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ⅰ.

Introductory Remarks

Background
In the context of materials science, the term ‘interface’ usually refers to the boundary
between two phases (e.g. liquid/liquid, liquid/solid, solid/solid, solid/gas, or gas/liquid), where
individual phases separate due to the minimized Gibbs free energy. However, at interfaces that
involve a fluid interface such as liquid/liquid or gas/liquid, the liquid or the gas phase can be
stabilized by adsorbing materials such as surfactants, polymers, or colloids at the interface, which
decreases the Gibbs free energy and results in the formation of a macroscopically mixed state
between the different phases. Using such stabilizers, droplets and bubbles can be stabilized in a
bulk liquid for a relatively long period of time despite the fact that the process resides in a nonequilibrium state that progresses toward the thermal equilibrium state. Since Langmuir’s seminal
contributions to the field of interfacial chemistry around 1920,1 various types of stabilizers have
been reported and developed. Ramsden and Pickering have described that colloidal particles can
stabilize air/water and oil/water interfaces, and subsequently, oil/water emulsions have been
termed ‘Pickering emulsions’.2,3 Here, colloidal particles with a diameter range from several
nanometers to several tens of micrometers are dispersed in a solvent.
In the case of surfactants, the presence of both hydrophilic and hydrophobic parts is
important for their adsorption onto the fluid interface. The adsorption energy of surfactants can be
calculated by the balance between hydrophilicity and hydrophobicity using the HydrophilicLipophilic Balance (HLB).4,5 On the other hand, for colloidal particles with homogeneous
chemical composition and properties on the surface, the wettability is the most crucial factor for a
stable adsorption at the fluid interface.6 In the case of the adsorption of colloidal particles at the
air/water or oil/water interface, the adsorption energy of the colloidal particles is calculated using
equation 1, from the contact angle, ߠ, which describes the wettability of the particles to oil or
water:6,7
ο ܩൌ െߛߨܴ ଶ ሺͳ േ  ߠሻଶ ሺͳሻ
, where ο ܩis the energy change upon adsorption of the colloidal particle onto the fluid interface,
ߛ the interfacial tension, and R the radius of the colloidal particles. Equation 1 shows that ߠ is a
crucial factor for particle-stabilized bubbles or emulsions, as well as for the HLB of surfactantstabilized bubbles or emulsions. For example, the calculated adsorption energy of colloidal
1

particles is ͶǤͲ ൈ ͳͲହ kBT under the conditions that cyclohexane/water interfacial tension, ߛ, is
51 mN/m,8 R is 100 nm, and ߠ is 90 °, which is larger than that of common surfactants (10 ~ 20
kBT).9 This result indicates that once adsorbed onto the interface, it is difficult for the particles to
desorb. Air/water and oil/water interfaces treated with colloidal particles are relatively stable,
which is one of reason that bubbles and emulsions stabilized by particles have been attracting
attention.
Other characteristics of colloidal particles as stabilizers have also received increased
attention as they add further fascinating properties to their interfacial behavior. For instance,
stimulus-responsive colloidal particles in foams can rapidly and on demand destroy, move, deform,
or structurally change the foams using external stimuli10 such as changes in temperature,11-13
pH,11,13-15 light,12,16 magnetic fields,17,18 or mechanical stress19. Moreover, a solvent stabilized by
colloidal particles can be dispersed not only in other solvents but also in air, which is called ‘dry
liquid’ or ‘liquid marble’.20-23 Liquid marble can also respond to external stimuli when stimulusresponsive particles are present.20-23 Furthermore, compared to rigid colloidal particles, hydrogel
microspheres (microgels), which are colloidal particles with three-dimensional polymer networks
that swell in water, have also received increased attention as a soft material that may be able to
stabilize fluid interfaces. Soft microgels can be better stabilizers than rigid particles as they deform
at fluid interfaces. Additionally, microgels can, given their molecular architecture, respond to
external stimuli such as changes in temperature,24-26 pH,26,27 light,28-30 electric fields,31 or to
chemical reactions32-41. For example, typical temperature-responsive cross-linked poly(Nisopropyl acrylamide) (pNIPAm) microgels, which can be prepared with uniform size-distribution
via precipitation polymerization,24,25 exhibit a volume-phase-transition temperature (VPTT) of
~32 °C, due to the properties of pNIPAm.42,43 At the VPTT, swollen microgels rapidly shrink with
increasing temperature. Changes in the physicochemical properties of the microgels in response to
external stimuli can feasibly be expected to lead to many applications in e.g. the food industry,4449

cosmetics,50-52 and smart delivery systems.53-57 Moreover, the size and structures of microgels

can be changed upon adsorption at the interface due to their softness, which might change the
interfacial properties such as the interfacial distortion and tensions, as well as the rheological
properties. In order to better understand the mechanisms operative at such interfaces and to develop
applications, intimate knowledge of the behavior of soft deformable microgels at fluid interfaces
is of paramount importance.
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Yet, theoretically and computationally describing the behavior of microgels at the fluid
interface is challenging, given that the structure of the microgels depends on their environment.
Accordingly, various types of techniques have been used to analyze the interfacial behavior of
microgels at the fluid interface. In the case of the air/water interface, it was first reported in 1999
that pNIPAm microgels lower the surface tension of water, which was discovered using the
pendant-drop method.58 Although it had previously been reported that polymer chains of NIPAm
adsorb onto the air/water interface,59-62 it has been shown that the microgel morphology, which
depends on the degree of cross-linking and the preparation method, influences the time required
to reach a steady state.58 Surface tension measurement techniques, such as the pendant-drop
method, the Wilhelmy plate method, and the Langmuir Blodgett (LB) technique, have been used
to investigate the interfacial behavior of microgels (e.g. adsorption and deformation) at the
air/water interface.63-65 Subsequently, the temperature responsiveness63,64 and deformability65 of
microgels at the interface have been discussed based on surface-pressure values. However, the
interfacial behavior of microgels has not yet been evaluated using direct visualization techniques.
Recently, assemblies of microgels adsorbed at the air/water interface have been investigated by
atomic force microscopy (AFM).66-69 Here, the interfacial arrangement of microgels on a substrate
that was lifted through the air/water interface was observed,66-69 which revealed that the assembly
structure depends on the compression at the air/water interface66 and on the microgel softness,67,68
although several other factors might also have to be considered. For example, the interaction
between microgels and the substrate, the lifting rate of the substrate, and the drying process might
influence the structure of the microgel assemblies. On the other hand, the group of Suzuki has
examined the assembly mechanism and the structure of the microgel assemblies at the air/water
interface by in-situ visualization using optical microscopy.70-73 Moreover, the morphology of
microgels adsorbed at the air/water interface has been examined74 using neutron reflectivity75,76
and molecular dynamics simulations.69 However, an evaluation of the microgel morphology for a
single particle by direct in-situ visualization remains difficult at the air/water interface due to the
lower limits of the resolution of conventional microscopy techniques.
In the case of oil/water interfaces, further observation techniques such as cryogenic
scanning electron microscopy (cryo-SEM),77-81 cryogenic field emission scanning electron
microscopy (cryo-FE-SEM),82 confocal microscopy,83,84 and transmission X-ray microscopy85
have been employed. In a study of microgels adsorbed onto the oil/water interface, it has been
3

proposed that the microgels adsorbed onto the fluid interface adopt a fried-egg conformation78 and
a core-corona morphology,79 albeit that it should be noted here that during cryo-SEM or cryo-FESEM, the samples were observed in the frozen instead of the liquid state. The direct in-situ
observation of microgels adsorbed at the fluid interface by confocal microscopy83,84 or
transmission X-ray microscopy85 showed that microgels predominantly adopt a spherical
conformation at the interface.83,85 However, these results are different from those obtained from
cryo-SEM. As much experimental information related to the morphology of deformed microgels
at the fluid interface has recently become available, the interfacial behavior of microgels has also
been investigated theoretically.81,83,84 For example, the adsorption energy of a single microgel at
the interface (~106 kBT) has been determined by Monteillet et al. using the following equation:84
ο ܩൌ ߎୱ ߨܴ ଶ ሺʹሻ
, where ߎୱ is the entropic surface pressure balanced by the internal osmotic pressure within the
microgel. Style et al.81 have applied Neumann’s triangle construction86 to the theoretical
calculation of the deformation of microgels at the interface, which revealed that the deformation
depends on the ratio of its size relative to the lengthscales of the elastocapillarity and the
plastocapillarity, ݑ୰ . Subsequently, the adsorption energy was estimated using the following
equation:
ο ܩൌ ߛߨܴ ଶ ሺͳ  ݑ୰ ሻሺ͵ሻ
Kwok et al. have reported that micron-sized microgels do not highly deform at the oil/water
interface.83 As a result, the adsorbed microgel is flattened at the interface. Thus, assuming a
microgel with a radius of ሺͳ  ߭ߝሻܴ, the following equation was proposed:
ο ܩൌ ߛߨܴ ଶ ሺͳ െ ȁ  ߠȁሻଶ ሺͳ  ߭ߝሻଶ ሺͶሻ
, where ߭ is the Poisson ratio and ߝ the strain of the uniform flattening deformation (for common
materials, ߭ ൌ ͲǤͶ was used).
Since the development of Pickering emulsions78,80,82,83,87,88 and foams89-92 stabilized by
microgels, the interfacial behavior of microgels at fluid interfaces has been investigated using
various observation techniques and theoretical analysis methods (Table 1). However, the details
of the adsorption behavior, the deformation conformation, and the organization of the structure of
microgels at the fluid interface remain unclear. Therefore, the author investigated in this study the
interfacial behavior, i.e., the adsorption and deformation of microgels at the air/water interface
using microgels whose size allow a direct in-situ observation with optical microscopy. Within the
4

remit of this thesis, the behavior of the microgels at the interface is discussed by systematically
combining macroscopic/microscopic evaluation methods with previously established knowledge.
In Chapter 1, the deformed structure of microgels adsorbed at the air/water interface was
investigated, which proved to be difficult due to the limitations associated with the resolution of
the microscopy technique and the size of the microgels. Consequently, larger, micron-sized
microgels were prepared by a modified aqueous precipitation polymerization method, although
the synthesis of such large particles proved to be non-trivial due to the fact that gravity effects
strongly influence particle motion and colloidal stability.93,94 The deformation dynamics of soft
microgels were quantitatively investigated using microgels that can deform to a size of 20 μm
upon adsorption at the air/water interface. In Chapter 2, the focus was placed on the effect of
charge incorporated in microgels, which is one of the most important parameters in such particles,
and the adsorption, deformation, and self-organization behavior of charged microgels were
investigated.

Table 1. Evaluation method for understanding the microgel morphology at the fluid interface
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Chapter 1
“The deformation behavior of microgels at the air/water interface”

*Part of this work was published in "Haruka Minato, Masaki Murai, Takumi Watanabe, Shusuke
Matsui, Masaya Takizawa, Takuma Kureha, Daisuke Suzuki, Chemical Communication 2018, 54,
932-935. DOI: 10.1039/C7CC09603H”
Reprinted with permission from Copyright (2018) the Royal Society of Chemistry.

1-1.

Introduction
The ‘‘softness’’ of colloidal particles is crucial for their functions in the human body; for

instance, red blood cells (RBCs) carry oxygen/carbon dioxide in capillaries whose diameter is
much smaller than that of RBCs. Unlike RBCs, soft microgels which can be synthesized artificially
are colloidal particles of cross-linked polymeric networks with high contents of water (>90%) that
deform or deswell under external stress. The ‘‘softness’’ of microgels plays a crucial role in many
applications including coatings,1 food,2,3 cosmetics,4 colloidal crystals/glasses,5-9 drug delivery
systems,10 biomaterials,11-13 catalysts,14,15 and stabilizers for oil/water (emulsions) and air/water
(foams) interfaces.16-21
In order to further develop these applications and create new applications for soft colloidal
particles, understanding the interfacial behavior of microgels is highly important. pNIPAm
microgels are representative thermo-responsive microgels;22-27 they show surface activity and
adsorb at the air/water interface, which was first studied using the pendant-drop method.28 This
surface tension technique has been frequently used to discuss the adsorption behavior of soft
pNIPAm-based microgels at the air/water interface.28-30 These studies demonstrate the importance
of softness, i.e., the degree of cross-linking in microgels, on the adsorption at the air/water interface.
Recently, detailed structural information of adsorbed microgels has been studied using neutron
reflectivity measurements,31,32 molecular dynamics simulation33 and transmission X-ray
microscopy at the oil/ water interface.34 Although the understanding of the interfacial behavior of
soft microgels has progressed, the direct visualization of the interfacial dynamic behavior of
individual soft microgels has, to the best of the author’s knowledge, not yet been reported.
Therefore, details on the interfacial behavior of soft microgels at the air/water or oil/water interface
remains unclear and a matter of debate.
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In order to better understand the interfacial behavior of soft microgels, the author
examined for the first time the deformation dynamics of individual large microgels (>6 μm) that
were developed unexpectedly directly at the air/water interface by fluorescence microscopy using
a high-speed camera. It should be noted that the group of Suzuki has recently reported that
negatively charged softer colloidal particles show faster adsorption on positively charged solid
substrates. This was demonstrated by high-speed atomic force microscopy (AFM), which allowed
us to observe aqueous systems in real time (1 frame per s).35 However, this technique cannot be
applied to systems at the air/water or oil/water (i.e., liquid) interfaces.
Since the first pNIPAm microgels have been synthesized by precipitation
polymerization,22,23 the largest uniform pNIPAm-based microgels (4.7 μm, pH = 10) have been
reported by the Ngai group.36-37 These microgels were obtained from initially increasing gradually
the temperature of the reaction solution,38 and adding the comonomers in aqueous solution in a
continuous manner. In this context, the author found that much larger microgels can be obtained
when a small amount of the cross-linker BIS is added at the beginning of the polymerization. Using
the obtained larger micron-sized microgels, the author investigated the deformation behavior of
microgels upon the adsorption at the air/water interface.

1-2.

Experimental Details

1-2-1. Materials
N-isopropyl acrylamide (NIPAm, 98%), glycidyl methacrylate (GMA, 95%), N,N’methylenebis(acrylamide) (BIS, 97%), 2,2’-azobis(2-methylpropinamidine) dihydrochloride (V50, 95%), potassium peroxodisulfate (KPS, 95%), sodium chloride (NaCl, 99.5%), Rhodamine 6G
(R6G), and 3-mercaptopropane sulfonic acid (MPSA) were purchased from Wako Pure Chemical
Industries and used as received. Acrylic acid (AAc, 99%) was purchased from Sigma Aldrich and
used

as

received.

The

Ru(bpy)3

monomer

(4-vinyl-4’-methyl-2,2’-

bipyridine)bis(2,2’bipyridine)ruthenium(II)bis(hexafluorophosphate) was synthesized according
to a previously reported procedure.39 Distilled and ion-exchanged (EYELA, SA-2100E1) water
was used in all experiments.
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1-2-2. Preparation of Micron-sized Microgels
Poly(NIPAm-co-AAc) core–shell hydrogel microspheres (pNA microgels) (size > 6 μm)
were prepared via a modified aqueous precipitation polymerization technique (Scheme 1-1). The
polymerization was performed in a three-necked round-bottom flask (200 mL) equipped with a
mechanical stirrer, a condenser, and a nitrogen gas inlet. Typically, the NIPAm monomer (0.6 g),
AAc comonomer (63.2 μL), and cross-linker BIS (0.0098 g) were dissolved in deionized water (55
mL). The monomer solution was heated to 40 °C under a stream of nitrogen and constant stirring
(250 rpm). The solution was sparged with nitrogen for a period of at least 30 min in order to remove
any dissolved oxygen. Subsequently, the free-radical polymerization was initiated with KPS
(0.055 g) dissolved in deionized water (1 mL). Immediately after the initiation, the temperature
was increased from 40 °C to 60 °C using a temperature gradient of 1 °C/3 min. Thereafter, a
mixture of NIPAm monomer (3.5 g), AAc comonomer (875 μL), cross-linker BIS (pNA(1.4):
0.0927 g or pNA(2.7): 0.1855 g), and NaCl (0.0204 g, 10 mM) dissolved in deionized water (35
mL) was added to the reaction mixture at a feeding rate of 0.1 mL/min using a syringe pump. After
5 h, the feeding was stopped, and the reaction was stirred for 2 h at 60 °C, after which the microgel
dispersion was cooled in an ice bath to stop the polymerization. The obtained microgels were
purified twice by centrifugation/redispersion in water using a relative centrifugal force (RCF) of
20,000 g to remove unreacted reagents and other impurities. Similar to the synthesis of pNA
microgels, pure pNIPAm microgels (both positively and negatively charged), poly(NIPAm-coGMA) microgels, and poly(NIPAm-co-Ru(bpy)3) were prepared via this modified aqueous
precipitation polymerization. Table 1-1 summarizes the details for the polymerization and Figure
1-1 shows the optical microscopy images and chemical composition of these microgels.
Poly(NIPAm-co-acrylic acid) microgels denoted as pNA(X), where X indicates the BIS
concentration (mol%) in the shell.
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Scheme 1-1. pNA core–shell microgels prepared via a modified aqueous precipitation
polymerization.

g developed
p in this study
y
Table 1-1. Chemical composition of the pNIPAm-based microgels

*pNG-MPSA microgels were prepared from pNG microgels according to a previous report.40
Briefly, a mixture of pNG microgels (0.5 g), MPSA (ten times the amount of epoxy groups in the
pNG microgels), and water (45 g) was poured in a 100-mL glass vial with stirring at room
temperature, and the pH was adjusted to 11 with 1 M NaOH. The reaction was continued for 24 h.
The obtained pNG–MPSA microgels were purified twice by centrifugation/redispersion in water
using a RCF of 20,000g to remove impurities.

1-2-3. Characterization of the Microgels
Microgels in aqueous solution were observed with an optical microscope (BX51 or BX53,
Olympus) equipped with a fluorescence system (ramp: U-RFL-T, excitation: 460-495 nm,
emission: 510 nm) and a digital camera (ImageX Earth Type A-5.0M Ver. 3.0.4, Kikuchi-Optical
Co., Ltd.) or high-speed camera (AX50 2SA, Photron). Note that the images shown in Figure 1-7
were observed with an optical microscope (Axio Scope. A1, Zeiss) equipped with a fluorescence
system (ramp: HBO-100, excitation: 450-490 nm, emission: 510 nm) and a digital camera (ImageX
Earth Type S-2.0M Ver. 3.1.3, KikuchiOptical Co., Ltd.). These fluorescence systems were used
18

to excite the fluorescent dye Rhodamine 6G (R6G). The microgels were transferred into
rectangular Vitrotube borosilicate capillaries (0.1 × 2.0 mm) by capillary action. In order to
observe the microgels in detail, colloidal crystals of the microgels were obtained through a thermal
annealing process at a concentration close to the critical concentration.

