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The compression of deformed hydrogel microspheres {microgels) at
air/water interfaces were investigated using a Langmuir-Blodgett
trough with simultaneous in situ visualization of the process using
a fluorescent microscope. The relationship between the structure
of the microgel arrays and the compression behavior was clarified
using microgels with different degrees of crosslinking.

Hydrogel microspheres (microgels) are soft colloidal
particles that contain more than 90% water, and are therefore
different from conventional
polystyrene or silica, in as much as they are highly deformable.?

rigid particles made of e.g.,

Moreover, microgels usually exhibit stimuli-responsiveness,
whereby their physicochemical properties can be reversibly
changed in response to external stimuli such as changes in
temperature and/or pH.! Therefore, microgels have found a
wide range of applications, in e.g., chemical/biological
separation,? switchable catalysts,® colloidal crystals/glasses,*
biomedical materials,> autonomous actuators,® and particulate
stabilizers.”

Furthermore, it is widely accepted that soft microgels
demonstrate unique behavior at fluid i,e.,, at
air/water® and oil/water interfaces.® For instance, microgels
composed of poly(N-isopropyl acrylamide) (pNIPAm),110 a
typical thermoresponsive polymer, show surface activity,
undergo a large deformation within a short period of time when

interfaces,

adsorbed at an air/water interface.l! To date, a considerable
amount of research has been dedicated to understanding
phenomena related to the deformation of microgels at fluid
interfaces.’12 |In our group, we have investigated the drying
behavior of sessile droplets that contain various soft particles,
including microgels,?3 and found that deformed microgels at the
air/water interface become more regularly arranged over time,
whereby the center-to-center distances of the microgels
decrease.l1b13c This process results in the compression of the
deformed microgels at the air/water interfaces, and thus the
microgels are further deformed at the interface as the surface
area of the sessile droplets decreases. To the best of our
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knowledge, in most studies on microgels at fluid interfaces (i.e.,
compression studies of microgel arrays at fluid interfaces using
a Langmuir-Blodgett (LB) trough!4), the structure of the
microgel arrays is visualized and analyzed after transferring
them onto solid substrates. However, this transfer may lead to
structural changes of microgel arrays since the structures of
microgel arrays are not always the same at fluid interfaces as
they are on solid substrates.13<14d.15 Therefore, one could argue
that the compression of deformed microgels at fluid interfaces
has not yet been fully understood.
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Fig. 1. (a) Schematic illustration of the Langmuir-Blodgett system
equipped with a fluorescent microscope for visualizing the air/water
interface, where the total area is 952 cm? (14 cm x 68 cm) used in this
study. (b) Typical fluorescent microscope images of microgels adsorbed
at the air/water interface at 1 =5 mN/m, where the visible area is 8560

pm?,

Herein, we demonstrate that direct visualization of microgel
arrays adsorbed at an air/water interface is crucial to clarify the
relationship between the structure of the microgel array and
the rt-A isotherms acquired from the LB technique. In this study,
we assemble a LB trough equipped with a fluorescence
microscope, which enabled us to simultaneously determine the
structure of microgel arrays at fluid interfaces and the m-A
isotherm (Fig. 1a). As shown in Fig. 1b and Movie S1, via
fluorescence-microscopy observations, real-time movies of
microgel arrays adsorbed at interfaces can be obtained (visible
area: 8560 um?2).

Herein, microgels are labeled chemically with a fluorescent
dye using carbodiimide chemistry, which allow visualizing
individual microgels clearly adsorbed at the interface (Fig. 1b).
First, poly(NIPAm-co-fumaric acid) microgels with different
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amounts of a crosslinker, N,N’-methylenebis(acrylamide) (BIS),
were synthesized via aqueous free radical precipitation
polymerization.! Fumaric acid was selected as it has carboxy
groups capable of chemically binding a fluorescent dye, which
was in this case fluorescein. The obtained microgels were
uniform in size, as confirmed using optical microscopy (Fig. S1).
The size of these microgels in water was ca. 1 um, which was
determined from the optical-microscopy images obtained
where the apparent volume fraction gesr was equal to 1 (Dgefr =
1) and the microgels form colloidal crystals (Table $1).1¢ From
phase images taken using atomic-force microscopy (AFM), it
was confirmed that uniformly sized microgels with different
structures were formed with different degrees of crosslinking
(Fig. 2 and Fig. S2). The microgels were confirmed to have highly
deformable core-shell (CS) structures, especially when the
guantity of BIS fed during the polymerization was low (Fig. 2). In
contrast, the deformation of the microgels was suppressed and
the shells were barely visible when the amount of fed BIS during
the polymerization was increased (Fig. S2). This result is
consistent with a previous report on pNIPAm-based microgels
prepared via precipitation polymerization.100.17 Hereafter, each
microgel is denoted as CSX, i.e., C50.60, CS0.68, CS0.80, and
CS0.88, where X denominates the core-shell ratio, i.e., the
diameter of core (Do) divided by that of the core-shell (Deore
shell) @s measured from the AFM phase images of the isolated
microgels (Table S1 and Fig. S2). Dcore and Deoreshen Were
obtained by measuring the diameters of each white circle in the
phase images.
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Fig. 2. (a) AFM heightimage, (b) cross-sectional profile constructed from
the green line in the height image (a), and (c) phase image of the CS0.60
microgel deformed on a glass substrate. The two white circles of
different sizes in the AFM phase image indicate the core and the core-
shell of a microgel (Deore = 1676 nm, N = 5; Deore-shel = 2808 nm, N = 3).

