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1. Introductory remarks 
 

1.1. Background1 

Hydrogels are soft polymeric materials that consist of cross-linked hydrophilic or 

amphiphilic polymer chains. As they are swollen by water, they are biocompatible and deformable.2-

5 Hydrogels are ubiquitous in e.g. jellies and separating medical materials. Most living tissue is also 

composed of hydrogels. Moreover, the stimulus-responsiveness of hydrogels has received great 

attention since Tanaka et al. discovered volume-phase-transition behavior,6 and several types of 

hydrogels that respond to external stimulation such as solvent, temperature, pH, light, or chemical 

agents have been developed.  

Among these, hydrogels, whose size typically ranges from several tens of nanometers to 

several micrometers, are called hydrogel microspheres (microgels, nanogels) and they combine the 

features of colloids with those of hydrogels described above. While the first reported gel particles were 

benzene-swollen polystyrene particles cross-linked with divinylbenzene, which were synthesized by 

Staudinger in 1935,7,8 this thesis focuses on water-swollen microgels. Microgels were first prepared 

by Pelton et al. in 1986,9 and this field has developed rapidly over the last 20 years.10-15 As microgels 

are colloidal in size, they can experience Brownian motion and respond quickly to external stimulation, 

as described by the Tanaka–Fillmore equation.16 As microgels, in contrast to rigid colloidal particles 

such as silica and polystyrene, contain hydrated polymer chains on their surface, microgels exhibit 

good colloidal stability and can thus be used in densely packed states where microgels are usually 

deformed and in contact with one another. Due to their advantages, microgels are expected to find 

numerous applications, e.g. in carriers for drug-delivery systems,12,17 cell 

scaffolds,12,18 sensors,12,19 molecular separation,20-22 molecular 

chaperones,23 catalysts,24,25 emulsifiers,26,27 energy-conversion materials,28-30 and model systems for 

glasses,32,33 crystals,34-37 and blood cells.38,39 

In the first published report of microgels, thermoresponsive microgels were prepared via 

aqueous free-radical precipitation polymerization,9 which allows synthesizing uniformly sized 

microgels, and is consequently one of the most frequently used techniques for the synthesis of 

thermoresponsive microgels. This technique can be employed for the synthesis of many types of 

microgels, provided that the monomers are soluble in water and the polymers formed via 

polymerization are water-insoluble.2-5,40 Inverse miniemulsion polymerization41 or template 

techniques38 can be used to synthesize microgels composed of hydrophilic polymer chains that cannot 

precipitate in water. Furthermore, seeded emulsion/precipitation polymerization allows designing 

microgels with more complex architectures, e.g., nanocomposite, hollow, and core–shell structures. 42-

48 Given that polymerization techniques strongly affect the microgel nanostructures, it is important to 

elucidate the structure of the resulting microgels before investigating their physicochemical properties, 

functions, and applications. 
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As microgels are water-swollen particles, it is of paramount importance to characterize both 

their colloidal and network structures. In bulk hydrogels, the network structure is typically evaluated 

using scattering techniques; these techniques provide additional information in the case of microgels. 

Dynamic light scattering (DLS) allows characterizing the hydrodynamic diameter of microgels based 

on the Stoks-Einstein equation and the diffusion coefficient of Brownian motion.49,50 As microgels, 

unlike bulk hydrogels, are too small to be observed by the naked eye, DLS measurements are crucial 

for discussing their swelling properties. Static light scattering and small-angle neutron/X-ray 

scattering provide structural information on the morphology, radius of gyration, and mesh size of the 

microgels.51-54 Electrophoresis, which is a characterization technique specific to colloidal particles, 

can not only determine the electrophoretic mobility and surface properties, but in combination with 

DLS also to evaluate their structure.55,56 Similarly, changes in their physicochemical properties have 

been analyzed using UV–vis adsorption, IR, and/or NMR spectroscopy to investigate the microgel 

structure.28-31,57 

Microscopy, which allows directly visualizing individual colloidal particles, is especially 

important in determining the size, shape, and distribution of microgels (Table 1). In order to 

understand the averaged data obtained from ensemble techniques, visualization by microscopy should 

be performed first after the synthesis of microgels. Electron microscopy has been widely used for 

visualizing microgels under vacuum conditions. In a pioneering study, thermoresponsive microgels 

were examined using transmission electron microscopy (TEM) to determine the polymer density 

distribution of the microgels and the uniformity of their size.9 TEM imaging detects the transmitted 

electron beam, and therefore, the internal structure of the microgels can be analyzed using TEM 

images. However, in reality, an evaluation of the polymer density distribution using only TEM images 

is difficult, because the contrast is too low to detect low-density regions. Instead, TEM is better suited 

for the visualization of the internal structure of metal composite microgels25,43,58-62 and microgels 

stained with metal ions.44-47,63 Conversely, scanning electron microscopy (SEM), which depicts the 

secondary/backscattered electrons or X-rays generated when a sample is exposed to an electron beam, 

is often used to visualize the surface structure of microgels. Nonconductive samples such as microgels 

have to be sputtered with a conductive layer prior to SEM imaging, which sometimes impedes the 

precise visualization of microgels that are highly deformed on the substrate. Similar to TEM, SEM 

has mainly been employed to clarify the size (distribution) of microgels.48 Moreover, SEM images 

may provide 3D information on the microgels as the imaging angle can be varied.64  

Electron microscopy allows imaging with high spatial resolution; however, it has the major 

limitation of being conducted under vacuum conditions. It is generally difficult to elucidate the 

nanostructures of microgels via electron microscopy due to the deformation of the dried microgels 

under vacuum conditions, although Horigome et al. succeeded in observing microgels in the swollen 

state via SEM using ionic liquids.65 While Gelissen et al. have visualized the thermoresponsiveness of 
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a single microgel with metal nanoparticles as markers in water by liquid-cell in situ TEM,66 the low 

density hydrogel regions could not be visualized. Cryogenic (cryo-) electron microscopy has been 

used to circumvent this obstacle. In this technique, the microgel structure is immobilized in the 

dispersed state by rapidly freezing a microgel dispersion. Crassous et al. first reported cryo-TEM 

imaging for solid core–hydrogel shell particles.67,68 While evaluating microgels with low polymer 

density is difficult, this technique is suitable for determining the structures of microgels with large 

density difference such as hollow, core–shell, and nanocomposite structures.47,69-72 The deformation 

structures of microgels at oil/water interfaces have been visualized using cryo-SEM.73 Geisel et al. 

have clarified the deformation structure of microgels at oil/water interfaces using freeze–fracture 

shadow-casting (FreSCa), which is a method to calculate the height of the sample by the shadow 

formed during sputtering.74 The structures of deformed microgels at oil/water interfaces have also been 

analyzed using simulations.75,76 More recently, cryo-electron tomography (cryo-ET) has been used to 

quantitatively determine the size and spatial distribution of nanocomposite materials within the 

microgels via 3D topographic reconstruction at different angles.77 

Optical microscopy (OM) and fluorescence microscopy (FM) are imaging techniques with 

a spatial resolution of ~200 nm, which is due to the use of vis/UV light. However, the spatial resolution 

of OM/FM for microgels is further reduced due to their low polymer density and blurry surface. A 

great advantage of these techniques is their high temporal resolution, which allows observing dynamic 

behavior in real time, such as the packing of concentrated microgel suspensions,34 the pre-melting of 

colloidal crystals78 and self-organization processes. For example, OM observations have revealed the 

adsorption and arrangement behavior of microgels at the air/water interfaces during the drying of 

microgel dispersions.79-81 This self-organization is the key to forming thin microgel films that show 

structural color,82 in contrast to other colloidal dispersions that produce ring-shaped structures that 

originate from the coffee-ring effect.83 Moreover, OM observations have clarified that microgels with 

anisotropic structures, such as Janus microgels and ellipsoidal microgels, promote one-dimensional 

self-assembly.84-86 Recently, the temporal resolution has been further improved by combining FM with 

a high-speed camera. This approach has revealed the adsorption and deformation kinetics of microgels 

at air/water interfaces87 and their flow behavior under blood-flow-like conditions (shear velocity: 102–

103 s−1, i.e., similar to that in arterioles).88 On the other hand, super-resolution fluorescence microscopy 

(SRFM) enables a spatial resolution of ~20 nm in water by overcoming the Abbe diffraction limit.89-

91 SRFM has been used to determine the cross-linking distribution of single microgels, and the 

observed structures have often been compared with the results obtained from scattering 

techniques.92,93 SRFM is a suitable technique for the observation of single microgels not only in the 

dispersed state, but also in densely packed states. The structures of microgels with different volume 

fractions have been visualized using two types of fluorescence-labelled microgels and dSTORM94,95 in 

order to clarify the structural changes with increasing volume fraction. It should be noted here that 
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SRFM requires fluorescence labeling.  

Atomic force microscopy (AFM) is a scanning probe microscopy technique that images by 

detecting the displacement of a cantilever and delivers information on the height and morphology of 

a sample, as well as its physical properties such as stiffness, Young’s modulus, and adhesion force.96-

98 Traditionally, AFM observations were routinely conducted in air,47 but since 2007, in situ AFM has 

received increasing attention, as it allows examining water-swollen microgels and their stimulus-

responsiveness.99-105 Wiedemair et al. have used in-situ AFM to evaluate thermoresponsive microgels, 

and successfully observed the changes in their structures and elastic modulus with increasing 

temperature.99 The advantage of AFM is its high spatial resolution (~1 nm), albeit that its ability to 

image only substrate-bound samples with a temporal resolution of tens of seconds to minutes per 

image is somewhat limiting. 

In this context, the author of this thesis has applied high-speed (HS) AFM to directly 

visualize the nano-dynamics of microgels. This imaging method had been originally improved to 

directly visualize the dynamics of biomolecules and to obtain exceptionally high spatial–temporal 

resolution (spatial resolution: ∼1 nm,; temporal resolution: 50 ms/frame) in water.106,107 Matsui et al. 

first employed HS-AFM to visualize the dynamic processes of artificial polymeric microspheres and 

revealed that the softness (deformability) of particles strongly affects their adsorption behavior on the 

substrate.108 Moreover, HS-AFM can be improved with relative ease compared to other microscopy 

techniques, i.e., the introduction of a temperature controller into the cantilever holder of the HS-AFM 

allows visualizing the thermoresponsiveness of microgels.109  

The present thesis comprises the investigation of three topics associated with the 

nanostructure and nanodynamics of microgels. In Chapter Ⅰ, the thermoresponsiveness of single 

microgels is investigated. The results demonstrate that microgels prepared by precipitation 

polymerization exhibit a non-thermoresponsive nanostructure, and that the nanostructure strongly 

depends on the polymerization technique. In Chapter II, the effect of the chemical composition of the 

microgels on their nanostructure is investigated. The results show that the nanostructure of the 

microgels is affected by the monomer reactivity ratios. Chapter Ⅲ focuses on the mechanism of 

precipitation polymerization. The changes in the nanostructure and thermoresponsiveness of 

developing microgels during precipitation polymerization are evaluated using light scattering and HS-

AFM. Furthermore, direct observation of the precipitation polymerization is conducted to clarify the 

way in which the polymerization proceeded.  
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2. Capture Ⅰ 

“Non-Thermoresponsive Decanano-sized Domains in Thermoresponsive Hydrogel 

Microspheres Revealed by Temperature-Controlled High-Speed Atomic Force Microscopy” 

 

*Part of this work was published in “Yuichiro Nishizawa, Shusuke Matsui, Kenji Urayama, Takuma 

Kureha, Mitsuhiro Shibayama, Takayuki Uchihashi and Daisuke Suzuki Angewandte Chemie 

International Edition, 2019, 58, 8809-8813. 