1-2-4. Dye Labeling Experiments
After labeling the obtained pNIPAm-based microgels with ~0.0001 wt% R6G at a
microgel concentration of ~0.003 wt%, the samples were purified via centrifugation/redispersion
in water using a RCF of 20,000 g to remove any excess R6G. The samples were observed by
fluorescence microscopy.

1-2-5. Calculation of the Critical Concentration
The intrinsic viscosity ([η]) of each microgel at 25 °C was evaluated from the viscosity of
sufficiently diluted dispersions measured with an Ubbelohde viscometer. As it is customary when
dealing with microgels, the apparent volume fraction of the microgels (ϕeﬀ; ϕeﬀ Ӈ c[η]/2.5) was
employed as a simple measure of the degree of packing, although ϕeﬀ deviates from the real volume
fraction in the concentrated regime where the microgels undergo deformation, deswelling, and
interpenetration. The critical concentration, C*, was a concentration of ϕeﬀ = 1.41
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1-3.

Results and Discussion

Figure 1-1. Optical microscopy images of different microgels. Inset photographs show colloidal
crystals composed of each microgel. The microgels were observed in a rectangle capillary at high
concentration (left column) and at the air/water interface (right column) of the dispersion droplets
(N = 30). From these images, it is clear that these microgels are uniform, and that the applied
synthetic method should be applicable to various pNIPAm-based microgels.
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Figure 1-2. Optical microscopy images of (a) pNA(1.4) and (b) pNA(2.7) microgels packed in a
rectangle capillary at the critical concentration (C*, ߶ୣ = 1.0). The white dotted lines indicate
the surface of individual microgels. (c) Scheme of hexagonal close-packed crystal structures.
Fluorescence microscopy images of the same (d) pNA(1.4) and (e) pNA(2.7) microgels adsorbed
at the air/water interface of a dispersion droplet. (f) Scheme of adsorbed microgels at the air/water
interface. These samples were observed at room temperature.

Figure 1-3. (a) Optical and (b) fluorescence microscopy images of the same pNA microgels after
labelling with R6G dye molecules. The same area was observed at the air/water interface of the
dispersion droplet at pH = 7 and 25 °C. The white dotted lines indicate the core part and the surface
of an individual microgel.
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The author confirmed that the modified precipitation polymerization method can also be
applied to pure BIS-cross-linked pNIPAm microgels (both negatively and positively charged),
pNIPAm-based microgels copolymerized with charged acrylic acid or reactive glycidyl
methacrylate monomers (which in turn may incorporate various functional molecules),40 and
p(NIPAm-co-tris(2,2’-bipyridyl)) ruthenium(II) complex microgels, which exhibit autonomous
swelling/deswelling and flocculating/dispersing oscillation42-51 (Table 1-1 and Figure 1-1). In the
present study, the author selected poly(NIPAm-co-acrylic acid) microgels, henceforth denoted as
pNA(X), where X indicates the BIS concentration (mol%) in the shell, for further studies, as their
diameter was the largest among all the aforementioned microgels. The detail mechanism of the
modified precipitation polymerization will be discussed elsewhere.
Figure 1-2(a) shows pNA(1.4) microgels packed in a rectangle capillary as observed by
optical microscopy (6.3 μm, pH = 7, 25 C). Here, the microgels were examined at the critical
concentration (C*, ߶ୣ = 1.0), where polymer chains on the microgels begin to contact each other.
It should be noted that the shells of the microgels are almost transparent, as they have been highly
expanded by water; however, the pNA microgels are indeed closely packed as no random
movement was observed. Subsequently, the deformation of the pNA(1.4) microgels was examined
at the air/water interface of a dispersion droplet deposited on a glass substrate at pH = 7 and 25 
C (Figure 1-2(d)). To visualize all the microgels, fluorescent R6G was adsorbed on the pNA
microgels by electrostatic attraction with the acrylic acid moieties. As a result, highly deformed
microgels were visualized at the air/water interface, whose diameter increased to 20 μm (CV =
9%, N = 50), which is more than three times that of the spherical microgels. In the fluorescence
microscopy images, core (dark part)–shell (green fluorescence part) microgels were observed. By
optical microscopy, only the cores could be visualized, and a size of 4 μm was calculated (Figure
1-3), indicating that the polymer density in the shell is too low to visualize due to the limited
resolution of the optical microscope. The highly spread thin shell was only visible upon adding the
fluorescent dye.
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Figure 1-4. (a) pNA(1.4) and pNA(2.7) microgels upon adsorption at the air/water interfaces
visualized by fluorescence microscopy equipped with a high-speed camera at pH = 3 and 25 C.
It should be noted that these images were recorded in grey scale. (b) Time evolution of the size of
pNA(1.4) and pNA(2.7) microgels upon adsorption at the air/water interface (N = 10).
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To gain insight into how microgels are deformed at the air/water interface, the exact
moment of the adsorption of the microgels was monitored by fluorescence microscopy using a
high-speed camera (Figure 1-4). For the pNA(1.4) microgels shown in Figure 1-4, the size of the
microgels spread radially at the interface became 17 μm within 0.1 s. Subsequently, the size
gradually increased to ~20 μm within 1 s, where it reached an equilibrium. To evaluate the impact
of the microgel softness on the deformation kinetics, pNA microgels with a higher BIS
concentrations in the shell were prepared (pNA(2.7); Table 1-1 and Figure 1-2(b)(e)). The author
confirmed that the deformation of the stiffer pNA(2.7) microgels at the interface was fast, similar
to that of the softer pNA(1.4) microgels, although the highly cross-linked pNA(2.7) microgels
were only slightly deformed at the air/water interface (Figure 1-4(b)). The degree of deformation
is defined as Dads/DC*, where Dads represents the size of the microgels adsorbed at the interface and
DC* represents the diameter of the microgels packed in a rectangle capillary at C* (Figure 12(a)(b)). In this case, Dads/DC* was 3.2 for pNA(1.4) and 1.9 for pNA(2.7) in the equilibrium state.
In the previous work,35 Suzuki et al. were unable to quantify the kinetics of deformation of the
microgels at the solid/water interface due to the lack of time resolution of the high-speed AFM (1
frame per s); nevertheless, it was possible to observe the deformation of all the tested microgels at
these interfaces.35 However, in the present study, it was able to confirm for the first time that the
deformation kinetics at the air/water interface is so fast that the softness or cross-link density of
the microgels does not exert a significant impact.
In order to understand the deformation in more detail, the deformation dynamics were
analyzed using time-lapse images. Pseudo-first-order and the pseudo-second-order equations were
applied to analyze the deformation kinetics.52 These kinetic models can be expressed in linear form
as follows:
ሺܦୣ െ ܦ௧ ሻ ൌ ሺܦୣ ሻ െ ሺ݇ଵ ΤʹǤ͵Ͳ͵ሻ ݐ

(1-1)

ሺݐΤܦ௧ ሻ ൌ ͳΤ݇ଶ ܦୣ ଶ  ሺͳΤܦୣ ሻݐ

(1-2)

where De and Dt (μm) represent the size of microgels adsorbed at the air/water interface at
equilibrium and at arbitrary time t (s), respectively. k1 (s-1) is the rate constant of the pseudo-firstorder model, while k2 (μm μm-1 s-1) is the rate constant of the pseudo-second-order model.
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Figure 1-5. Plots of (a) pseudo-first-order eqn (1) and (b) pseudo-second-order kinetic (eqn (2))
for the deformation of pNA(1.4) and pNA(2.7) microgels at the air/water interface; recorded with
a fluorescence microscope equipped with a high-speed camera.

g
Table 1-2. Deformation kinetic parameters at pNA(1.4) and pNA(2.7) microgels

Figure 1-6. Radius of (a) pNA(1.4) and (b) pNA(2.7) microgels as a function of time at the
air/water interface, which were calculated from the diameter (Figure 1-4).
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Figure 1-5 shows the plots of pseudo-first-order and the pseudo-second-order kinetics for
the deformation of pNA(1.4) and pNA(2.7) microgels. The correlation coefficient (R2) of the
pseudo-second-order model was ~1, and that of the pseudo-first-order model was not, indicating a
good fit of the pseudo-second-order model for these microgels (Table 1-2). It suggests that one
part of the deformation dynamics should be explained by a two-stage deformation speed; during
the first stage, the microgels rapidly deform at the air/water interface, which is caused by a collision
of the microgels at the air/water interface. During the second stage, the surface-active polymer
chains on the microgel gradually spread to stabilize the interface thermodynamically. Here, the
deformation rate of the microgels during the first stage was calculated from the fitted line (Figure
1-6), affording deformation rates (v) of 95 μm s-1 and 24 μm s-1 for pNA(1.4) and pNA(2.7),
respectively. Although the initial deformation rate, v, of these microgels was significantly different,
it seems that the deformation of the microgels is completed very quickly, i.e., within a few seconds
regardless of the degree of cross-linking (i.e., irrespective of the softness).
Finally, the time-dependent deformation of pNA(1.4) microgels at the air/water interface
in a dilute microgel dispersion (~0.003 wt%) was monitored during drying (Figure 1-7). In the
previous studies,53-55 the structure of the adsorbed microgels at the air/water interface could not be
determined due to limitations of the resolution. In this study, however, given that the thin shell of
the microgels can be visualized, the author could confirm for the first time that the adsorbed and
highly deformed microgels gradually engage in contact with each other (Figure 1-7(a)(b)), before
the size of the microgels largely decreases with decreasing interfacial area upon drying. The degree
of deformation of the pNA(1.4) microgels decreased with time from Dads/DC* = 3.2 (1 min) to 3.0
(36 min) and 2.4 (42 min).
It is also noteworthy that the method reported herein for the synthesis of large microgels
may also be applicable to other microgels, such as autonomously oscillating microgels,42-51
although the detailed mechanism of the polymerization should be clarified experimentally. This
investigation on the interfacial behavior of large microgels may thus open new research avenues
in the areas of fundamental colloidal chemistry and applied materials chemistry.
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Figure 1-7. (a) Scheme, (b) fluorescence microscopy images and (c) size of pNA(1.4) microgels
at the air/water interface of dilute microgel droplets as a function of time during evaporation of the
solvent (N = 30).
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1-4. Conclusions
The deformation kinetics of soft pNIPAm-based microgels upon adsorption at the
air/water interface was quantified for the first time using large pNIPAm-based microgels
synthesized by a modified aqueous precipitation polymerization technique. The deformation
process of the microgels upon adsorption at the interface was visualized and analyzed directly. The
microgels adsorbed and deformed very quickly at the air/water interface, and the deformation
kinetics could be feasibly explained using a pseudo-second-order model. Additionally, the highly
deformed microgels adsorbed at the interface finally engaged in contact with each other, before
gradually deforming during drying. Moreover, the method to produce such large microgels was
also successfully applied to other functional microgels. Therefore, these new findings for the
evaluation of the ‘‘softness’’ of microgels at the air/water interface may promote the development
of new applications related to the interfacial behavior of microgels.
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Chapter 2
“The adsorption behavior of microgels at the air/water interface”

*Part of this work was published in "Haruka Minato, Masaya Takizawa, Seina Hiroshige, Daisuke
Suzuki, Langmuir 2019, 35, 10412-10423. DOI: 10.1021/acs.langmuir.9b01933”
Reprinted with permission from Copyright (2019) American Chemical Society.

2-1. Introduction
Microgels have attracted much attention due to a wide range of potential applications in
e.g. chemical or bio-sensors,1-5 selective separations,6-8 stabilizers for emulsions,9-13 autonomous
materials,14,15 and drug-delivery systems,16-18 as aforementioned. The high utility of microgels can
be mostly attributed to their fascinating physicochemical properties such as softness (degree of
crosslinking), which can be tuned by applying external stimuli. In a series of fundamental studies,
thermo-responsive poly(N-isopropyl acrylamide) (pNIPAm) microgels (or derivatives thereof)
have been widely used as they can be synthesized in uniform size by aqueous free radical
precipitation polymerization.19,20 So far, many functionalized microgels that can respond to stimuli
such as changes in ionic strength or pH value, chemical reactions, light, and the presence/absence
of

biomolecules

have

been

reported.14,15,20-25 Among

these

functionalizations,

the

copolymerization with appropriately designed monomers is the most widely used and conventional
approach due to the simplicity of the procedure. For instance, pH-responsive microgels are
obtained from copolymerizations with e.g., acrylic or methacrylic acid monomers.21 Furthermore,
autonomously

oscillating

microgels,

which

show

periodic

swelling/deswelling

and

assembling/disassembling oscillations, are obtained from copolymerizations with charged
catalysts such as ruthenium complexes in order to be able to respond to cyclic redox reactions.14,15
From a materials science point of view, the assembly of such microgels is important to
obtain thin films or hierarchical bulk gels that show additional functionality. For instance, films of
microgels copolymerized with amine groups26,27 show faster and increased absorption and
desorption of CO2 than those of dispersions or bulk gels.28,29 Microgels copolymerized with
phenylboronic acid groups respond to glucose, which is expected to find applications in colorchanging sensors.23,30
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So far, many methods for microgel assemblies, including dip- and spin-coating, have been
reported.31-37 The group of Suzuki has been investigating the self-organization of microgels during
the evaporation of aqueous sessile droplets in order to generate thin microgel films.36-39 The author
has previously discovered that soft and surface-active microgels based on e.g. pNIPAm
spontaneously adsorb on the air/water interface of the droplet when sessile droplets are
evaporated.36,40 Subsequently, the adsorbed microgels are slowly arranged at the interface, and
finally the arranged microgel monolayers are transferred onto the solid substrate, 36 which stands
in sharp contrast to rigid microspheres made of e.g. polystyrene or silica.41 To clarify the details
of the formation mechanism, understanding the behavior of microgels at the air/water interface
(e.g. adsorption, interpenetration, and deformation) is crucial. During the drying process, the size
of the microgels is not crucial because the microgels are moved to the air/water interface by
convection flow; however, the softness (degree of crosslinking) of the individual microgels is very
important: the softer the microgels are, the faster the microgels adsorb at the air/water interface.38
It has also been clarified that individual microgels are substantially deformed immediately upon
attaching to the air/water interface, which was observed directly with an optical microscope
equipped with a high-speed camera.42
The author hypothesized that if the aforementioned charged (or functionalized) microgels
could be combined with the method, a variety of functionalized thin films of polyelectrolytes could
potentially be obtained in an operationally simple and low-cost fashion within a short period of
time, which would be useful for all applications that these microgel assemblies have already found.
In this study, the author initially investigated the effect of charged groups immobilized in the
microgels on the self-organization during the evaporation of aqueous sessile droplets. Especially,
the impact of the charged groups in the microgels on their adsorption, interpenetration, and
deformation behavior at the air/water interface was systematically investigated using a series of
dispersions of charged microgels. The author is convinced that the results on the behavior of
microgels at the air/water interface will contribute to the development of further applications for
e.g. microgel-stabilized foams and emulsions, where the understanding of the behavior of
functional microgels on the air/water interface is of paramount importance.
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2-2. Experimental Details
2-2-1. Materials
N-isopropyl acrylamide (NIPAm, purity 98%), N,N’-methylenebis(acrylamide) (BIS,
97%),

potassium

peroxodisulfate

(KPS,

95%),

2,2’-azobis(2-methylpropinamidine)

dihydrochloride (V-50, 95%), rhodamine 6G (R6G), disodium hydrogenphosphate (99%), citric
acid (98%), hydrochloric acid (HCl), hydroxide solution (NaOH), and sodium chloride (NaCl,
99.5%) were purchased from FUJIFILM Wako Pure Chemical Corporation (Japan) and used as
received. Acrylic acid (AAc, 99%) was purchased from Sigma Aldrich and used as received. The
monomer

(4-vinyl-4’-methyl-2,2’-bipyridine)bis(2,2’bipyridine)ruthenium(II)bis

(hexafluorophosphate) (Ru(bpy)3) was synthesized according to a previously reported procedure.43
Water for all reactions, including the preparation of solutions and the purification of polymers,
was initially distilled and subsequently subjected to ion exchange (EYELA, SA-2100E1). Glass
substrates (Neo Micro Cover Glass, Matsunami Glass Ind., Ltd.) were used after cleaning using 1)
detergent in water, and 2) pure water.

2-2-2. Preparation of Charged Microgels
Negatively charged microgels were prepared by aqueous free radical precipitation
copolymerization of NIPAm and AAc.11 The copolymerizations were performed in a three-necked
round-bottom flask equipped with a mechanical stirrer, a condenser, and a nitrogen gas inlet. The
initial total concentration of each monomer for the microgels was 150 mM. Initially, the monomer
solutions were prepared and dissolved in water in the three-necked round-bottom flask and heated
to 70 °C under a stream of nitrogen and constant stirring (250 rpm). The solutions were allowed
to stabilize for at least 30 min prior to initiating the polymerization in order to remove any
dissolved oxygen. Subsequently, the free-radical polymerizations were initiated with KPS (2 mM)
dissolved in water. The solutions were stirred for 4 h, and after completion of the polymerization,
the obtained dispersions were cooled to room temperature. The microgels were purified via two
cycles of centrifugation/redispersion in water using a relative centrifugal force (RCF) of 70000 G
for ~90 min (Avanti J-26S XP, Beckman Coulter Inc.), followed by dialysis using cellulose tubing
(36/32, Viskase Companies, Inc.) in water for around 1 week, whereby the water was changed
daily. Henceforth, the obtained p(NIPAm-co-AAc) microgels will be denoted as NAX, whereby X
represents the amount of charged AAc monomer (mol%). The pNIPAm microgels (henceforth
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denoted as N) were prepared by temperature-programmed precipitation polymerization to increase
their size, which is necessary for evaluating the individual microgels with an optical microscope.38
After initiation of the polymerization, the temperature of the reaction solution was gradually
increased from 45 to 70 °C (1 °C/3 min). The solution was stirred for 6 h, and the obtained
dispersion was cooled to room temperature. The microgels were purified via two cycles of
centrifugation/redispersion in water using an RCF of 70000 G for ~45 min (Avanti J-26S XP,
Beckman Coulter Inc.), followed by dialysis using cellulose tubing in water for 3 days, whereby
the water was changed daily.

