-induced 

collapse of PNIPAM chains using fluorescence and Rayleigh scattering and suggested a two-

stage process for the deswelling starting with the growth of pearls which then merge to a 
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globule. In contrast, Wang et al.[308] studied PNIPAM microgels of 40 to 200 nm in radius 

after a temperature-jump. Time-dependent transmittance data were fitted with a mono-

exponential function. Also, the generic description of a collapse of neutral polymer networks 

using dissipative particle dynamics simulations by Nikolov et al.[316] proposed a single-

exponential evolution of the size with time. In contrast, Sato Matsuo et al.[309] defined three 

processes for the deswelling of larger PNIPAM gels after a temperature-jump imaged with 

an optical microscope. Subsequent to an initial shrinking to a certain radius and a plateau 

region with no visible size change, a skin layer and hence bubble formation was observed.  

Additionally, the dependence of the time constants on the gel sizes was thoroughly 

discussed. The prominent theory of Tanaka and Fillmore[305] suggests a scaling law of the 

relaxation time () to the square of the final radius (R(final)²). Although there are 

experimental and theoretical studies supporting the square-power law,[305,314,316,317] others 

reported no correlation[308] or a deviation from the exponent of two.[309,310] 

To further elucidate the dynamics of the deswelling process, the present study focuses on 

the sensitivity of PNIPAM to the composition of water-methanol (MeOH) mixtures.[19,87] 

The polymer network is swollen in either of the good solvents, pure water or methanol, and 

collapsed in a mixture of water and methanol. The most pronounced collapse occurs at 

approximately 20 mol% methanol. Cononsolvency has been studied since the 1990s (see 

section 1.2). The focus has been on theoretical and equilibrium studies to elucidate the origin 

of this phenomenon that were controversially discussed.[105,116,117,119,122,123,128,318,319] In 

contrast, the kinetics of the cononsolvency has only been rarely studied in litera-

ture:[18,22,120,134] For the cononsolvency-induced collapse, an initial mass transport of the 

cosolvent into the polymer network is needed to trigger the collapse. In contrast, e.g. during 

a temperature-jump, the water molecules are already present in the polymer network and 

solely heat transfer is required. However, in kinetic studies an instantaneous stimulus is 

considered, i.e. the velocity of the stimulus must be faster than the polymer response. Then, 

the mass transport of solvent molecules out of the microgel and the microgel response are 

the essential factors for the kinetics. Xu et al.[134] investigated pyrene-labeled PNIPAM 

chains during a solvent-jump from water to 50 vol% methanol. They propose a two-step 

collapse with characteristic relaxation times of around 12 and 270 ms. In a more complex, 

application-oriented setup, namely microgel-based etalons, significantly larger time-scales 

have been reported.[320] The system comprised a layer of PNIPAM-co-acrylic acid microgels 

with 1.7 µm in diameter with a thin gold layer on either side. The response to a solvent-jump 

from water to 30 vol% methanol for a gold overlayer thickness of 5 nm took between 50 to 

100 s. Recently, the time-resolved response of thin films consisting of a diblock copolymer 

of polymethyl methacrylate (PMMA) and PNIPAM after a change from water to mixed 
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water-methanol vapors was reported.[132] Interestingly, a two-step response with an initial 

swelling and subsequent deswelling of the films was found. Keidel et al.[22] studied the 

collapse kinetics of small PNIPAM microgels with a diameter around 1.8 µm using time-

resolved small-angle X-ray scattering (TR-SAXS). In their work, the collapse was 

theoretically described by mesoscale hydrodynamic computer simulations. The microgel 

structure was analyzed during the transition from a swollen state in pure water or methanol 

to the collapsed state in a 20 mol% methanol-water mixture. The authors proposed a two-

step process: The initial fast collapse is ascribed to the cluster formation at the cross-links. 

The second, significantly slower process, corresponds to the relaxation of the polymer chains 

to form a compact globule. However, the initial fast process of the volume phase transition 

could not be resolved for the studied small microgels with the time resolution of the TR-

SAXS experiments.  

In this chapter, deeper insights into the kinetics of the solvent-induced deswelling of 

PNIPAM microgels in water-methanol mixtures are presented. To circumvent the limitation 

by a very fast initial process, larger µm-sized microgels (microgel beads) are investigated in 

the present work as they overall have slower collapse kinetics. For the experiments, 

fluorescently labeled PNIPAM microgel beads with a diameter between 20 and 110 µm were 

synthesized via microfluidics. To analyze the collapse kinetics, a custom-made microfluidic 

design was developed. The microfluidic design allowed a fast and reproducible solvent-jump 

from water to the most unfavorable mixture of 20 mol% methanol. The response of the 

microgel beads could easily be captured by fluorescence microscopy. For the charac-

terization of the investigation setup, Raman microspectroscopy, light microscopy, and 

confocal fluorescence microscopy were combined. The investigation of microgel beads with 

various initial diameters in water (swollen state) indicates two main conclusions: the 

deswelling induced by cononsolvency proceeds in a two-step process and the dependence of 

the corresponding characteristic times on the microgel bead’s diameter in the collapsed state 

deviates from the square-power law. Explanations for this deviation are proposed based on 

the deformation of the gels due to the adhesion to the wall and the physical processes 

underlying the collapse. 

8.2 Microfluidic platform  

To study the kinetics of the cononsolvency transition of PNIPAM microgel beads in the 

micrometer size range, a solvent-jump is required. A solvent-jump is defined as a sudden 

exchange from one to another solvent. In the present case, a fast change from pure water to 

the most unfavorable mixture of 20 mol% methanol in water is desired. To achieve a fast 
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and reproducible solvent-jump, a custom-made microfluidic chip was designed. Figure 8.1a 

depicts the design of the investigation chip with the corresponding measures. The main 

feature is the Y-shaped inlet present on both sides of a straight channel. The design was 

printed with a multiphoton 3D printer (Nanoscribe, Photonic Professional GT) with slight 

variation in the dimensions: two heights (100 or 150 µm) and two widths (700 or 1000 µm) 

were chosen. The channels with a height of 150 µm were solely used for the largest microgel 

beads. The microfluidic chips were fabricated by soft lithography (see section 10.3.1) 

allowing the replication of identical devices. An easy replication was highly important as 

numerous channels were required for the solvent-jump experiments. Figure 8.1b shows 

assembled optical micrographs of an actual microfluidic polydimethylsiloxane (PDMS) 

chip. Both water and methanol are compatible with PDMS and do not significantly swell the 

material.[155] However, for the Raman investigations, a comparable microfluidic setup fully 

made of borosilicate glass from Micronit was used because the Raman signal of PDMS 

overlaps with the methanol bands in the spectra. This overlap would have complicated the 

quantitative spectral analysis.  

 

Figure 8.1: (a) Design for printing the Y-shaped inlet chip for the dynamic cononsolvency 

experiments. All values are in µm. Two different widths (700 or 1000 µm) and two different heights 

(100 or 150 µm) were produced. (b) Assembled optical images of an actual microfluidic PDMS chip 

with height 100 µm and width 1000 µm.  

During initial tests of the microfluidic channels, it was observed that the microgel beads 

after purification exhibit the tendency to adhere to the glass bottom of microfluidic devices. 

The adhesion of the microgel beads is exploited as it simplifies the observation and imaging 

of one individual gel during the collapse. To set up the solvent-jump experiments, a diluted 

a

b
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aqueous microgel dispersion is inserted into the channel until one microgel bead adhered to 

the channel bottom at a suitable position. Then, as illustrated in Figure 8.2 top, each inlet is 

connected to a syringe and pump with either water (blue) or the mixture of 20 mol% 

methanol (red) to generate a co-flow of the two solvents. The interface between this co-flow 

can easily be shifted across the channel’s width by adjusting the flow rate ratio of the two 

volume flows (90:10 µL/min) as exemplarily shown in the bottom part of Figure 8.2. The 

slightly whitish horizontal line in the micrographs corresponds to the interface between the 

solvents. This shift of the interface can be repeated as often as desired. The fast switching 

relies on the laminar flow of the two solvent streams in the dimensions of the microfluidic 

setup. Laminar flow theory states that two parallel streams only mix by diffusion at their 

interface.[321,322] Recently, a comparable setup and experimental operation were found to be 

highly efficient for fast reagent exchanges in single-molecule studies.[323]  

 

Figure 8.2: Approach and images of the microfluidic platform to observe the volume change 

transition. To realize a fast solvent-jump in this setup, a co-flow of pure water (blue) and the most 

unfavorable mixture of 20 mol% methanol in water (red) is created. A microgel bead adhered to the 

channel bottom can then be collapsed by adjusting the ratio between the respective solvent flow rates. 

8.3 Setup characterization 

For the kinetic investigations, it is important to generate a solvent-jump that is faster than 

the reaction of the microgel bead to the change in its environment. To verify the suitability 

of the microfluidic platform, the solvent-jump setup was characterized as follows: First, the 

width of the interface between the two solvents was investigated for various positions and 

flow rate ratios using Raman microspectroscopy. Knowing the interface width is important 

to ensure that the microgel bead sees the desired solvent composition. Second, time-resolved 

light microscopy and Raman measurements were performed during a solvent-jump to 
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characterize the dynamics of the system. In addition, optical microscopy was applied to 

examine the velocity of the solvent interface and the visual appearance of the microgel beads. 

The details of the setup characterization are discussed in detail in the following sections 

8.3.1 – 8.3.3. Briefly summarized: To obtain comparable results, microgel beads close to the 

inlets exposed to an undisturbed interface between the two solvents, thus, without any 

hindrance upstream, were chosen for the dynamic experiments. Otherwise, the interface 

between water and mixture would not be sharp enough to enable a fast and complete solvent-

jump. Furthermore, the interface crosses the microgel beads within 50 to 100 ms and the 

solvent-jump is faster than the polymer response. All measurements characterizing the 

solvent-jump experiment demonstrate that the setup is suitable to investigate the volume 

change kinetics of the microgel beads. Additionally, the visual appearance of the microgel 

beads was checked to ensure a precise size evaluation. The microgel beads must have a sharp 

edge in the swollen and collapsed state. Furthermore, microgel beads with 5 mol% cross-

linker were chosen for the experiments as lower cross-linked microgel beads presented a 

strongly inhomogeneous collapse behavior.  

8.3.1 Width of the solvent interface  

The width of the interface was evaluated from Raman spectra across the channel width (x) 

at different distances from the inlets (y) and at different heights (z), thus, distances from the 

glass surface (Figure 8.3). For experimental details, see section 10.4.3. 

 

Figure 8.3: Sketch of the Y-shaped microfluidic design with an indication of directions and 

measurement positions to determine the width of the solvent interface.  

Figure 8.4 shows exemplary curve progressions for a flow rate of 50 µL/min of pure water 

and 50 µL/min of 20 mol% methanol in water at a distance of 1500 µm from the inlets and 

at three different heights. The width of the interface is defined by the difference in x-position 

when the solvent composition deviates by approx. 0.05 from the initial or final solvent 

composition, i.e. ideally 0.195 > x(MeOH) > 0.005 (inset Figure 8.4). 
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Figure 8.4: Change of the methanol mole fraction across the channel width for three different 

z-positions (10, 30, or 50 µm above the glass surface of the channel, 50 µm being the center) at a 

distance of 1500 µm from the inlets. The inset schematically shows how the width of the solvent 

interface was determined. 

The results (Figure 8.5a) reveal the sharpest interface at the center of the height of the 

channel close to the inlets (y = 200 µm, z = 50 µm). This position corresponds to the shortest 

contact time between the two solvents. For a 50/50 flow rate ratio between water and 

mixture, the smallest width is around 40 µm. However, even in the worst case, hence far 

away from the inlets (y = 1500 µm) and close to the glass surface (z = 10 µm), a width of 

only 62 µm was determined. Thus, the overall channel dimensions with at least 700 µm 

channel width allow a full solvent exchange from water to the unfavorable mixture. Similar  
 

   

Figure 8.5: (a) Evaluation of the width of the interface between pure water and 20 mol% methanol 

in water using Raman microspectroscopy for a 50/50 flow rate ratio in dependence of the distance 

from the inlets (y). Measurements were performed 10, 30, or 50 µm above the glass surface of the 

channel. 50 µm corresponds to the center of the channel height. (b) The width of the interface at the 

center of the channel (z = 50 µm) at different distances from the inlets for different flow rate ratios 

between water and 20 mol% methanol. 
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results are found for the width as function of height and distance for other flow rate ratios 

(Figure A4 in the Appendix). In Figure 8.5b, the influence of the flow rate ratio on the width 

of the interface at the center above the glass bottom (z = 50 µm) is plotted. For all flow rate 

ratios, the trend of a slightly greater width with increasing distance from the inlets is more 

or less true. But, for the same distance from the inlets, no trend between width and different 

flow rate ratios is found.  