(https://doi.org/10.1002/anie.201903483) 

Reprinted with permission from Copyright (2019), Wiley-VCH Verlag GmbH & Co. KGaA. 

 

2.1 Introduction 

  In most cases reported so far, microgels have been synthesized by precipitation 

polymerization in water using N-isopropyl acrylamide (NIPAm) and N,N′-methylenebis(acrylamide) 

(BIS) as a cross-linker because this polymerization technique allows preparation of large amounts of 

microgels with uniform size, and stimuli-responsive properties can be extended by selecting 

appropriate co-monomers or by incorporating supramolecular cross-linkers.1-4 The pNIPAm microgels 

are one of the most widely used microgels, given that they have a volume-phase-transition temperature 

(VPTT) around 32 °C.1 As the physicochemical properties, that is, the degree of swelling, the softness, 

and the optical properties, of the microgels are governed by their structures, the understanding of the 

structures of microgels is crucial to developing advanced stimulus-responsive soft materials based on 

microgels. 

 So far, there have been many attempts to determine the accurate structure of pNIPAm-based 

microgels. The structure of microgels has been mainly studied by scattering techniques,5-10 and 

imaging techniques including electron microscopy,11,12 fluorescence microscopy,13 atomic force 

microscopy (AFM),14-16 and super-resolution microscopy.17-19 Most of these previous reports have 

concluded that pNIPAm-based microgels prepared by precipitation polymerization exhibit an 

inhomogeneous structure of the core-shell, where the polymer density of the core is higher than that 

of the shell, which originates from the difference in reactivity between NIPAm and BIS, that is, BIS 

is consumed faster than NIPAm.20-22 However, a definite conclusion about the accurate nanoscale 

structure of the microgels has not yet been achieved because of the limitations associated with the 

spatio-temporal resolution of imaging techniques conducted in aqueous solutions. 

In this context, the author discovered that thermoresponsive pNIPAm microgels exhibit not 

only well-known core–shell structures, but also inhomogeneous decanano-scale spherical domains 

that are not thermoresponsive. A suitable technique to examine this phenomenon is temperature-

controlled, high-speed atomic force microscopy (TC-HS-AFM).23-26 
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2.2 Experimental section 

Materials 

N-isopropyl acrylamide (NIPAm, purity 98%), N,N’-methylenebis(acrylamide) (BIS, 97%), 

potassium peroxodisulfate (KPS, 95%), 2,2’-azobis(2-methylpropion amidine) dihydrochloride (V-50, 

97%), sodium dodecyl sulfate (SDS, 95%), sorbitan monooleate (span80), ethanol (99.5%), and 

hexane (96 %) were purchased from Wako Pure Chemical Industries (Japan) and used as received. 

Fluorosurf was purchased from Fluoro Technology (Japan). Water for the preparation of microgels 

was initially distilled and subsequently subjected to ion exchange (EYELA, SA-2100E1). 

 

Preparation of Microgels by Precipitation Polymerization 

Typical poly(NIPAm-co-BIS) microgels that differ with respect to cross-linking density and 

size were prepared via aqueous precipitation polymerization using KPS as an initiator. Polymerizations 

were performed in a three-necked round-bottom flask (200 mL) equipped with a mechanical stirrer, 

condenser, and nitrogen gas inlet. The initial total monomer concentration was held constant at 150 

mM. A mixture of NIPAm, BIS, and SDS in water (95 mL) was prepared as the monomer solution in 

the round-bottom flask. The individual monomer and SDS concentrations are listed in Table S1. To 

remove any oxygen, the monomer solution was heated to 70 °C in an oil bath and sparged with nitrogen 

(30 min) under constant stirring (250 rpm). After stabilizing the solution for 30 min, free-radical 

polymerizations were initiated by adding KPS (2 mM, 0.054 g) in water (5 mL). The solutions were 

stirred for 4 h, and after the completion of the polymerizations, the obtained dispersions were cooled 

to room temperature. Each batch of microspheres was purified via two cycles of centrifugation/re-

dispersion in water using a relative centrifugal force (RCF) of 415000 × g, followed by dialysis for a 

week with daily water changes. 

 

 

Preparation of Microgels by Inverse Miniemulsion Polymerization 

In order to compare the effect of the polymerization method, an inverse miniemulsion 

polymerization was conducted in glass bottle with a magnetic stirrer at constant stirring (450 rpm) 

using V-50 as a photo-initiator. The initial total monomer concentration was held constant at 1000 mM. 

A monomer solution (7.5 mL), in which NIPAm (97 mol%, 0.823 g), BIS (3 mol%, 0.035 g), and V-

50 (14 mM, 0.029 g) were dissolved, was added to a mixture of Span 80 (1.4 g) and hexane (43 g). 

The inverse miniemulsion was prepared by ultrasonication using an ultrasonic homogenizer (VC-75, 

SONICS). Dissolved oxygen was removed from the inverse miniemulsion by sparging with N2 for 30 

min prior to the polymerization. Then, the polymerization was initiated by exposure to UV irradiation 

(UVL-400HA (365 nm), Rikoukagakusangyo Co. Ltd.) at room temperature (T < LCST) or at 40 °C 

(LCST < T) for 15 min under an atmosphere of nitrogen. After stabilizing the solution for more than 
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4 h, the obtained microgel dispersion was centrifuged and redispersed in ethanol to break the emulsion. 

Subsequently, the dispersion was centrifuged (296000 g) and redispersed in water in order to exchange 

ethanol for water, before the microgels were purified via dialysis for a week with daily water changes. 

 

Electron Microscopy 

The morphology of the microgels in the dried state was visualized by transmission electron 

microscopy (TEM, JEOL2010; operated at 200 kV). For the TEM observations, diluted microgel 

dispersions (0.005 wt%, 2 µL) were dropped on carbon-coated copper grids (Okenshoji Co.,Ltd.), 

which were dried at room temperature. 

 

Light Scattering Measurements  

The temperature-dependence of the hydrodynamic diameter (Dh) of the microgels in pure 

water was determined by dynamic light scattering (DLS; Malvern Instruments Ltd.; ZetasizerNanoS). 

The DLS data represent averages of three individual measurements of 15 consecutive runs of the 

intensity autocorrelation (acquisition time: 30 s). The concentration of the microgels in the DLS 

experiments was approximately 0.002 wt%. The samples were allowed to thermally equilibrate at 

25°C for 10 min prior to each measurement. The time-dependent scattering intensity was detected at 

a total scattering angle of 173°. The hydrodynamic diameter of the microspheres was calculated from 

the measured diffusion coefficients using the Stokes–Einstein equation (Zetasizer software v6.12).  

To gain information on the internal structure of the water-swollen microgels in the bulk solution, static 

light scattering (SLS) measurements were conducted with a DLS/SLS-5000 (ALV, Langen) and a 

He−Ne laser (632.8 nm, 22 mW). The scattering angle was changed in increments from 30° to 90°. 

The SLS data represent averages of 15 consecutive runs of the intensity autocorrelation (acquisition 

time: 30 s). The samples were allowed to thermally equilibrate at the target temperature (25 °C and 

40 °C) for 10 min prior to each measurement.  

To analyze the scattering curves of the microgels, a fuzzy sphere form factor, P(q)fuzzy, (eq. 

2.1)7 was used: 

 

𝑃(𝑞) = 𝐴
[ ( ) ( )]

( )
exp −

( )
                            (Eq. 2.1) 

 

where, R denotes the radius of the particle where the scattering length density profile decreased to half 

the core density. 𝜎  denotes the width of the smeared particle surface (fuzzy layer). A and q are the 

scale value to normalize the total scatter volume, and the scattering vector, respectively.  

 

Electrophoresis Analysis 
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The electrophoretic mobility (EPM) of the microgels in aqueous solution was determined 

using a Zetasizer NanoZS system (Malvern, Zetasizer software Ver. 7.12). The EPM data represent 

averages of three individual measurements of 20 consecutive runs. In order to equilibrate the sample 

temperature, the samples were allowed to stand at 25 °C for 10 min before each measurement. The 

microgel concentration was 0.001 wt%. 

 

TC-HS-AFM Observation 

A laboratory-built HS-AFM was used in this study, and the details are described 

elsewhere.25,26 All images and movies shown in this paper were acquired in tapping mode, in which a 

small cantilever (length: 10 μm; width: 2 μm; thickness: 90 nm; BL-AC10-DS, Olympus, Japan) 

oscillates near its mechanical resonance frequency. The cantilever oscillation was detected by an 

optical-beam-deflection detector with a red laser (680 nm). Typical values for the spring constant, 

resonant frequency, and quality factor in an aqueous solution of this cantilever are ~0.1 N/m, ~600 

kHz, and ~2, respectively. An amorphous carbon tip was grown on the original bird-beak tip by 

electron beam deposition, and the carbon tip was subsequently sharpened (radius: ~4 nm) by plasma 

etching under an argon atmosphere. For the HS-AFM imaging of the microgels, the cantilever free-

oscillation amplitude was set to 5~30 nm, and the set-point amplitude was set to 70-90% (depending 

on the microsphere size) of the free-oscillation amplitude.  

To construct the phase images, a phase delay of the oscillating cantilever relative to the 

driving signal was detected by a lock-in amplifier (HF2LI: Zurich Instrument, Switzerland). A darker 

contrast in the phase images corresponds to delayed phases, which corresponds to regions with softer 

mechanical properties compared to those the other regions.27 

In order to modify the hydrophobic properties of the mica surfaces, fluorosurf (Fluoro 

Technology, Japan), which forms a hydrophobic fluororesin film upon drying, was dropped (0.5 µL) 

onto the substrate surface and dried naturally. Then, pNIPAm microgels were physically adsorbed on 

the substrate using the following procedure: microgel dispersions (0.05 wt%; 3 µL) were dropped on 

the substrate, and after 5 min, the mica surface was rinsed with pure water to remove any excess of 

the microgels.  