2-2-3. Preparation of Charged Core/Shell Microgels
To check the potential influence of the pNIPAm shell that contains the charged core on
the self-organization, core/shell microgels (henceforth referred to as CS) were prepared by seeded
precipitation polymerization in the presence of charged microgels.44 The polymerization was
performed in a three-necked round-bottom flask (50 mL) equipped with a mechanical stirrer, a
condenser, and a nitrogen gas inlet. Initially, the flask was charged with water (18.23 g), which
was heated to 70 °C under a stream of nitrogen and constant stirring (250 rpm). The water was
allowed to stabilize for 30 min prior to initiating the polymerization in order to remove any
dissolved oxygen. Subsequently, seed microgels (NA5, 2.08 wt%, 5.77 g) and KPS (0.016 g)
dissolved in water (1 mL) were added into the system to start the polymerization. After 5 min, the
core NA5 microgels had shrank sufficiently, and a mixture of NIPAm monomer (99 mol%, 0.6720
g) and cross-linker BIS (1 mol%, 0.0096 g) dissolved in water (5 mL), which had been heated to
70 °C under a stream of nitrogen, was added to the reaction mixture. The solution was stirred for
4 h, and after completion of the polymerization, the obtained dispersions were cooled to room
temperature. The microgels were purified via several cycles of centrifugation/redispersion in water
to remove unreacted reagents and other impurities using an RCF of 70000 G for ~30 min (Avanti
J-26S XP, Beckman Coulter Inc.).

2-2-4. Preparation of Micron-sized, Fluorescent, and Charged Microgels
To investigate the deformation of individual microgels upon adsorption at the air/water
interface, micron-sized, fluorescent, and charged poly(NIPAm-co-Ru(bpy)3) microgels (NRu
microgels) were prepared via a modified aqueous precipitation polymerization technique that the
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author has previously reported.42 The polymerization was performed in a three-necked roundbottom flask (300 mL) equipped with a mechanical stirrer, a condenser, and a nitrogen gas inlet.
Initially, the NIPAm monomer (0.6 g) and cross-linker BIS (0.0008 g) were dissolved in deionized
water (55 mL). The monomer solution was heated to 40 °C under a stream of nitrogen and constant
stirring (250 rpm). After sparging with nitrogen for a period of at least 30 min, the free-radical
polymerization was initiated with V-50 (0.055 g) dissolved in water (1 mL). Immediately after the
initiation, the temperature was gradually increased from 40 °C to 60 °C (1 °C/3 min). Thereafter,
a mixture of NIPAm (1.0 g), Ru(bpy)3 comonomer (0.135 g), cross-linker BIS (0.053 g), and NaCl
(0.1753 g, 30 mM) dissolved in deionized water (100 mL) was added to the reaction mixture at a
feeding rate of 0.8 mL/min using a syringe pump. After adding 90 mL of the mixture, the reaction
was stirred for 2 h at 60 °C. Finally, the obtained microgel dispersion was cooled to stop the
polymerization. The microgels were purified twice by centrifugation/redispersion in water to
remove unreacted reagents and other impurities, followed by dialysis in water for around 1 week.
It should be noted here that the obtained NRu microgels showed absorption peaks at 288 and 457
nm, and a fluorescence emission peak at 602 nm upon photoirradiation at 457 nm (Figure 2-1).

Figure 2-1. Absorption (solid line) and emission (dotted line) spectra of the NRu microgels in
aqueous solution at 25 C. The fluorescence emission peak at ~457 nm was detected due to
measuring upon photoirradiation at 457 nm.
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2-2-5. Characterization of the Microgels
The microgels were examined with an optical microscope (BX51, Olympus) equipped
with a digital camera (ImageX Earth Type S-2.0 M Ver.3.0.5, Kikuchi-Optical Co., Ltd.). All
microgel diameters were determined by measuring the center-to-center distance between
neighboring microgels in order to calculate relatively accurate microgel diameters under lowcontrast conditions. For the calculations, the author used the ImageJ software (1.49v, Wayne
Rasband, National Institutes of Health) (N = 50) on optical microscopy images of colloidal crystals
formed in glass capillaries. Colloidal crystals were prepared by transferring microgel dispersions
into rectangular Vitrotube borosilicate capillaries (0.1 × 2.0 mm) using the capillary force. The
microgels concentration was tuned to the critical concentration, C* (g/mL), where the apparent
volume fraction (Φeff, Φeff = [η]C/2.5) equals 1.42,45 Here, Φeff was calculated from the intrinsic
viscosity, while [η] (mL/g) was measured at 25 °C using an Ubbelohde viscometer. It should be
noted that Φeff is used as a simple measure for the degree of packing, even though Φeff deviates
from the real volume fraction in the concentrated regime where the microgels can deform, deswell
and/or interpenetrate.45
The amount of acrylic acid introduced in the microgels was determined by
conductometric titrations. The microgel dispersions were adjusted to pH | 11 with a 1 M NaOH
solution. The titrations were performed using standardized HCl solutions (0.1 or 0.01 M).
The electrophoretic mobility (EPM) of the microgels was evaluated using a Zetasizer
Nano ZS instrument (Malvern Panalytical). The average EPM was calculated from three individual
measurements. These measurements were conducted at a microgel concentration of 0.001 wt% at
25 °C in pure water. For the NA5 and NRu microgels, the EPM measurements were conducted at
a microgel concentration of 0.001 wt% at 25 °C in a 1 mM NaCl solution in order to investigate
the effect of the presence of NaCl.
The surface tension of the microgel dispersions was determined using the Wilhelmy plate
method with a surface tensiometer (Automatic Surface Tensiometer Model CBVP-Z, Kyowa
Interface Science Co., Ltd.) and a Pt plate at 25 °C, 24 h after placing each solution or dispersion
(5 mL) in a glass dish. Average surface tension values were calculated from three individual
measurements.
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The amount of Ru(bpy)3 monomer introduced in the microgels was estimated using
UV−vis spectrophotometry measurements (V-630iRM, JASCO) at an absorbance of 458 nm,
which is the wavelength of the maximum absorbance for [Ru(bpy)3]2+.
The absorption and emission spectra of NRu microgels were evaluated at 25 °C in pure
water

using

a

UV−vis

spectrophotometer

(V-630iRM,

JASCO)

and

fluorescence

spectrophotometer (FP-6300, JASCO), respectively.

2-2-6. Characterization of the Drying Phenomena
As a macroscopic evaluation, the shape of the sessile droplets during drying and the
resulting dried structures were evaluated with a digital camera (Canon, EOS kiss 4). The
dispersions (30 μL) were dried on glass substrates (Neo Micro Cover Glass, Matsunami Glass Ind.,
Ltd.) at 25 ± 2 °C (Figure 2-3(a)). These substrates were used after cleaning with 1) detergent in
water, and 2) pure water. The homogeneity of the distribution of the microgels in the films was
compared by evaluating the grayscale, which was calculated using the “plot profile (ImageJ
software)” of a straight line drawn on the observed optical microscopy images at the center of each
film. In the optical microscopy observations, the images are darkened in the presence of packed
microgels.
As a microscopic evaluation, the air/water interface at the center and the edge of the
sessile droplet (1 μL) was observed at 25 ± 2 °C with an optical microscope (BX51, Olympus)
equipped with a digital camera (ImageX Earth Type S-2.0 M Ver.3.0.5, Kikuchi-Optical Co., Ltd.).
The number of microgels adsorbed at the air/water interface was calculated based on the optical
microscopy movies. The pH value of the dispersions was controlled using McIlvaine buffers
composed of 50 mM disodium hydrogenphosphate and 25 mM citric acid, or using simple
electrolytes such as HCl, NaOH, and NaCl. Here, the concentration of the microgel dispersions
was calculated based on the weight of the microgels after drying. The concentrations of dispersions
were decreased or increased by diluting (with water) or centrifuging the dispersions, respectively.

2-2-7. Evaluation of the Mean-squared Displacements
To quantify the motion of microgels at the air/water interface, the microgel positions in
an image time series recorded by optical microscopy were analyzed using the mean-squared
displacement (MSD) as a function of the lag time (߬).46,47 The particle-tracking data were obtained
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by tracking the position of the microgels in a movie of ~ 6 s (30 frame s-1) using the ‘Pointing Cell
Tracking’ tool of the ImageJ software. The MSD of microgels adsorbed at the interface is given
by:
ଶ

ሺ߬ሻ ൌ ۃ൫ݎ ሺ ݐ ߬ሻ െ ݎ ሺݐሻ൯ ۄǡ௧

(2-1)

where ݎ ሺݐሻ is the position vector of ith particle at time t, and ۄ ۃǡ௧ indicates the average over
the data of the microgels. In the liquid regime, where the particle motion is expected to be purely
diffusive, the MSD should be proportional to the lag time, ߬:
ሺ߬ሻ ൌ ʹ݀߬ܦ

(2-2)

where d is the dimensionality of the displacement vectors and D is the self-diffusion coefficient.
The movie of the microgels adsorbed at the air/water interface only provides their movement in
two dimensions and therefore ݀ ൌ ʹ for the obtained optical microscopy movies.47

2-2-8. Deformation Analysis of Individual Charged Microgels
The deformation of microgels at the air/water interface of droplets was observed with an
optical microscope (BX53, Olympus) equipped with a fluorescence system (ramp: U-RFL-T,
wavelength: 451-485 nm and 541-565 nm) and a high-speed camera (monochrome AX50 2SA,
Photron). It should be noted here that the deformation was observed for only a few minutes after
the dispersion droplet was deposited onto the glass substrate in order to ignore the influence of the
increasing salt concentration as a result of the drying of the water.

2-3. Results and Discussion
2-3-1. Synthesis and Characterization of the Polyelectrolyte Microgels
Firstly, charged (or polyelectrolyte) microgels were synthesized by a conventional free
radical precipitation polymerization with NIPAm and AAc, where the feed ratio of AAc was
changed (NAX microgels, 1 ≤ X ≤ 50 mol%). The size of all (~1 μm) was uniform, which was
confirmed by optical microscopy images for a concentration of C* for these microgels (Table 21, Figure 2-2(a)~(f)). The number of carboxyl groups incorporated in the microgels increased with
increasing the proportion of the AAc fed during the polymerization (Table 2-1), and thus, the EPM,
which is an indicator of the surface-charge density, showed negative values for all NA microgels.
It has been reported that relatively uniform charge distribution in microgels is realized for
poly(NIPAm-co-AAc) microgels prepared by precipitation polymerization, as the reactivity ratios
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of NIPAm and AAc are similar (r1 = 0.57 and r2 = 0.32).48-50 Thus, the author assumed that the
amount of carboxyl groups would increase both on the surface and within the microgels. Indeed,
the EPM values gradually decreased upon increasing the incorporated amount of AAc (Table 21), indicating that the surface-charge density originates from the carboxyl group increased.
Additionally, the intrinsic viscosity [η], which is an indicator of the degree of swelling, increased
with the amount of incorporated AAc (Table 2-1), indicating that the amount of carboxyl groups
increased within the microgels and on the surface.
Next, core/shell structures were formed by adding AAc-free pNIPAm hydrogel shell onto
NA5 microgels by seeded precipitation polymerization in order to investigate the effect of the
charge distribution of the microgels on the drying behavior (Figure 2-2(g)).44,51 After forming the
shell, the amount of carboxyl groups in the microgels decreased to approximately 50% (core NA5
microgels: 0.42 mmol/g; CS microgels: 0.24 mmol/g), indicating that a shell of similar weight was
formed on the core microgel (NA5). In addition, the EPM value of the CS microgels approached
to that of AAc-free N microgels (EPM: -1.26×10-8 m2/Vs (N microgels), -2.08×10-8 m2/Vs (core
NA5 microgels), and -1.24×10-8 m2/Vs (CS microgels)), suggesting that the core was completely
covered with the shell. In addition, the [η] value of the CS microgels was considerably lower than
that of the core NA5 microgels, indicating that the shell restricts the swelling of the core, which
has already been reported.51

Table 2-1. Chemical composition and characteristics of the negatively charged microgels

a

Reproduced with permission from reference 38. Copyright (2018) American Chemical Society.
Core/shell (CS) microgels were prepared by seeded precipitation polymerization using NA5
microgels as seeds.
b
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Figure 2-2. Optical microscopy images of colloidal crystals of (a)~(f) NAX (1 ≤ X ≤ 50) and (g)
CS microgels at the critical concentration, C*. From these images, the diameters of the microgels
were calculated, and these are listed in Table 2-1.

2-3-2. Macroscopic Evaluation of Drying Microgel Sessile Droplets
As schematically illustrated in Figure 2-3(a) and reported in the previous study,36,38 the
self-organization of microgels was investigated at very low (~0.001 wt%) microgel concentrations,
where soft and surface-active microgels are regularly arranged at the air/water interface, and the
resulting films on the solid substrate exhibit iridescent structural colors. Therefore, in this study,
the author initially checked the dependence of the microgel concentration on the drying
phenomenon. Figure 2-3(b) shows the result for N microgels (without AAc groups), i.e., the same
ones used in the previous study.38 Similar to the previous study, homogeneous monolayer films
with iridescent structural colors were obtained at low microgel concentrations (0.001, 0.005 wt%).
Upon increasing the concentration, a white dot appeared near the center of the dried films (≥ 0.01
wt%). As shown in Figure 2-3(c), the microgels were more concentrated in the white dot (region
I) than in region II (microgel size: 353 ± 91 nm (region I); 598 ± 71 nm (region II); N = 50). The
white dot was formed at that position, where water was present up to complete evaporation of the
droplet (Figure 2-4(b)) due to the transportation of excess microgels present in the bulk solution
to this position by the convention flow. Furthermore, ring-like stains were observed for higher
microgel concentrations (≥ 0.1 wt%, Figure 2-3(b)(d)). These data indicate that excess microgels,
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i.e., N microgels dispersed within the droplets, are moved to the edge of the droplet by convection
flow to form ring-like stains (Figure 2-3(b)(d), Figure 2-4(c)) or concentrated near the center of
the droplet (Figure 2-3(c), Figure 2-4(b)), although these phenomena were not observed for lower
microgel concentrations.

Figure 2-3. (a) Schematic illustration of the drying phenomenon of microgel sessile droplets. (b)
Photographs of dried thin films containing N microgels formed after 30 μL of microgel droplets
were dried at room temperature (~25 °C, ~70 % humidity) on glass substrates at different microgel
concentrations. (c) Optical microscopy images of the thin films dried at 0.01 wt%. Two of the
images show an enlarged view of region I and II. (d) Plot profile of each thin film dried at different
concentrations. The dotted black line shows the boundary between the film and the substrate.
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Figure 2-4. (a) Schematic illustration of the observation of sessile droplets by optical microscopy.
(b), (c) Optical microscopy images of the sessile droplets containing N microgel dispersions (1
μL) as a function of the normalized time, TN. The droplets (0.1 wt%) were dried at room
temperature (~25 °C, ~30 % humidity). (b: Movie S1) The entire and (c) the edge of the droplets
on the glass substrate were observed. (b) The sessile droplets were observed by reflected-light
optical microscopy.

In contrast, homogeneous monolayer films showing iridescent colors could not be
obtained for NA5 polyelectrolyte microgels, not even at low concentrations (0.001 wt% and 0.005
wt% in Figure 2-5(a)). The appearance of white dots (Figure 2-5(b)) and ring-like stains (Figure
2-5(c)), was, as mentioned above, dependent of the concentration, albeit in a slightly different
manner. It should be noted here that the homogeneous monolayer films could not be obtained for
any of the negatively charged NAX microgels (1 ≤ X ≤ 20 mol%) at low concentrations (Figure
2-6(a)~(c)). In the case of the NA50 microgels, the resulting films could not be visualized and the
boundary between films and the glass substrate could not be recognized as the NA50 microgels
were highly swollen by water. However, homogeneous thin films showing iridescent colors could
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be obtained in the case of CS microgels, which contain a pNIPAm shell layer on a NA5 core, dried
at low concentrations (0.001 wt% in Figure 2-6(d)). These results suggest that charged groups
attached near the surface of the microgels affect the individual microgel motion within the sessile
droplets.

Figure 2-5. (a) Photographs of dried thin films containing NA5 microgels. 30 μL of droplets were
dried at room temperature (~25 °C, ~70 % humidity) on glass substrates at different NA5 microgel
concentrations. (b) Optical microscopy images of a thin film dried at 0.005 wt%. Two of the
images show an enlarged view of region I and II. (c) Plot profile of each thin film dried at different
concentrations. The dotted black line shows the boundary between the film and the substrate.
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Figure 2-6. Photographs of the dried thin films containing (a) NA1, (b) NA10, (c) NA20, and (d)
CS microgels formed after the microgel droplets (30 μL) were dried at room temperature (~25 °C,
~40 % humidity) on glass substrates at different microgel concentrations (0.001-1 wt%).