Furthermore, it was observed that microgel beads can disturb the interface between the 

two solvents. An example is shown in the Appendix (Figure A5). The interface can be 

strongly bent by microgel beads, especially when several beads are gathered at one position, 

preventing the interface from switching completely to the other channel side. When two 

single microgel beads are (slightly) in front of or next to each other even without any contact, 

the response of the second microgel bead is impaired. As a consequence, only microgel 

beads without any hindrance upstream were chosen for the dynamic experiments. 

8.3.2 Velocity of the solvent-jump 

Time-resolved Raman microspectroscopy was used to follow the change in solvent 

composition during a typical solvent-jump experiment (for experimental details, see section 

10.4.3). To this end, a comparable solvent-jump was performed in an empty investigation 

channel without any microgel beads. As shown in Figure 8.6a, the setup allows solvent-

jumps to any desirable mixture, e.g. 20, 30, and 50 mol% methanol, within the same time 

scale. Figure 8.6b displays a threefold repetition of the solvent-jump to 20 mol% methanol 

which confirms the reproducibility of a solvent-jump at the same position. Additionally, one 

measurement far away from the inlets at the other side of the investigation channel (y ≈ 7 cm) 

was conducted (Figure 8.6c). At very far distances, the two solvent phases are already partly 

mixed. As a result, no jump from pure water would be possible anymore.  

In addition, the solvent-jump from water to 20 mol% methanol was performed and 

measured inside a microgel bead. Here, the change in methanol mole fraction and PNIPAM 

peak area are compared (Figure 8.6d). One should keep in mind that the methanol and 

PNIPAM peaks highly overlap in the recorded spectral region. As a result, the accuracy of 

the quantitative results from the modeling of the spectra is reduced. However, the results can 

be interpreted qualitatively: Due to the solvent-jump, indicated by the sudden increase of the 

methanol mole fraction to 0.2, the peak area ascribed to the PNIPAM gel increases. After an 

initial, fast increase, the peak area increases only slowly and no plateau is reached within the 

investigated time. In contrast, the solvent composition scatters around its final value of 

20 mol% methanol a second after initiation of the solvent-jump. Thus, the investigation setup 

allows the observation of the polymer response to a fast solvent-jump. 
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Figure 8.6: Characterization of the solvent-jump experiment using time-resolved Raman micro-

spectroscopy. The mole fraction of methanol was evaluated with indirect hard modeling (IHM). 

(a) Change in solvent composition in the surroundings during a solvent-jump from water to different 

mixtures: 20 mol% (black), 30 mol% (red), and 50 mol% (blue) methanol. (b) Threefold repetition 

of the solvent-jump from water to 20 mol% methanol close to the inlets. (c) Change in solvent 

composition for a solvent-jump from water to 20 mol% methanol far away from the inlets (7 cm). 

(d) Change in solvent composition inside a microgel bead (d(H2O) = 78 µm) in comparison to the 

change of the PNIPAM peak area in the Raman spectra. 

Furthermore, light microscopy was used to estimate the velocity of the interface. To this 

end, the solvent exchange was repetitively performed and imaged at various positions in an 

empty investigation channel. An average of 1.0 ± 0.17 mm/s was determined. Additionally, 

the time for the solvent interface to cross over a microgel bead was determined for each 

microgel bead size range (Figure 8.7). It can be concluded that it took less than 50 – 100 ms 

and, thus, was faster than the microgel bead collapse.  
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Figure 8.7: Velocity of the solvent interface observed by light microscopy. Snapshots of the solvent-

jump from water to 20 mol% methanol for three different microgel bead sizes. The interfaces are 

indicated by dashed black lines in the left and right images. 

8.3.3 Visual appearance of the microgel beads 

In addition to the position of the microgel beads in the channel, their visual appearance plays 

an important role for their suitability for dynamic investigations. While their adhesion is 

crucial to hold the microgel beads at the same position during imaging, excessive adhesion 

is undesired. Figure 8.8 shows optical images of two different microgel beads in water and 

in 20 mol% methanol. In water, both of them looked similar. However, the one in 

Figure 8.8b exhibited a strong adhesion and deformation when the surrounding solution was 

switched to the 20 mol% methanol mixture. As a result, no clear edge is visible for the 

collapsed microgel bead and, thus, no image evaluation would be possible. In contrast, the 

microgel bead in Figure 8.8a had a clear and measurable edge in water as well as in the 

water-methanol mixture. The visual appearance of the microgel beads in the unfavorable 

mixture was always checked previously to a solvent-jump experiment. 

 

Figure 8.8: Optical micrographs of two microgel beads (a,b) in water and in 20 mol% methanol in 

water. The strongly adhering gel (b) with no sharp edge visible in the mixture was excluded from 

solvent-jump experiments.  
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Kinetic deswelling studies on macroscopic gels often exhibit the formation of an 

impermeable skin layer. As a result, the internal osmotic pressure increases, leading to 

“bubbles” of lower polymer density emerging on the surface of the gels. Sato Matsuo et 

al.[309] described the appearance of bubbles after a temperature-jump due to an impermeable, 

collapsed gel surface layer for spherical PNIPAM gels with a diameter of around 200 µm to 

2.0 mm at 30 °C in water. The deformation of the surface layer depends on the amount of 

cross-linker.[324,325] Low cross-linker amounts favor the formation of bubbles at the gel’s 

surface. In the preliminary tests of this thesis, microgel beads with 1 and 2 mol% cross-linker 

were exposed to a solvent-jump to an unfavorable mixture. In those cases, a skin layer 

formation and an inhomogeneous collapse with bubble formation were observed 

(Figure 8.9). With increasing initial size, a more pronounced inhomogeneous skin layer was 

formed. As a result, no size evaluation was possible. Therefore, experiments were carried 

out with microgel beads with 5 mol% cross-linker. These microgel beads collapse without 

any visible inhomogeneities and no clear skin layer formation was observed. This suggests 

that, if at all, a semipermeable layer is formed at the surface. A semipermeable or no skin 

layer formation has also been proposed in literature for small microgels in the nm or low µm 

range.[22,308] 

 

Figure 8.9: Examples for an inhomogeneous collapse with skin layer formation and “bubbles” after 

a solvent-induced collapse of PNIPAM microgel beads with only 1 mol% BIS and a diameter in 

water of (a) 67 µm and (b) 120 µm. 

8.4 Solvent-jump experiments 

Solvent-jump experiments were performed with fluorescent microgel beads with 5 mol% 

cross-linker and diameters between 20 and 110 µm in their swollen state (for experimental 

details, see sections 10.3.5 and 10.5.3). In total, six different samples were used. As 

individual microgel beads were evaluated for the dynamic experiments, the overall 

polydispersity of the samples played a minor role. The corresponding samples are listed in 

Table A1 in the Appendix. For each sample, the average diameter in water and in 20 mol% 
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methanol in water at room temperature was measured. Additionally, the deswelling ratio 

qdeswell in terms of diameter and volume was calculated, i.e. qdeswell(d) = d(20 mol% 

MeOH)/d(H2O) or qdeswell(V) = V(20 mol% MeOH)/V(H2O). The deswelling ratio qdeswell(d) 

was found to be 0.50 ± 0.02 for all samples and for qdeswell(V) an average value of 

0.12 ± 0.013 was calculated. In the following, three microgel bead size ranges are 

distinguished: microgel beads with a diameter around 25 µm (22 – 29 µm), 60 µm 

(55 – 65 µm), and 95 µm (89 – 103 µm) in water. Figure 8.10 shows exemplary images of 

three samples representing the three size ranges.  

 

Figure 8.10: Exemplary images of the microgel bead samples of the three size ranges with an average 

diameter in water of (a) 28 ± 3 µm, (b) 54 ± 4 µm, and (c) 100 ± 5 µm. All images were recorded 

with the same magnification. 

Figure 8.11 displays snapshots of three microgel beads with a diameter of 22, 65, and 

101 µm in water and their deswelling with time after a solvent-jump. Comparing the three 

different size ranges, it becomes obvious that the collapse significantly slows down with 

increasing microgel size. As mentioned above, no skin layer formation or inhomogeneous 

collapse behavior was observed for these microgel beads with 5 mol% cross-linker. 

 

 

Figure 8.11: Fluorescence images of three different microgel beads with an initial diameter in 

water (0 s) of (a) 22 µm, (b) 65 µm, and (c) 101 µm at different points in time during the solvent-

jump from water to 20 mol% methanol. 
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8.4.1 Image evaluation 

For each video of a solvent-jump experiment, the diameter of the imaged microgel bead in 

the xy-plane was evaluated as follows: To set up a semi-automatic evaluation by Matlab, the 

microgel bead size for at least 10 frames, distributed over the full investigation length, was 

measured by hand (black points, Figure 8.12b). Subsequently, this information was used to 

manually find the threshold defining when a pixel should be accounted to the microgel bead 

or to the background. Following, a reference frame that definitely showed a fully swollen 

microgel bead in water was chosen (e.g. frame 200). In this frame, the pixel with the highest 

fluorescence intensity was extracted to create a region of interest (ROI, green squares in 

images, Figure 8.12a). The average intensity in the ROI was evaluated. In each remaining 

frame of the video, the same position for the ROI was defined and its average intensity was 

compared to the one of the reference ROI. This value was defined as the intensity ratio (red 

points, Figure 8.12b). The intensity ratios of the beforehand manually evaluated 10 frames 

were correlated to the required threshold for a correct size evaluation and interpolated for 

intensity ratios between 0.5 and 3. Finally, all frames were evaluated using Matlab, and the 

area of all connected pixels assigned to the microgel bead in each frame was listed. To 

calculate the corresponding diameter, a perfect circle was assumed. The Matlab script was 

executed for all frames and the size in each frame was correlated to the corresponding time 

in the experiment (blue points, Figure 8.12b). 

 

  

Figure 8.12: Procedure for the image evaluation by Matlab: (a) The ROI (green square) in the 

reference image, frame 200, is projected to any other frame, e.g. frame 1300. The intensity ratio is 

defined as the ratio between the average intensity in the ROI of frame n to the reference frame. 

(b) Comparison of the intensity ratio over time after a solvent-jump and the corresponding diameters 

by hand or by the optimized Matlab routine.  
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8.5 Size evolution after a solvent-jump 

The deswelling of the microgel beads began shortly after the solvent interface passed across 

the microgel bead. Being surrounded by the unfavorable mixture the polymer network 

started to collapse. The first noticeable deviation from the diameter in water was marked as 

the starting point and was set to t = 0 s. The experimental setup and settings allowed the 

resolution of the whole deswelling process of the microgel beads (Figure 8.13). As already 

concluded from the visual evaluation of the images (Figure 8.11), the deswelling slows down 

with increasing size of the microgel beads.  

 

Figure 8.13: Change of the normalized diameter of multiple microgel beads with different initial 

diameters in water in the first 2.5 s after a solvent-jump from water to 20 mol% methanol. The 

individual microgel beads of the three size ranges around an average diameter of 25, 60, and 95 µm 

are indicated with color gradients in red, blue, and green, respectively. Error bars result from the 

average of the threefold solvent-jumps.  

Keidel et al.[22] proposed a two-step collapse for the cononsolvency-induced deswelling 

process. To check this statement for the microgel beads investigated in the present study, the 

measured size evolutions were fitted with both a mono- and a bi-exponential function. 

𝑑   =  1𝑒
    1 + 𝑑0 (9) 

𝑑   =  1𝑒
    1 +  2𝑒

    2 + 𝑑0 (10) 

Before fitting the time-dependent size evolutions, the amount of data points was reduced. 

After the initial, large size change, the diameter only changes very little. However, 

depending on the observation length, there is a large amount of data points for the second, 

slow collapse. If all points are included, the fit optimizes this region to reduce the residual 

for the largest number of points, although the first size change is more relevant in the 

physical context. Therefore, the data is increasingly reduced towards long times (Figure A6 
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in the Appendix). Figure 8.14 shows an exemplary comparison of a mono- and bi-

exponential fit for the three different microgel beads already shown in Figure 8.11. The same 

plots were prepared for all microgel beads and can be found in the Appendix (Figure A7 to 

Figure A9). The residuals of those fits are plotted below each size evolution and demonstrate 

that the mono-exponential fits have a higher deviation from the measured data points. 