The thermo-responsive behavior of the microgels was observed using a temperature-control 

device equipped with HS-AFM.26 The thermocouple was attached to the cantilever holder and 

immersed in the HS-AFM fluid cell, which was filled with water (80 µL). Applying a DC current 

through the indium-tin-oxide glass at the bottom of the cantilever holder, the aqueous solution was 

heated at a rate of ~1.5 °C / min by a feedback control on the software of the HS-AFM. All HS-AFM 

imaging was performed under the following conditions: 120 ×120 pixels2; frame rate = 1 fps. 
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2.3. Results and discussion 

2.3.1. Synthesis and characterization of microgels prepared by precipitation polymerization 

Initially, the author synthesized a series of pNIPAm microgels by aqueous free-radical 

precipitation polymerization with different concentrations of BIS or the anionic surfactant sodium 

dodecyl sulfate (SDS) to obtain microgels that differ with respect to their degree of cross-linking 

density and size (Table 2.1). Here, N and B refer to NIPAm and BIS, respectively, while the number 

refers to the degree of cross-linking (mol %). 

 

Table 2.1. Chemical composition and properties of pNIPAm-based microgels that differ with respect 

to cross-linking density, size, and polymerization technique. Swelling ratio was defined as : Swelling 

ratio = (Rh at 25 °C)3 / (Rh at 40 °C)3. 

To confirm that the structures of these microgels are similar to those of previous reports, the 

microgels were characterized by various conventional techniques. First, the size uniformity of the 

microgels was confirmed by TEM (Figure 2.1). The monodispersed microgels were regularly 

arranged and separated from each other, indicating the presence of a shell layer with low polymer 

density that cannot be visualized by TEM, a feature which has already been reported (Figure 2.1a-

h).11,12, 28, 29 Subsequently, to gain information on the structure of the microgels in the swollen (25 °C) 

and collapsed states (40 °C) in aqueous solution, static light scattering (SLS) measurements were 

carried out, and the scattering curves for the microgels were analyzed (Figure 2.2, Table 2.2). All 

scattering curves of the microgels with different cross-linking densities in the swollen and collapsed 

states can be well fitted by a fuzzy sphere form factor, P(q)fuzzy [Eq. (S1) Figure 2.2],7 which describes 

core–shell structures with two zones of different polymer densities.. The core–shell structure of the 

microgels was also supported by the different temperature dependence of overall hydrodynamic 

diameter, Dh, and the electrophoretic mobility, EPM (Figure 2.3), which indicate that the core 

deswells at lower temperatures than the shell.30 
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Figure 2.1. TEM images of dried microgels that differ with respect to cross-linking density, SDS 

concentration during the polymerization, and polymerization technique: (a) NB1, (b) NB2, (c) NB3, 

(d) NB4, (e) NB5, (f) NB6, (g) NB10, (h) NB5S1, (i) ME, and (j) ME(G). 

 

 

 

 

 

Figure 2.2. SLS intensities of individual microgels and fitting curves obtained from eq. S1 (solid line) 

at 25 °C (blue) and 40 °C (red): (a) NB3, (b) NB6, and (c) NB10. 
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Table 2.2. Summary of the results of the SLS measurements. Fitting parameters of eq. S1 and Rg / Rh 

ratio of the microgels that differ with respect to the cross-linking density (25 °C and 40 °C). 

 

Figure 2.3. Temperature dependence of Dh (left axis, black) and EPM (right axis, red) of microgels 

with different cross-linking densities. (a) NB3, (b) NB6, and (c) NB10. 

 

 

2.3.2. Evaluation by TC-HS-AFM 

Subsequently, the author visualized the nanoscopic structures of these well-characterized 

microgels by TC-HS-AFM. Figures 4a and 4b show height images and the corresponding phase 

images of NB3 microgels attached to a hydrophobized mica substrate in aqueous solution. It should 

be noted that the phase images, which reflect the difference in physical properties of the 

sample,27 corroborate a shell layer surrounding a microgel core (Figure 2.4a, b). The diameter of the 

microgels obtained from the height images is almost identical with the width of the core region 

obtained from phase images, which suggests that the microgels observed in the height images represent 

only the core region (Figure 2.5). As confirmed by three-dimensional images constructed from these 

height images, the volume of individual microgels decreases with increasing temperature (Figure 

2.4c). This observation is consistent with the temperature dependence of microgel volume calculated 

from the DLS-derived Dh (Figure 2.6). 
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Figure 2.4. TC-HS-AFM analysis of representative pNIPAm microgels (NB3). Temperature 

dependence of the (a) height images, (b) phase images, (c) 3D images constructed from each height 

image. 
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Figure 2.5. Temperature dependence of Dphase, Dcore, and Dheight. These parameters were measured using 

phase and height images. Rshell, which calculated by Rshell = (Dphase - Dcore)/2, is also plotted. As the 

thermoresponsive behavior of Dcore and Dheight is almost identical, microgels observed by height images 

exhibited only the core region. The Rshell value is almost consistent with 4σsurf, which corresponds to 

the length of the shell layer of the microgels as estimated by the SLS measurements.3 

 

 

Figure 2.6. Temperature dependence of the normalized volume, calculated from height images or Dh 

for (a) NB3, (b) NB6, and (c) NB10. The obtained data show good agreement with each other. The 

deviation of the thermoresponsive behavior might be caused by a restriction of the volume changes 

due to the adsorption on the solid surface. 
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Here, as shown in height images, the decanano-sized domains become clearly visible by 

increasing the temperature. Most interestingly, the domain exists even when the NB3 microgels are in 

the swollen state at 25.3 °C, and the number and size of the domains remain almost constant while 

increasing the temperature, indicating that the domains are not thermoresponsive (Figures 2.7, 2.8). 

In addition, when comparing the height and phase images at each temperature, it can be observed that 

the domains exist in the core region of the microgels. These trends are qualitatively consistent with 

the other pNIPAm-based microgels with different cross-linking densities (Figure 2.9-2.14). Because 

of non-thermoresponsiveness of the domains, the domains must be BIS-rich aggregates formed in the 

initial stage of precipitation polymerization.1 Additionally, it is widely accepted that a cross-linked gel 

shell suppresses core swelling in core–shell microgels.31 A similar effect may occur for the decanano-

scale domains. 

 

Figure 2.7. Details of the measurement of domain size in the case of NB3. Temperature dependence 

of height images and cross-section profiles corresponding to each red line. The domain size was 

evaluated from the cross-section profiles of the domain region observed by TC-HS-AFM. Note that 

the region, whose height is higher than the surroundings’, e.g. in a bump in the cross-section profile, 

was considered as a domain, and its width was measured. 
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Figure 2.8. Temperature dependence of domain size in Figure 7. 

 

Figure 2.9. (a) Temperature dependence of the height images (above), corresponding cross-section 

profiles (below), and (b) domain size for NB1 microgels. 

 

Figure 2.10. (a) Temperature dependence of the height images (above), corresponding cross-section 

profiles (below) and (b) domain size for NB2 microgels. 
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Figure 2.11. (a) Temperature dependence of the height images (above), corresponding cross-section 

profiles (below) and (b) domain size for NB4 microgels. 

 

 

Figure 2.12. (a) Temperature dependence of the height images (above), corresponding cross-section 

profiles (below) and (b) domain size for NB5 microgels. 

 

 

Figure 2.13. (a) Temperature dependence of the height images (above), corresponding cross-section 

profiles (below) and (b) domain size for NB6 microgels.  
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Figure 2.14. (a) Temperature dependence of the height images (above) and corresponding cross-

section profiles (below) for NB10 microgels. (b) Phase image of a magnified NB10 microgel at 

40.3 °C. Although domains could not be defined using the height images, they were observed in the 

phase images. Therefore, it seems likely that the domains are embedded in the core region of the highly 

crosslinked microgels. 
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So far, several reports have suggested that such nano-sized or decanano-sized 

inhomogeneous domains exist in thermoresponsive pNIPAm microgels prepared by precipitation 

polymerization. For example, Saunders has proposed four types of possible microgel structures.8 Two 

of the proposed structures are composed of aggregated nanoparticles with or without core–shell 

structures. In the same paper,8 a small-angle neutron scattering (SANS) analysis was conducted to 

elucidate the structure, but conclusive results were unfortunately not obtained. Höfl et al. observed 

several humps (≈100 nm) on poly(NIPAm-co-vinyl acetic acid) microgels (≈1200 nm) only above the 

VPTT, by means of AFM in an aqueous solution.32 Thus, it was concluded that the origin of the humps 

was probably due to the collapsing of dangling chains on the surface of the microgels with an increase 

in temperature. In contrast to these conclusions, the presence, position, and responsiveness of 

decanano-sized domains have been clarified, for the first time, herein. Recently, the existence of 

decanano-sized domains in pNIPAm microgels cross-linked with a fluorophore have been reported by 

using super-resolution microscopy, although the thermoresponsiveness of the nanostructures was not 

investigated.33 This result supports the findings in this study, that is, that the decanano-sized domains 

are not artifacts of the TC-HS-AFM measurements. 

 

2.3.3. Evaluation of microgels prepared by inverse miniemulsion polymerization  

To clarify that the existence of non-thermoresponsive domains in pNIPAm microgels 

prepared by precipitation polymerization, further experiments were conducted. Initially, the size of the 

domains in the smaller pNIPAm microgels, which were synthesized with a higher SDS concentration 

(1 mm), was investigated. The domains were also observed, and their sizes were virtually temperature 

independent (Figure 2.15).  

 

 

Figure 2.15. (a) Temperature dependence of the height images (above), corresponding cross-section 

profiles (below) and (b) domain size for NB5S1 microgels. 
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Then, pNIPAm microgels were prepared by a different polymerization technique, that is, by 

inverse miniemulsion polymerization,34,35 where individual aqueous submicron-sized droplets become 

microgels after the polymerization. In principle, inverse miniemulsion polymerization can be 

conducted below and above the VPTT. As expected, the decanano-sized domain structure was not 

observed for microgels synthesized below the VPTT (denoted as ME), neither in the swollen nor 

collapsed states (Figure 2.16a,e). Conversely, for microgels synthesized above the VPTT [denoted as 

ME(G)], a domain structure distributed over the entire microgel structure was clearly observed, even 

in the swollen state (25.2 °C; Figure 2.16b). The volume of the individual microgels decreased with 

increasing temperature while maintaining the domain structure (Figure 2.16d,f,g), which is analogous 

to the case of microgels synthesized by precipitation polymerization (Figure 4). It is worth noting that 

the pNIPAm microgels prepared by inverse miniemulsion polymerization (both below and above the 

VPTT) do not exhibit a core–shell structure, which was confirmed by comparing the height and phase 

images (Figure 2.16a,b). 
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Figure 2.16. Temperature dependence of the height, phase, and 3D images for (a) ME and (b) ME(G). 