2-3-3. Evaluation of Individual Polyelectrolyte Microgel Movements at the Air/Water
Interface.
Then, the author microscopically investigated the drying process of the sessile droplets.
First, the center of the droplet was monitored by optical microscopy (Figure 2-7(a)). At the early
stage (TN~0.05; the normalized time, TN = T/ Tdried, where T and Tdried denote the arbitrary time and
the time for complete drying, respectively.), as reported in the previous work,38 control N microgels
were immediately adsorbed and arranged with intervals at the air/water interface after dropping a
dispersion (1 μL) on a glass substrate (Figure 2-7(b)). Then, the adsorbed amount, N (or
normalized amount, NN = N/ Ndried, where Ndried denotes the adsorbed amount per unit of interfacial
area when the droplet is completely dry.) at the interface

increased until completely drying, as

the adsorbed and highly deformed microgels at the interface were increasingly compressed given
that the total surface area of the sessile droplets decreased due to evaporation of water (Figure 27(c)(d)).38,42 Finally, the ordered structures formed at the interface were transferred onto the
46

substrate without any structural disruption (Figure 2-7(b): N).38 In the case of the NA5 microgels,
on the other hand, the microgels did not adsorb on the air/water interface at the early stage of
drying (Figure 2-7(b): NA5, TN~0.05). However, as time proceeded (TN~0.25), the microgels
gradually adsorbed on and arranged at the interface (Figure 2-7(b)(c)(d)). Here, in contrast to the
N microgels, there was no interval between the NA5 microgels (e.g., the images taken at TN~0.70,
0.80, 0.95). In the N microgel case, there are low density polymers on the shell of the deformed
microgels in the interval between the microgels,42 which might be due to the suppression of the
deformation of charged microgels at the air/water interface. It should be noted here that similar
results were reported when charged microgels are observed at the oil/water interface.13,52
Additionally, NA5 microgels are thermally fluctuated at the interface (vide infra). Furthermore,
different from N microgels, the arranged structures of the NA5 microgels formed at the interface
were not transferred without disrupting the structures when the water was completely evaporated
(Figure 2-7(b): NA5, TN~1). Similar behavior to that of the NA5 microgels was observed in the
case of the NA1, NA10, and NA20 microgels (Figure 2-7(c)(d)), indicating that the charged
groups immobilized in the microgels lower the adsorption rate of the microgels at the air/water
interface, and affect each characteristic process of the drying behavior of the microgel dispersions.
To clarify the reason why the thin films of charged microgels are inhomogeneous, the
drying behavior of the edge of the sessile droplets containing microgels was monitored (Figure 28). In the case of the control N microgels, no microgels were seen due to a large curvature at the
early stage (Figure 2-8(a): TN~0.1, 0.2). As time proceeded (TN~0.5), the microgels adsorbed at
the air/water interface both at the center and at the edge of the same sessile droplet, suggesting that
N microgels regularly pack over the whole area of the air/water interface. Upon drying, the
arranged structure of the N microgels gradually transferred from the edge without disruption
(Figure 2-8(a): TN~0.6, 0.7). On the other hand, NA5 microgels gradually adsorbed to the interface
at the edge and at the center of the sessile droplet (Figure 2-8(b)). While NA5 microgels continued
to adsorb at the interface at the edge, the adsorbed NA5 microgels were carried from the edge to
the center on the interface of the droplet by convection flow, even upon drying (Figure 2-8(b):
e.g., TN~0.5, 0.7, 0.8). Due to this drying behavior, NA5 microgels were uniformly arranged at the
edge of the thin film on the substrate after drying. Getting closer to the center of the droplet, the
impact of the convection flow on the microgel arrangement lowered, and the adsorbed NA5
microgels were disordered when they were transferred onto the glass substrate (Figure 2-8(c)).
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Figure 2-7. (a) Schematic illustration of the microscopic observation of the sessile droplets. The
air/water interface at the center of the droplets was observed with an optical microscope. (b)
Optical microscopy images of N and NA5 microgels at the air/water interface of each droplet on
glass substrates as a function of the normalized time, TN. It should be noted here that the NA50
microgels could not be observed due to their low contrast. (c) Adsorbed amount, N, and (d)
normalized adsorbed amount, NN, for each microgel as a function of TN. The droplets were dried
at room temperature (~25 °C, ~40 % humidity) at concentrations of 0.003 wt% (N) or 0.005 wt%
(NA1, NA5, NA10, and NA20).
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Figure 2-8. The drying process of dispersions including N or NA5 microgels was observed (a: N)
(b: NA5) at the edge without moving the observation position and (c: NA5) from the edge to the
center with moving the observation position of the droplet during the evaporation. The droplet of
the 1 μL NA5 microgel dispersion was dried at room temperature (~25 °C, ~30 % humidity) at
0.005 wt% on the glass substrate. Marked microgels indicate the position of the particles before
and after the passage of time.

As has been described above, the microgels fluctuate at the air/water interface. Therefore,
the author subsequently examined the dynamic motion of the N microgels and polyelectrolyte
microgels at the interface. The trajectory of the microgels was tracked as shown in Figure 2-9 and
Figure 2-10, which indicates that from the early stage of drying, individual N microgels are hardly
moving at the interface (Figure 2-9(a)). On the other hand, individual NA5 microgels are moving
considerably in two dimensions (Figure 2-9(b)), even though they are adsorbed at the air/water
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interface. These movements were quantitatively evaluated, and the results are shown as MSD plots
(Figure 2-9) using eq.2-1. For the N microgels, the slope of the MSD plots and the self-diffusion
values calculated from eq.2-2 were close to 0 for each TN (Figure 2-9(a), Table 2-2), indicating
that the microgel movements are highly restricted at the air/water interface, even at the early stage
of the drying process (TN~0.25). On the other hand, the diffusivity of the NA5 microgels was
significantly higher than that of the N microgels (Figure 2-9(b), Table 2-2), and their selfdiffusion coefficients were much larger than those of N microgels at TN~0.25 (Table 2-2). As time
proceeded, the self-diffusion coefficient values of the NA5 microgels gradually decreased with
increasing packing density of the microgels at the air/water interface (Table 2-2). It should be
noted here that at TN~0.85, each NA5 microgel moved in the same direction (Figure 2-9(b):
TN~0.85), which is due to the microgels moving at the interface from the edge of the droplet during
evaporation (Figure 2-8(b)). Although the value approximated 0 at TN~0.85, the NA5 microgel
movements were not completely restricted, which might be a reason why the arranged structures
of the NA5 microgels were not transferred onto the substrate without disrupting during evaporation.
The fact that charged microgels at the air/water interface are relatively mobile is different
to the behavior of the previous work on colloidal crystals packed charged microgels, where
movement is highly restricted due to different osmotic pressure between the inside and the outside
of the microgels.53,54 The difference may be due to the repulsive interactions between charged
microgels at the air/water interface. In the previous work,38 the author confirmed that N microgels
arranged at the air/water interface are highly deformed, and that neighboring microgels are highly
interpenetrated. Therefore, the arranged structures of the N microgels can be transferred onto the
solid substrate without disruption. Therefore, in addition to high crystallinity induced by osmotic
pressure, it seems feasible to conclude that charged NA5 microgels adsorbed at the interface are
not highly interpenetrated with each other most likely due to repulsive interactions between the
NA microgels, or between the NA microgels and the air/water interface. It is worthwhile noting
that the NA microgels (e.g., NA20 microgels: 39.6 mNJ/m at 1.0 wt%) and the N microgels can
lower the surface tension, suggesting that it is difficult to evaluate the microscopic movements of
microgels exclusively by surface-tension measurements.
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Figure 2-9. Particle-trajectory images and MSD plots of (a) N and (b) NA5 microgels adsorbed at
the air/water interface of the sessile droplets at TN = 0.25, 0.55, 0.70, and 0.85. The droplets were
dried at room temperature (~25 °C, ~40 % humidity) at 0.003 wt% (N) and 0.005 wt% (NA5) on
a glass substrate.

Table 2-2. For the N and NA5 microgels, self-diffusion coefficients were calculated from the MSD
pplots at TN = 0.25, 0.55, 0.70, and 0.85.
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Figure 2-10. Particle-trajectory images and MSD plots of (a) NA1, (b) NA10, and (c) NA20
microgels adsorbed at the air/water interface of the sessile droplets at TN = 0.25, 0.55, 0.70, and
0.85.
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2-3-4. Effect of the pH value, the Ionic Strength, and the Charge Distribution in Microgels
on the Polyelectrolyte Microgels at the Air/water Interface
The aforementioned results indicate an energy barrier when polyelectrolyte microgels
approach the air/water interface. According to a previous report,55 there are both attractive, i.e.,
van der Waals interactions, and repulsive interactions, i.e., an image-charge effect56 and electric
double layer interactions between colloidal particles and an interface. In this study, the author
wanted to clarify the effect of charges immobilized on microgels on the interfacial phenomenon;
therefore, the author initially observed NA5 microgels at the air/water interface at pH = 3 and pH
= 7, where carboxyl groups in the NA microgels are protonated and deprotonated, respectively.
However, the results obtained at pH = 3 and pH = 7 were, unexpectedly, almost identical (Figure
2-11). Even though, different from McIlvaine buffers, simple electrolyte was used for adjusting
the pH values, the adsorption behavior was similar on the drying process of the microgels at pH ~
3, pH ~ 7, and pH ~ 10 (Figure 2-12).
Thus, as another potential factor, the effect of the ionic strength in the sessile droplets on
the static and dynamic adsorption behavior of the microgels at the air/water interface was
investigated at the different concentrations of NaCl (Figure 2-13, 2-14). As expected, the
adsorption numbers of the charge-screened NA5 microgels at the interface increased with
increasing NaCl concentration (Figure 2-13). Moreover, the self-diffusion coefficient values
calculated from the MSD plots of the charge-screened NA5 microgels also decreased with
increasing NaCl concentration, and the value approached 0 when the droplet contained 1 mM NaCl
at the initial state (Figure 2-14, Table 2-3), indicating that the individual mobility of the chargescreened microgels is restricted in the presence of NaCl (-2.08×10-8 m2/Vs in pure water; -1.68×108

m2/Vs in 1 mM NaCl). In this case, the electrostatic repulsive interactions both between the

polyelectrolyte microgels, and between the microgels and the interface should decrease with
increasing ionic strength as the electric double layer (ͳΤߢ ) of the particles is defined as ߢ   ןξ݊,
where n is the salt concentration. Thus, the thickness of the electric double layer of the
polyelectrolyte microgels decreases with increasing salt concentrations. In addition, the imagecharge effect, which is also an electrostatic repulsive interaction, decreased in the presence of
NaCl.55 Hence, the presence of NaCl lowers not only the energy barrier between the microgels and
the air/water interface, but also the repulsive interactions between the microgels adsorbed at the
interface. These results confirm that a slight increase in ionic strength (~1 mM NaCl) affects the
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interfacial behavior of polyelectrolyte NA5 microgels; therefore, the effect of pH value on the
microgel adsorption behavior was not observed as the buffer solutions contain substantially higher
concentrations of ions than those used in the NaCl tests.
Next, different from the conditions when NaCl was not added, the arranged structures of
the charge-screened microgels at the air/water interface were transferred onto the substrates
without significant disruptions after drying (Figure 2-13(a); [NaCl] = 1 mM; TN~1), suggesting
that the adsorbed polyelectrolyte microgels at the interface are highly interpenetrated with each
other due to weaker repulsive interactions between the microgels. Although the resulting microgelmonolayer film included salt as an additive, the salt could be easily removed by washing with pure
water, which afforded a homogeneous monolayer film showing iridescent colors (Figure 2-15).
Furthermore, the negatively charged polyelectrolyte microgels could also be charge-screened in
the presence of cationic dyes such as Rhodamine 6G (R6G), which interact electrostatically with
charged carboxyl groups in the microgels.57 After drying the dispersion of the polyelectrolyte
microgels charge-screened with R6G, almost homogeneous monolayer films were obtained
(Figure 2-16). These results indicate that charge-screened polyelectrolyte microgels show selforganization during drying of sessile droplets and create homogeneous monolayer films similar to
the control N microgels as previously reported by the group of Suzuki.38
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Figure 2-11. (a) Optical microscopy images of NA5 microgels at the air/water interface as a
function of TN. (b) Normalized adsorbed amount, NN, for each charged microgel as a function of
TN. (c) Photographs of thin films of microgel dispersions after drying on glass substrate. The
droplet was dried at room temperature (~25 C; ~60 % humidity) at 0.005 wt% at pH = 3 or pH
= 7. McIlvaine buffers, composed of 50 mM disodium hydrogen phosphate and 25 mM citric acid,
were used.
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Figure 2-12. (a) Optical microscopy images of NA5 microgels at the air/water interface as a
function of TN. (b) Normalized adsorbed amount, NN, for each charged microgel as a function of
TN. The droplet was dried at room temperature (~25 C; ~60 % humidity) at 0.005 wt% at pH ~
3, pH ~7, and pH ~ 10 in 10 mM simple electrolytes (HCl, NaOH, and NaCl).
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Figure 2-13. Impact of the ionic strength in NA5 microgel dispersions on the adsorption behavior
at the air/water interface. (a) Optical microscopy images of NA5 microgels at the air/water
interface of each droplet as a function of TN at [NaCl] = 0.01, 0.1 and 1 mM. The adsorbed amount
of (b) N and (c) NN for each charged microgel as a function of TN. The droplets were dried at room
temperature (~25 °C, ~60 % humidity) at 0.005 wt% on glass substrates.
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Figure 2-14. (a) Plots of MSD as a function of the lag time, ߬, and (b) optical microscopy images
with particle-trajectory images of the NA5 microgels at different NaCl concentrations at TN~0.25
(insets). The sessile droplets were dried at room temperature (~25 °C, ~40 % humidity) at 0.005
wt% on a glass substrate.

Table 2-3. Self-diffusion coefficients for NA5 microgels, caluculated from the MSD plots at TN =
0.25, 0.55, 0.70 and 0.85 at different NaCl concentrations.
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Figure 2-15. Photographs of the dried structures of the dispersion of NA5 microgels chargescreened at [NaCl] = 1 mM before and after washing with pure water.
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Figure 2-16. (a) Schematic illustration of the microgels in the presence of the cationic dye R6G.
(b) Optical microscopy images of NA10 microgels in the presence of R6G at the air/water interface
of the sessile droplet on glass substrates as a function of TN. (c) Normalized adsorbed amount, NN,
for each charged microgel as a function of TN. (d) Photographs of a thin film of microgel
dispersions on glass substrates after drying. The droplets were dried at room temperature (~25 °C,
~60 % humidity) at 0.005 wt%. It should be noted here that the excess of R6G was removed by
purifying via two cycles of centrifugation/redispersion in water after adding a sufficient amount
of R6G (commensurate to the amount of carboxy groups) to these microgels.
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Next, the author investigated the effect of the charge distribution in the microgels on the
interfacial behavior using core/shell (CS) microgels, where the polyelectrolyte NA5 microgels are
covered with AAc-free pNIPAm hydrogel shells. The CS microgels adsorbed on the air/water
interface during the early stage (TN~0.05) of the drying process (Figure 2-17(a)(b)). Subsequently,
the normalized adsorbed amount, NN, did not change from TN~0.1 to TN~0.4 (Figure 2-17(b)),
before NN increased gradually because the microgels were compressed with each other due to the
decrease of the interfacial area upon evaporation, which is similar to the control N micorgels. 38
Moreover, the MSD plots show that the movement of the CS microgels adsorbed at the interface
is also restricted (Figure 2-17(c)), which is also similar to the behavior of the control N
microgels.38 These results indicate that charge groups located near the surface of the
polyelectrolyte microgels are crucial to control the interfacial behavior of the microgels.
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Figure 2-17. (a) Optical microscopy images of the CS microgels at the air/water interface of the
droplets on glass substrates as a function of TN. (b) Normalized adsorbed amount, NN, for each
charged microgel as a function of TN. (c) The plots of MSD as a function of the lag time, ߬, of the
CS microgels. The droplets were dried at room temperature (~25 °C, ~60 % humidity) at a
concentration of 0.005 wt%.

2-3-5. Analysis of the Adsorption Behavior of Polyelectrolyte Microgels at the Air/water
Interface
In order to understand the adsorption process of polyelectrolyte microgels at the air/water
interface (TN < ~0.5), the following pseudo-first-order equation58 and pseudo-second-order
equation38,58 were applied to the experimental data:
ሺܰୣ െ ܰ௧ ሻ ൌ  ܰୣ െ ܭଵ ݐ
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where Ne and Nt are the adsorbed amount at equilibrium (TN = 1.0) and at the time t (s), while K1
(s-1) and K2 (s-1) represent the adsorption rate constant of the pseudo-first-order model and the
pseudo-second-order model, respectively. The resulting correlation coefficients, R2, of the pseudofirst-order model fitting (eq. 2-3) were higher (R2 ≥ 0.95) for all polyelectrolyte microgels (NA1,
NA5, NA10, NA20) than those of the pseudo-second model fitting (eq. 2-4, Figure 2-18, Table
2-4), which is the opposite of the trend observed for the control N microgels38 and the CS microgels,
where the shell does not contain AAc-incorporated hydrogels. The similar values of the adsorption
rate constant K1 quantitatively indicates that the adsorption kinetics do not depend on the amount
of charged AAc groups immobilized in the microgels (1~20 mol%) (Table 2-4).

Table 2-4. The parameters for the adsorption kinetics of the N, NA1, NA5, NA10, NA20, and CS
g at the air/water interface.
microgels
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Figure 2-18. Adsorption kinetics for N, NA1, NA5, NA10, NA20, and CS microgels at the
air/water interface at TN 0~0.5 with (a) the pseudo-first-order model, and (b) the pseudo-secondorder model.
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2-3-6. The Deformation of Single Polyelectrolyte Microgels upon Adsorption at the
Air/Water Interface
In order to investigate the deformation of polyelectrolyte microgels at the air/water
interface, larger microgels, which can be visualized clearly by fluorescent microscopy, were
synthesized by modified precipitation polymerization according to the previous report.42 Different
from the previous study,42 and in order to avoid the potentially deleterious effects of impurities
such as fluorescent molecules of R6G, on the deformation of the polyelectrolyte microgels, the
fluorescent molecules were covalently immobilized in the microgels. For that purpose, fluorescent
Ru(bpy)3 complexes were immobilized in micron-sized polyelectrolyte (NRu) microgels,
synthesized by a modified precipitation polymerization,42 which revealed that their EPM was
affected by the presence of NaCl (1.28×10-8 m2/Vs in pure water; 0.33×10-8 m2/Vs in 1 mM NaCl).
The NRu microgels could be clearly visualized in water by fluorescence microscopy, and the
deformation of individual microgels could be recorded at the air/water interface (Figure 2-19(a)).
In order to clarify the influence of the charge of the microgels on their deformation, the
deformation of the charge-screened NRu microgels was also investigated quantitatively in 1 mM
NaCl solution (Figure 2-19(b)). It should be noted here that the fluorescence intensity of the
microgels was reduced considerably (see images taken at 2.0 and 5.0 s), which might be due to the
decreased density of the polymers (or fluorescent molecules) after the substantial deformation at
the interface. Here, the author applied a pseudo-second-order model to analyze the deformation
kinetics42 of the microgels at the air/water interface:
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where Ds and Dt (μm) represent the size of the microgels adsorbed at the air/water
interface at a specific and arbitrary time t (s), respectively, whereby k2 (μm-1 s-1) refers to the rate
constant of the pseudo-second-order model. The R2 value of the models was ~1, indicating that the
deformation could be applied to such models (Figure 2-19(c)). The fitting-derived deformation
rate constant, k2, decreased for the charge-screened microgels compared to those examined in pure
water (k2,water = 1.9 μm-1 s-1; k2,NaCl = 0.57 μm-1 s-1) (Table 2-5). In a previous study,42 softer
microgels with a lower degree of crosslinking showed lower values of k2, suggesting that charged
microgels do not easily deform upon adsorption at the air/water interface. This may be due to (i)

65

electrostatic repulsive interactions between the polyelectrolyte microgels and the interface and/or
(ii) a restricted deformation of harder polyelectrolyte microgels.