Especially, the curvature and final value are not reached using the mono-exponential 

function. This effect grows with increasing microgel size. A bi-exponential fit properly 

describes the experimentally observed change of the microgel diameter indicating a two-step 

process of the collapse of the microgel beads. 

 

 

Figure 8.14: Solvent-jump experiments from water to 20 mol% methanol for three different microgel 

beads with an initial diameter of (a) 22 µm, (b) 65 µm, and (c) 101 µm. The change in diameter was 

fitted with a mono-exponential (blue) and bi-exponential (red) function. The corresponding residuals 

of both fits are shown at the bottom of each diagram. For each microgel bead, the solvent-jump was 

performed three times and the results were averaged. 

The existence of a two-step collapse is additionally supported by experiments with 

varying external osmotic pressure Π (for details, see Chapter 7). Shortly, such osmotic 

pressure experiments can evaluate the mechanical properties of microgels and the bulk 

modulus K is given as K = -V(dΠ/dV) with V the volume of the microgel.[295] Figure 8.15a 

shows the correlation between the osmotic pressure and the microgel volume for microgel 

beads with a diameter of 22 ± 2 µm in water. At low compression, a first linear regime was 

found indicating a constant bulk modulus K. Here, the polymer network is soft and shows 

strong deswelling with osmotic pressure down to ~ 0.72 of the diameter in pure water 

(dashed line). At higher compressions, a second linear regime indicates a change in bulk 

modulus and the polymer network reveals significantly higher stiffness. For comparison, in 

the solvent-jump experiment with a similar-sized microgel bead (Figure 8.14a and 
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Figure 8.15b), ~ 0.714 of the initial diameter was reached when the initial fast collapse was 

essentially complete (after 2x the first time constant 1indicated in Figure 8.15bThus, the 

transition between the first and second kinetic process of the cononsolvency-induced 

collapse coincides with the transition between the soft network of a swollen microgel bead 

and the stiffer network of a partially collapsed microgel bead. A change from a soft to a 

stiffer network occurs due to the expulsion of solvent molecules from the polymer network. 

Thus, instead of a swollen network with predominant solvent-polymer interactions, a 

deswollen network with increased polymer-polymer interactions is present. A likely 

interpretation is that the first kinetic process is influenced by the still porous, solvent-swollen 

conformation of the network. The porosity allows a fast expulsion of solvent molecules 

during the solvent-jump experiment. At a specific point, the microgel beads are deswollen 

so much that the polymer network becomes stiffer and further deswelling is governed by the 

rearrangement and relaxation of the network chains. Keidel et al.[22] simulated the initial 

formation of an intermediate hollowish, core-shell structure which slowly transformed to a 

globular structure. The transition to a compact globule is significantly slower and was 

ascribed to the second kinetic process in the solvent-jump experiments presented in this 

thesis. A two-step process for the deswelling kinetics has also been reported for small 

microgels after a pressure-jump[24] and linear chains after a temperature-jump.[307] 

 

  

Figure 8.15: (a) Volume of the microgel beads in relation to the osmotic pressure exerted by different 

amounts of dextran. The dashed line roughly indicates the end of the linear deswelling regime at low 

compression (~ 0.72 of the diameter in water). (b) Solvent-jump experiment from water to 20 mol% 

methanol for a microgel bead with an initial diameter of 22 µm fitted with a mono-exponential (blue) 

and bi-exponential (red) function. The horizontal line (light green) marks the deswelling to 0.72 of 

the initial diameter and the vertical line (dark green) indicates 2 x 1. 
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8.6 Dependence of the deswelling kinetics on the size of the microgel 

bead 

From the bi-exponential fit to the size evolution after a solvent-jump, the first and second 

time constant, namely 1 and 2, were extracted for all investigated microgel beads. 

Figure 8.16 shows the dependence of both time constants on the diameter of the collapsed 

microgel beads on a log-log scale. Linear fits exhibited slopes of 1.56 ± 0.05 and 1.77 ± 0.08 

for 1 and 2, respectively. Hence, the dependence between the time constants and the 

diameter of the microgel beads in the collapsed state deviates from the square-power law 

proposed by Tanaka and Fillmore.[305] Before interpreting this deviation, a closer look at the 

Tanaka-Fillmore theory and the microgel beads in the present investigation setup was taken.  

 

Figure 8.16: Log-log plot of the two time constants, 1(light blue) and 2(dark blue) as a function 

of the final diameter of the microgel beads in the mixture. 

The theoretical description of the swelling kinetics of a spherical gel by Tanaka and 

Fillmore[305] in 1979 is based on the collective diffusion of the polymer network relative to 

the solvent. Within this theory, the kinetic process is described by the displacement of a point 

in the network from its equilibrium position. The kinetics are related to the elasticity and the 

friction f between the polymer and the solvent. From an experimental study, they derived 

that the shear modulus µ of the polymer network can be neglected compared to its bulk 

modulus K. Therefore, the collective diffusion coefficient D is defined by D = K/f. For small 

isotropic volume changes of a spherical gel with the radius R, Tanaka and Fillmore found a 

single-exponential decay of the gel radius with time. The characteristic time constant scales 

with ~ R(final)²/D.[305,309,310] Later, studies stated that the previous theory by Tanaka and 

Fillmore is insufficient for non-spherical gels.[326,327] Thus, they extended the theory by 

including a non-negligible shear modulus to describe cylindrical and disk-like gels with 

symmetrical geometries. Additionally, Li and Tanaka[326] proposed a two-step mechanism 

10 20 30 40 50 60 70 80 90

0.1

1

10

ti
m

e
 c

o
n

s
ta

n
t 

/ 
s

diameter (in collapsed state) / mm

slope(1)= 1.56 ± 0.05

slope(2)= 1.77 ± 0.08



8.6   Dependence of the deswelling kinetics on the size of the microgel bead 

91 

with a network diffusion step and a shear process to reduce the shear energy and re-adjust 

the shape of the gel. Still, all mechanisms lead to the quadratic dependence of the relaxation 

time on the radius of the spherical gel. Experimental studies supported the suggested square-

power law[305,313,314,317] and used this correlation to estimate the collective diffusion 

coefficient.[24,324,328,329]  

However, few studies reported a power-law exponent smaller than 2 and a deviation from 

the single-exponential function during the initial volume change.[309,310] For example, Sato 

Matsuo et al.[309] defined three processes for the deswelling of larger PNIPAM gels after a 

temperature-jump imaged with an optical microscope. For gels with a radius between 100 

and 1000 µm, the corresponding time constants for the deswelling scale with R1.6. A clear 

explanation for the deviation from the power-law exponent 2 was not found. It was suspected 

that the experimentally covered size range was insufficient, that the gel structure depended 

on its size, or that the simple diffusion equation was not valid.[309,310] Suzuki et al.[311] 

investigated the influence of a mechanical constraint on thin PNIPAM films during a 

temperature-jump. Here, the gels cannot swell and shrink freely along all directions as 

before; only changes of the thickness of the film are possible. Varying the dimensions of the 

experimental setup, they found a deviation from the simple square-power law.  

8.6.1 Influence of the adhesion 

The shape of the microgel beads in the solvent-jump setup of the present work was 

investigated by confocal fluorescence microscopy (for experimental details, see section 

10.5.4). The microgel beads are non-spherical in z-direction due to the adhesion to the glass 

surface (Figure 8.17). 

 

Figure 8.17: Confocal fluorescence microscopy images of the xy- and xz-plane of one microgel bead 

in water and in 20 mol% methanol. 
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Thus, the surface area available for a solvent transport is reduced in comparison to a free, 

spherical gel by the area attached to the glass. This deformation was not considered in the 

evaluation of the solvent-jump experiments as the temporal resolution of the confocal 

microscope was insufficient for xzt-scans.  

To take into account this reduced surface area, z-scans of several microgel beads of the 

three different size ranges in the mixture were captured inside the investigation setup using 

a confocal fluorescence microscope. The surface area (A) of the deformed microgel beads 

was evaluated as follows (Figure 8.18): An image of the xz-plane of the microgel bead was 

generated and the central axis (yellow) was inserted. The edge of the microgel bead was first 

set manually (blue points) and then linearly interpolated along the z-axis (orange dotted line). 

The microgel bead was sliced across the interpolated edge. Each slice exhibited the shape of 

a truncated cone. The shell surface of each truncated cone was calculated and added up to 

receive the surface area of the microgel bead. This procedure was performed for the left and 

right side of the microgel bead and averaged. 

 

Figure 8.18: (a) Original xz-image of a microgel bead in 20 mol% methanol. The glass surface of the 

device is on the bottom of the image and indicated by a grey line. (b) xz-image with central axis 

(yellow), edge points (blue), and interpolation (orange dotted line). (c) 3D-view of the microgel bead. 

Then, the effective radius of a theoretical sphere with the same surface area was 

determined using Reff = (A/4)1/2. The microgel beads imaged in the z-scans are not identical 

to the ones in the dynamic solvent-jump experiments. Therefore, numerous microgel beads 

from the same samples were imaged. The ratio of the effective radius (Reff) and the measured 

radius in xy (R) was calculated and those Reff/R ratios were averaged for the three size ranges 

(Table 8.1). The Reff/R values decrease with increasing microgel size, though the values for 

the two smaller microgel sizes are similar. This observation correlates with the trend of the 

deswelling ratios of the adhered microgel beads during the dynamic experiments: Here, the 

microgel beads of the two smaller size ranges exhibited a similar deswelling ratio around 

0.54. In contrast, the largest size range around 100 µm showed the highest distribution of 

deswelling ratios and a mean value of 0.66. 
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Table 8.1: Ratio Reff/R of microgel beads in 20 mol% methanol evaluated from z-scans recorded by 

a confocal fluorescence microscope. It is distinguished between three microgel size ranges. The 

number of microgel beads included is listed in the last column. 

Size range in water (diameter) Mean Reff/R (mix) #microgels 

21 – 31 µm 0.93 ± 0.09 16 

50 – 71 µm 0.90 ± 0.08 27 

89 – 120 µm 0.81 ± 0.04 8 

 

Subsequently, the final, collapsed diameter of the microgel beads in the dynamic 

experiments was corrected by multiplying the measured diameter with the Reff/R ratio. This 

correction only affects the slope of the linear fit of the time constants in Figure 8.16 if the 

adhesion depends on the microgel size leading to different Reff/R ratios. Otherwise, the Reff/R 

ratio would be identical and every point would have been shifted by the same extent leading 

to the same slope of the linear fit. Using the Reff/R ratios from Table 8.1 to correct the 

diameter in Figure 8.16, the slope for 1 changes from 1.56 ± 0.05 to 1.76 ± 0.07 and for 2 

from 1.77 ± 0.08 to 1.96 ± 0.11 (Figure 8.19). As the Reff/R ratio is smaller for the larger 

microgel beads, the slopes increase and thus also the exponent of the dependence of the time 

constants on the radius. 

 

Figure 8.19: Log-log plots of  (1in orange and 2in red) vs. the corrected diameter in the mixture 

considering the reduced surface area of the deformed microgel beads.  

Overall, one can state that such an adhesion-induced deformation, which depends on the 

microgel bead size, can cause an apparent deviation from the scaling law ~ R(final)² from 

Tanaka and Fillmore to smaller exponents. The correction due to the reduced surface area 

reduces this deviation. Still, the exponent of 2 is not reached for the first time constant 1. In 

case of 2, the corrected, experimentally determined exponent now agrees with the 

theoretical value of 2 within the range of error. It is proposed that the first process must be 
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additionally influenced by the inhomogeneity of the polymer network. This explanation is 

discussed in more detail in the following section. 

8.6.2 Discussion of the deviation from the Tanaka and Fillmore 

scaling law 

The deviation from the mono-exponential behavior and the square-power law proposed by 

Tanaka and Fillmore raises the general question about the physical processes ascribed to the 

time constants: Microgels do not have a fully homogeneous internal structure. For small 

microgels synthesized by precipitation polymerization, it is known that the cross-linking 

density decreases towards the periphery.[195] This change in cross-linking density is not 

observed in the case of the sub-millimeter-sized microgel beads produced by microfluidics 

as they are not polymerized in their collapsed state. However, depending on the experimental 

conditions, a nano- and micrometer-sized inhomogeneity in the swollen state can 

occur.[182,193,194] Seiffert et al.[182] studied three PNIPAM-based microgel beads with different 

internal inhomogeneity and compared their size changes during temperature-jump experi-

ments. According to their results, microgel beads bearing a micrometer-sized inhomogeneity 

exhibit continuous and faster deswelling kinetics than homogeneous gels.  