Temperature dependence of the normalized volume for (c) ME and (d) ME(G). (c) Cross-section 

profiles for ME (e) and ME(G) (f) during heating. (g) Temperature dependence of the domain size in 

ME(G). 
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Taking all results and the knowledge from previous reports into consideration, the author 

proposes plausible structures for the pNIPAm microgels prepared by different polymerization 

techniques (Scheme 2.1): a) inhomogeneous core–shell microgels, with decanano-sized domains in 

the high-density core, prepared by precipitation polymerization, b) homogeneous microgels prepared 

by inverse miniemulsion polymerization below the VPTT, and c) inhomogeneous microgels, with 

many nano-sized to submicron-sized domains in the entire microgel, prepared by inverse 

miniemulsion polymerization above the VPTT. It should be noted that the homogeneous microgels 

shown in Scheme 2.1b should exhibit inhomogeneities on the molecular scale, which has been 

discussed predominantly for bulk hydrogels,36,37 although TC-HS-AFM was unable to distinguish 

such nanostructures. 

 

 

 

Scheme 2.1. Schematic illustration of the structure of pNIPAm microgels synthesized by different 

polymerization techniques: a) precipitation polymerization, b) inverse miniemulsion polymerization 

below the VPTT, and c) inverse miniemulsion polymerization above the VPTT. 

 

 

2.4. Conclusion 

In conclusion, the structure of pNIPAm-based microgels was carefully investigated by TC-

HS-AFM, as well as by other conventionally used techniques. By monitoring the thermoresponsive 

behavior of individual microgels, and comparing it to that of bulk hydrogels, different inhomogeneous 

structures involving decanano-scale spherical domains, which are not thermoresponsive in 

thermoresponsive microgels, were discovered. The author also clarified that the structure of the 

microgels strongly depends on the method used to produce microgels. The approach shown in this 

study can be expected to be applicable to all thermoresponsive microgels and probably to other stimuli-

responsive colloids. Therefore, The author believes that the deeper understanding of stimuli-

responsive nanostructures of microgels will help in developing advanced applications, that is, microgel 

glasses/crystals whose physical properties should be strongly affected by their micro constituents. 
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3. Chapter II 

“Nanostructure and thermoresponsiveness of poly(N-isopropyl methacrylamide)-based 

hydrogel microspheres prepared via aqueous free radical precipitation polymerization” 

 

*Part of this work was published in “Yuichiro Nishizawa, Haruka Minato, Takumi Inui, Ikuma Saito, 

Takuma Kureha, Mitsuhiro Shibayama, Takayuki Uchihashi and Daisuke Suzuki, RSC Advances 2021, 

11, 13130-13137.” 

(https://doi.org/10.1039/D1RA01650D) 

Reprinted with permission from Copyright (2021), Royal Society of Chemistry 

 

3.1. Introduction 

 As mentioned above capture, (pNIPAm)-based microgels have a volume-phase-transition 

temperature (VPTT) of ∼32 °C and their physicochemical properties change quickly when the 

temperature increases beyond this point.1,2 The VPTT of microgels can be controlled by varying the 

constituent chemical species, such as (meth)acrylamide analogues,1,3,4 N-vinylcaprolactam 

(VCL),5,6 and oligo(ethylene glycol) methylester (meth)acrylates.7-9 This is especially notable in the 

case of N-isopropyl methacrylamide (NIPMAm), which differs from NIPAm only by a single methyl 

group at the α-position, where the obtained pNIPMAm microgels have a VPTT of ∼43 °C.10–18 The 

VPTT of microgels can also be tuned via the copolymerization of NIPMAm with other chemical 

species, such as NIPAm or VCL. 19-22 

Thermoresponsive microgels are mainly synthesized via aqueous free radical precipitation 

polymerization in water. In this system, microgels are formed via the self-assembly of phase-separated 

polymer chains.1,23 In order to control the structure of the microgels, it is therefore important to 

understand the reactivity ratio between the main monomer and the cross-linker. To date, the structural 

elucidation of p(NIPAm-co-BIS) microgels has mainly been attempted using scattering techniques24-

26 and microscopy, 27,28 and it has been concluded that these microgels show heterogeneous core–shell 

structures as the BIS cross-linker is consumed faster than the NIPAm.29 Recently, using TC-HS-AFM, 

it has be revealed that cross-linked pNIPAm microgels exhibit a non-thermoresponsive nano-structure 

in the core region.30-34 

In general, the chemical structure of the monomer determines the reactivity ratio and thus, 

different reactivity ratios (i.e., monomers) might cause structural changes in the microgels. For 

instance, the calculated reactivity ratio in the presence of BIS is lower for acrylamide than for 

methacrylamide (e.g., acrylamide: r1 = 0.48; BIS: r2 = 2.0; methacrylamide: r1 = 0.85; BIS: r2 = 

0.84),35,36 suggesting that the structure of the microgels composed of acrylamide or methacrylamide 

derivatives is different. 

To clarify the internal structure of microgels composed of pNIPMAm, methacrylamide 
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derivatives, the author investigated the detailed nanostructure and thermoresponsiveness of 

pNIPMAm-based microgels, prepared by precipitation polymerization, using a combination of 

electron microscopy, static/dynamic light scattering techniques, and TC-HS-AFM. 

 

3.2. Experimental section 

3.2.1. materials 

N-Isopropyl methacrylamide (NIPMAm, purity 97%) was purchased from Sigma-Aldrich 

and used as received. N,N′-Methylenebis(acrylamide) (BIS, 97%), sodium dodecyl sulfate (SDS, 95%), 

and potassium peroxodisulfate (KPS, 95%) were purchased from FUJIFILM Wako Pure Chemical 

Corporation (Japan) and used as received. Fluorosurf® was purchased from Fluoro Technology 

(Japan). Distilled ion-exchanged water used in the preparation of the microgels was obtained from 

EYELA, SA-2100E1. 

 

3.2.2. Preparation of microgels by precipitation polymerization 

Poly(NIPMAm-co-BIS) microgels were synthesized by aqueous free radical precipitation 

polymerizations, which were conducted in three-necked round bottom flasks (300 mL). The flasks 

were charged with NIPMAm (1.72 g), BIS (0.232 g), and water (90 mL), before a mechanical stirrer 

and condenser were installed. Then, the monomer solution was heated to 70 °C and sparged with 

nitrogen (30 min). Subsequently, an aqueous solution (5 mL) of SDS (0.0578 g) and an initiator 

solution (5 mL water and 0.0543 g KPS) were added in this order. After 4 h, the thus obtained microgel 

dispersions were cooled to room temperature to terminate the polymerization. Microgels were purified 

by two cycles of centrifugation (415 000 × g)/redispersion in pure water and dialysis for a week (daily 

water changes). 

 

3.2.3. Field emission scanning electron microscopy 

 The size uniformity of the microgels was evaluated by field emission scanning electron 

microscopy (FE-SEM, Hitachi Ltd., S-5000). For that purpose, microgel dispersions (2 μL; 0.002 

wt%) were dried on a polystyrene substrate at room temperature. Prior to the measurements, Pt/Pd 

was sputtered onto the sample substrates (15 mA, 6 Pa, 80 s). 

 

3.2.4. Light-scattering measurements 

 To evaluate the thermoresponsiveness of the hydrodynamic diameter (Dh) of the pNIPMAm 

microgels, dynamic light scattering (DLS) measurements were conducted (Malvern Instruments Ltd.; 

Zetasizer Nano S). The concentration of the microgel dispersions was approximately 0.002 wt%, and 

three individual measurements of 15 consecutive runs with 30 s of acquisition time were averaged. 

Prior to the measurements at each temperature, the samples were allowed to thermally equilibrate (10 
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min). The Dh of the microgels was derived from the obtained diffusion coefficients using the Stokes–

Einstein equation (Zetasizer software v6.12). 

The internal structure of the microgels in the dispersed state was evaluated by static light scattering 

(SLS) measurements using a DLS/SLS-5000 (ALV, Langen) and a He–Ne laser (632.8 nm, 22 mW). 

The scattering angle was changed from 30° to 90° and 15 individual measurements with 30 s of 

acquisition time were averaged. The concentration of the microgel dispersions was approximately 

0.002 wt% and the samples were allowed to thermally equilibrate (10 min) prior to each measurement 

(25 °C and 50 °C). The scattering curves obtained from the SLS measurements were fitted by a fuzzy 

sphere form factor, P(q)fuzzy: 

 

 

𝑃(𝑞) = 𝐴
[ ( ) ( )]

( )
exp −

( )
 (3.1) 

 

where, A, q, R, and σsurf denote the scale values used to normalize the total scattering volume, the 

scattering vector, the radius of the particle where the scattering-length-density profile decreases to half 

the core density, and the width of the smeared particle surface (fuzzy layer), respectively.24 

 

3.2.5. Electrophoresis analysis 

 The electrophoretic mobility (EPM) of the pNIPMAm microgels in the swollen and 

deswollen state dispersed in an aqueous NaCl solution (1 mM) was evaluated using a Zetasizer Nano 

ZS system (Malvern, Zetasizer software Ver. 7.12). Three individual measurements of 20 consecutive 

runs with 120 mV were averaged. The concentration of the microgel dispersions was approximately 

0.01 wt% and the samples were allowed to thermally equilibrate (10 min) prior to the measurements 

at 25 °C and 50 °C. 

 

3.2.6. TC-HS-AFM observations 

 A laboratory-built HS-AFM operated in tapping mode was used in this study.32 As a AFM 

cantilever, a miniaturized cantilever (BL-AC10-DS, Olympus, Japan) was used (spring constant: ∼0.1 

N m−1, quality factor: ∼2, resonant frequency: ∼600 kHz in water). The cantilever was vibrated at 

near the resonance frequency and its oscillation amplitude was detected by a fast amplitude detector 

through an optical-beam-deflection detector with a red laser (680 nm). To gain a sharp AFM probe, a 

carbon pillar was deposited by electron-beam deposition and that was subsequently sharpened by 

plasma etching under argon environment, resulting in an end radius of ∼4 nm. For the HS-AFM 

observation of the microgels and microgel sheets, the free-oscillation amplitude of the cantilever far 

from the sample surface was set to 5–30 nm, and the set-point amplitude was set to 70–90% of the 
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free-oscillation amplitude, depending on the size and concentration of the microgels. 