Figure 2-19. (a) Fluorescence microscopy images of NRu microgels upon adsorption at the
air/water interfaces recorded with a high-speed camera. (b) Time evolution of the size of the NRu
microgels upon adsorption at the air/water interface (○) in water and (ൈ) in aqueous NaCl (1 mM;
N = 10). (c) Plots of the pseudo-second-order kinetic for the deformation of the NRu microgels.
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Table 2-5. The parameters for the deformation kinetics of the NRu microgels upon adsorption at
the air/water interface.

2-4. Conclusions
The introduction of charged groups in microgels drastically influences their behavior at
the air/water interface upon drying sessile droplets. Firstly, the adsorption of charged microgels at
the air/water interface decreases, irrespective of the number of charged groups present (1 ≤ AAc
≤ 20 mol%). Secondly, in contrast to the control N microgels, charged microgels adsorbed at the
air/water interface are more mobile, and the microgels are not highly entangled with each other.
Thirdly, even though the more mobile charged microgels are arranged at the air/water interface,
the formed structures can not be transferred onto the solid substrates without disrupting the
structures. Thus, the resulting thin films are macroscopically inhomogeneous. Fourthly, the
deformation of single polyelectrolyte microgels is relatively fast, irrespective of the charged and
charge-screened microgels. However, the degree of deformation is suppressed by the presence of
charged groups at the air/water interface. Fifthly, the aforementioned effect of the charged groups
immobilized within the microgels can be ignored by charge-screening, and then, the interfacial
behavior becomes similar to that of the control N microgels.
These findings regarding the interfacial behavior of polyelectrolyte microgels at the
air/water interface can be expected to promote further developments of applications concerning
e.g. foams and emulsions stabilized by microgels, where the understanding of the adsorption
behavior of functional microgels at the interface is crucial.
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ⅱ.

Summary

In this thesis, the dynamic interfacial behavior, i.e., the adsorption and deformation of soft
deformable microgels at the air/water interface was revealed by direct in situ observation with
optical/fluorescence microscopy. Firstly, the deformation dynamics of a single microgel upon
adsorption at the air/water interface was monitored and quantitatively evaluated using larger
micron-sized microgels which were prepared by a modified precipitation polymerization method.
Secondly, the effect of charge groups incorporated in microgels was clarified on the adsorption
and deformation behavior of microgels at the air/water interface, which demonstrates that the
incorporated charge is a factor that may affect the adsorption, interpenetration between the
neighboring microgels, and deformation of microgels at the interface. These findings progress the
understanding of some aspects of their interfacial behavior that theoretically and computationally
describing has been difficult.
Recently, the microgel behavior at the fluid interface such as air/water or oil/water
interface has been investigated using not only various experimental techniques but also computer
simulations. A highly accurate simulation can immediately examine the effect of a change of a
microgel morphology or an environmental state in the interfacial behavior of microgels. However,
computational studies have included some assumptions in the microgel structure. For instance, a
microgel model having a homogeneous cross-linking density have been assumed although the
experimentally synthesized microgels exhibit an inhomogeneous structure, where the cross-linking
density is higher at the center of the microgels due to the difference in the reactivity ratio and
hydrophilicity/hydrophobicity between the cross-linker and monomers. Therefore, experimentally
understanding the morphology and the effect of each parameter of microgels (i.e., size, softness,
chemical composition and charge) in their interfacial behavior is of paramount importance. The
findings of this thesis can be expected to develop the theoretically and computationally insight
about the interfacial behavior of microgels at the fluid interface, which will promote further
developments of many applications including foams (air/water interface) and Pickering emulsions
(oil/water interface) stabilized by soft deformable microgels.
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The deformation of soft hydrogel microspheres (microgels) adsorbed at
the air/water interface was investigated for the first time using large
poly(N-isopropyl acrylamide)-based microgels synthesized by a modified
aqueous precipitation polymerization method. The deformation of the
micron-sized soft microspheres could be visualized clearly and analyzed
quantitatively at the air/water interface.

The ‘‘softness’’ of colloidal particles is crucial for their functions
in the human body; for instance, red blood cells (RBCs) carry
oxygen/carbon dioxide in capillaries whose diameter is much
smaller than that of RBCs. Unlike RBCs, soft particles, hereafter
denoted as hydrogel microspheres (microgels), can be synthesized artificially. Microgels are colloidal particles of cross-linked
polymeric networks with high contents of water (490%) that
deform or deswell under external stress. The ‘‘softness’’ of
microgels plays a crucial role in many applications including
coatings,1 food,2 cosmetics,3 colloidal crystals/glasses,4 drug
delivery systems,5 biomaterials,6 catalysts,7 and stabilizers for
oil/water (emulsions) and air/water (foams) interfaces.8
In order to further develop these applications and create
new applications for soft colloidal particles, understanding the
interfacial behavior of microgels is highly important. Poly(Nisopropyl acrylamide) (pNIPAm) microgels are representative
thermo-responsive microgels;9 they show surface activity and
adsorb at the air/water interface, which was first studied using
the pendant-drop method.10 This surface tension technique
has been frequently used to discuss the adsorption behavior of
soft pNIPAm-based microgels at the air/water interface.10–12
a
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These studies demonstrate the importance of softness, i.e., the
degree of cross-linking in microgels, on the adsorption at the
air/water interface. Recently, detailed structural information of
adsorbed microgels has been studied using neutron reflectivity
measurements,13 and transmission X-ray microscopy at the oil/
water interface.14 Although the understanding of the interfacial
behavior of soft microgels has progressed, the direct visualization
of the interfacial dynamic behavior of individual soft microgels
has, to the best of our knowledge, not yet been reported.
Therefore, details on the interfacial behavior of soft microgels
at the air/water or oil/water interface remains unclear and a
matter of debate.
In order to better understand the interfacial behavior of soft
microgels, we examined for the first time the deformation
dynamics of individual large microgels (46 mm) that were
developed unexpectedly directly at the air/water interface by
fluorescence microscopy using a high-speed camera. It should
be noted that our group has recently reported that negatively
charged softer colloidal particles show faster adsorption on
positively charged solid substrates. This was demonstrated by
high-speed atomic force microscopy (AFM), which allowed us
to observe aqueous systems in real time (1 frame per s).15
However, this technique cannot be applied to systems at the
air/water or oil/water (i.e., liquid) interfaces.
Since the first pNIPAm microgels have been synthesized by
precipitation polymerization,9a,b the largest uniform pNIPAmbased microgels (4.7 mm, pH = 10) have been reported by the Ngai
group.16 These microgels were obtained from initially increasing
gradually the temperature of the reaction solution,17 and adding
the comonomers in aqueous solution in a continuous manner.
In this context, we found that much larger microgels can be
obtained when a small amount of the cross-linker N,N 0 methylenebis(acrylamide) (BIS) is added at the beginning of
the polymerization (see Scheme S1, ESI†).
We confirmed that this method can also be applied to pure
BIS-cross-linked pNIPAm microgels (both negatively and positively
charged), pNIPAm-based microgels copolymerized with charged
acrylic acid or reactive glycidyl methacrylate monomers
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Fig. 1 Optical microscopy images of (a) pNA(1.4) and (b) pNA(2.7) microgels packed in a rectangle capillary at the critical concentration (C*,
feﬀ = 1.0). The white dotted lines indicate the surface of individual
microgels. It should be noted that random motion was not observed in
(a) (see Movie S1, ESI†). (c) Scheme of hexagonal close-packed crystal
structures. Fluorescence microscopy images of the same (d) pNA(1.4) and
(e) pNA(2.7) microgels adsorbed at the air/water interface of a dispersion
droplet. (f) Scheme of adsorbed microgels at the air/water interface. It is
noteworthy that the dispersions were mixed with Rhodamine 6G, and
subsequently centrifuged to remove any excess R6G. These samples were
observed at room temperature. Poly(NIPAm-co-acrylic acid) microgels
denoted as pNA(X), where X indicates the BIS concentration (mol%) in the
shell.

(which in turn may incorporate various functional molecules),18
and p(NIPAm-co-tris(2,20 -bipyridyl)) ruthenium(II) complex microgels,
which exhibit autonomous swelling/deswelling and flocculating/
dispersing oscillation19 (Table S1 and Fig. S1, ESI†). In the
present study, we selected poly(NIPAm-co-acrylic acid) microgels, henceforth denoted as pNA(X), where X indicates the BIS
concentration (mol%) in the shell, for further studies, as
their diameter was the largest among all the aforementioned
microgels. The detail mechanism of the modified precipitation
polymerization will be discussed elsewhere.
Fig. 1a shows pNA(1.4) microgels packed in a rectangle
capillary as observed by optical microscopy (6.3 mm, pH = 7,
25 1C). Here, the microgels were examined at the critical
concentration (C*, feﬀ = 1.0), where polymer chains on the
microgels begin to contact each other. It should be noted that
the shells of the microgels are almost transparent, as they have
been highly expanded by water; however, the pNA microgels are
indeed closely packed as no random movement was observed
(Movie S1, ESI†). Subsequently, the deformation of the pNA(1.4)
microgels was examined at the air/water interface of a dispersion
droplet deposited on a glass substrate at pH = 7 and 25 1C
(Fig. 1d). To visualize all the microgels, fluorescent Rhodamine
6G (R6G) was adsorbed on the pNA microgels by electrostatic
attraction with the acrylic acid moieties. As a result, highly
deformed microgels were visualized at the air/water interface,
whose diameter increased to 20 mm (CV = 9%, N = 50), which is
more than three times that of the spherical microgels. In the
fluorescence microscopy images, core (dark part)–shell (green
fluorescence part) microgels were observed. By optical microscopy, only the cores could be visualized, and a size of 4 mm was
calculated (Fig. S2, ESI†), indicating that the polymer density in
the shell is too low to visualize due to the limited resolution of the
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optical microscope. The highly spread thin shell was only visible
upon adding the fluorescent dye.
To gain insight into how microgels are deformed at the
air/water interface, the exact moment of the adsorption of the
microgels was monitored by fluorescence microscopy using a
high-speed camera (Fig. 2). For the pNA(1.4) microgels shown
in Fig. 2, the size of the microgels spread radially at the
interface became 17 mm within 0.1 s. Subsequently, the size
gradually increased to B20 mm within 1 s, where it reached an
equilibrium. To evaluate the impact of the microgel softness on
the deformation kinetics, pNA microgels with a higher BIS
concentrations in the shell were prepared (pNA(2.7); Table S1
(ESI†) and Fig. 1b and e). We confirmed that the deformation of
the stiﬀer pNA(2.7) microgels at the interface was fast, similar
to that of the softer pNA(1.4) microgels, although the highly
cross-linked pNA(2.7) microgels were only slightly deformed at
the air/water interface (Fig. 2b). The degree of deformation is
defined as Dads/DC*, where Dads represents the size of the
microgels adsorbed at the interface and DC* represents the
diameter of the microgels packed in a rectangle capillary at C*
(Fig. 1a and b). In this case, Dads/DC* was 3.2 for pNA(1.4) and
1.9 for pNA(2.7) in the equilibrium state. In our previous
work,15 we were unable to quantify the kinetics of deformation
of the microgels at the solid/water interface due to the lack of

Fig. 2 (a) pNA(1.4) and pNA(2.7) microgels upon adsorption at the air/
water interfaces visualized by fluorescence microscopy equipped with a
high-speed camera at pH = 3 and 25 1C. It should be noted that these
images were recorded in grey scale. (b) Time evolution of the size of
pNA(1.4) and pNA(2.7) microgels upon adsorption at the air/water interface
(N = 10). Movie S2 and S3 (ESI†) show the moment of adsorption and
deformation of individual pNA(1.4) and pNA(2.7) microgels at the air/water
interface, respectively.
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time resolution of the high-speed AFM (1 frame per s);
nevertheless, it was possible to observe the deformation of all
the tested microgels at these interfaces.15 However, in the
present study, we were able to confirm for the first time that
the deformation kinetics at the air/water interface is so fast that
the softness or cross-link density of the microgels does not
exert a significant impact.
In order to understand the deformation in more detail, the
deformation dynamics were analyzed using time-lapse images.
Pseudo-first-order and the pseudo-second-order equations were
applied to analyze the deformation kinetics.20 These kinetic
models can be expressed in linear form as follows:
log(De  Dt) = log(De)  (k1/2.303)t

(1)

(t/Dt) = 1/k2De2 + (1/De)t

(2)

where De and Dt (mm) represent the size of microgels adsorbed
at the air/water interface at equilibrium and at arbitrary time t
(s), respectively. k1 (s1) is the rate constant of the pseudo-firstorder model, while k2 (mm mm1 s1) is the rate constant of the
pseudo-second-order model.
Fig. 3 shows the plots of pseudo-first-order and the pseudosecond-order kinetics for the deformation of pNA(1.4) and
pNA(2.7) microgels. The correlation coeﬃcient (R2) of the pseudosecond-order model was B1, and that of the pseudo-first-order
model was not, indicating a good fit of the pseudo-second-order
model for these microgels (Table S2, ESI†). It suggests that one part
of the deformation dynamics should be explained by a two-stage
deformation speed; during the first stage, the microgels rapidly
deform at the air/water interface, which is caused by a collision of
the microgels at the air/water interface. During the second stage, the
surface-active polymer chains on the microgel gradually spread to
stabilize the interface thermodynamically. Here, the deformation
rate of the microgels during the first stage was calculated from the
fitted line (Fig. S3, ESI†), aﬀording deformation rates (v) of 95 mm s1
and 24 mm s1 for pNA(1.4) and pNA(2.7), respectively. Although the
initial deformation rate, v, of these microgels was significantly
diﬀerent, it seems that the deformation of the microgels is
completed very quickly, i.e., within a few seconds regardless of
the degree of cross-linking (i.e., irrespective of the softness).
Finally, the time-dependent deformation of pNA(1.4) microgels at the air/water interface in a dilute microgel dispersion

Fig. 3 Plots of (a) pseudo-first-order eqn (1) and (b) pseudo-secondorder kinetic (eqn (2)) for the deformation of pNA(1.4) and pNA(2.7)
microgels at the air/water interface; recorded with a fluorescence microscope equipped with a high-speed camera.
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(B0.003 wt%) was monitored during drying (Fig. 4). In our
previous studies,21 the structure of the adsorbed microgels at
the air/water interface could not be determined due to limitations
of the resolution. In this study, however, given that the thin shell
of the microgels can be visualized, we could confirm for the first
time that the adsorbed and highly deformed microgels gradually
engage in contact with each other (Fig. 4a and b), before the size
of the microgels largely decreases with decreasing interfacial
area upon drying. The degree of deformation of the pNA(1.4)
microgels decreased with time from Dads/DC* = 3.2 (1 min) to 3.0
(36 min) and 2.4 (42 min).
It is also noteworthy that the method reported herein for the
synthesis of large microgels may also be applicable to other
microgels, such as autonomously oscillating microgels,19 although
the detailed mechanism of the polymerization should be clarified
experimentally. This investigation on the interfacial behavior of large
microgels may thus open new research avenues in the areas of
fundamental colloidal chemistry and applied materials chemistry.
In conclusion, the deformation kinetics of soft pNIPAmbased microgels upon adsorption at the air/water interface was
quantified for the first time using large pNIPAm-based microgels
synthesized by a modified aqueous precipitation polymerization
technique. The deformation process of the microgels upon
adsorption at the interface was visualized and analyzed directly.
The microgels adsorbed and deformed very quickly at the air/
water interface, and the deformation kinetics could be feasibly
explained using a pseudo-second-order model. Additionally, the
highly deformed microgels adsorbed at the interface finally
engaged in contact with each other, before gradually deforming
during drying. Moreover, the method to produce such large
microgels was also successfully applied to other functional
microgels. Therefore, these new findings for the evaluation of

Fig. 4 (a) Scheme, (b) fluorescence microscopy images and (c) size of
pNA(1.4) microgels at the air/water interface of dilute microgel droplets as
a function of time during evaporation of the solvent (N = 30).

This journal is © The Royal Society of Chemistry 2018
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the ‘‘softness’’ of microgels at the air/water interface may promote the development of new applications related to the interfacial behavior of microgels.
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Experimental Procedures
Materials
N-isopropyl acrylamide (NIPAm, 98%), glycidyl methacrylate (GMA, 95%), N,N’methylenebis(acrylamide) (BIS, 97%), 2,2’-azobis(2-methylpropinamidine) dihydrochloride (V50, 95%), potassium peroxodisulfate (KPS, 95%), sodium chloride (NaCl, 99.5%), Rhodamine 6G
(R6G), and 3-mercaptopropane sulfonic acid (MPSA) were purchased from Wako Pure Chemical
Industries and used as received. Acrylic acid (AAc, 99%) was purchased from Sigma Aldrich and
monomer
(4-vinyl-4’-methyl-2,2’used
as
received.
The
Ru(bpy)3
bipyridine)bis(2,2’bipyridine)ruthenium(II)bis(hexafluorophosphate) was synthesized according
to a previously reported procedure.1 Distilled and ion-exchanged (EYELA, SA-2100E1) water was
used in all experiments.
Synthesis of microgels by a modified aqueous precipitation polymerization
Poly(NIPAm-co-AAc) core–shell hydrogel microspheres (pNA microgels) (size > 6 μm) were
prepared via a modified aqueous precipitation polymerization technique (Scheme S1). The
polymerization was performed in a three-necked round-bottom flask (200 mL) equipped with a
mechanical stirrer, a condenser, and a nitrogen gas inlet. Typically, the NIPAm monomer (0.6 g),
AAc comonomer (63.2 μL), and cross-linker BIS (0.0098 g) were dissolved in deionized water (55
mL). The monomer solution was heated to 40 °C under a stream of nitrogen and constant stirring
(250 rpm). The solution was sparged with nitrogen for a period of at least 30 min in order to remove
any dissolved oxygen. Subsequently, the free-radical polymerization was initiated with KPS
S-1

(0.055 g) dissolved in deionized water (1 mL). Immediately after the initiation, the temperature
was increased from 40 °C to 60 °C using a temperature gradient of 1 °C/3 min. Thereafter, a
mixture of NIPAm monomer (3.5 g), AAc comonomer (875 μL), cross-linker BIS (pNA(1.4):
0.0927 g or pNA(2.7): 0.1855 g), and NaCl (0.0204 g, 10 mM) dissolved in deionized water (35
mL) was added to the reaction mixture at a feeding rate of 0.1 mL/min using a syringe pump. After
5 h, the feeding was stopped, and the reaction was stirred for 2 h at 60 °C, after which the microgel
dispersion was cooled in an ice bath to stop the polymerization. The obtained microgels were
purified twice by centrifugation/re-dispersion in water using a relative centrifugal force (RCF) of
20,000 g to remove unreacted reagents and other impurities. Similar to the synthesis of pNA
microgels, pure pNIPAm microgels (both positively and negatively charged), poly(NIPAm-coGMA) microgels, and poly(NIPAm-co-Ru(bpy)3) were prepared via this modified aqueous
precipitation polymerization. Table S1 summarizes the details for the polymerization and Figure
S1 shows the optical microscopy images and chemical composition of these microgels.
Characterization of the microgels
Microgels in aqueous solution were observed with an optical microscope (BX51 or BX53,
Olympus) equipped with a fluorescence system (ramp: U-RFL-T, excitation: 460-495 nm,
emission: 510 nm) and a digital camera (ImageX Earth Type A-5.0M Ver. 3.0.4, Kikuchi-Optical
Co., Ltd.) or high-speed camera (AX50 2SA, Photron). Note that the images shown in Figure 4
were observed with an optical microscope (Axio Scope. A1, Zeiss) equipped with a fluorescence
system (ramp: HBO-100, excitation: 450-490 nm, emission: 510 nm) and a digital camera (ImageX
Earth Type S-2.0M Ver. 3.1.3, KikuchiOptical Co., Ltd.). These fluorescence systems were used
to excite the fluorescent dye Rhodamine 6G. The microgels were transferred into rectangular
Vitrotube borosilicate capillaries (0.1 × 2.0 mm) by capillary action. In order to observe the
microgels in detail, colloidal crystals of the microgels were obtained through a thermal annealing
process at a concentration close to the critical concentration.
Dye labeling experiments
After labeling the obtained pNIPAm-based microgels with ~0.0001 wt% R6G at a microgel
concentration of ~0.003 wt%, the samples were purified via centrifugation/re-dispersion in water
using a relative centrifugal force (RCF) of 20,000 g to remove any excess R6G. The samples were
observed by fluorescence microscopy.
Calculation of the critical concentration
The intrinsic viscosity ([η]) of each microgel at 25 °C was evaluated from the viscosity of
sufficiently diluted dispersions measured with an Ubbelohde viscometer. As it is customary when
dealing with microgels, the apparent volume fraction of the microgels (ϕeﬀ; ϕeﬀ Ӈ c[η]/2.5) was
employed as a simple measure of the degree of packing, although ϕeﬀ deviates from the real volume
fraction in the concentrated regime where the microgels undergo deformation, deswelling, and
interpenetration. The critical concentration, C*, was a concentration of ϕeﬀ = 1.
S-2

Scheme S1. pNA core–shell microgels prepared via a modified aqueous precipitation
polymerization.