Keidel et al.[22] investigated small microgels with a low cross-linker content. Here, a very 

fast initial collapse was found where the first time constant 1 was 175 times shorter than the 

second time constant 2. In the presented measurements, the time constants differ only by a 

factor between 4 and 10. Keidel et al. rationalized the rapid first process by the cluster 

formation towards the cross-links and a porous structure of the microgels allowing an easy 

expulsion of the solvent. It can be assumed that the mesh size of this porous structure is 

relatively larger in proportion to the overall size for the small, less cross-linked microgels 

used by Keidel et al. than for the larger, more cross-linked microgel beads in the present 

study. Therefore, the larger microgel beads could not show such an extreme jump in size as 

the small microgels in the study by Keidel et al. Still, the larger microgel beads show a rather 

fast, initial deswelling process. This fast deswelling process could be due to cluster formation 

and further be accelerated by an internal inhomogeneity. The kinetics of the initial large size 

reduction is described by the first time constant 1. The proposed mechanism of cluster 

formation for this first process suggests that the kinetics is related to the size of the porous 

structure in addition to the surface area of the microgel bead. For this reason, a deviation 

from the R² power-law might be expected even after the correction for the reduced surface 

area. Within the subsequent slower process, the clusters merge together forming a hollowish 

structure in case of small microgels.[22] By rearrangement of the polymers and further 

deswelling, a compact globular structure is formed. This slow transition is therefore 
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governed by the diffusion of the solvent through the microgel’s surface and the collective 

diffusion of the polymer network inwards. Here, it is assumed that the microgel beads are 

already less porous with a rather homogeneous surface. Thus, the dependence of its time 

constant 2 on the available surface area for solvent transport is expected. This explanation 

is supported by the presented data showing that the R² power-law is within the range of the 

measurement uncertainty for time constant 2. 

8.7 Conclusions 

In this thesis, a novel microfluidic platform was established to investigate the kinetics of the 

volume phase transition of adhered PNIPAM microgel beads due to cononsolvency. The 

setup allows a fast solvent-jump from pure water to an unfavorable mixture of 20 mol% 

methanol in water and easy imaging of the microgel bead response using microscopy. 

Various microgel bead sizes, with diameters between 20 and 110 µm in water, were 

compared. Experimental and theoretical studies on deswelling kinetics of polymer gels in 

the literature have been inconclusive about the process of the deswelling reporting between 

one and three relaxation times. 

For all microgel beads in the present study, bi-exponential functions, hence two time 

constants, were required to properly describe the size evolution after the solvent-induced 

deswelling. Thus, the present measurements support the two-step process proposed by 

Keidel et al.[22] for smaller microgels. In contrast to other collapse experiments with 

PNIPAM gels of comparable size to the microgel beads in this study, no skin layer formation 

was observed in the present case. Osmotic pressure experiments revealed that the microgel 

beads collapsed strongly at low compression. However, after this deswelling down to 0.72 

of the original size, the polymer network became significantly stiffer. This is in agreement 

with the interpretation that the two processes of the cononsolvency-induced collapse 

correlate with this change in mechanical properties of the microgel beads. 

The dynamics of the collapse is connected to the size of the microgel beads. As expected, 

larger microgel beads collapse more slowly than smaller ones. Plotting the two time 

constants against the final diameter, a dependence of ~ d(collapsed)x was found with an 

exponent of 1.56 ± 0.05 and 1.77 ± 0.08 for τ1 and τ2, respectively. Thus, the determined 

exponents were smaller than 2 as proposed in the theory of Tanaka and Fillmore. Confocal 

fluorescence microscopy measurements indicate that the microgel beads deform due to the 

adsorption on the glass bottom of the investigation setup. The deformation of the collapsed 

microgel beads in the mixture depends on the microgel bead size. This size-dependent 

deformation of the microgel beads partly explains the deviation from the power-law 
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~ R(final)² to smaller exponents. By correction of the diameter of the collapsed microgel 

beads considering the reduced surface area, the exponents increased to 1.76 ± 0.07 and 

1.96 ± 0.11 for τ1 and τ2, respectively. For τ2, the exponent now agrees with the square-power 

law in the range of error. In case of τ1, it is proposed that the process is governed by the 

inhomogeneous collapse rather than a simple diffusive process. 
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9. Summary and outlook 

Poly-N-isopropylacrylamide (PNIPAM)-based systems are of great interest for a variety of 

applications. Most of them rely on the adaptability of the polymer network to external 

parameters such as temperature or solvent composition. For the systematic development and 

optimization of functional materials, a fundamental understanding of the responsiveness and 

the resulting properties is of crucial importance. In this context, this thesis aimed to gain 

deeper insight into the cononsolvency effect of PNIPAM gels in water-methanol mixtures. 

Both pure solvents swell the polymer network, whereas mixtures around 20 mol% methanol 

cause deswelling of the PNIPAM gels. Additionally, the responsive behavior to temperature 

and osmotic pressure was included. For this purpose, PNIPAM-based gels over a wide range 

of sizes – from small microgels of several hundred nanometers to microgel beads in the 

micrometer range up to macroscopic gels of several millimeters – were investigated. 

Depending on the scientific question and experimental approach, the PNIPAM gels were 

functionalized with a fluorescent co-monomer, a solvatochromic dye, or catalytically active 

moieties. The thesis is divided into equilibrium (Chapter 4 – 7) and dynamic (Chapter 8) 

investigations.  

The largest PNIPAM gels in the range of several millimeters were studied in Chapter 4. 

These macroscopic gels were equilibrated in various water-methanol mixtures. The large gel 

size allows to capture spatially resolved Raman spectra distinguishing between the 

surroundings and the interior of the gel. The spectral analysis by indirect hard modeling 

(IHM) in combination with mass balancing gives access to the solvent partitioning. Here, an 

increased methanol fraction is found inside the gel for the unfavorable, cononsolvency-

inducing mixtures around 20 mol% methanol. Moreover, the methanol Raman bands are 

sensitive to the local hydrogen-bonding environment of methanol. In binary water-methanol 

mixtures, these peaks shift linearly as a function of the composition. In contrast, the peak 

shifts measured inside the PNIPAM gels clearly deviate from the ones in the respective 

binary mixtures for the unfavorable water-methanol mixtures. This deviation can be ascribed 

to the increased methanol fraction inside the gels and different molecular interactions. 

Regarding the latter, the results point towards donor-type hydrogen bonding of the methanol 

and the peptide group of PNIPAM in unfavorable water-methanol mixtures.  

Similar to the previous chapter, Chapter 5 focuses on the microenvironment inside the 

PNIPAM gels as a function of the water-methanol composition. This time, microgel beads 

in the micrometer range were studied. As a mass balance is not feasible for that microgel 
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size, a fundamentally different experimental approach was taken. PNIPAM microgel beads 

bearing a primary amine group were covalently labeled with a Nile Red (NR) derivative. NR 

is a solvatochromic dye and a powerful probe for the local environment. More specifically, 

NR presents two characteristics that are influenced by the local polarity and hydrogen-

bonding ability of the surroundings: the wavelength of the maximum emission and the 

fluorescence lifetime. Confocal fluorescence spectroscopy methods allow a direct and 

spatially resolved evaluation of the internal properties of the microgel beads. As before, 

deviations between the binary mixture and the inside of the microgel beads are found in the 

cononsolvency-inducing mixtures. The lower polarity inside the microgel beads is ascribed 

to the polymer collapse and the enrichment of methanol. While the wavelength shift does 

not allow for differentiation of these overlaying effects, the methanol enrichment can be 

quantified using fluorescence lifetime imaging (FLIM). First measurements support an 

increased methanol fraction for the microgel beads initially immersed in a 20 mol% 

methanol mixture which is in agreement with the findings for the macroscopic gels from 

Chapter 4. These first experiments demonstrate the high potential of FLIM to gain spatially 

resolved and quantitative insights into microgel systems. In the future, FLIM experiments 

can be extended to other water-alcohol mixtures to probe the solvent partitioning between 

polymer network and surroundings. Furthermore, small NR-labeled microgels from 

precipitation polymerization could be investigated in next experiments. Although their size 

is smaller than the diffraction limit, it should be possible to extract an average signal for the 

entire microgel.  

Chapter 6 shows the importance of detailed knowledge of the properties of microgels in 

different solvent conditions and respective differing swelling states. In this chapter, the 

catalysis of an aldol reaction using L-proline modified PNIPAM microgels was studied. The 

hydrophobic environment provided by the polymer network in combination with the general 

solvent quality for the reagents governs the catalytic activity. The impact of the solvent 

(water, methanol, and their mixtures) and the temperature were investigated. The charac-

terization of the microgel-catalysts by scattering methods shows the expected temperature-

responsive behavior of the microgels in water and basically a non-responsive system in 

methanol. While the volume phase transition temperature shifts to 35 °C in comparison to 

pristine PNIPAM microgels, no influence of the incorporated L-proline moieties on the 

cononsolvency behavior is found. Regarding the catalysis in water, the catalytic activity 

significantly increases with rising temperature. The course of the temperature-dependent 

reaction rate resembles the course of the microgel collapse. In contrast, only a small impact 

of temperature on the apparent reaction rate of the catalysis in the non-responsive methanol 

system is determined. The collapse of the microgel-catalysts positively influences the 



 

99 

activity. For the catalysis in water-methanol mixtures, overlaying effects were identified. 

Both, the collapse and the methanol enrichment explain the locally increased reaction rate 

around the unfavorable, 20 mol% methanol in water mixture.  

In the last chapter of the equilibrium part (Chapter 7), the mechanical properties of 

PNIPAM microgel beads were investigated. In this chapter, the isotropic deswelling of 

microgels due to an imbalance of internal and external osmotic pressure was evaluated to 

determine the bulk modulus of the microgel beads. To this end, PNIPAM microgel beads 

with different sizes and cross-linker contents were immersed and imaged in solutions 

containing high molecular weight dextran. From the correlation between the volume of the 

microgel beads and the osmotic pressure exerted by the dextran, the bulk modulus was 

calculated. Less cross-linked microgel beads show a higher swelling ability and a smaller 

bulk modulus. For the same amount of cross-linker but different sizes, no distinct impact on 

the bulk modulus is detected. Interestingly, all samples exhibit a transition between an easily 

compressible, soft polymer network and a stiffer, partially collapsed network after 

compression to around 0.72 of the original size. In a future step, the mechanical properties 

of the microgel beads could be further characterized by atomic force microscopy (AFM). 

Furthermore, a comparison to small microgels synthesized by precipitation polymerization 

would be interesting. This synthesis method results in microgels with fundamentally 

different morphology and cross-linking distribution compared to the microgel beads from 

microfluidics. 

The second part of this thesis focuses on the dynamics of the volume phase transition of 

microgels. Experimental and theoretical studies are still inconclusive about the processes 

involved in the deswelling kinetics of polymer gels. While some studies suggest one 

relaxation time, others propose up to three processes including a plateau region.[22,308,309,316] 

To gain new insights, the cononsolvency-induced collapse of fluorescently labeled PNIPAM 

microgel beads was investigated (Chapter 8). To this end, a custom-made microfluidic 

platform was developed to realize a rapid solvent-jump from pure water to an unfavorable 

mixture of 20 mol% methanol in water. The response of microgel beads adhered to the 

channel surface can easily be imaged by time-resolved fluorescence microscopy. To describe 

the size evolution of the solvent-induced deswelling, two relaxation times are required. The 

two-step collapse is found for all investigated microgel beads and is in concordance with 

previous solvent-jump[22] and pressure-jump experiments[24] using small microgels. This 

indicates that the two-step process of the microgel collapse is a generic feature. The osmotic 

pressure experiments (Chapter 7) revealed that after compression to 0.72 of the original size, 

a transition from a soft to a stiffer polymer network occurs. This change in mechanical 

properties coincides with the transition of the first to the second process of the dynamic 
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collapse behavior. The first, fast process is responsible for the major part of the volume 

transition while only a small change in size is observable for the second process. The 

dynamics of the collapse are connected to the size of the microgels. The presented findings 

deviate from a prominent theory of Tanaka and Fillmore which suggests a simple scaling 

law of the relaxation time to the square of the final radius.[305] Deviations from this power-

law have been reported before, but no clear explanation was found.[309,310] In the present 

study, smaller exponents are found for both processes. For the second process, this deviation 

can be ascribed to the adhesion-induced deformation and the resulting reduction of the 

surface area of the microgel beads. For the first process, an additional influence of an 

inhomogeneous collapse with cluster formation is assumed. In the future, the presented 

approach can be extended to study microgel beads with different cross-linker contents or to 

examine the inverse process, i.e. the swelling of the microgel beads. Furthermore, the 

investigation platform can be applied to study microgel beads with other architectures such 

as anisometric microgel beads or microgel capsules. Finally, it would be interesting to 

compare the obtained results to free-flowing microgel beads to verify the proposed influence 

of the adhesion.  