In addition to the topographic imaging, phase shifts of the cantilever oscillation detected by a lock-in 

amplifier (HF2LI, Zurich Instruments AG, Switzerland) were imaged simultaneously. The excitation 

signal was used as the reference of the lock-in detection and the time constant was 20 μs. 

In order to adsorb the pNIPMAm microgels on the substrates, a hydrophobized mica substrate was 

used. For that purpose, Fluorosurf® (0.5 μL) was dropped on freshly cleaved mica and dried at room 

temperature to produce a hydrophobic fluororesin thin film. Subsequently, pNIPMAm microgel 

dispersions or pastes of different concentrations were dropped on the hydrophobized mica substrates. 

After 5 min, excess microgels were thoroughly removed by washing with pure water. 

The thermoresponsiveness of the microgels with different adsorption concentrations was visualized 

using TC-HS-AFM.30 

The solution temperature was increased by passing a DC current through the conductive indium tin 

oxide (ITO) glass at the bottom of the solution pool of the cantilever holder. The solution temperature, 

measured using thermocouples installed near the cantilever, can be increased by 2.0 °C 

min−1via software feedback control. 

 

3.3 Results and discussion 

3.3.1. Microgel preparation and characterization in the dispersed state 

 Initially, the pNIPMAm microgels were prepared by aqueous free radical precipitation 

polymerization using BIS as the cross-linker. A field emission scanning electron microscopy (FE-

SEM) analysis showed that uniformly sized pNIPMAm-based microgels with a size of 224 nm in the 

dried state were obtained (Figure 3.1a). Subsequently, the thermoresponsive behavior of the microgels 

was evaluated by dynamic light scattering (DLS). As the temperature was increased above 31 °C, the 

hydrodynamic diameter (Dh) of the microgels (322 nm) gradually decreased to an almost equilibrium 

size (209 nm) at 50 °C (Figure 3.1b). The volume transition temperature, defined as the temperature 

where the rate of change in volume reaches its maximum, was determined to be 45.5 °C. To examine 

the structure of the microgels in their swollen and deswollen states in aqueous solution, static light 

scattering (SLS) measurements were conducted (Figure 3.1c). The scattering profiles at 25 °C and 

50 °C are described well by a fuzzy-sphere form factor (eqn (3.1)).24 The thickness of the fuzzy 

layer(σsurf) and the radius of the particle where the scattering-length-density profile decreased to half 

the core density (R) of the swollen microgels was 18 nm and 115 nm, whereas those of the deswollen 

microgels were 4.4 nm and 90 nm, respectively. This result suggests that the pNIPMAm microgels 

have, as previously reported,4,37 a heterogeneous core–shell type structure in the swollen state. The 

electrophoretic mobility (EPM), which reflects the surface properties of a microgel, was −1.65 × 

10−8 m2 V−1 s−1 at 25 °C and −3.12 × 10−8 m2 V−1 s−1 at 50 °C. In the case of pNIPAm microgels with 

the same BIS composition (Dh: 296 nm), σsurf, R, and the EPM were 13 nm, 107 nm, and −2.02 × 
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10−8 m2 V−1 s−1 (swollen state) meanwhile 8.1 nm, 83 nm, and −2.65 × 10−8 m2 V−1 s−1 (deswollen 

state).32 Wedel et al. have reported similar results and concluded that pNIPMAm microgels possess 

more homogeneous network structures than pNIPAm microgels.3 The larger EPM of the pNIPMAm 

microgels in the swollen state at 25 °C suggests that the cross-linking density of the surface of 

pNIPMAm microgels is lower than that of pNIPAm microgels, which is probably due to self-

crosslinking in the latter.13 

 

Figure 3.1. (a) FE-SEM images of pNIPMAm-based microgels. (b) Temperature dependence of the 

hydrodynamic diameter. (c) Scattering curves at 25 °C and 50 °C obtained from SLS measurements. 

The solid line shows the calculated value derived from eqn (3.1). 

 

3.3.2. TC-HS-AFM observation of a single microgel 

 Next, the thermoresponsive behavior and nanostructure of a single pNIPMAm microgel 

were directly visualized using TC-HS-AFM, which allows low-invasiveness, real-time observation of 

the nanodynamics with controlling the solution temperature over a range from ∼ 25 °C to 

50 °C.32,38 Here, the temperature was increased by 2 °C min−1, while height and phase images, which 

show differences in the physical properties, and 3D images constructed from the height images were 

obtained at a rate of 1 s per frame (Figure 3.2). Due to the evaporation of the sample solution, the 

thermoresponsive behavior of the microgels was observed separately over a temperature range of ∼

25 °C to ∼40 °C (Figure 3.2a) and ∼40 °C to ∼50 °C (Figure 3.2b). The phase images show a low-

density shell layer with a width of 20 nm, which could not be observed in the height images. The 

height (Dheight) and width of the microgel were obtained from the height images (Figure 3.3a). In 

agreement with the results of the DLS measurements, the microgel height decreased above 31 °C, but 

in contrast to Dh, the magnitude of change in the height is lower (Figure 3.3b). Thus, the microgel 

height did not match Dh at each temperature (e.g., the height, width, and Dh at 25 °C were 233 nm, 

347 nm, and 313 nm, respectively). The differences between the DLS and TC-HS-AFM measurements 

can be attributed to the effect of adsorption and deformation: the amphiphilic microgels were adsorbed 

on a hydrophobized mica substrate with deformation to minimize the contact area between water and 
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the substrate.39 The width of the microgels, including the low-density shell layer, measured from the 

phase images (Dphase) remained almost constant with increasing temperature although the width of the 

core region in the phase images (Dcore), along with Dheight, also decreased (Figure 3.3c,d). This result 

indicates that the shell layer was strongly adsorbed onto the substrate. Thus, the changes in height of 

the core regions were not matched by the changes in Dh, which reflects the whole spherical microgel 

dispersed in aqueous solution. The ratio of the highly cross-linked core region of the pNIPMAm 

microgels (Dcore/Dphase) was 0.78 (N = 3), whereas that of the pNIPAm microgels was 0.69 (N = 

3).32 This result indicates that the cross-linking distribution of the pNIPMAm microgels is more 

homogeneous as well as the result of SLS measurement and previous study.3 The more homogeneous 

network structure may be caused by the comparable reactivity ratios of methacrylamide derivatives 

and BIS.35,36 Moreover, non-thermoresponsive spherical domains with a width of 50–70 nm, similar 

to those of pNIPAm microgels,32 were observed in the phase images (Figure 3.3e,f). This 

nanoarchitecture indicates that BIS-rich polymer chains, formed in the early stages of the precipitation 

polymerization process, aggregated in multiple steps during the nucleation process and formed highly 

cross-linked spherical domains.32 Therefore, the authot concluded that the heterogeneous core–shell 

and non-thermoresponsive domains are formed in the microgels via precipitation polymerization even 

when the reactivity of the chemical species is different. 
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Figure 3.2.  TC-HS-AFM images showing how the height (top), phase (middle), and constructed 3D 

images (bottom) of the pNIPMAm microgels vary with temperature. (a) 25–40 °C, (b) 40–50 °C. 
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Figure 3.3. (a) Method to evaluate the height and width of the pNIPMAm-based microgels and (b) 

the change in microgel height with increasing temperature. (c) Definition of Dphase and Dcore in the 

phase images. (d) Temperature dependence of the width, Dphase, and Dcore. (e) Method to calculate the 

size of the domains that exist in the core region of the microgels and (f) temperature dependence of 

each domain size. 
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3.3.3. Thermoresponsiveness of microgels with different adsorption concentrations 

 To clarify the effect that the adsorption density has on the thermoresponsive behavior of the 

pNIPMAm microgels, TC-HS-AFM observations of samples with different concentrations of 

adsorbed microgels were performed; for that purpose, a loosely arranged state with a concentration of 

5.3 particles per μm2 (Figure 3.4a) and a densely packed state (18.8 particles per μm2) were examined 

(Figure 3.4b). In the case of the loosely arranged state, where the sample was prepared on the substrate 

by adsorption of a 1.0 wt% microgel dispersion (isolated state: 0.05 wt%, Figure 3.2), the 

thermoresponsive behavior in relation to the height of each microgel was similar to that of the isolated 

state (Figure 3.4c). The decrease in width (347 nm in the isolated state; 271 nm in the loosely arranged 

state at 25 °C) suggests that the deformation of the microgels on the substrate is suppressed by 

neighboring microgels. 

 The densely packed microgels were generated by coating the substrate with a microgel paste 

prepared by ultracentrifugation of microgel dispersions. In contrast to the loosely arranged sample, 

the hexagonal shape of the microgels was deformed: the edge-to-edge and vertex-to-vertex distances 

of a single microgel were 226 nm and 281 nm, respectively at 25 °C (corresponding to the red and 

blue dotted lines in Figure 3.4b). The heights were 89 nm and 119 nm at 25 °C between the edges and 

the vertices of a single microgel, respectively. When the temperature was increased, the height between 

the sides increased from 89 nm at 25 °C to 110 nm at 32 °C, decreased to 75 nm at 37 °C, and finally 

increased again to 133 nm at 50 °C. Conversely, the height at the vertices finally reached 180 nm 

(Figure 3.4d). Notably, the microgels always maintain a hexagonal structure with increasing 

temperature. These results suggest that the neighboring microgels are almost in contact at their sides 

during heating and that the probe could not image the substrate. However, the probe was able to 

approach the substrate closer near the vertices where the microgels had little contact with each other. 

Previously the structures of three-dimensional densely packed microgels have been investigated using 

super-resolution microscopy.40,41 Conley et al. have reported on the structural changes of microgels 

when the volume fraction of the microgels is increased. Initially, the particle radius decreases while 

maintaining its shape, indicating that the low-density fuzzy layer of the microgels, which could not be 

observed by super-resolution microscopy, is compressed and interpenetrated.41 With increasing 

volume fraction of the microgels, a deformation of the microgels to a hexagonal-like structure was 

observed, and finally further reduction of particle radius occurs.41 Thus, the hexagonally deformed 

pNIPMAm microgels prepared here by precipitation polymerization should be compressed and 

interpenetrated when the microgels are packed at high density. In addition, the results in this study 

revealed that their hexagonal shape was maintained during heating, suggesting that compression and 

interpenetration of the neighboring microgels suppress the thermoresponsiveness in the x, y direction. 

The thermoresponsive behavior of isolated and densely packed microgels is illustrated in Scheme 3.1. 