S-3

Table S1. Chemical composition and diameter of the pNIPAm-based microgels developed in this study

*pNG-MPSA microgels were prepared from pNG microgels according to a previous report.2 Briefly, a mixture of pNG microgels
(0.5 g), MPSA (ten times the amount of epoxy groups in the pNG microgels), and water (45 g) was poured in a 100-mL glass vial
with stirring at room temperature, and the pH was adjusted to 11 with 1 M NaOH. The reaction was continued for 24 h. The obtained
pNG–MPSA microgels were purified twice by centrifugation/redispersion in water using a relative centrifugal force (RCF) of
20,000g to remove impurities.

S-4

Figure S1. Optical microscopy images of different microgels. Inset photographs show colloidal
crystals composed of each microgel. The microgels were observed in a rectangle capillary at high
concentration (left column) and at the air/water interface (right column) of the dispersion droplets
(N = 30). From these images, it is clear that these microgels are uniform, and that the applied
synthetic method should be applicable to various pNIPAm-based microgels.
S-5

Figure S2. (a) Optical and (b) fluorescence microscopy images of the same pNA microgels after
labelling with R6G dye molecules. The same area was observed at the air/water interface of the
dispersion droplet at pH = 7 and 25 °C. The white dotted lines indicate the core part and the surface
of an individual microgel.

Table S2. Deformation kinetic parameters of the pseudo-second-order model and parameter
calculated from optical microscopy images of pNA(1.4) and pNA(2.7) microgels

S-6

Figure S3. Radius of (a) pNA(1.4) and (b) pNA(2.7) microgels as a function of time at the
air/water interface, which were calculated from the diameter (Figure 2).

Movie S1. Optical microscopy movie of pNA(1.4) microgels observed in a rectangle capillary.
Movie S2. Moment of adsorption and deformation of individual pNA(1.4) microgels at the
air/water interface.
Movie S3. Moment of adsorption and deformation of individual pNA(2.7) microgels at the
air/water interface.
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ABSTRACT: In contrast to conventional dispersions of solid
microspheres, dilute dispersions containing soft hydrogel microspheres (microgels) exhibit unique drying behavior due to their
selective adsorption at the air/water interface of sessile droplets. So
far, the impact of the size, chemical composition, and softness
(degree of cross-linking) of microgels has been investigated. In the
present study, we present the impact of charged groups introduced
in the microgels on the adsorption and assembly behavior of these
microgels at the air/water interface using a series of microgels with
diﬀerent amounts and distribution of charged groups. A series of
experiments under diﬀerent conditions (pH value and ionic
strength) aﬀorded information that clariﬁed the adsorption,
interpenetration, and deformation behavior of such charged
microgels at the air/water interface. The results indicate that the adsorption and the deformation of charged microgels at
the air/water interface are suppressed by the presence of charged groups. Moreover, charged microgels adsorbed at the interface
are more dynamic and not highly entangled with each other; i.e., even though the more dynamic charged microgels are arranged
at the interface, these arranged structures are disrupted upon transferring onto the solid substrates. Our ﬁndings of this study
can be expected to promote the further development of applications, e.g., foams and emulsions stabilized by microgels, that
crucially requires an in-depth understanding of the adsorption behavior of charged microgels at the air/water interface such as
coatings.

■

INTRODUCTION
Hydrogel microspheres (microgels), which are colloidal
particles of cross-linked hydrated polymer networks, have
attracted much attention due to a wide range of potential
applications in, e.g., chemical or biosensors,1−5 selective
separations,6−8 stabilizers for emulsions,9−13 autonomous
materials,14,15 and drug-delivery systems.16−18 The high utility
of microgels can be mostly attributed to their fascinating
physicochemical properties such as softness (degree of crosslinking), which can be tuned by applying external stimuli. In a
series of fundamental studies, thermoresponsive poly(Nisopropylacrylamide) (pNIPAm) microgels (or derivatives
thereof) have been widely used as they can be synthesized in
uniform size by aqueous free radical precipitation polymerization.19,20 So far, many functionalized microgels that can
respond to stimuli such as changes in ionic strength or pH
value, chemical reactions, light, and the presence/absence of
biomolecules have been reported.14,15,20−25 Among these
functionalizations, the copolymerization with appropriately
designed monomers is the most widely used and conventional
approach due to the simplicity of the procedure. For instance,
pH-responsive microgels are obtained from copolymerizations
with, e.g., acrylic or methacrylic acid monomers.21 Furthermore, autonomously oscillating microgels, which show
© 2019 American Chemical Society

periodic swelling/deswelling and assembling/disassembling
oscillations, are obtained from copolymerizations with charged
catalysts such as ruthenium complexes in order to be able to
respond to cyclic redox reactions.14,15
From a materials science point of view, the assembly of such
microgels is important to obtain thin ﬁlms or hierarchical bulk
gels that show additional functionality. For instance, ﬁlms of
microgels copolymerized with amine groups26,27 show faster
and increased absorption and desorption of CO2 than those of
dispersions or bulk gels.28,29 Microgels copolymerized with
phenylboronic acid groups respond to glucose, which is
expected to ﬁnd applications in color-changing sensors.23,30
So far, many methods for microgel assemblies, including dipand spin-coating, have been reported.31−37 Our group has been
investigating the self-organization of microgels during the
evaporation of aqueous sessile droplets in order to generate
thin microgel ﬁlms.36−39 We have previously discovered that
soft and surface-active microgels based on, e.g., pNIPAm,
spontaneously adsorb on the air/water interface of the droplet
when sessile droplets are evaporated.36,40 Subsequently, the
adsorbed microgels are slowly arranged at the interface, and
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ﬁnally the arranged microgel monolayers are transferred onto
the solid substrate,36 which stands in sharp contrast to rigid
microspheres made of, e.g., polystyrene or silica.41 To clarify
the details of the formation mechanism, understanding the
behaviors of microgels at the air/water interface (e.g.,
adsorption, interpenetration, and deformation) is crucial.
During the drying process, the size of the microgels is not
crucial because the microgels are moved to the air/water
interface by convection ﬂow; however, the softness (degree of
cross-linking) of the individual microgels is very important: the
softer the microgels are, the faster the microgels adsorb at the
air/water interface.38 It has also been clariﬁed that individual
microgels are substantially deformed immediately upon
attaching to the air/water interface, which was observed
directly with an optical microscope equipped with a high-speed
camera.42
We hypothesized that if the aforementioned charged (or
functionalized) microgels could be combined with the method
we developed, a variety of functionalized thin ﬁlms of
polyelectrolytes could potentially be obtained in an operationally simple and low-cost fashion within a short period of time,
which would be useful for all applications that these microgel
assemblies have already found. In this study, we initially
investigated the eﬀect of charged groups immobilized in the
microgels on the self-organization during the evaporation of
aqueous sessile droplets. Especially, the impact of the charged
groups in the microgels on their adsorption, interpenetration,
and deformation behavior at the air/water interface was
systematically investigated using a series of dispersions of
charged microgels. We are convinced that our results on the
behavior of microgels at the air/water interface will contribute
to the development of further applications for, e.g., microgelstabilized foams and emulsions, where the understanding of
the behavior of functional microgels on the air/water interface
is of paramount importance.

■

and after completion of the polymerization, the obtained dispersions
were cooled to room temperature. The microgels were puriﬁed via
two cycles of centrifugation/redispersion in water using a relative
centrifugal force (RCF) of 70 000 G for ∼90 min (Avanti J-26S XP,
Beckman Coulter Inc.), followed by dialysis using cellulose tubing
(36/32, Viskase Companies, Inc.) in water for around 1 week,
whereby the water was changed daily. Henceforth, the obtained
p(NIPAm-co-AAc) microgels will be denoted as NAX, whereby X
represents the amount of charged AAc monomer (mol %). The
pNIPAm microgels (henceforth denoted as N) were prepared by
temperature-programmed precipitation polymerization to increase
their size, which is necessary for evaluating the individual microgels
with an optical microscope.38 After initiation of the polymerization,
the temperature of the reaction solution was gradually increased from
45 to 70 °C (1 °C/3 min). The solution was stirred for 6 h, and the
obtained dispersion was cooled to room temperature. The microgels
were puriﬁed via two cycles of centrifugation/redispersion in water
using an RCF of 70 000 G for ∼45 min (Avanti J-26S XP, Beckman
Coulter Inc.), followed by dialysis using cellulose tubing in water for 3
days, whereby the water was changed daily.
Preparation of Charged Core/Shell Microgels. To check the
potential inﬂuence of the pNIPAm shell that contains the charged
core on the self-organization, core/shell microgels (henceforth
referred to as CS) were prepared by seeded precipitation polymerization in the presence of charged microgels.44 The polymerization
was performed in a three-necked round-bottom ﬂask (50 mL)
equipped with a mechanical stirrer, a condenser, and a nitrogen gas
inlet. Initially, the ﬂask was charged with water (18.23 g), which was
heated to 70 °C under a stream of nitrogen and constant stirring (250
rpm). The water was allowed to stabilize for 30 min prior to initiating
the polymerization in order to remove any dissolved oxygen.
Subsequently, seed microgels (NA5, 2.08 wt %, 5.77 g) and KPS
(0.016 g) dissolved in water (1 mL) were added into the system to
start the polymerization. After 5 min, the core NA5 microgels had
shrunk suﬃciently, and a mixture of NIPAm monomer (99 mol %,
0.6720 g) and cross-linker BIS (1 mol %, 0.0096 g) dissolved in water
(5 mL), which had been heated to 70 °C under a stream of nitrogen,
was added to the reaction mixture. The solution was stirred for 4 h,
and after completion of the polymerization, the obtained dispersions
were cooled to room temperature. The microgels were puriﬁed via
several cycles of centrifugation/redispersion in water to remove
unreacted reagents and other impurities using an RCF of 70 000 G for
∼30 min (Avanti J-26S XP, Beckman Coulter Inc.).
Preparation of Micron-Sized, Fluorescent, and Charged
Microgels. To investigate the deformation of individual microgels
upon adsorption at the air/water interface, micron-sized, ﬂuorescent,
and charged poly(NIPAm-co-Ru(bpy)3) microgels (NRu microgels)
were prepared via a modiﬁed aqueous precipitation polymerization
technique that we have previously reported.42 The polymerization was
performed in a three-necked round-bottom ﬂask (300 mL) equipped
with a mechanical stirrer, a condenser, and a nitrogen gas inlet.
Initially, the NIPAm monomer (0.6 g) and cross-linker BIS (0.0008
g) were dissolved in deionized water (55 mL). The monomer solution
was heated to 40 °C under a stream of nitrogen and constant stirring
(250 rpm). After sparging with nitrogen for a period of at least 30
min, the free-radical polymerization was initiated with V-50 (0.055 g)
dissolved in water (1 mL). Immediately after the initiation, the
temperature was gradually increased from 40 to 60 °C (1 °C/3 min).
Thereafter, a mixture of NIPAm (1.0 g), Ru(bpy)3 comonomer
(0.135 g), cross-linker BIS (0.053 g), and NaCl (0.1753 g, 30 mM)
dissolved in deionized water (100 mL) was added to the reaction
mixture at a feeding rate of 0.8 mL/min using a syringe pump. After
90 mL of the mixture was added, the reaction was stirred for 2 h at 60
°C. Finally, the obtained microgel dispersion was cooled to stop the
polymerization. The microgels were puriﬁed twice by centrifugation/
redispersion in water to remove unreacted reagents and other
impurities, followed by dialysis in water for around 1 week. It should
be noted here that the obtained NRu microgels showed absorption
peaks at 288 and 457 nm and a ﬂuorescence emission peak at 602 nm
upon photoirradiation at 457 nm (Figure S1).

EXPERIMENTAL DETAILS

Materials. N-Isopropylacrylamide (NIPAm, purity 98%), N,N′methylenebis(acrylamide) (BIS, 97%), potassium peroxodisulfate
(KPS, 95%), 2,2′-azobis(2-methylpropinamidine) dihydrochloride
(V-50, 95%), rhodamine 6G (R6G), disodium hydrogen phosphate
(99%), citric acid (98%), hydrochloric acid (HCl), hydroxide solution
(NaOH), and sodium chloride (NaCl, 99.5%) were purchased from
FUJIFILM Wako Pure Chemical Corporation (Japan) and used as
received. Acrylic acid (AAc, 99%) was purchased from Sigma-Aldrich
and used as received. The monomer (4-vinyl-4′-methyl-2,2′bipyridine)bis(2,2′bipyridine)ruthenium(II)bis (hexaﬂuorophosphate) (Ru(bpy)3) was synthesized according to a previously reported
procedure.43 Water for all reactions, including the preparation of
solutions and the puriﬁcation of polymers, was initially distilled and
subsequently subjected to ion exchange (EYELA, SA-2100E1). Glass
substrates (Neo Micro Cover Glass, Matsunami Glass Ind., Ltd.) were
used after cleaning using (1) detergent in water and (2) pure water.
Preparation of Charged Microgels. Negatively charged microgels were prepared by aqueous free radical precipitation copolymerization of NIPAm and AAc.11 The copolymerizations were
performed in a three-necked round-bottom ﬂask equipped with a
mechanical stirrer, a condenser, and a nitrogen gas inlet. The initial
total concentration of each monomer for the microgels was 150 mM.
Initially, the monomer solutions were prepared and dissolved in water
in the three-necked round-bottom ﬂask and heated to 70 °C under a
stream of nitrogen and constant stirring (250 rpm). The solutions
were allowed to stabilize for at least 30 min prior to initiating the
polymerization in order to remove any dissolved oxygen.
Subsequently, the free-radical polymerizations were initiated with
KPS (2 mM) dissolved in water. The solutions were stirred for 4 h,
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Figure 1. (a) Schematic illustration of the drying phenomenon of microgel sessile droplets. (b) Photographs of dried thin ﬁlms containing N
microgels formed after 30 μL of microgel droplets were dried at room temperature (∼25 °C, ∼70% humidity) on glass substrates at diﬀerent
microgel concentrations. (c) Optical microscopy images of the thin ﬁlms dried at 0.01 wt %. Two of the images show an enlarged view of region I
and II. (d) Plot proﬁle of each thin ﬁlm dried at diﬀerent concentrations. The dotted black line shows the boundary between the ﬁlm and the
substrate.
Characterization of the Microgels. The microgels were
examined with an optical microscope (BX51, Olympus) equipped
with a digital camera (ImageX Earth Type S-2.0 M Ver.3.0.5, KikuchiOptical Co., Ltd.). All microgel diameters were determined by
measuring the center-to-center distance between neighboring microgels in order to calculate relatively accurate microgel diameters under
low-contrast conditions. For the calculations, we used the ImageJ
software (1.49v, Wayne Rasband, National Institutes of Health) (N =
50) on optical microscopy images of colloidal crystals formed in glass
capillaries. Colloidal crystals were prepared by transferring microgel
dispersions into rectangular Vitrotube borosilicate capillaries (0.1 ×
2.0 mm) using the capillary force. The microgels concentration was
tuned to the critical concentration, C* (g/mL), where the apparent
volume fraction (Φeff, Φeff = [η]C/2.5) equals 1.42,45 Here, Φeff was
calculated from the intrinsic viscosity, while [η] (mL/g) was
measured at 25 °C using an Ubbelohde viscometer. It should be
noted that Φeff is used as a simple measure for the degree of packing,
even though Φeff deviates from the real volume fraction in the
concentrated regime where the microgels can deform, deswell, and/or
interpenetrate.45
The amount of acrylic acid introduced in the microgels was
determined by conductometric titrations. The microgel dispersions
were adjusted to pH ≈ 11 with a 1 M NaOH solution. The titrations
were performed using standardized HCl solutions (0.1 or 0.01 M).
The electrophoretic mobility (EPM) of the microgels was
evaluated using a Zetasizer Nano ZS instrument (Malvern
Panalytical). The average EPM was calculated from three individual
measurements. These measurements were conducted at a microgel
concentration of 0.001 wt % at 25 °C in pure water. For the NA5 and
NRu microgels, the EPM measurements were conducted at a microgel
concentration of 0.001 wt % at 25 °C in a 1 mM NaCl solution in
order to investigate the eﬀect of the presence of NaCl.
The surface tension of the microgel dispersions was determined
using the Wilhelmy plate method with a surface tensiometer
(Automatic Surface Tensiometer Model CBVP-Z, Kyowa Interface
Science Co., Ltd.) and a Pt plate at 25 °C, 24 h after placing each
solution or dispersion (5 mL) in a glass dish. Average surface tension
values were calculated from three individual measurements.
The amount of Ru(bpy)3 monomer introduced in the microgels
was estimated using UV−vis spectrophotometry measurements (V630iRM, JASCO) at an absorbance of 458 nm, which is the
wavelength of the maximum absorbance for [Ru(bpy)3]2+.