To conclude, this thesis addresses several fundamental aspects of the influence of external 

stimuli, especially the cononsolvency effect, on the properties and response of microgels 

under equilibrium and dynamic conditions. The first part revealed local properties and 

differences between microgel and surroundings depending on the solvent composition, such 

as solvent partitioning, hydrogen bonding, or polarity: Methanol is enriched inside the gels 

in the cononsolvency-inducing mixtures. The collapse of the gels in unfavorable mixtures 

and the higher internal methanol fraction result in a less polar polymer network. This higher 

hydrophobicity can be favorable for applications with hydrophobic components, as 

demonstrated by an example from the field of catalysis. In the second part, the kinetics of 

the deswelling of PNIPAM microgel beads after a sudden change in solvent quality were 

examined. The dynamic collapse proceeds in two steps which could be aligned with changes 

in the mechanical properties. The dynamics as a function of the microgel bead size suggest 

the influence of the adhesion-induced deformation and an inhomogeneous initial collapse. 

Overall, the presented findings provide further understanding of the cononsolvency effect. 

In the future, the experimental approaches can be extended to other and more complex 

systems. Finally, a theoretical model that can capture the presented unique details of 

PNIPAM gels in cononsolvency mixtures would be helpful to reproduce and predict the 

performance of functional materials. 
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10. Experimental section 

In the following part, materials and experimental details are presented. Microfluidics and 

Raman measurements are described in a general manner before details and variations are 

highlighted for the specific investigated systems. An overview of all PNIPAM gels used in 

this thesis is given in Table A2 – Table A6 in the Appendix.  

10.1 Materials 

Table 10.1: Chemicals, solvents, and materials used and their supplier. 

Name Supplier 

Ammonium persulfate (APS) GE Healthcare Bio-

Sciences 

Aquapel PPG 

Dextran (Mw = 150 000 g/mol) Alfa Aesar 

N,N’-Dicyclohexylcarbodiimide (DCC) Sigma-Aldrich 

4-Dimethylaminopyridine (DMAP) Acros Organics 

Krytox Chemours 

Methacryloxyethyl thiocarbamoyl rhodamine B (MTRB) Polysciences 

N-(3-Aminopropyl)methacrylamide hydrochloride (APMA) Sigma-Aldrich 

N-Isopropylacrylamide (NIPAM)  Acros Organics 

N,N’-Methylenebis(acrylamide) (BIS) Sigma-Aldrich 

N-Hydroxysuccinimide (NHS) Sigma-Aldrich 

N,N,N',N'-Tetramethylethylenediamine (TEMED) Merck 

Novec 7500 3M 

Paraffin oil Sigma-Aldrich 

Polyethylene glycol (PEG, Mw = 8000 g/mol, BioUltra) Sigma-Aldrich 

Polydimethylsiloxane (Sylgard 184) Dow Corning 

Span 80 Sigma-Aldrich 

Acetone Sigma-Aldrich 

Dimethylformamide (DMF)  VWR 

1,4-Dioxane Sigma-Aldrich 

n-Hexane Sigma-Aldrich 

Methanol (MeOH, Uvasol) Merck 

2-Propanol Sigma-Aldrich 

Water (deionized, for Raman measurements only)  Bernd Kraft 

96 or 48 flat bottom Cellstar well plates Greiner Bio-One  

Fine Bore Polythene Tubing (800/100/120) Portex 
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10.2 Macroscopic PNIPAM gels 

Macroscopic PNIPAM gels were prepared using a cooled molding approach. Here, 48 and 

96 well plates served as molds (height 17.4 mm, diameter 11.05 – 11.56 mm and height 

10.9 mm, diameter 6.39 – 6.96 mm, respectively). A solution of NIPAM, BIS (5 mol%, if 

not stated otherwise), and TEMED (0.5 vol%) was prepared. Separately, APS was dissolved 

in water. Both solutions were degassed for 10 minutes. Then, APS was added (1 mol%) to 

the monomer solution and mixed. Immediately afterwards, the solution was casted into a 96 

and/or 48 well plate, sealed with a coverslip, and kept in the fridge overnight to complete 

the polymerization. During the synthesis procedure, all solutions, well plates, and coverslips 

were cooled with ice. Finally, the gels were removed from the well plate and washed in 

MilliQ water for 2 weeks. 

10.2.1 Mass balance experiments 

The macroscopic PNIPAM gels were dried for one week at atmospheric pressure and one 

week under vacuum. The weight of the individual, dried gels was determined with a 

microbalance. Then, a certain water-methanol mixture of known composition was added. 

The sample vials were closed and kept at 23 °C for about 7 days to achieve equilibrium. 

Subsequently, Raman microspectroscopy measurements were performed at two measure-

ment points, one for the surrounding solution and a second one for the gel itself. Afterwards, 

the gels were removed from their vial and weighed. The solvent composition of the 

surrounding solution was evaluated by spectral analysis of the component areas using 

indirect hard modeling (IHM) as described below (section 10.4), whereas the methanol 

concentration inside the gel was calculated by mass balancing. Previous to the removal of 

the gel, Raman spectra were captured inside the equilibrated PNIPAM gel to perform a peak 

shift analysis.  

10.3 Microfluidics 

Microfluidics was used for the synthesis of PNIPAM microgel beads with different cross-

linker contents (Chapter 7), of rhodamine-labeled PNIPAM microgel beads (Chapter 8) as 

well as of solvatochromic PNIPAM microgel beads (Chapter 5). Additionally, a microfluidic 

investigation setup was used for solvent-mediated collapse experiments (Chapter 8).  
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10.3.1 Preparation of microfluidic devices 

For the synthesis of PNIPAM microgels and the dynamic investigations, PDMS-based 

microfluidic chips were used. Both devices were produced by soft lithography using the 

following procedure (Figure 10.1): 

The desired microfluidic design was sketched in a computer-aided design (CAD) 

software. Subsequently, a photomask was prepared (a, b). A silicon wafer spin-coated with 

a photoresist was covered with the photomask and exposed to UV light (c). During the 

baking and development step (d), only the photoresist exposed to UV remained, leaving a 

patterned surface profile. In the case of the flow-focusing devices, silicon wafers of the 

designs were available, whereas the master of the Y-inlet microfluidic device was custom-

made and printed onto a glass slide using a multiphoton 3D printer (Nanoscribe, Photonic 

Professional GT). For the preparation of each microfluidic device, polydimethylsiloxane 

(PDMS) was poured onto the patterned master slide (e). The PDMS was cured for 2 days at 

room temperature or at 60 °C for 4 h after vacuum treatment. The PDMS replica was peeled 

off the wafer (f) and holes of 0.75 mm in diameter for the inlet and outlet tubing were 

punched into the PDMS (g). Subsequently, the PDMS replicas were cleaned by sonication 

in isopropanol for 15 minutes. After sonication, the PDMS was washed with isopropanol 

and dried using a nitrogen stream. This procedure was repeated three times with isopropanol 

and another three times with deionized water. In parallel, the corresponding microscope 

slides for the synthesis (Marienfeld Superior, 76 x 52 x 1 mm) or the dynamic investigations 

(Marienfeld Superior, 1.5 H, 50 x 24 mm, 170 µm thickness) were sonicated in acetone and 

washed in an identical procedure with acetone (2x), isopropanol (2x) and deionized water 

(2x). Afterwards, all cleaned parts were dried in the oven at 60 °C for 1 h. Finally, the devices 

were fabricated by O2-plasma bonding (PVA TePla 100 Plasma System) of the PDMS 

replicas onto the glass slide (h, i). The bonded devices were stored in the oven at 60 °C for 

1 h.  

10.3.2 Microfluidic synthesis 

Spherical PNIPAM microgels were prepared using PDMS-based flow-focusing microfluidic 

devices. Here, three devices with different dimensions of the cross-section were used to 

achieve a wide range of droplet sizes. More specifically, channel widths of 20, 30, or 50 µm 

were available (Figure 10.2).  



10   Experimental section 

 

104 

 

Figure 10.1: Scheme of the 

preparation of a microfluidic 

device using soft lithography. 

(a, i) show a top view of the 

photomask and the final 

device, respectively. (b - h) 

depict the side view of the 

preparation process along the 

red line marked in (a). 

Adapted from ref. [140]. 

 

Figure 10.2: Cross-sections of the flow-focusing microfluidic devices with different channel widths: 

(a) 20 µm, (b) 30 µm, and (c) 50 µm.  
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Prior to the synthesis, a surface modification of the channels was carried out to render the 

devices suitable for water-in-oil emulsification. To this end, a filtered solution of Aquapel 

was injected into the channels to apply a hydrophobic monolayer. After a few minutes, the 

solution was removed by air and the devices were stored for 1 h at 60 °C.  

The synthesis procedure is based on findings of Di Lorenzo and Seiffert.[169] NIPAM was 

recrystallized in n-hexane for all microfluidic syntheses. All other chemicals were used as 

received. The general composition of the aqueous phase includes the monomer NIPAM, a 

co-monomer (if desired), the cross-linker BIS, and the initiator APS. In total, a mass fraction 

of 100 mg/mL (without APS) was reached. The oil phase comprises a hydrofluorether 

(Novec 7500) and 1.8 wt% of a fluorinated surfactant (Krytox). Additionally, 2 vol% of 

TEMED was added. Before transferring the solutions into Hamilton glass syringes, they 

were degassed with N2 for 15 minutes. The syringes were put into syringe pumps (Harvard 

Apparatus) and the syringe with the aqueous phase was protected from light with aluminum 

foil. The syringes were connected to the PDMS devices with PE tubing. Depending on the 

channel width and desired droplet size, different flow rates were set. The droplet formation 

and size were observed and imaged with an inverted optical microscope (Motic AE2000) 

connected to a camera (0.65x, Point Grey Flea 3) controlled by FlyCapture Software. The 

generated droplets were collected in a vial containing 1 mL of the oil phase which was 

covered with a paraffin oil layer to prevent oxygen diffusion. Due to the different densities, 

the microgels accumulated between these two oils. Finally, the synthesized microgels were 

allowed to polymerize at room temperature overnight (> 12 h) before testing their stability.  

The purification process of the microgels in the oil phase consisted of several washing 

steps with solvents of increasing polarity until water was reached. The respective solvent 

was added and the mixture was carefully shaken. The washing phase was removed after 

phase separation. The following sequence of solvents was used: Novec 7500 (1x), hexane 

with 1 wt% Span 80 (1x), hexane (3x), isopropanol (3x), dioxane (3x), and water (> 3x). 

When transferring from dioxane to water, the microgels in dioxane and the water were pre-

cooled at 4 °C for several hours before mixing. After successful purification, the microgels 

were stored at room temperature in water. 

10.3.3 PNIPAM microgel beads with varying size and cross-linker 

content 

PNIPAM microgel beads with different sizes and cross-linker contents were synthesized for 

osmotic pressure experiments (Chapter 7). An aqueous phase containing NIPAM, BIS (5 or 

1.2 mol%), and APS (8 or 9.5 mg/mL, respectively) was prepared. The oil phase comprised 
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Novec 7500, Krytox (1.8 wt%) as a surfactant, and TEMED (2 vol%) as the accelerator. 

Droplet generation, collection, and purification were performed as described in section 

10.3.2. Flow-focusing PDMS chips with a diameter of 20, 30, or 50 µm at the cross-section 

were used. The microgel beads were stored in water after purification.  

10.3.4 Nile Red-labeled microgel beads 

Solvatochromic microgel beads are investigated in Chapter 5. PNIPAM microgel beads 

labeled with an O-carboxylic derivative of Nile Red (NR) were synthesized in several steps. 