These results show that the thermoresponsiveness of microgels can be controlled by varying not only 
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the constituent chemical species, but also by controlling the adsorption state. These findings can be 

expected to be of use in the design of temperature-responsive 2D assemblies such as cell scaffolds. 

 

 

 

 

Figure 3.4. Temperature dependence of the microgels at different adsorption concentrations. Height 

images (top) and phase images (bottom) of (a) the loosely arranged state (5.3 particles per μm2) and 

(b) the densely packed state (18.8 particles per μm2). (c) Temperature dependence of the height and 

width of the microgels corresponding to the red dotted line in (a). (d) Temperature dependence of the 

height and width between the edge-to-edge (red circles) and vertex-to-vertex (blue diamonds) of a 

single microgel. The red and blue plots correspond to the red and blue dotted lines in (b), respectively. 
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Scheme 3.1. Schematic illustration of the thermoresponsive behavior of the microgels on the substrate 

in (a) the isolated state and (b) the densely packed state. 

 

3.4. Conclusion 

 In this study, the nanostructure and thermoresponsiveness of poly(NIPMAm-co-BIS) 

microgels, synthesized by precipitation polymerization, were evaluated using light scattering 

techniques and temperature-controllable high-speed atomic force microscopy (TC-HS-AFM) 

observations. These evaluations demonstrated that such pNIPMAm microgels have heterogeneous 

core–shell and non-thermoresponsive nanostructures in the core region, which is due to the mechanism 

of the precipitation polymerization. Static light scattering (SLS) and TC-HS-AFM measurements 

revealed a homogeneous cross-linking structure for the pNIPMAm microgels compared the pNIPAm 

microgels, and demonstrated that the structure of the microgels is affected by the monomer reactivity 

ratios. Furthermore, the thermoresponsiveness of microgels with different adsorption concentrations 

was investigated and the results showed that the thermoresponsiveness of densely packed microgels 

is suppressed by the compression and interpenetration of neighboring microgels. These findings can 

be expected to be useful in the design of stimuli-responsive coatings, such as those used as cell 

scaffolds. 
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4. Chapter III 

“Nanostructures, Thermoresponsiveness, and Assembly Mechanism of Hydrogel Microspheres 

during Aqueous Free-Radical Precipitation Polymerization” 

 

*Part of this work was published in “Yuichiro Nishizawa, Haruka Minato, Takumi Inui, Takayuki 

Uchihashi and Daisuke Suzuki, Langmuir 2021, 37, 151-159.” 

(https://doi.org/10.1021/acs.langmuir.0c02654) 

Reprinted with permission from Copyright (2021), American Chemical Society. 

 

4.1 Introduction 

The development of microgels for a variety of applications has been achieved as the result 

of the discovery of a preparation method capable of producing uniformly sized microgels in a flask, 

i.e., aqueous free-radical precipitation polymerization.1-5 In contrast to other polymerization 

techniques such as the template technique6 and inverse miniemulsion polymerization, 6 precipitation 

polymerization allows the preparation of large amounts of various types of microgels in uniform size. 

This polymerization technique can be used to produce microgels from many types of chemical species, 

provided that the constituents (monomers) are water-soluble and the growing polymers are insoluble 

in water. By taking advantage of the phase separation behavior of thermoresponsive polymers in 

aqueous solution, various types of thermoresponsive microgels, including poly(meth)acrylamide 

analogues,1,7 poly(oligo ethylene glycol methyl ester (meth)acrylates),8,9 and poly(N-

vinylcaprolactom),10,11 can also be prepared in uniform size by aqueous free-radical precipitation 

polymerization as above mentioned. Thus, this method is practical for a wide range of applications, 

e.g., biomedical applications. 

To control the (nano)structure and physicochemical properties of microgels for the 

abovementioned applications, an understanding of the mechanism of precipitation polymerization is 

important. The monomer reactivity ratio between the main monomer and the cross-linker or co-

monomer is widely accepted to be a crucial factor in determining the nanostructure of the microgels; 

12-14 it is believed that the more rapidly consumed chemical species (i.e., the cross-linker BIS or 

methacrylic acid) is selectively incorporated into the center of pNIPAm-based microgels, resulting in 

core/shell structures. 15-20 It should be noted here that Saunders has pointed out that the nodular 

inhomogeneous core–shell structure composed of aggregated nanoparticles, such as the nanostructures 

of microgels, has not yet been clarified using scattering techniques.17,21 However, recently, the detailed 

nanostructures have been reported by imaging techniques with high spatial resolution.22,23 Therefore, 

the polymerization process for the production of thermoresponsive microgels is significantly different 

from that of typical bulk hydrogels, which is generally conducted below the lower critical solution 

temperature of the constituent polymers and in which the polymer networks are constructed when 
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individual polymer chains are in a coiled state. Several attempts to clarify the mechanism by which 

the microgels grow as the precipitation polymerization proceeds have been made by 

chromatography,12 light scattering,24-26 small-angle neutron scattering,27 and in silico 

systems.28,29 However, there is still no definitive evidence for the mechanism by which microgels are 

produced via this simple method at the nanoscale. 

In this study, the author evaluated the changes in the nanostructure and 

thermoresponsiveness of the developing microgels during precipitation polymerization by light 

scattering technique and TC-HS-AFM30,31  to clarify the mechanism of particle formation. The 

precipitation polymerization process was directly visualized by temperature-controlled (TC) HS-AFM 

to obtain evidence of particle formation. 

 

4.2. Experimental Section 

4.2.1 Materials 

 N-isopropyl acrylamide (NIPAm; purity, 98%), N,N′-methylenebis(acrylamide) (BIS, 97%), 

potassium peroxodisulfate (KPS, 95%), 2,2′-azobis(2-methylpropionamidine) dihydrochloride (V-50, 

97%), ammonium peroxodisulfate (APS, 95%), sodium dodecyl sulfate (SDS, 95%), hydroquinone 

(99%), sorbitan monooleate (Span 80), ethanol (99.5%), and hexane (96%) were purchased from 

FUJIFILM Wako Pure Chemical Corporation (Japan) and used as received. N,N,N′,N′-tetramethyl 

ethylenediamine (TEMED, 99%) was purchased from Sigma-Aldrich and used as received. Fluorosurf 

was purchased from Fluoro Technology (Japan). Water for the preparation of microgels was first 

distilled and subsequently subjected to ion exchange (EYELA, SA-2100E1). 

 

4.2.2. Preparation of microgels by precipitation polymerization 

 PolyNIPAm microgels with 10 mol % BIS were prepared via aqueous precipitation 

polymerization as reported in the previous paper.23 The initial monomer concentration was held 

constant at 150 mM. A mixture of NIPAm (1.53 g), the cross-linker BIS (0.232 g), and SDS (0.0144 

g) in water (95 mL) was prepared as the monomer solution in a three-neck round-bottom flask (200 

mL) equipped with a mechanical stirrer, condenser, and nitrogen gas inlet. To remove any oxygen, the 

monomer solution was heated to 70 °C in an oil bath and sparged with nitrogen gas (30 min) under 

constant stirring (250 rpm). Free-radical polymerization was then initiated by adding KPS (0.054 g) 

in water (5 mL). To investigate the polymerization kinetics, the reaction solution (∼500 μL) was taken 

from the batch reactor and polymerization was terminated by mixing the solution with an excess 

amount of hydroquinone and cooling it to room temperature. The resultant microgels are denoted 

as N(PP)-t, where t is the sampling time. 
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4.2.3. Preparation of microgels by feeding precipitation polymerization 

 Polymerization was performed in a three-neck round-bottom flask (200 mL) equipped with 

a mechanical stirrer, condenser, and nitrogen gas inlet. An aqueous solution of SDS (72. 8 mL) was 

prepared in a round-bottom flask and heated to 70 °C in an oil bath. A mixture of NIPAm (2.06 g) and 

BIS (0.212 g) in water (30 mL) was prepared as the monomer solution. After removing any oxygen in 

the SDS solution and monomer solution as described above, KPS (2 mM) in water (5 mL) was added 

to the SDS solution, and the monomer solution was then continuously added (feeding rate: 200 μL/min, 

111 min) under constant stirring (250 rpm). To investigate the polymerization kinetics, the reaction 

solution (∼500 μL) was taken from the batch reactor, and the polymerization was terminated by mixing 

the solution with an excess amount of hydroquinone and cooling it to room temperature. 

 

 

4.2.4. Preparation of microgels by inverse miniemulsion polymerization 

 Polymerization was conducted as reported in previous paper.23 The initial monomer 

concentration was held constant at 1000 mM. A mixture of NIPAm (0.806 g), the cross-linker BIS 

(0.0581 g), and the initiator V-50 in water (7.5 mL) was prepared as the monomer solution. The 

monomer solution was added to a mixture of Span 80 (1.4 g) and hexane (43 g), and the inverse 

miniemulsion was prepared by ultrasonication using an ultrasonic homogenizer (VC-75, SONICS). 

To remove any oxygen, the solution was sparged with nitrogen gas (30 min). The polymerization was 

initiated by applying UV irradiation (UVL-400HA (365 nm), Rikoukagakusangyo Co., Ltd.) at room 

temperature for 15 min under a nitrogen atmosphere. After polymerization for more than 4 h, the 

obtained microgel dispersion was centrifuged (5000g) and redispersed in ethanol to break the emulsion. 

Subsequently, the dispersion was centrifuged (296,000g) and redispersed in water to exchange ethanol 

for water. The residual ethanol was completely removed by dialysis for a week with daily water 

changes. 

 

4.2.5. DLS measurement 

 The hydrodynamic diameters (Dh) of the microgels in the reaction solutions taken from the 

batch reactor at each polymerization time and of the final microgels were determined by dynamic light 

scattering (DLS; Malvern Instruments Ltd.; ZetasizerNanoS). The DLS data represent averages of 

three individual measurements (acquisition time: 30 s). At least 5 μL of each microgel suspension 

taken from the batch reactor was added to 1000 μL of water. The samples were allowed to thermally 

equilibrate at 25 °C for 10 min prior to each measurement. The Dh of the microspheres was calculated 

from the measured diffusion coefficients using the Stokes–Einstein equation (Zetasizer software 

v6.12). 
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4.2.6. HS-AFM observation 

 The method to observe the thermoresponsive behavior of microgels by HS-AFM was 

conducted as reported in a previous paper.23 The author used a laboratory-built HS-AFM in which the 

tapping mode is employed as an imaging mode.30,31 For the tapping-mode imaging, the author used a 

miniaturized cantilever (BL-AC10-DS, Olympus, Japan) with a spring constant of ∼0.1 N/m, a 

resonant frequency of ∼600 kHz, and a quality factor of ∼2. While the cantilever was oscillated at 

around the resonant frequency, the oscillation amplitude was detected using a fast lock-in amplifier 

through an optical-beam-deflection detector with a red laser (680 nm). Because the cantilever has only 

a blunt tip end with bird-beak-like structure, the author deposited an amorphous carbon pillar on the 

original tip by electron beam deposition under a scanning electron microscope. Then, the carbon pillar 

was etched to have a sharp end (radius: ∼4 nm) using a plasma etcher under an argon gas. For the HS-

AFM imaging of the microgels, the free-oscillation amplitude of the cantilever far from the sample 

surface was set to 5–30 nm, and the set-point amplitude was set to 70–90% of the free-oscillation 

amplitude depending on the microsphere size. 