The absorption and emission spectra of NRu microgels were
evaluated at 25 °C in pure water using a UV−vis spectrophotometer
(V-630iRM, JASCO) and ﬂuorescence spectrophotometer (FP-6300,
JASCO), respectively.
Characterization of the Drying Phenomena. As a macroscopic
evaluation, the shape of the sessile droplets during drying and the
resulting dried structures were evaluated with a digital camera
(Canon, EOS kiss ×4). The dispersions (30 μL) were dried on glass
substrates (Neo Micro Cover Glass, Matsunami Glass Ind., Ltd.) at 25
± 2 °C (Figure 1a). These substrates were used after cleaning with
(1) detergent in water and (2) pure water. The homogeneity of the
distribution of the microgels in the ﬁlms was compared by evaluating
the grayscale, which was calculated using the “plot proﬁle (ImageJ
software)” of a straight line drawn on the observed optical microscopy
images at the center of each ﬁlm. In the optical microscopy
observations, the images are darkened in the presence of packed
microgels.
As a microscopic evaluation, the air/water interface at the center
and the edge of the sessile droplet (1 μL) was observed at 25 ± 2 °C
with an optical microscope (BX51, Olympus) equipped with a digital
camera (ImageX Earth Type S-2.0 M Ver.3.0.5, Kikuchi-Optical Co.,
Ltd.). The number of microgels adsorbed at the air/water interface
was calculated based on the optical microscopy movies. The pH value
of the dispersions was controlled using McIlvaine buﬀers composed of
50 mM disodium hydrogen phosphate and 25 mM citric acid or using
simple electrolytes such as HCl, NaOH, and NaCl. Here, the
concentration of the microgel dispersions was calculated based on the
weight of the microgels after drying. The concentrations of
dispersions were decreased or increased by diluting (with water) or
centrifuging the dispersions, respectively.
Evaluation of the Mean-Squared Displacements. To quantify
the motion of microgels at the air/water interface, the microgel
positions in an image time series recorded by optical microscopy were
analyzed using the mean-squared displacement (MSD) as a function
of the lag time (τ).46,47 The particle-tracking data were obtained by
tracking the position of the microgels in a movie of ∼6 s (30 frame
s−1) using the “Pointing Cell Tracking” tool of the ImageJ software.
The MSD of microgels adsorbed at the interface is given by
MSD(τ ) = ⟨(ri(t + τ ) − ri(t ))2 ⟩i , t

(1)

where ri(t) is the position vector of ith particle at time t, and ⟨⟩i,t
indicates the average over the data of the microgels. In the liquid
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Table 1. Chemical Composition and Characteristics of the Negatively Charged Microgels
c
a

N
NA1
NA5
NA10
NA20
NA50
b
CS

NIPAm (mol %)

BIS (mol %)

AAc (mol %)

diameter (nm)

−COOH content (mmol/g)

EPM (10−8 m2/(V s))

[η] (mL/g)

99
98
94
89
79
49
99

1
1
1
1
1
1
1

−
1
5
10
20
50
−

939 ± 68
745 ± 75
1167 ± 50
1178 ± 104
1251 ± 61
1549 ± 108
1082 ± 73

N.D.
0.11
0.42
1.18
2.22
5.18
0.24

−1.26 ± 0.07
−1.90 ± 0.03
−2.08 ± 0.18
−2.24 ± 0.03
−2.81 ± 0.06
−2.84 ± 0.14
−1.24 ± 0.05

59.7
79.7
166
163
322
482
41.0

a

Reproduced with permission from ref 38. Copyright (2018) American Chemical Society. bCore/shell (CS) microgels were prepared by seeded
precipitation polymerization using NA5 microgels as seeds.

Figure 2. (a) Photographs of dried thin ﬁlms containing NA5 microgels. Thirty microliters of droplets were dried at room temperature (∼25 °C,
∼70% humidity) on glass substrates at diﬀerent NA5 microgel concentrations. (b) Optical microscopy images of a thin ﬁlm dried at 0.005 wt %.
Two of the images show an enlarged view of region I and II. (c) Plot proﬁle of each thin ﬁlm dried at diﬀerent concentrations. The dotted black
line shows the boundary between the ﬁlm and the substrate.
regime, where the particle motion is expected to be purely diﬀusive,
the MSD should be proportional to the lag time, τ

MSD(τ ) = 2dDτ

optical microscopy images for a concentration of C* for these
microgels (Table 1, Figure S2a−f). The number of carboxyl
groups incorporated in the microgels increased with increasing
the proportion of the AAc fed during the polymerization
(Table 1), and thus, the EPM, which is an indicator of the
surface-charge density, showed negative values for all NA
microgels. It has been reported that relatively uniform charge
distribution in microgels is realized for poly(NIPAm-co-AAc)
microgels prepared by precipitation polymerization, as the
reactivity ratios of NIPAm and AAc are similar (r1 = 0.57 and
r2 = 0.32).48−50 Thus, we assumed that the amount of carboxyl
groups would increase both on the surface and within the
microgels. Indeed, the EPM values gradually decreased upon
increasing the incorporated amount of AAc (Table 1),
indicating that the surface-charge density originates from the
carboxyl group increase. Additionally, the intrinsic viscosity
[η], which is an indicator of the degree of swelling, increased
with the amount of incorporated AAc (Table 1), indicating
that the amount of carboxyl groups increased within the
microgels and on the surface.
Next, core/shell structures were formed by adding AAc-free
pNIPAm hydrogel shell onto NA5 microgels by seeded
precipitation polymerization in order to investigate the eﬀect
of the charge distribution of the microgels on the drying

(2)

where d is the dimensionality of the displacement vectors and D is the
self-diﬀusion coeﬃcient. The movie of the microgels adsorbed at the
air/water interface only provides their movement in two dimensions,
and therefore d = 2 for the obtained optical microscopy movies.47
Deformation Analysis of Individual Charged Microgels. The
deformation of microgels at the air/water interface of droplets was
observed with an optical microscope (BX53, Olympus) equipped with
a ﬂuorescence system (ramp: U-RFL-T, wavelength: 451−485 and
541−565 nm) and a high-speed camera (monochrome AX50 2SA,
Photron). It should be noted here that the deformation was observed
for only a few minutes after the dispersion droplet was deposited onto
the glass substrate in order to ignore the inﬂuence of the increasing
salt concentration as a result of the drying of the water.

■

RESULTS AND DISCUSSION

Synthesis and Characterization of the Polyelectrolyte
Microgels. First, charged (or polyelectrolyte) microgels were
synthesized by a conventional free radical precipitation
polymerization with NIPAm and AAc, where the feed ratio
of AAc was changed (NAX microgels, 1 ≤ X ≤ 50 mol %). The
size of all (∼1 μm) was uniform, which was conﬁrmed by
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Figure 3. (a) Schematic illustration of the microscopic observation of the sessile droplets. The air/water interface at the center of the droplets was
observed with an optical microscope. (b) Optical microscopy images of N and NA5 microgels at the air/water interface of each droplet on glass
substrates as a function of the normalized time, TN. Optical microscopy images of the NA1, NA10, and NA20 microgels are shown in Figure S5. It
should be noted here that the NA50 microgels could not be observed due to their low contrast. (c) Adsorbed amount, N, and (d) normalized
adsorbed amount, NN, for each microgel as a function of TN. The droplets were dried at room temperature (∼25 °C, ∼40% humidity) at
concentrations of 0.003 wt % (N) or 0.005 wt % (NA1, NA5, NA10, and NA20).

behavior (Figure S2g).44,51 After the shell was formded, the
amount of carboxyl groups in the microgels decreased to
approximately 50% (core NA5 microgels: 0.42 mmol/g; CS
microgels: 0.24 mmol/g), indicating that a shell of similar
weight was formed on the core microgel (NA5). In addition,
the EPM value of the CS microgels approached that of AAcfree N microgels (EPM: −1.26 × 10−8 m2/(V s) (N
microgels), −2.08 × 10−8 m2/(V s) (core NA5 microgels),
and −1.24 × 10−8 m2/(V s) (CS microgels)), suggesting that
the core was completely covered with the shell. In addition, the
[η] value of the CS microgels was considerably lower than that
of the core NA5 microgels, indicating that the shell restricts the
swelling of the core, which has already been reported.51
Macroscopic Evaluation of Drying Microgel Sessile
Droplets. As schematically illustrated in Figure 1a and
reported in our previous study,36,38 the self-organization of
microgels was investigated at very low (∼0.001 wt %) microgel
concentrations, where soft and surface-active microgels are
regularly arranged at the air/water interface, and the resulting
ﬁlms on the solid substrate exhibit iridescent structural colors.
Therefore, in this study, we initially checked the dependence of

the microgel concentration on the drying phenomenon. Figure
1b shows the result for N microgels (without AAc groups), i.e.,
the same ones used in our previous study.38 Similar to our
previous study, homogeneous monolayer ﬁlms with iridescent
structural colors were obtained at low microgel concentrations
(0.001, 0.005 wt %). Upon increasing the concentration, a
white dot appeared near the center of the dried ﬁlms (≥0.01
wt %). As shown in Figure 1c, the microgels were more
concentrated in the white dot (region I) than in region II
(microgel size: 353 ± 91 nm (region I); 598 ± 71 nm (region
II); N = 50). The white dot was formed at that position, where
water was present up to complete evaporation of the droplet
(Figure S3b, Movie S1) due to the transportation of excess
microgels present in the bulk solution to this position by the
convention ﬂow. Furthermore, ringlike stains were observed
for higher microgel concentrations (≥0.1 wt %, Figure 1b, d).
These data indicate that excess microgels, i.e., N microgels
dispersed within the droplets, are moved to the edge of the
droplet by convection ﬂow to form ringlike stains (Figure 1b,
d, Figure S3c) or concentrated near the center of the droplet
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Figure 4. Particle-trajectory images and MSD plots of (a) N and (b) NA5 microgels adsorbed at the air/water interface of the sessile droplets at TN
= 0.25, 0.55, 0.70, and 0.85. The droplets were dried at room temperature (∼25 °C, ∼40% humidity) at 0.003 wt % (N) and 0.005 wt % (NA5) on
a glass substrate.

microgels at the interface were increasingly compressed given
that the total surface area of the sessile droplets decreased due
to evaporation of water (Figure 3c, d).38,42 Finally, the ordered
structures formed at the interface were transferred onto the
substrate without any structural disruption (Figure 3b: N).38
In the case of the NA5 microgels, on the other hand, the
microgels did not adsorb on the air/water interface at the early
stage of drying (Figure 3b: NA5, TN ∼ 0.05). However, as time
proceeded (TN ∼ 0.25), the microgels gradually adsorbed on
and arranged at the interface (Figure 3b−d). Here, in contrast
to the N microgels, there was no interval between the NA5
microgels (e.g., the images taken at TN ∼ 0.70, 0.80, 0.95). In
the N microgel case, there are low-density polymers on the
shell of the deformed microgels in the interval between the
microgels,42 which might be due to the suppression of the
deformation of charged microgels at the air/water interface. It
should be noted here that similar results were reported when
charged microgels are observed at the oil/water interface.13,52
Additionally, NA5 microgels are thermally ﬂuctuated at the
interface (vide infra). Furthermore, diﬀerent from N microgels,
the arranged structures of the NA5 microgels formed at the
interface were not transferred without disrupting the structures
when the water was completely evaporated (Figure 3b: NA5,
TN ∼ 1). Similar behavior to that of the NA5 microgels was
observed in the case of the NA1, NA10, and NA20 microgels
(Figure 3c, d, Figure S5), indicating that the charged groups
immobilized in the microgels lower the adsorption rate of the
microgels at the air/water interface and aﬀect each characteristic process of the drying behavior of the microgel dispersions.
To clarify the reason why the thin ﬁlms of charged microgels
are inhomogeneous, the drying behavior of the edge of the
sessile droplets containing microgels was monitored (Figure
S6). In the case of the control N microgels, no microgels were
seen due to a large curvature at the early stage (Figure S6a: TN
∼ 0.1, 0.2). As time proceeded (TN ∼ 0.5), the microgels
adsorbed at the air/water interface both at the center and at

(Figure 1c, Figure S3b, Movie S1), although these phenomena
were not observed for lower microgel concentrations.
In contrast, homogeneous monolayer ﬁlms showing
iridescent colors could not be obtained for NA5 polyelectrolyte
microgels, not even at low concentrations (0.001 and 0.005 wt
% in Figure 2a). The appearance of white dots (Figure 2b) and
ringlike stains (Figure 2c) was, as mentioned above, dependent
on the concentration, albeit in a slightly diﬀerent manner. It
should be noted here that the homogeneous monolayer ﬁlms
could not be obtained for any of the negatively charged NAX
microgels (1 ≤ X ≤ 20 mol %) at low concentrations (Figure
S4a−c). In the case of the NA50 microgels, the resulting ﬁlms
could not be visualized and the boundary between ﬁlms and
the glass substrate could not be recognized as the NA50
microgels were highly swollen by water. However, homogeneous thin ﬁlms showing iridescent colors could be obtained in
the case of CS microgels, which contain a pNIPAm shell layer
on a NA5 core, dried at low concentrations (0.001 wt % in
Figure S4d). These results suggest that charged groups
attached near the surface of the microgels aﬀect the individual
microgel motion within the sessile droplets.
Evaluation of Individual Polyelectrolyte Microgel
Movements at the Air/Water Interface. Then, we
microscopically investigated the drying process of the sessile
droplets. First, the center of the droplet was monitored by
optical microscopy (Figure 3a). At the early stage (TN ∼ 0.05;
the normalized time, TN = T/Tdried, where T and Tdried denote
the arbitrary time and the time for complete drying,
respectively.), as reported in our previous work,38 control N
microgels were immediately adsorbed and arranged with
intervals at the air/water interface after dropping a dispersion
(1 μL) on a glass substrate (Figure 3b). Then, the adsorbed
amount, N (or normalized amount, NN = N/Ndried, where
Ndried denotes the adsorbed amount per unit of interfacial area
when the droplet is completely dry) at the interface increased
until completely drying, as the adsorbed and highly deformed
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Figure 5. (a) Plots of MSD as a function of the lag time, τ, and (b) optical microscopy images with particle-trajectory images of the NA5 microgels
at diﬀerent NaCl concentrations at TN ∼ 0.25 (insets). The sessile droplets were dried at room temperature (∼25 °C, ∼ 40% humidity) at 0.005 wt
% on a glass substrate.

evaporation (Figure S6b, Movie S3). Although the value
approximated 0 at TN ∼ 0.85, the NA5 microgel movements
were not completely restricted, which might be a reason why
the arranged structures of the NA5 microgels were not
transferred onto the substrate without disruption during
evaporation.
The fact that charged microgels at the air/water interface are
relatively mobile is diﬀerent fromn the behavior of previous
work on colloidal crystals packed charged microgels, where
movement is highly restricted due to diﬀerent osmotic pressure
between the inside and the outside of the microgels.53,54 The
diﬀerence may be due to the repulsive interactions between
charged microgels at the air/water interface. In our previous
work,38 we conﬁrmed that N microgels arranged at the air/
water interface are highly deformed and that neighboring
microgels are highly interpenetrated. Therefore, the arranged
structures of the N microgels can be transferred onto the solid
substrate without disruption. Therefore, in addition to high
crystallinity induced by osmotic pressure, it seems feasible to
conclude that charged NA5 microgels adsorbed at the interface
are not highly interpenetrated with each other most likely due
to repulsive interactions between the NA microgels or between
the NA microgels and the air/water interface. It is worthwhile
noting that the NA microgels (e.g., NA20 microgels: 39.6
mNJ/m at 1.0 wt %) and the N microgels can lower the surface
tension, suggesting that it is diﬃcult to evaluate the
microscopic movements of microgels exclusively by surfacetension measurements.
Eﬀect of the pH Value, the Ionic Strength, and the
Charge Distribution in Microgels on the Polyelectrolyte
Microgels at the Air/Water Interface. The aforementioned
results indicate an energy barrier when polyelectrolyte
microgels approach the air/water interface. According to a
previous report,55 there are both attractive, i.e., van der Waals
interactions, and repulsive interactions, i.e., an image-charge
eﬀect,56 and electric double layer interactions between
colloidal particles and an interface. In this study, we wanted
to clarify the eﬀect of charges immobilized on microgels on the
interfacial phenomenon; therefore, we initially observed NA5
microgels at the air/water interface at pH = 3 and pH = 7,
where carboxyl groups in the NA microgels are protonated and
deprotonated, respectively. However, the results obtained at
pH = 3 and pH = 7 were, unexpectedly, almost identical
(Figure S8). Even though, diﬀerent from McIlvaine buﬀers,
simple electrolyte was used for adjusting the pH values, the