The composition of the aqueous phase of the microfluidic synthesis included the monomer 

NIPAM, the co-monomer APMA, the cross-linker BIS (5 mol%), and the initiator APS 

(7 mg/mL). Either 1 or 3 mol% APMA was used (sample codes: MG-PNIPAM-APMA-1 

and MG-PNIPAM-APMA-3, respectively). The oil phase comprised a hydrofluorether 

(Novec 7500, 3M) and 1.8 wt% of a fluorinated surfactant (Krytox). Additionally, 2 vol% 

of TEMED was added. Droplets were fabricated using a PDMS chip with a diameter of 

20 µm at the cross-section. Droplet generation, collection, and purification were performed 

as described in section 10.3.2. For the subsequent labeling step, the microgel beads were 

transferred to a buffer solution or methanol after purification. A functionalized NR-label 

bearing a carboxylic acid group was synthesized by the group of Dr. Andrey Klymchenko 

at the Laboratoire de Biophotonique et Pharmacologie at the University of Strasbourg 

(France). By a DCC coupling reaction, the NR-O-C-COOH was then transformed to NR-O-

C-COO-NHS. To this end, NR-O-C-COOH (0.0082 g) and NHS (0.0111 g) were dissolved 

in 15 mL DMF and kept in an ice bath for 10 minutes under nitrogen. Subsequently, DMAP 

(0.0048 g in 2 mL DMF) and DCC (0.011 g in 3 mL DMF) were added to the solution. At 

room temperature, the reaction took place for 3 h under N2. The crude reaction mixture 

containing the new NR derivative was stored in the fridge under inert gas. To label the 

microgel beads, the NR derivative (~ 0.1 vol% of microgel dispersion) was added to 

1 mg/mL microgel beads in methanol or phosphate buffer solution (pH 8). After vigorous 

shaking, the vial was mixed on the roller mixer overnight. Finally, excess dye was removed 

by several washing and phase separation steps (> 10x) with the respective solvent. 

10.3.5 Rhodamine-labeled microgel beads 

Fluorescently labeled PNIPAM microgels in the size range of 20 – 110 µm in diameter were 

synthesized via droplet microfluidics for dynamic investigations of the cononsolvency-

induced collapse (Chapter 8). The water phase contained NIPAM, BIS (5 mol%), and APS 

(9 mg/mL) as the initiator. To obtain fluorescently labeled microgels, MTRB (< 0.1 mol%) 

was added to the aqueous phase. A fluorinated oil phase (Novec 7500 and 1.8 wt% of the 
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fluorinated surfactant Krytox) in combination with TEMED (2 vol%) was used as 

continuous phase. The droplet generation was achieved using flow-focusing PDMS chips 

with a diameter of 20, 30, or 50 µm at the cross-section. Additionally, the flow rates were 

varied to obtain different microgel bead sizes. Purification was performed as described in 

section 10.3.2. It was carefully observed that the isopropanol washing steps were sufficient 

to remove all excess dye. The microgel beads were stored in water after purification. In order 

to determine the diameter of the microgels in the samples, they were imaged in water and in 

the most unfavorable cononsolvency mixture of 20 mol% methanol in water under 

equilibrium conditions. To this end, a part of the microgels in water was repetitively washed 

with the mixture and transferred to a closed chamber consisting of a spacer of 120 µm in 

height (Secure Seal imaging spacer) to prevent evaporation of methanol during imaging. 

Subsequently, the microgel sizes of at least 300 microgels in water and 150 microgels in the 

mixture were measured by hand (Table A1 in the Appendix). 

10.4 Raman microspectroscopy measurements 

All Raman microspectroscopy measurements were performed on an inverse confocal Raman 

microscope (inVia, Renishaw, Leica microscope) equipped with a frequency-doubled 

Nd:YAG-laser of 100 mW at 532 nm excitation wavelength. The attached multichannel 

analyzer consists of a spectrometer with a grating of 1800 l/mm and a cooled CCD camera. 

All measurements were performed at room temperature (23 °C) with an air objective (20x). 

Depending on the experimental setup (investigation platform, gel size, solvent composition) 

and purpose of the measurement, different exposure times, numbers of acquisitions, and 

spectral regions were chosen.  

10.4.1 Indirect hard modeling (IHM)  

Spectral analysis was conducted using indirect hard modeling (IHM)[128,210,218,221] (also see 

section 3.2.2). To this end, spectra of pure water and pure methanol were measured to create 

pure component models. These spectra were modeled with peak-shaped pseudo-Voigt 

functions. Figure 10.3 shows the pure component models of water and methanol for the high 

wavenumber region (2700 – 3800 cm-1). The OH stretching of water was modeled with five 

peak functions. The CH symmetric and asymmetric stretching and the OH stretching band 

of methanol required six peak functions. A spectral model for the glass signal of either the 

vial, cuvette (Chapter 4), or the microfluidic glass chip (Chapter 8) was modeled by another 

pure component model and used to describe the background. The pure component model for 

PNIPAM was created by complemental hard modeling (CHM)[220] of a spectrum of slightly 
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hydrated PNIPAM microgels. The pure component model of PNIPAM was only included 

for the evaluation of measurements inside the gels.  

  

Figure 10.3: Pure component spectrum (red) and model (black) with individual peak functions for 

(a) water (light blue) and (b) methanol (light red) used in IHM. 

All pure component models were combined into a mixture model. For each peak function 

in the mixture model, several parameters are available, namely peak position, full width at 

half maximum (FWHM), and Gaussian part of the pseudo-Voigt peak shape. For each peak 

function, parameters were assigned as fixed or flexible based on calibration data of binary 

water-methanol mixtures. Flexible parameters can be adjusted – as an additional degree of 

freedom – during optimization in the following spectral fitting step to account for nonlinear 

effects. Spectral fitting minimizes the residuals between the measured spectrum and the 

spectral mixture model in a least-squares procedure. For each pure component in the mixture 

model, the intensities were integrated and weighted. Calibration spectra of binary mixtures 

of known composition were analyzed to determine the calibration factors for converting the 

weight into the corresponding mole fraction. To extract peak positions, only the spectral 

range of the relevant peak was evaluated. The remaining spectrum was excluded from the 

evaluation and the mixture model was reduced accordingly. 

10.4.2 Raman measurements of macroscopic PNIPAM gels 

For the mass balance experiment and peak shift analysis in Chapter 4, two separate spectral 

regions (619 – 2287 cm-1 and 2505 – 3825 cm-1) were recorded. The fingerprint region 

around 1500 cm-1 was solely used to determine the position of the methanol-CO peak 

(1035.3 cm-1 in pure methanol). Here, the exposure time was set to 5 s but lowered to 2 s for 

> 50 mol% methanol. The higher wavenumber region was evaluated for the mass balancing 

experiment as well as for the determination of the position of the methanol-CH peak 

(2836.5 cm-1 in pure methanol). The exposure time was set to 1 s but lowered to 0.5 s for the 
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measurement of the pure methanol. In all cases, full laser power was used and 10 accu-

mulations were averaged to improve the signal-to-noise ratio. Measurements were conducted 

for multiple reference solutions, inside the equilibrated PNIPAM gels, and for their 

surrounding solution. Spectral analysis was conducted using IHM which is described in 

detail in section 10.4.1. For the methanol-CO peak and the methanol-CH peak, the spectral 

ranges of 975 – 1075 cm-1 and 2800 – 2860 cm-1 were considered, respectively.  

10.4.3 Characterization of the solvent-jump setup 

To characterize the investigation setup for the solvent-jump experiments (section 8.3), 

Raman microspectroscopy was applied. To circumvent a PDMS signal in the spectra, a glass 

device of comparable dimensions and shape as the Y-inlet PDMS-device (channel width 

1000 µm, height 100 µm) was purchased from Micronit. The width of the interface between 

water and the water-methanol mixture at different flow rates and positions in the channel 

was determined. To this end, Raman spectra were taken across the channel perpendicular to 

the flow direction every 5 µm. These measurements were conducted at different channel 

heights (10, 20, or 50 µm above the glass surface) and at various distances from the inlets 

(200, 400, 600, 1000, or 1500 µm) as illustrated in Figure 8.3. Spectra of the wavenumber 

region 2505 – 3825 cm-1 were recorded with an exposure time of 1 s and 100% laser power. 

Three accumulations were measured to improve the signal-to-noise ratio.  

Moreover, the time required for the exchange of the solvent at a distinct position in the 

channel during the solvent-jump experiment was investigated. To this end, the 

aforementioned solvent-jump procedure was also performed with and without a microgel 

present at the measuring point. Here, time-resolved spectra of the wavenumber region 

2505 – 3825 cm-1 were captured. The exposure time was set to 0.2 s and 100% laser power 

was used. Due to data processing, a time resolution of around 0.37 s could be realized. 

Consequently, the time-resolved Raman measurements cannot provide an exact velocity of 

the solvent-jump, but give a rough indication. IHM was used for the spectral analysis (see 

section 10.4.1 for details): Spectra of pure water and pure methanol were measured and 

modeled with peak-shaped pseudo-Voigt functions to create pure component models. The 

pure component model for PNIPAM was created by CHM[220] of a spectrum of a slightly 

hydrated PNIPAM microgel. Only for the measurement inside the PNIPAM microgel, the 

respective pure component model was included in the spectral fitting step. In general, the 

high overlap of PNIPAM and methanol in the spectra in combination with nonlinear effects 

in water-methanol mixtures limit the accuracy of the quantitative results. Thus, the results 

were solely interpreted qualitatively. 
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10.5 Fluorescence measurements 

10.5.1 Fluorescence spectroscopy  

Fluorescence spectroscopy measurements of solvatochromic microgel beads were 

performed by Dr. Silvia Centeno Benigno (Chapter 5). Fluorescence spectra were measured 

using a home-made fluorescence confocal microscope consisting of an Olympus IX81 

inverted microscope equipped with a 100x 1.3NA oil immersion objective. A 150 µm 

pinhole was placed in the focal detection plane followed by a Shamrock 300i spectrometer 

equipped with a 300 lines/mm diffraction grating with blaze at 760 nm. As excitation source, 

3 mW of the 514.5 nm line of an Ar+ laser was coupled into the microscope with the 

appropriate optics. Fluorescence spectra were collected by the objective and transmitted 

through an HCBSR514 dichroic filter and a long pass 514 filter. After spatial filtering at the 

pinhole, the signal was focused on the spectrometer entrance slit. The excitation light was 

focused on the approximate center of each microgel bead and 10 accumulated spectra with 

an acquisition time of 1 s in the conventional mode were recorded.  

For the sample preparation (MG-PNIPAM-APMA-3-NR), ~ 12 µL of a microgel bead 

dispersion in methanol were spin-coated on a Hellmanex and plasma cleaned microscope 

slide of 170 µm thickness. Subsequently, a chamber was created by gluing a 4 mL vial with 

cut-off bottom onto the prepared glass slide. Finally, the desired solvent was added into the 

chamber which was then closed with a cap. Multiple microgel beads were investigated in 

each solvent. For each, spectra were captured at the center of the microgel bead (xy plane) 

and at 5 different heights (~ center and ± 7 µm, ± 14 µm). For the reference measurements, 

only NR-O-C-COOH in various solvents was measured. Besides the pure solvents water and 

methanol, various mixtures were investigated. For the wavelength calibration of the grating 

position, the Raman lines of pure, liquid toluene were used. In addition to this, the intensity 

of the spectra was corrected as follows: The spectra of the NR-O-C-COOH in the different 

water-methanol mixtures were corrected by applying wavelength-dependent intensity 

correction factors evaluated by comparing the recorded spectrum of NR in methanol and the 

previously recorded and corrected spectrum in a fluorescence spectrometer (FP-6500, 

Jasco). From the corrected and uncorrected NR-O-C-COOH spectra in the water-methanol 

mixtures, a linear calibration was obtained for estimating the position of the emission 

maximum without the need to correct for the whole spectrum. This correction was applied 

for estimating the emission maximum position (λmax) of the spectra recorded in the microgel 

beads.  
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10.5.2 Fluorescence lifetime imaging (FLIM)  

Fluorescence lifetime measurements of solvatochromic microgel beads were performed by 

Dr. Silvia Centeno Benigno (Chapter 5). The measurements were conducted using a time-

resolved confocal fluorescence microscope (MicroTime200, PicoQuant) comprising an 

Olympus IX81 inverted microscope. The setup is equipped with a FLIMbee galvo scanner, 

two single-photon avalanche diodes (SPADs, Excelitas) as detectors, and a time-correlated 

single photon counting (TCSPC) module (HydraHarp400). Fluorescence lifetime imaging 

(FLIM) was realized with a 532 nm excitation laser and a 60x 1.2NA water immersion 

objective. Images were recorded by galvo scanning at a fixed height (~ 2 µm) above the 

coverslip. Sample areas ranging from approximately 115x115 to 140x140 µm² were imaged 

with a pixel size between 150 and 179 nm and a dwell time of 1.3 µs/pixel. Each image is 

the accumulation of 200 frames. For data handling and analysis, the system software 

SymPhoTime 64 was used. On the one hand, reference measurements using the NR-O-C-

COOH in various water-methanol mixtures (x(MeOH) = 0.15, 0.25, 0.35, 0.5, or 1) were 

conducted. On the other hand, NR-labeled microgel beads (MG-PNIPAM-APMA-3-NR) 

were measured under three different conditions. The procedure of the sample and measure-

ment chamber preparation was done as described in the previous section 10.5.1. Microgel 

beads were imaged in their partly dried state after spin-coating a dispersion in methanol, 

immersed in pure methanol, or in a water-methanol mixture containing 20 mol% methanol. 