As a substrate on which hydrogel particles are suspended, the author used a mica surface 

covered by a hydrophobic film as the microgels strongly adsorb onto hydrophobic substrates in 

aqueous solution in order to minimize the hydrophobic surface/water contacts, which leads to high 

levels of deformation.23,32 First, the author placed a 0.5 μL droplet of hydrophobic agent (fluorosurf, 

Fluoro Technology, Japan) on a freshly cleaved mica surface followed by naturally drying the droplet, 

producing a fluororesin film on the mica. Then, a 3 μL droplet of pNIPAm microgel dispersions was 

dropped on the substrate. After a 5 min incubation, the surface was thoroughly washed with pure water 

to remove the excess microgels. 

The thermoresponsive behavior of the microgels was observed using a temperature-control 

device equipped with the HS-AFM.31 Briefly, the temperature of the observation solution (water) was 

raised by DC current flowing into the conductive ITO glass at the bottom of the solution pool of the 

cantilever holder. The solution temperature is measured by thermocouples installed near the cantilever 

and can be raised at 1.5 °C/min via a software feedback control. Particle volume was calculated by 

summing the volume occupied by each pixel. 

The direct visualization of the precipitation polymerization was conducted as followed: A 

monomer solution (100 μL) in which NIPAm (2.1 mg) and BIS (0.9 mg) were dissolved with a 

monomer concentration of 20 mM was injected into the cantilever holder and heated to 40 °C. 

Polymerization was then initiated by the sequential addition of an aqueous solution of TEMED (80 

mM, 4 μL) and an aqueous solution of APS (40 mM, 4 μL). All HS-AFM imaging was performed 

under the conditions of 120 × 120 pixels2 and a frame rate of 1 fps. 
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4.3. Results and discussion 

4.3.1. Evaluation of precipitation polymerization 

 As mentioned above, p(NIPAm-co-BIS) microgels prepared by precipitation polymerization 

have been reported to exhibit highly cross-linked cores and loosely cross-linked shells because of the 

different reactivity ratios between NIPAm and BIS. Thus, it was anticipated that the microgels formed 

in the early stages of precipitation polymerization would show lower swelling properties than the final 

products. To obtain evidence for this hypothesis, the particle volume derived from the hydrodynamic 

diameter (Vh) and the swelling ratio, which is defined as Vh(25°C)/Vh(70°C), were calculated from the DLS 

data of the N(PP)-t microgels, i.e., the partially formed microgels taken from the reaction 

solution t minutes after the beginning of the polymerization. After the initiation of the precipitation 

polymerization, the suspension became turbid for ∼1 min due to the visible light scattering associated 

with particle formation. Although it was expected that some polymers or particles were produced 

during the first minute of reaction, the size of the N(PP)-0.5 and N(PP)-1 microgels could not be 

evaluated by DLS because the scattering intensity was too low. Therefore, Figure 4.1 shows the data 

for the N(PP) microgels starting 1.5 min after the initiation of polymerization. The Vh of the 

deswollen N(PP) increased from 2.5 × 10–4 μm3 to 31 × 10–4 μm3 in only 10 min and ultimately 

reached 37 × 10–4 μm3 (Figure 4.1a). The swelling ratio also increased from 2.1 (N(PP)-1.5) to 3.8 

(N(PP)-10) and remained almost constant thereafter, as expected. The evolution of the volume of the 

deswollen N(PP) microgel particles was described well by a single-exponential equation (eq 4.1) 

(Figure 4.1b); this result is similar to that in the previous report.27  

𝑉(𝑡) = 𝐴 1 − exp
𝑡 − 𝐵

𝜏
                (Eq. 4.1) 

where, A, B, and τ are a constant related to the volume of the microgels, a correction term for the 

initiation time, and the time constant of the reaction, respectively. This result suggests that the 

precipitation polymerization follows pseudo-first-order kinetics. In other words, these results indicate 

that the polymerization rate depends predominantly on the monomer concentration given that the half-

life time (10 h for KPS at 70 °C) of the initiator is much longer than the polymerization times.28 
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Figure 4.1. (a) Time dependence of Vh in the swollen and deswollen states and the swelling ratio. (b) 

Change in the volume of the deswollen microgels as polymerization proceeded. The dotted line was 

fitted according to Eq. 4.1. 

 

 Subsequently, the nanostructures and thermoresponsiveness of the N(PP)-t microgels were 

evaluated via TC-HS-AFM using samples taken 1.5 min after the initiation of the polymerization. It 

should be noted here that no particles were observed in either the N(PP)-0.5 or N(PP)-1 samples. 

The N(PP)-1.5 microgels were nonspherical with a width of ∼100 nm, and deca-nanosized spherical 

domains existed inside them (Figure 4.2a-c). The volume of the N(PP)-1.5 particles decreased from 

0.76 × 10–4 μm3 to 0.61 × 10–4 μm3 with increasing temperature (Figure 4.2d), whereas the width of 

the spherical domains was almost constant (Figure 4.2e). The formation of non-thermoresponsive 

domains in the microgels was attributed to hydrophobic-interaction-induced aggregation of the phase-

separated polymer chains, which had high contents of the cross-linker BIS.23 Subsequently, the 

aggregated BIS-rich precursor particles are highly cross-linked, resulting in a decrease in their 
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swelling ratio. A similar trend was seen in the case of N(PP)-2 (Figure 4.3); however, after 3 min, the 

surface of the microgels became smooth (Figure 4.4), indicating that the spherical domains of the 

precursor microgels were buried inside the grown microgels through the adsorption of the 

continuously generated precipitated globular polymers. In addition, it can be expected that the 

monomers diffuse to the growing microgels and polymerize on the particle surface.3,4 The time and 

temperature dependences of the swelling ratio of N(PP) derived from the height images did not show 

the same tendency as those obtained from the DLS measurements because they were affected by the 

adsorption of the particles onto the substrate (Figure 4.5). Nevertheless, the swelling ratio of N(PP)-

1.5 was clearly lower than that of the final product (N(PP)-60); the swelling ratios of N(PP)-

1.5 and N(PP)-60 were 1.3 and 1.9, respectively. 
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Figure 4.2. HS-AFM analysis of N(PP)-1.5. Temperature dependence of the (a) height images, (b) 3D 

images and (c) the cross-sectional profiles corresponding to the respective dotted lines. The bump in 

the cross-section profile was considered to correspond to a domain, the domain size was determined 

from the width of the bump.[1] (d) Particle volume and (e) domain size in the microgels.  
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Figure 4.3. TC-HS-AFM analysis of N(PP)-2. Temperature dependence of the (a) height images, (b) 

3D images, (c) cross-section profiles corresponding to the respective dotted lines in the height images, 

(d) particle volume, and (e) domain size in the microgels. 
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Figure 4.4. TC-HS-AFM analysis of (a) N(PP)-3 and (b) N(PP)-60. Temperature dependence of the 

height images (top), 3D images (middle), and cross-sectional profile corresponding to the dotted lines 

in the respective height images (bottom). 

 

 

 

Figure 5. Swelling ratio of the microgels at different polymerization times as a function of temperature. 

The swelling ratio was defined as V(T) / V40 °C, where V(T) is the volume derived from HS-AFM 

measurements at temperature T and V40 °C is the volume at 40 °C. 
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4.3.2. Evaluation of feeding precipitation polymerization 

 The inhomogeneous nanostructure, i.e., non-thermoresponsive deca-nanosized domains, in 

the microgels prepared by precipitation polymerization may lead to some reduction in the swelling 

properties, thermoresponsiveness, and mechanical strength of the microgels. Non-uniform internal 

structures have been found to decrease the mechanical properties of bulk polymeric 

materials;33,34 however, it should be noted that colloidal microgels were not discussed. As it has been 

demonstrated by Acciaro et al., the formation of such inhomogeneous structures in microgels can be 

suppressed by feeding precipitation polymerization (FPP).35 Using a modified procedure, which is 

also expected to improve particle homogeneity by hindering the depletion of the cross-linker in the 

reaction mixture, N(FPP)-t microgels were prepared and evaluated in a similar manner to the N(PP)-

t microgels. In this case, the suspension remained transparent until 20 min after the initiation of the 

polymerization due to the low monomer concentration throughout the polymerization. The samples of 

the suspension could not be evaluated by DLS until 28 min after initiation, indicating that the 

microgels might be unstable due to insufficient cross-linking. After 28 min, in contrast 

to N(PP) microgels, the N(FPP) microgels exhibited a high swelling ratio (N(FPP)-28: 11; N(FPP)-

30: 15); the swelling ratio further decreased to ∼4.5 as the polymerization proceeded (Figure 4.6a). 