the edge of the same sessile droplet, suggesting that N
microgels regularly pack over the whole area of the air/water
interface. Upon drying, the arranged structure of the N
microgels gradually transferred from the edge without
disruption (Figure S6a: TN ∼ 0.6, 0.7; Movie S2). On the
other hand, NA5 microgels gradually adsorbed to the interface
at the edge and at the center of the sessile droplet (Figure
S6b). While NA5 microgels continued to adsorb at the
interface at the edge, the adsorbed NA5 microgels were carried
from the edge to the center on the interface of the droplet by
convection ﬂow, even upon drying (Figure S6b: e.g., TN ∼ 0.5,
0.7, 0.8; Movie S3). Due to this drying behavior, NA5
microgels were uniformly arranged at the edge of the thin ﬁlm
on the substrate after drying. Getting closer to the center of the
droplet, the impact of the convection ﬂow on the microgel
arrangement lowered, and the adsorbed NA5 microgels were
disordered when they were transferred onto the glass substrate
(Figure S6c, Movie S4).
As has been described above, the microgels ﬂuctuate at the
air/water interface. Therefore, we subsequently examined the
dynamic motion of the N microgels and polyelectrolyte
microgels at the interface. The trajectory of the microgels was
tracked as shown in Figure 4 and Figure S7, which indicates
that from the early stage of drying, individual N microgels are
hardly moving at the interface (Figure 4a, Movie S5: TN = ∼
0.7). On the other hand, individual NA5 microgels are moving
considerably in two dimensions (Figure 4b, Movie S6: TN = ∼
0.7), even though they are adsorbed at the air/water interface.
These movements were quantitatively evaluated, and the
results are shown as MSD plots (Figure 4) using eq 1. For the
N microgels, the slope of the MSD plots and the self-diﬀusion
values calculated from eq 2 were close to 0 for each TN (Figure
4a, Table S1), indicating that the microgel movements are
highly restricted at the air/water interface, even at the early
stage of the drying process (TN ∼ 0.25). On the other hand,
the diﬀusivity of the NA5 microgels was signiﬁcantly higher
than that of the N microgels (Figure 4b, Table S1), and their
self-diﬀusion coeﬃcients were much larger than those of N
microgels at TN ∼ 0.25 (Table S1). As time proceeded, the
self-diﬀusion coeﬃcient values of the NA5 microgels gradually
decreased with increasing packing density of the microgels at
the air/water interface (Table S1). It should be noted here that
at TN ∼ 0.85, each NA5 microgel moved in the same direction
(Figure 4b: TN ∼ 0.85), which is due to the microgels moving
at the interface from the edge of the droplet during
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adsorption behaviors were similar on the drying process of the
microgels at pH ∼ 3, pH ∼ 7, and pH ∼ 10 (Figure S9).
Thus, as another potential factor, the eﬀect of the ionic
strength in the sessile droplets on the static and dynamic
adsorption behavior of the microgels at the air/water interface
was investigated at the diﬀerent concentrations of NaCl
(Figure 5, Figure S10). As expected, the adsorption numbers of
the charge-screened NA5 microgels at the interface increased
with increasing NaCl concentration (Figure S10). Moreover,
the self-diﬀusion coeﬃcient values calculated from the MSD
plots of the charge-screened NA5 microgels also decreased
with increasing NaCl concentration, and the value approached
0 when the droplet contained 1 mM NaCl at the initial state
(Figure 5, Table S2), indicating that the individual mobility of
the charge-screened microgels is restricted in the presence of
NaCl (−2.08 × 10−8 m2/(V s) in pure water; −1.68 × 10−8
m2/(V s) in 1 mM NaCl). In this case, the electrostatic
repulsive interactions both between the polyelectrolyte microgels and between the microgels and the interface should
decrease with increasing ionic strength as the electric double
layer (1/κ) of the particles is deﬁned as κ ∝ √n, where n is the
salt concentration. Thus, the thickness of the electric double
layer of the polyelectrolyte microgels decreases with increasing
salt concentrations. In addition, the image-charge eﬀect, which
is also an electrostatic repulsive interaction, decreased in the
presence of NaCl.55 Hence, the presence of NaCl lowers not
only the energy barrier between the microgels and the air/
water interface but also the repulsive interactions between the
microgels adsorbed at the interface. These results conﬁrm that
a slight increase in ionic strength (∼1 mM NaCl) aﬀects the
interfacial behavior of polyelectrolyte NA5 microgels; therefore, the eﬀect of pH value on the microgel adsorption
behavior was not observed as the buﬀer solutions contain
substantially higher concentrations of ions than those used in
the NaCl tests.
Next, diﬀerent from the conditions when NaCl was not
added, the arranged structures of the charge-screened microgels at the air/water interface were transferred onto the
substrates without signiﬁcant disruptions after drying (Figure
S10a; [NaCl] = 1 mM; TN ∼ 1), suggesting that the adsorbed
polyelectrolyte microgels at the interface are highly interpenetrated with each other due to weaker repulsive
interactions between the microgels. Although the resulting
microgel-monolayer ﬁlm included salt as an additive, the salt
could be easily removed by washing with pure water, which
aﬀorded a homogeneous monolayer ﬁlm showing iridescent
colors (Figure S11). Furthermore, the negatively charged
polyelectrolyte microgels could also be charge-screened in the
presence of cationic dyes such as Rhodamine 6G (R6G),
which interact electrostatically with charged carboxyl groups in
the microgels.57 After drying the dispersion of the polyelectrolyte microgels charge-screened with R6G, almost homogeneous monolayer ﬁlms were obtained (Figure S12). These
results indicate that charge-screened polyelectrolyte microgels
show self-organization during drying of sessile droplets and
create homogeneous monolayer ﬁlms similar to the control N
microgels as previously reported by our group.38
Next, we investigated the eﬀect of the charge distribution in
the microgels on the interfacial behavior using core/shell (CS)
microgels, where the polyelectrolyte NA5 microgels are
covered with AAc-free pNIPAm hydrogel shells. The CS
microgels adsorbed on the air/water interface during the early
stage (TN ∼ 0.05) of the drying process (Figure 6a, b).

Figure 6. (a) Optical microscopy images of the CS microgels at the
air/water interface of the droplets on glass substrates as a function of
TN. (b) Normalized adsorbed amount, NN, for each charged microgel
as a function of TN. (c) The plots of MSD as a function of the lag
time, τ, of the CS microgels. The droplets were dried at room
temperature (∼25 °C, ∼60% humidity) at a concentration of 0.005 wt
%.

Subsequently, the normalized adsorbed amount, NN, did not
change from TN ∼ 0.1 to TN ∼ 0.4 (Figure 6b) before NN
increased gradually because the microgels were compressed
with each other due to the decrease of the interfacial area upon
evaporation, which is similar to the control N microgels.38
Moreover, the MSD plots show that the movement of the CS
microgels adsorbed at the interface is also restricted (Figure
6c), which is also similar to the behavior of the control N
microgels.38 These results indicate that charge groups located
near the surface of the polyelectrolyte microgels are crucial to
control the interfacial behavior of the microgels.
Analysis of the Adsorption Behavior of Polyelectrolyte Microgels at the Air/Water Interface. In order to
understand the adsorption process of polyelectrolyte microgels
at the air/water interface (TN < ∼0.5), the following pseudoﬁrst-order equation58 and pseudo-second-order equation38,58
were applied to the experimental data:
ln(Ne − Nt ) = ln Ne − K1t

(3)

t
t
1
=
+
Nt
Ne
K 2Ne2

(4)

where Ne and Nt are the adsorbed amount at equilibrium (TN
= 1.0) and at the time t (s), while K1 (s−1) and K2 (s−1)
represent the adsorption rate constant of the pseudo-ﬁrst-order
model and the pseudo-second-order model, respectively. The
resulting correlation coeﬃcients, R2, of the pseudo-ﬁrst-order
model ﬁtting (eq 3) were higher (R2 ≥ 0.95) for all
polyelectrolyte microgels (NA1, NA5, NA10, NA20) than
those of the pseudo-second-order model ﬁtting (Figure S13,
Table 2), which is the opposite of the trend observed for the
control N microgels38 and the CS microgels, where the shell
does not contain AAc-incorporated hydrogels. The similar
values of the adsorption rate constant K1 quantitatively indicate
that the adsorption kinetics do not depend on the amount of
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(V s) in 1 mM NaCl). The NRu microgels could be clearly
visualized in water by ﬂuorescence microscopy, and the
deformation of individual microgels could be recorded at the
air/water interface (Figure 7a). In order to clarify the inﬂuence
of the charge of the microgels on their deformation, the
deformation of the charge-screened NRu microgels was also
investigated quantitatively in 1 mM NaCl solution (Figure 7b).
It should be noted here that the ﬂuorescence intensity of the
microgels was reduced considerably (see images taken at 2.0
and 5.0 s), which might be due to the decreased density of the
polymers (or ﬂuorescent molecules) after the substantial
deformation at the interface. Here, we applied a pseudosecond-order model to analyze the deformation kinetics42 of
the microgels at the air/water interface:

Table 2. Parameters for the Adsorption Kinetics of the N,
NA1, NA5, NA10, NA20, and CS Microgels at the Air/
Water Interface
pseudo-ﬁrst order

pseudo-second order

microgel

R2

K1 (s−1)

R2

K2 (s−1)

N
NA1
NA5
NA10
NA20
CS

0.6627
0.9891
0.9551
0.9517
0.9484
0.4435

−
0.0006
0.0005
0.0007
0.0008
−

0.9693
0.9544
0.0080
0.0711
0.1490
0.9787

1.6 × 10−4
8.7 × 10−6
−
−
−
7.6 × 10−4

charged AAc groups immobilized in the microgels (1−20 mol
%) (Table 2).
The Deformation of Single Polyelectrolyte Microgels
upon Adsorption at the Air/Water Interface. In order to
investigate the deformation of polyelectrolyte microgels at the
air/water interface, larger microgels, which can be visualized
clearly by ﬂuorescent microscopy, were synthesized by
modiﬁed precipitation polymerization according to our
previous report.42 Diﬀerent from our previous study,42 and
in order to avoid the potentially deleterious eﬀects of
impurities such as ﬂuorescent molecules of R6G on the
deformation of the polyelectrolyte microgels, the ﬂuorescent
molecules were covalently immobilized in the microgels. For
that purpose, ﬂuorescent Ru(bpy)3 complexes were immobilized in micron-sized polyelectrolyte (NRu) microgels,
synthesized by a modiﬁed precipitation polymerization,42
which revealed that their EPM was aﬀected by the presence
of NaCl (1.28 × 10−8 m2/(V s) in pure water; 0.33 × 10−8 m2/

t
t
1
=
+
Dt
Ds
k 2De2

(5)

where Ds and Dt (μm) represent the size of the microgels
adsorbed at the air/water interface at a speciﬁc and arbitrary
time t (s), respectively, whereby k2 (μm−1 s−1) refers to the
rate constant of the pseudo-second-order model. The R2 value
of the models was ∼1, indicating that the deformation could be
applied to such models (Figure 7c). The ﬁtting-derived
deformation rate constant, k2, decreased for the chargescreened microgels compared to those examined in pure
water (k2,water = 1.9 μm−1 s−1; k2,NaCl = 0.57 μm−1 s−1) (Table
3). In a previous study,42 softer microgels with a lower degree
of cross-linking showed lower values of k2, suggesting that
charged microgels do not easily deform upon adsorption at the
air/water interface. This may be due to (i) electrostatic
repulsive interactions between the polyelectrolyte microgels

Figure 7. (a) Fluorescence microscopy images of NRu microgels upon adsorption at the air/water interfaces recorded with a high-speed camera.
(b) Time evolution of the size of the NRu microgels upon adsorption at the air/water interface (○) in water and (×) in aqueous NaCl (1 mM; N =
10). (c) Plots of the pseudo-second-order kinetics for the deformation of the NRu microgels.
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Table 3. Parameters for the Deformation Kinetics of the
NRu Microgels upon Adsorption at the Air/Water Interface
pseudo-second order

exptl values

solvent

R2

k2 (μm−1 s−1)

Dt∼1(μm)

Dt∼1(μm)

water
NaCl solution

0.9936
0.9630

1.9
0.57

10.0
14.1

9.87
13.6
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CONCLUSIONS
The introduction of charged groups in microgels drastically
inﬂuences their behavior at the air/water interface upon drying
sessile droplets. First, the adsorption of charged microgels at
the air/water interface decreases, irrespective of the number of
charged groups present (1 ≤ AAc ≤ 20 mol %). Second, in
contrast to the control N microgels, charged microgels
adsorbed at the air/water interface are more mobile, and the
microgels are not highly entangled with each other. Third, even
though the more mobile charged microgels are arranged at the
air/water interface, the formed structures cannot be transferred
onto the solid substrates without disrupting the structures.
Thus, the resulting thin ﬁlms are macroscopically inhomogeneous. Fourthly, the deformation of single polyelectrolyte
microgels is relatively fast, irrespective of the charged and
charge-screened microgels. However, the degree of deformation is suppressed by the presence of charged groups at the air/
water interface. Fifthly, the aforementioned eﬀect of the
charged groups immobilized within the microgels can be
ignored by charge-screening, and then, the interfacial behavior
becomes similar to that of the control N microgels.
Our ﬁndings regarding the interfacial behavior of polyelectrolyte microgels at the air/water interface can be expected
to promote further developments of applications concerning,
e.g., foams and emulsions stabilized by microgels, where the
understanding of the adsorption behavior of functional
microgels at the interface is crucial.
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Figure S1. Absorption (solid line) and emission (dotted line) spectra of the NRu microgels in
aqueous solution at 25  C. The fluorescence emission peak at ~457 nm was detected due to
measuring upon photoirradiation at 457 nm.

S1

Figure S2. Optical microscopy images of colloidal crystals of (a)~(f) NAX (1 ≤ X ≤ 50) and (g)
CS microgels at the critical concentration, C*. From these images, the diameters of the microgels
were calculated, and these are listed in Table 1.

S2

Figure S3. (a) Schematic illustration of the observation of sessile droplets by optical microscopy.
(b), (c) Optical microscopy images of the sessile droplets containing N microgel dispersions (1
μL) as a function of the normalized time, TN. The droplets (0.1 wt%) were dried at room
temperature (~25 °C, ~30 % humidity). (b: Movie S1) The entire and (c) the edge of the droplets
on the glass substrate were observed. (b) The sessile droplets were observed by reflected-light
optical microscopy.

S3

Figure S4. Photographs of the dried thin films containing (a) NA1, (b) NA10, (c) NA20, and (d)
CS microgels formed after the microgel droplets (30 μL) were dried at room temperature (~25 °C,
~40 % humidity) on glass substrates at different microgel concentrations (0.001-1 wt%).

S4

Figure S5. Optical microscope images of NA1, NA10, and NA20 microgels at the air/water
interface of each droplet as a function of TN. The droplets were dried at room temperature (~25 °C,
~40 % humidity) at 0.005 wt% on glass substrates.

S5

Figure S6. The drying process of dispersions including N or NA5 microgels was observed (a: N, Movie S2) (b: NA5, Movie S3) at
the edge without moving the observation position and (c: NA5, Movie S4) from the edge to the center with moving the observation
position of the droplet during the evaporation. The droplet of the 1 μL NA5 microgel dispersion was dried at room temperature (~25
°C, ~30 % humidity) at 0.005 wt% on the glass substrate. Marked microgels indicate the position of the particles before and after the
passage of time.

S6

Table S1. For the N and NA5 microgels, self-diffusion coefficients were calculated from the MSD
plots at TN = 0.25, 0.55, 0.70, and 0.85.

S7

Figure S7. Particle-trajectory images and MSD plots of (a) NA1, (b) NA10, and (c) NA20
microgels adsorbed at the air/water interface of the sessile droplets at TN = 0.25, 0.55, 0.70, and
0.85.

S8

Figure S8. (a) Optical microscopy images of NA5 microgels at the air/water interface as a function
of TN. (b) Normalized adsorbed amount, NN, for each charged microgel as a function of TN. (c)
Photographs of thin films of microgel dispersions after drying on glass substrate. The droplet was
dried at room temperature (~25 C; ~60 % humidity) at 0.005 wt% at pH = 3 or pH = 7. McIlvaine
buffers, composed of 50 mM disodium hydrogen phosphate and 25 mM citric acid, were used.

S9

Figure S9. (a) Optical microscopy images of NA5 microgels at the air/water interface as a function
of TN. (b) Normalized adsorbed amount, NN, for each charged microgel as a function of TN. The
droplet was dried at room temperature (~25 C; ~60 % humidity) at 0.005 wt% at pH ~ 3, pH ~7,
and pH ~ 10 in 10 mM simple electrolytes (HCl, NaOH, and NaCl).
S10

Figure S10. Impact of the ionic strength in NA5 microgel dispersions on the adsorption behavior
at the air/water interface. (a) Optical microscopy images of NA5 microgels at the air/water
interface of each droplet as a function of TN at [NaCl] = 0.01, 0.1 and 1 mM. The adsorbed amount
of (b) N and (c) NN for each charged microgel as a function of TN. The droplets were dried at room
temperature (~25 °C, ~60 % humidity) at 0.005 wt% on glass substrates.
S11

Table S2. Self-diffusion coefficients for NA5 microgels, caluculated from the MSD plots at TN =
0.25, 0.55, 0.70 and 0.85 at different NaCl concentrations.

Figure S11. Photographs of the dried structures of the dispersion of NA5 microgels chargescreened at [NaCl] = 1 mM before and after washing with pure water.

S12

Figure S12. (a) Schematic illustration of the microgels in the presence of the cationic dye R6G.
(b) Optical microscopy images of NA10 microgels in the presence of R6G at the air/water interface
of the sessile droplet on glass substrates as a function of TN. (c) Normalized adsorbed amount, NN,
for each charged microgel as a function of TN. (d) Photographs of a thin film of microgel
dispersions on glass substrates after drying. The droplets were dried at room temperature (~25 °C,
~60 % humidity) at 0.005 wt%. It should be noted here that the excess of R6G was removed by
purifying via two cycles of centrifugation/redispersion in water after adding a sufficient amount
of R6G (commensurate to the amount of carboxy groups) to these microgels.

S13

Figure S13. Adsorption kinetics for N, NA1, NA5, NA10, NA20, and CS microgels at the
air/water interface at TN 0~0.5 with (a) the pseudo-first-order model, and (b) the pseudo-secondorder model.
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Movie S1. Drying processes of a sessile droplet of a N microgel dispersion (1 μL) as a function of
the normalized time, TN, covering the entire droplet and the edge of the droplet. The droplet was
dried at room temperature (~25 °C, ~30 % humidity) at 0.1 wt%. The speed of the movies is 16x.

Movie S2. Drying processes of a sessile droplet of a N microgel dispersion (1 μL) as a function of
the normalized time, TN, at the edge of the droplet during the evaporating. The droplet was dried
at room temperature (~25 °C, ~30 % humidity) at 0.003 wt% on the glass substrate. The speed of
the movie is 4x.

Movie S3 and S4. Drying processes of a sessile droplet of a NA5 microgel dispersion (1 μL) as a
function of normalized time, TN, at the edge of the droplet without moving the observation position,
and from the edge of the droplet to the center of the droplet with moving the observation position
of the droplet during the evaporating. The droplet was dried at room temperature (~25 °C, ~30 %
humidity) at 0.005 wt% on the glass substrate. The speed of the movies is 4x and 0.5x, respectively.

Movie S5 and S6. Moment when the N and NA5 microgels adsorb at the air/water interface (TN =
~0.7). The tracked time-trajectory of each microgel represents 6 s (30 frame s-1).
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