For each condition, several microgel beads were investigated. In the resulting images, each 

microgel bead was defined as a single region of interest (ROI), and the fluorescence decay 

was analyzed for each ROI. The decay was fitted with a multi-exponential function to obtain 

the lifetime components. These components were used to analyze the fluorescence decay of 

each pixel and create the final FLIM image.  

10.5.3 Time-resolved fluorescence microscopy  

The response of rhodamine-labeled microgel beads after a solvent-jump was imaged by 

time-resolved fluorescence microscopy (Chapter 8, section 8.4). The fast change in solvent 

composition from pure water to a mixture of 20 mol% methanol in water was realized using 

a PDMS-based microfluidic setup with Y-shaped inlets (see section 8.2). The change in size 

of a microgel bead was captured using a Nikon Eclipse TE3000 inverted fluorescence 

microscope (Nikon Intensilight C-HGFI) connected to a camera (Blackfly S BFS-U3-

16S2M). The framerate varied between 49 and 66 Hz. For most investigated microgel beads, 

three repetitions of the cononsolvency-induced collapse were imaged. The three repetitive 

experiments confirmed the reproducibility of the solvent-jump and the results were 
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averaged. For a few microgel beads, the size change after a solvent-jump was captured for a 

longer time. As long exposure times led to bleaching of the fluorescent dye, no threefold 

experiments were possible. 

10.5.4 Spinning-disk confocal fluorescence microscopy 

The shape of microgel beads adhered to the dynamic investigation setup was investigated by 

confocal fluorescence microscopy (see section 8.6.1). A commercial VisiScope Spinning 

Disk DC Confocal system (Visitron Systems GmbH) equipped with a spinning disc unit CSI-

X1 (Yokogawa) was used to image the fluorescent microgel beads. Z-scans of the microgel 

beads in water or in a 20 mol% methanol-water mixture were performed. To this end, the 

microfluidic device was placed onto a xy-piezo table (SmarAct GmbH) of a commercial 

inverted microscope Eclipse Ti-E (Nikon). The samples were illuminated with a 561 nm 

laser (500 mW). The fluorescence of the copolymerized rhodamine B derivative was 

collected with an adapted 60x/1.20 NA water objective (U Plan S Apo, Olympus) and 

afterwards separated from the excitation laser using a quad-line beam splitter Di01-

T405/488/568/647 (Semrock). Background light remaining from the excitation light was 

suppressed using a bandpass filter ET605/70m (Chroma) in the emission path. Emission was 

detected by an EMCCD camera (Andor iXON Ultra 888). All measurements were performed 

at room temperature. 

10.6 Synthesis and characterization of L-proline modified PNIPAM 

microgels 

The L-proline modified PNIPAM microgels (Chapter 6) were synthesized by precipitation 

polymerization (sample code: SFB985_C6_DK_P000323). To this end, NIPAM (90 mol%), 

a polymerizable form of L-proline (10 mol%), and BIS (~ 2 mol%) were polymerized in 

water at 70 °C with AMPA as initiator. The microgel-catalysts were freeze-dried previous 

to catalytic testing. The content of remaining water was analyzed by thermogravimetric 

analysis (TGA). The amount of L-proline incorporated in the polymer network was 

determined by attenuated total reflection Fourier transform infrared (ATR-FTIR). The 

swelling behavior was investigated by light scattering. The catalytic testing was performed 

at room temperature (25 °C) in water, methanol, and various water-methanol mixtures. The 

microgel-catalysts (0.1 eq L-proline groups) were mixed with 4-nitrobenzaldehyde (1 eq) 

and cyclohexanone (5 eq). For the reference experiments with unbound L-proline, the same 

equivalents were chosen. After each run, the reaction was terminated by the separation of 

the catalysts. Subsequently, the solvent was removed and the conversion was determined by 
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1H nuclear magnetic resonance (1H-NMR) spectroscopy. In addition to experiments, 

dissipative particle dynamics (DPD) simulations were performed. Here, the microgel-

catalysts and the reagents were studied at various temperatures in water or methanol. 

For more experimental and simulation details, refer to Kleinschmidt et al.[72]  

10.6.1 Dynamic light scattering (DLS) 

The size of the microgel-catalysts in various solvents was measured using dynamic light 

scattering experiments. For performing the measurements an ALV setup connected to a 

goniometer equipped with a HeNe laser (λ = 633 nm) was used. The temperature of the 

index-match-bath filled with toluene was controlled by a programmable thermostat (Julabo 

F32). Highly diluted samples of the freeze-dried microgel-catalysts were investigated to 

avoid multiple scattering. The solutions were filtered using cellulose acetate (CA) filters 

(Minisart®, pore size 0.8 µm). For temperature-resolved measurements in water and 

methanol, the value of the temperature was adjusted between 20 – 50 °C in steps of 2 °C. In 

the case of the sample in 20 mol% methanol, the temperature was varied between 10 – 40 °C. 

According to literature scattering angles between 40° and 110° in steps of 10° were evaluated 

for each temperature. Additionally, individual q-dependent measurements were performed 

at 25 °C in all solvents and in water at 60, 70, and 75 °C. Here, the scattering angle was 

varied in steps of 5°. For measurements in various water-methanol mixtures, solely q-

dependent measurements at 25 °C between 40° and 110° in steps of 5° were performed. 

Corresponding values of refractive indices and viscosities of the water-methanol mixtures 

were taken from the literature (Table 10.2). The average diffusion coefficient was 

determined from the second-order cumulant. The Stokes-Einstein equation was applied to 

determine the corresponding hydrodynamic radius (Rh). Samples were prepared several 

times. The error bars were then obtained by averaging over several q-dependent 

measurements and the deviation within the results of the q-dependence. 

Table 10.2: Refractive indices and viscosities of the binary water-methanol mixtures used for DLS 

measurements.[330,331]  

x(MeOH) Refractive index Viscosity / mP 

0.11 1.3365 13.45 

0.15 1.3375 14.40 

0.20 1.3388 15.50 

0.35 1.3396 15.49 

0.50 1.3389 13.30 

0.60 1.3380 10.69 

0.80 1.3334 8.30 
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10.6.2 Static light scattering (SLS) 

Highly diluted samples of the microgel-catalysts were investigated to prevent multiple 

scattering and an influence of the structure factor. After redispersion, all samples were 

filtered with CA filters (Minisart®, pore size 0.8 µm). All experiments were performed on a 

closed goniometer from SLS-Systemtechnik GmbH with two laser wavelengths of 407 and 

640 nm. In total, a q-range between 0.003 and 0.04 nm-1 was covered. The temperature of 

the toluene bath was controlled by a thermostat (Julabo CF40). Before each measurement, 

the temperature was equilibrated for at least 10 min. The scattering intensity was corrected 

by subtraction of the respective solvent scattering. Due to an increase in scattering intensity 

of the solvent background at low q, q-values below 0.0056 nm-1 were excluded for the 

evaluation of the radius of gyration (Rg). Rg was determined from the Guinier plot at small 

q-values for the microgel-catalysts in water (25, 45 °C), methanol (25 °C), and 20 mol% 

methanol (10, 25 °C). 

10.7 Osmotic pressure experiments 

Osmotic pressure experiments are discussed in Chapter 7. Dextran (Mw = 150 000 g/mol) 

was mixed with bidistilled, filtered MiliQ water to reach concentrations between 1 and 

30 wt%. For dissolution, the vials were rolled overnight. Subsequently, a certain volume of 

dextran solution was mixed with a certain volume of the microgel bead dispersion. The 

respective weights were noted to calculate the exact amount of dextran in the final solution. 

The following empirical relation between the osmotic pressure (in Pa) and the weight 

fraction of dextran () was applied: Π = 286 + 87² + 5³.[332] In order to determine the 

diameter of the microgel beads in the samples of different osmotic pressure, ~ 8.5 µL were 

transferred to a closed chamber using a spacer of 120 µm in height (Secure Seal imaging 

spacer). Subsequently, bright field images were captured using a 20x objective of a 

microscope (Nikon Intensilight C-HGFI) connected to a camera (Blackfly S BFS-U3-

16S2M). Finally, the sizes of numerous microgel beads in each surrounding was measured 

by hand and averaged. In total, five microgel samples with different sizes in water and cross-

linker content were investigated (see section 10.3.3). For one sample (MG-5-S), the same 

experiment was conducted using PEG (Mw = 8000 g/mol, 1 – 30 wt%) instead of dextran. 
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List of symbols and abbreviations 

A Area 

𝒜 Mixture model 

𝒜𝑖
∗ Pure component model 

AFM Atomic force microscopy 

APMA N-(3-Aminopropyl)methacrylamide hydrochloride  

APS Ammonium persulfate 

ATR Attenuated total reflection 

ℬ Background model 

BIS N,N’-Methylenebis(acrylamide) 

CA Cellulose acetate 

CAD Computer-aided design 

CCD Charge-coupled device 

CHM Complemental hard modeling 

CLS Classical least squares 

D Diffusion coefficient 

d Diameter 

DCC N,N’-Dicyclohexylcarbodiimide  

DEAAM N,N-Diethylacrylamide 

DLS Dynamic light scattering 

DMAP 4-Dimethylaminopyridine 

DMF Dimethylformamide 

DMMI Dimethylmaleimide 

DMSO Dimethyl sulfoxide 

DPD Dissipative particle dynamics 

 Viscosity 

f Friction coefficient 

FLIM Fluorescence lifetime imaging 

FTIR Fourier transform infrared 

FWHM Full width at half maximum 

MAS NMR Magic-angle spinning nuclear magnetic resonance 

I Intensity 

IHM Indirect hard modeling 
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K Bulk modulus 

kapp Apparent reaction rate constant 

ki,j Calibration factor 

λ Wavelength 

l Characteristic length 

LCST Lower critical solution temperature 

LED Light-emitting diode 

Mw Weight average molecular weight 

mi Mass of i  

µ Shear modulus 

MeOH Methanol 

MTRB Methacryloxyethyl thiocarbamoyl rhodamine B 

ni Number of i 

NHS N-Hydroxysuccinimide 

NIPAM N-Isopropylacrylamide 

NMR Nuclear magnetic resonance 

NR Nile red 

Π Osmotic pressure 

PE Polyethylene 

PEG Polyethylene glycol 

PDEAAM Poly-N,N-diethylacrylamide 

PDMS Polydimethylsiloxane 

PMMA Polymethyl methacrylate 

PMT Photomultiplier tube 

PNIPAM Poly-N-isopropylacrylamide 

PVA Polyvinyl alcohol 

PVP Polyvinylpyrrolidone 

qswell Swelling ratio 

qdeswell Deswelling ratio  

q Scattering vector 

ρ Density 

R Radius 

Reff Effective radius 

Rg Radius of gyration 

Rh Hydrodynamic radius 
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Re Reynolds number 

RMSE Root-mean-square error 

ROI Region of interest 

SANS Small-angle neutron scattering 

SAXS Small-angle X-ray scattering 

SDS Sodium dodecyl sulfate 

SLS Static Light Scattering 

SPAD Single-photon avalanche diode 

T Temperature 

t Time 

 Time constant/fluorescence lifetime 

 Time constant/relaxation time 

TCSPC Time-correlated single photon counting 

TGA Thermogravimetric analysis 

THF Tetrahydrofuran 

TEMED N,N,N’,N’-Tetramethylethylenediamine 

TR-SAXS Time-resolved small-angle X-ray scattering 

ULC Ultra-low cross-linked 

UV Ultraviolet 

 Fluid velocity 

 Frequency 

𝜈 Wavenumber 

V Volume 

VCL N-Vinylcaprolactam 

VPT Volume phase transition 

VPTT Volume phase transition temperature 

i Weight fraction of i 

xi Mole fraction of i 

𝜁𝑖 Weighting factor 
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Appendix 

Chapter 4 – macroscopic PNIPAM gels 

 

Figure A1: Comparison of the methanol CO-peak shift extracted from spectra measured in a binary 

reference solution of solely water and methanol (black) and inside PNIPAM macrogels with 5 mol% 

(red, full) or 1 mol% (red, open) cross-linker. 