This indicates that the precipitated polymer chains adsorbed onto the nuclei and formed an outer 

hydrogel layer, which suppressed the swelling of the internal network.36 In addition, the Dh values 

of N(FPP) particles with different polymerization times exhibited almost the same 

thermoresponsiveness, in contrast to the N(PP) particles (Figure 4.7). The evolution of the particle 

volume of the deswollen N(FPP) microgels was also described well by eq 4.1 (Figure 4.6b), 

suggesting that the feeding precipitation polymerization could be explained by pseudo-first-order 

kinetics and that the particle volume at any polymerization time could be predicted. The time constants 

(τ) for FPP and PP were 88 and 5 min, respectively. The increase in τ for FPP suggests that the 

continuous feeding of the monomer solution causes the decrease in precursor particles during the 

polymerization, resulting in decelerated polymerization processes. 
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Figure 4.6. (a) Time dependence of Vh in the swollen and deswollen state, and the swelling ratio of 

N(FPP). (b) Change in the volume of the deswollen microgels as polymerization proceeded. The dotted 

line was fitted according to Eq. 4.1. 
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Figure 4.7. Temperature dependence of the Dh in the microgels with different polymerization times: 

(a) N(FPP) and (b) N(PP). Note that the microgels taken from the batch reaction mixtures were 

colloidally unstable; thus, microgels used in this experiment were re-prepared. The Dh values of the 

N(FPP) microgels exhibited almost the same thermoresponsiveness of regardless of the 

polymerization time. On the contrary, the N(PP) microgels formed in the early stages of the 

polymerization did not exhibit remarkable thermoresponsive changes in size (t ≦ 6.0 min), whereas 

the microgels polymerized for more than 10 minutes exhibited the maximum change at ~34.5 °C. 
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 Figure 4.8 shows the HS-AFM analysis of the N(FPP)-30 microgels. The N(FPP)-

30 particles showed a very low-density morphology (Figure 4.8a,b).0 Their good swelling properties 

are shown in Figure 4.8d; the particle volume decreased from 3.0 × 10–4 μm3 to 1.0 × 10–4 μm3 with 

increasing temperature. Unfortunately, the swollen N(FPP) microgels polymerized for 40 min or 

longer could not be visualized clearly by TC-HS-AFM because of the low polymer densities of these 

microgels (Figure 4.9). From these results, the author concluded that the inhomogeneous structure of 

the N(PP) particles was largely avoided by changing the polymerization conditions, such as the 

precipitation speed of the monomers, by tuning the monomer concentration. However, the non-

thermoresponsive domains were not completely eliminated; domains with widths of approximately 

40–60 nm were present in N(FPP)-30 (Figure 4.8a,c,e). Since non-thermoresponsive inhomogeneous 

nanoarchitectures were formed in the initial stages of the precipitation polymerization regardless of 

whether batch or feeding polymerization was employed, the inhomogeneous structures in microgels 

must originate during the nucleation process via the precipitation/aggregation of the polymer chains. 

Indeed, such domains did not form in the microgels synthesized via inverse miniemulsion 

polymerization (Figure 4.10), the mechanism of which is similar to that of bulk hydrogel formation, 

in which polymer chains in coiled states are cross-linked. It should be noted here that only the final 

products can be evaluated and that inhomogeneous structures that exist in bulk hydrogels, such as 

spatial and topological inhomogeneities,37 cannot be visualized by HS-AFM. 
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Figure 4.8. HS-AFM analysis of N(FPP)-30. Temperature dependence of the (a) height images, (b) 

3D images, (c) the cross-sectional profiles corresponding to the respective dotted lines, (d) particle 

volume, and (e) domain size in the microgels.  
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Figure 4.9. Temperature dependence of the height images of (a) N(FPP)-40 and (b) N(FPP)-60. The 

swollen N(FPP) microgels polymerized for more than 40 minutes could not be observed clearly via 

HS-AFM, possibly because their polymer densities were too low. 

 

Figure 4.10. HS-AFM analysis of the microgels prepared by inverse miniemulsion polymerization. 

Temperature dependence of the (a) height images, (b) 3D images, and (c) cross-sectional profiles 

corresponding to each of the dotted lines in the height images. 
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 Thus far, the author has discussed the characterization and control of the nanostructures of 

microgels via the precipitation polymerization method, which is expected to enhance the properties of 

microgels for use in various applications. The polymerization was expected to proceed via the 

following mechanism:3,4 The precursor particles formed by phase separation of the polymer chains 

grow via one of the three different processes: aggregation with other precursor particles (multistep 

aggregation), adsorption onto extant larger particles, or capture of oligoradicals and monomers. Nuclei 

are then formed when the aggregates of precursor particles are electrostatically stabilized by charges 

originating from initiator fragments and then gradually grow via the adsorption of precursor particles. 

Recently, Rudyak et al. investigated the mechanism of microgel nucleation and particle growth via 

precipitation polymerization using an in silico system and reported that a single nucleus was formed 

at 15% conversion of the introduced monomers.29 On the other hand, in this study, I clarified that some 

non-thermoresponsive spherical domains with high concentrations of the cross-linker BIS were 

formed in the microgels just after formation. Based on the polymerization mechanism described above, 

these spherical domains in the precursor microgels should be formed via multistep aggregation. 

 

4.3.3. Direct visualization of precipitation polymerization 

 Finally, to clarify the evolution of the particle morphology, the author attempted to directly 

visualize the particle formation process during precipitation polymerization. The polymerization was 

conducted in the observation solution of HS-AFM, and continuous imaging was carried out during 

polymerization (Figure 4.11). It should be noted that the polymerization conditions, such as the 

solution volume, monomer and initiator conditions, and polymerization temperature, were different 

from those used in the batch precipitation polymerization in a flask, and the polymerization proceeding 

in the bulk N(PP) solution could not be evaluated via HS-AFM. In the first 5 min after initiation, the 

number of particles in the range of 1 μm2 increased as the polymerization proceeded via the adsorption 

of the phase-separated polymer chains that were formed in the bulk solution. These particles moved 

on the substrate, probably due to Brownian motion and particle–particle interactions, which indicates 

that these particles are weakly adsorbed on the substrate given that these particles cannot deform in 

the collapsed state. After 5 min, the number of particles decreased; during this stage, the aggregation 

or adsorption of the precipitated polymer chains was the rate-determining step (Figure 4.11b 

and Figure 4.12). Changes in particle height distribution over time suggest particle growth by the 

aggregation and/or adsorption process (Figure 4.11c). Moreover, the author successfully visualized 

the initial aggregation process of phase-separated polymer chains. The direct visualization proved that 

nucleation proceeded via multistep aggregation (Figure 4.11d) and the adsorption of precursor 

particles onto large particles (Figure 4.11e). The spherical morphology of the obtained microgels was 

maintained in the swollen state (25 °C), indicating that cross-linkers were introduced into the 

microgels (Figure 4.13). Moreover, multistep aggregation of the aggregates was observed until ∼5 
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min, and after a short time, aggregation between particles did not occur even when two particles came 

into contact (Figure 4.11f). In DLVO theory, colloidal stability is determined by the sum of 

electrostatic repulsion and van der Waals attraction.38 In the initial stages of polymerization (∼5 min), 

the charge density, which originates from the initiator fragments, of the precursor particles and their 

aggregates is small. The van der Waals attraction might be larger than the electrostatic repulsion, which 

could result in multistep aggregation. As the polymerization proceeds, the surface charge density of 

each particle might increase via the aggregation/adsorption process such that the electrostatic repulsion 

becomes greater than the van der Waals force, thus suppressing the aggregation of the two particles. 

Although the complete polymerization mechanism, including, e.g., the monomer diffusion to the 

growing microgels and subsequent polymerization, has not been revealed in this study, the author  

believes that the progress reported in this work will further the understanding of the formation 

mechanism of uniformly sized microgels. In the future, if the precipitation polymerization process is 

understood in greater detail and the controllability of the microgel structures is improved, not only 

could the swelling properties of the microgels be enhanced but also their mechanical strength could 

be improved via uniform cross-linking with a functional cross-linker, e.g., rotaxane cross-

linkers,39 similar to that in bulk hydrogels. This would further increase interest in precipitation 

polymerization. 
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Figure 4.11. (a) Schematic illustration of the polymerization system. (b) Number of particles in the 

range of 1 μm2 as a function of the polymerization time. (c) Histogram of the height of the particles as 

the polymerization proceeded. The dashed lines show the results of Gaussian fitting. (d-f) Direct 

visualization of precipitation polymerization behaviors: (d) Multistep aggregation of precursor 

particles (height: ~1 nm), (e) adsorption of precursor particles onto a larger particle, and (f) a repulsive 

interaction. 
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Figure 4.12. Results of the direct visualization of precipitation polymerization via TC-HS-AFM: 

Height images (top panels) and height analysis (bottom panels) for each polymerization time. 

 

 

 



71 
 

Figure 4.13. Height image and cross-sectional profiles corresponding to the respective lines in the 

height images of the microgels at 25 °C. The microgels maintained their spherical shape below the 

volume transition temperature (~32 °C), indicating that microgels were well cross-linked. 
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4.4. Conclusion 

The changes in the thermoresponsiveness and nanostructure of developing p(NIPAm-co-

BIS) microgels during precipitation polymerization were evaluated by TC-HS-AFM and DLS 

measurements. Careful evaluation of the microgels prepared by conventional precipitation 

polymerization at different polymerization times revealed that at polymerization times of 10 min or 

less, the microgels exhibited low swelling properties and thermoresponsiveness and that non-

thermoresponsive spherical domains existed in the microgels just after formation due to the 

incorporation of a high concentration of cross-linkers. The lower swelling properties and 

thermoresponsiveness of the microgels formed in the early stages of the polymerization were largely 

overcome by using feeding precipitation polymerization, which allows for constant consumption of 

the cross-linker BIS by tuning the polymerization mechanism, even though the presence of non-

thermoresponsive domains could not be completely eliminated. Thus, the aggregation/adsorption 

process in precipitation polymerization must be responsible for the formation of the non-

thermoresponsive nanoarchitecture. Furthermore, the formation of microgels during precipitation 

polymerization was visualized directly in real time. These direct observations clarified that the 

multistep aggregation of precursor particles occurred only in the early stages of polymerization, while 

larger particles did not aggregate with one another due to their surface charges, which originated from 

the initiator fragments. The findings in this study are expected to further the understanding of the 

polymerization mechanism of uniformly sized microgels and the design of functionalized microgels, 

such as tough microgels cross-linked with rotaxanes. 
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5. Summary and outlook 

 In this thesis, the nanostructure and thermoresponsiveness of microgels were revealed using 

conventional microscopy, scattering techniques, and HS-AFM. The microgels synthesized by 

precipitation polymerization exhibited non-thermoresponsive spherical domains, as well as the widely 

accepted core–shell structure. These inhomogeneous nanostructures were also formed in microgels 

synthesized by precipitation polymerization with different sizes, cross-linking densities, and chemical 

compositions. In addition, scattering techniques and HS-AFM observation clarified that the feeding 

method and the reactivity ratio between the main monomer and cross-linker affected the core-shell 

structure. Moreover, the mechanism of precipitation polymerization was carefully evaluated in order 

to understand the formation of the inhomogeneous nanoarchitectures in the microgels. Precipitation 

polymerization proceeded via multistep aggregation, adsorption, and repulsive interactions, and these 

processes impacted the formation of non-thermoresponsive spherical domains. Indeed, microgels 

prepared by inverse miniemulsion polymerization did not exhibit core–shell and non-

thermoresponsive nanostructures.  

Recently, the evaluation of dynamic behavior using advanced measurement techniques has 

attracted attention, but in order to understand the observed phenomena, it is important to combine 

various evaluation methods that provide complementary data. The next challenge in this field is to 

clarify how the dynamic behavior affects the physicochemical properties of microgels. The established 

evaluation techniques will clarify the structure of many types of functionalized microgels, and the 

findings in this thesis will aid in the understanding of the relationship between the structure, 

physicochemical properties, and functions of microgels. 
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