 

Chapter 5 – solvatochromic microgels  

 

Figure A2: NR-labeled PNIPAM microgels in methanol. The PNIPAM microgels with 1 mol% 

APMA were labeled in buffer solution. Images were captured using a confocal fluorescence 

microscope.   
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Chapter 7 – osmotic pressure experiments 

In the case of the microgel beads cross-linked with only 1.2 mol% BIS, no clear second 

linear regime was found in the -V plots (Figure 7.4). Therefore, the local slope and volume 

at each point were used to calculate the corresponding bulk modulus as exemplarily shown 

for MG-1.2-L in Figure A3a. The resulting bulk moduli as a function of the normalized 

diameter are displayed in Figure A3b. For the deswelling at low osmotic pressures, the bulk 

moduli are similar to each other and close to the average value of 8 ± 1 kPa (black line). 

However, further deswelling to below ~ 0.7 of the diameter in water is accompanied by a 

significant increase of the bulk modulus. 

 

  

Figure A3: (a) External osmotic pressure in relation to the volume of the microgel beads with 

1.2 mol% cross-linker (MG-1.2-L). For each point, the local slope and volume were evaluated to 

calculate the bulk modulus. (b) Bulk modulus of MG-1.2-L in different swelling states. The diameter 

was normalized to the size in water. The bulk modulus extracted from a linear fit at low osmotic 

pressures (8 ± 1 kPa, Figure 7.4) is indicated by a black line. 
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Chapter 8 – dynamics of the cononsolvency-induced collapse 

For the solvent-jump experiments in Chapter 8, fluorescent microgel beads with 5 mol% 

cross-linker and different sizes were synthesized by microfluidics (see experimental section 

10.3.5). Table A1 lists the average diameter of the microgel beads in water and in 20 mol% 

methanol (MeOH) as well as the corresponding deswelling ratios.  

Table A1: Fluorescent microgel samples synthesized by microfluidics. The diameter in water was 

averaged for > 300 microgels and the diameter in 20 mol% methanol for > 150 microgels. The 

deswelling ratio qdeswell is defined as the ratio qdeswell(d) = d(20 mol% MeOH)/d(H2O) or qdeswell(V) = 

V(20 mol% MeOH)/V(H2O). 

Sample code 
d(H2O) 

in µm 

d(mix) 

in µm 
qdeswell(d) qdeswell(V) 

SFB985_B3_KN_M000262 28 ± 3 14 ± 2 0.50 0.13 

SFB985_B3_KN_M000589 52 ± 2 24 ± 3 0.46 0.10 

SFB985_B3_KN_M000499 53 ± 2 27 ± 2 0.51 0.13 

SFB985_B3_KN_M000498 54 ± 4 27 ± 2 0.50 0.13 

SFB985_B3_KN_M000502 70 ± 4 36 ± 2 0.51 0.14 

SFB985_B3_KN_M000497 100 ± 5 49 ± 2 0.49 0.12 
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The evaluation of the width of the interface between water and the unfavorable 20 mol% 

methanol in water mixture is discussed in section 8.3.1 for a 50/50 flow rate ratio. Figure A4 

displays the results for other flow rate ratios between water and mixture for different 

heights (z) and distances from the inlets (y).  

 

  

  

Figure A4: Evaluation of the width of the interface between pure water and 20 mol% methanol in 

water using Raman microspectroscopy as a function of the distance from the inlets (y) and the 

height (z). Various flow rate ratios between the water and mixture phase were investigated: (a) 80/20, 

(b) 70/30, (c) 60/40, and (d) 30/70. Measurements were performed 10, 30, or 50 μm above the glass 

surface of the channel. 50 μm corresponds to the center of the channel height. 

The width and shape of the solvent interface can be affected by the microgel beads. 

Microgel beads can strongly bend the interface. In the example shown in Figure A5, several 

microgel beads are attached next to each other across the channel width and in contact with 

each other. Only the one furthest to the right had an individual spot. The flow rate ratio of 

the co-flow coming from the bottom left corner was adjusted to cause a solvent-jump from 

water to the mixture. The interface (darkish stream) started to move across the channel (from 

the bottom right to the upper left corner of the images). Reaching the first, individual 

microgel bead, the interface already started to slightly bend. While the interface crossed over 
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the individual microgel bead with no problem, it did not proceed completely to the other side 

of the channel. The remaining microgels on the aqueous side prevented the full solvent-jump 

by strongly bending the solvent interface. Although the interface should be to the left of the 

second microgel bead, the bead did not collapse with time. Only the individual microgel 

bead collapsed as expected in the water-methanol mixture. Additionally, the solvent 

interface appears less sharp due to the bending, i.e. behind the microgel beads.  

 

Figure A5: Example for the influence of a microgel bead on the interface between the co-flow of 

water and mixture.  

The size evolutions of the microgel beads after a solvent-jump from water to 20 mol% 

methanol are discussed in section 8.5. The diameter of the microgel beads was extracted for 

every frame of the video of the solvent-jump experiment. Before fitting the size evolutions, 

the data points were reduced in order to give more weight to the first collapse with the major 

volume change. Thus, the data points are increasingly reduced with time and only every 

1.2n-th frame remained (Figure A6). 

 

Figure A6: The data points obtained from the video image analysis (full symbols) were reduced to 

every 1.2n-th frame (open symbols). 

All size evolutions were evaluated with a mono- and bi-exponential function for all 

investigated microgel beads. The results for the microgel beads of the smallest size range 

(around 25 µm) are shown in Figure A7, of the medium size range (around 60 µm) in 

Figure A8 and of the largest size range (around 95 µm) in Figure A9. For all, the mono-
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exponential fit (blue) is not sufficient to properly describe the change in diameter with time. 

A bi-exponential fit is required indicating a two-step process for the volume phase transition.  

 

 

Figure A7: Solvent-jump experiments from water to 20 mol% methanol for the microgels of the 

smallest size range around 25 µm. The change in diameter was fitted with a mono-exponential (blue) 

and bi-exponential (red) function. The corresponding residuals of both fits are shown at the bottom 

of each diagram. For each microgel, the solvent-jump was performed three times and the results were 

averaged.  
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Figure A8: Solvent-jump experiments from water to 20 mol% methanol for the microgels of the 

medium size range around 60 µm. The change in diameter was fitted with a mono-exponential (blue) 

and bi-exponential (red) function. The corresponding residuals of both fits are shown at the bottom 

of each diagram. For each microgel, the solvent-jump was performed three times and the results were 

averaged (except for a-c and e). 
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Figure A9: Solvent-jump experiments from water to 20 mol% methanol for the microgels of the 

largest size range around 95 µm. The change in diameter was fitted with a mono-exponential (blue) 

and bi-exponential (red) function. The corresponding residuals of both fits are shown at the bottom 

of each diagram. For each microgel, the solvent-jump was performed three times and the results were 

averaged. 
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Overview samples 

Overview of samples investigated within this thesis. For each, the sample codes, 

composition, and size are listed and an exemplary image (if available) is shown. 

Table A2: Overview of macroscopic PNIPAM gels investigated in Chapter 4.  

Lab book code 
Composition 

Diameter in water 

Photograph 

(cover slip: 22 x 22 mm) 

KN-H64 to -H70 

KN-H91 to -H100 

NIPAM 

BIS (5 mol%) 

Macrogels from 48 

well plate 

 

KN-H32 to -H38 

NIPAM 

BIS (5 mol%) 

Macrogels from 96 

well plate 

 

KN-H125 and -H126 

NIPAM 

BIS (1 mol%) 

Macrogels from 48 

well plate 

 

 

 

 

 

KN-H131 and -H135 

NIPAM 

BIS (1 mol%) 

Macrogels from 96 

well plate 

 

 

  

1 cm
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Table A3: PNIPAM-based microgel beads investigated in Chapter 5. 

Lab book code 

SFB Sample Management 

Thesis code 

Composition 

Diameter 
Image  

KN-MF33 

SFB985_B3_KN_M000263 

MG-PNIPAM-APMA-3 

NIPAM 

BIS (5 mol%) 

APMA (3 mol%) 

25 ± 3 µm (water) 

 

KN-MF33-NR 

SFB985_B3_KN_M000296 

MG-PNIPAM-APMA-3-NR 

NIPAM 

BIS (5 mol%) 

APMA (3 mol%) 

Nile Red labeled 

23 ± 3 µm (MeOH) 

 

KN-MF34 

SFB985_B3_KN_M000264 

MG-PNIPAM-APMA-1 

NIPAM 

BIS (5 mol%) 

APMA (1 mol%) 

26 ± 2 µm (water) 

 

KN-MF34-NR2 

SFB985_B3_KN_M000297 

MG-PNIPAM-APMA-1-NR 

NIPAM 

BIS (5 mol%) 

APMA (1 mol%) 

Nile Red labeled 

22 ± 2 µm (MeOH) 
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Table A4: PNIPAM microgel beads investigated in Chapter 7. 

Lab book code 

SFB Sample Management 

Thesis code 

Composition 

Diameter in water 
Image  

KN-MF30 

SFB985_B3_KN_M000504 

MG-5-S 

NIPAM 

BIS (5 mol%) 

22 ± 2 µm 

 

KN-MF39 

SFB985_B3_KN_M000605 

MG-5-M 

NIPAM 

BIS (5 mol%) 

39 ± 2 µm 

 

KN-MF40b 

SFB985_B3_KN_M000606 

MG-5-L 

NIPAM 

BIS (5 mol%) 

79 ± 4 µm 

 

KN-MF41 

SFB985_B3_KN_M000607 

MG-1.2-M 

NIPAM 

BIS (1.2 mol%) 

49 ± 2 µm 

 

KN-MF42 

SFB985_B3_KN_M000608 

MG-1.2-L 

NIPAM 

BIS (1.2 mol%) 

109 ± 6 µm 
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Table A5: PNIPAM-based microgel beads investigated in Chapter 8. 

Lab book code 

SFB Sample Management 

Composition 

Diameter in water 
Image  

KN-MF23 

SFB985_B3_KN_M000262 

NIPAM 

BIS (5 mol%) 

MTRB (< 0.1 mol%) 

28 ± 3 µm 

 

KN-SM5 

SFB985_B3_KN_M000497 

NIPAM 

BIS (5 mol%) 

MTRB (< 0.1 mol%) 

100 ± 5 µm 

 

KN-SM7 

SFB985_B3_KN_ M000498 

NIPAM 

BIS (5 mol%) 

MTRB (< 0.1 mol%) 

54 ± 4 µm 

 

KN-SM9 

SFB985_B3_KN_ M000499 

NIPAM 

BIS (5 mol%) 

MTRB (< 0.1 mol%) 

53 ± 2 µm 

 

KN-SM13 

SFB985_B3_KN_ M000502 

NIPAM 

BIS (5 mol%) 

MTRB (< 0.1 mol%) 

70 ± 4 µm 
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Continuation Table A5. 

Sample Codes: 

Lab book 

SFB Sample Management 

Composition 

Diameter in water 
Image  

KN-AM14 

SFB985_B3_KN_ M000589 

NIPAM 

BIS (5 mol%) 

MTRB (< 0.1 mol%) 

55 ± 3 µm 
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Table A6: PNIPAM microgel beads used for single, complemental measurements. These samples 

were already synthesized during my master thesis.[333] 

Lab book code 

SFB Sample Management 

In this thesis 

Composition 

Diameter in water 
Image  

KN-MF17 

SFB985_B3_KN_M000260 

Thesis: Figure 8.2 

NIPAM 

BIS (5 mol%) 

45 ± 2 µm 

 

KN-MF17b 

SFB985_B3_KN_M000261 

Thesis: Figure 1.3, 

Figure 8.6d and Figure A5 

NIPAM 

BIS (5 mol%) 

78 ± 2 µm 

 

KN-MF20 

SFB985_B3_KN_M000620 

Thesis: Figure 8.9a 

NIPAM 

BIS (1 mol%) 

67 ± 3 µm 

 

KN-MF21 

SFB985_B3_KN_M000621 

Thesis: Figure 8.9b 

NIPAM 

BIS (1 mol%) 

113 ± 4 µm 
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