Next, to investigate how the microgels are compressed at
the air/water interface, the interfacial behavior of microgels
adsorbed at the interface was monitored using an LB trough
equipped with a fluorescence microscope (Fig. 1a). As shown in
Fig.3, the fluorescence-microscopy images (Fig. 3a-f) and their

fast-Fourier-transform (FFT) (Fig. 3g-1) analysis showed that the least
crosslinked microgels (CS0.60) arrange in an ordered hexagonal
structure in most areas of the interface upon increasing the surface
pressure, 7, i.e., at 1 mN/m (Fig. S3). At t = 1 mN/m, the nearest
neighbor distance, Dynp, between the CS0.60 microgels was larger
than Dgef=1 in a three-dimensionally packed state, but smaller than
Dcore-shell in an isolated state on a solid substrate (CS0.60 microgel;
Dgert=1= 1650 nm < Dnnp,r= 1= 2223 nM < Degre-shell = 2808 nm). This
finding suggests that the microgels were deformed and loosely
compressed at the air/water interface, even at a low value of m. It
should also be noted here that the individual microgels could not be
monitored at ~0 mN/m due to the rapid movement of the microgels,
even with the barrier stopped. Subsequently, the Dynp gradually
decreased during  compression whilst maintaining the hexagonal
structure, which was confirmed by FFT analysis (Fig. 3 and Fig. S4;
e.g., Dnnp = 2149 nm at 5 mN/m, 2067 nm at 10 mN/m, 1995 nm at
15 mN/m, 1902 nm at 20 mN/m, and 1598 nm at 25 mN/m). The
ordered hexagonal structure was maintained as long as the
compressed microgels could be individually visualized using
fluorescence microscopy (Fig. 3f and Fig. S5). To examine the effect
of nanostructures of the microgels on their arrays at the air/water
interface during compression, microgels with higher crosslinking
densities and smaller shell thicknesses, i.e., CS0.68, CS0.80, and
CS0.88 were also evaluated (Figs. $6-S8). We confirmed that,
similar to the CS0.60 microgels, these microgels also form
hexagonal structures at the air/water interface regardless of the
degree of compression.

Here, in order to clarify the importance of visualizing the
microgel arrays at the air/water interface, the ordered
structures of the microgels on glass substrates were also
examined, once the microgel arrays had been transferred from
the air/water interface at a certain mt (Fig. S9). The microgel
arrays on glass substrates also exhibited hexagonal structures
at lower m (5 and 10 mN/m). In contrast, for the highly
crosslinked CS0.80 and CS0.88 microgels, the microgel arrays
formed at the air/water interface were disordered once they
had been transferred onto the substrates, and clusters of dense
hexagonal structures of microgels were obtained at higher
(e.g., m =15 and 20 mN/m for CS0.88 and 25 mN/m for CS0.80 and
CS0.88). We have already reported that the ordered structure of
microgels adsorbed at the air/water interface of a sessile
droplet differs from that on a substrate after drying (removal of
water), which is mainly due to the decrease of interpenetration

(b) 5mN/m (c) 10 mN/m

(e)20 mN/m (B8 | () 25 mN/m

Fig. 3. (a)-(f) Fluorescence microscopy images and (g)-(l) fast-Fourier-transform (FFT) images of the CS0.60 microgels adsorbed at the air/water interface
during compression. (m) The pair-correlation function of the microgel arrays calculated from the fluorescence microscopy images taken at 5 and 25mN/m.
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between neighboring microgels at the air/water interface.13cdf/15
Thus, in this study, the lower crosslinked CS0.60 and CS0.66
microgels with thicker shell layers promote interpenetration
with each other and prevent microgel arrays from disordering.
Moreover, it was clarified that the disordering of microgel
arrays is also related to the degree of compression when
transferring them to solid substrates. Taking these results into
account, it is obvious that direct visualization of the fluid
interface is of great importance in order to discuss the
relationships between the structures of microgels arrays and
their properties and functions.
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Fig. 4. (a) Correlation between the nearest-neighbor distances, Dnnp, which
were calculated from fluorescence microscopy images of the microgels at the
air/water interface, and the surface pressure, rt. (b) Diameters of core (= full
width at half maximum, FWHM), core-shell (= Darm), and shell (= Darm —
FWHM) of the CS0.60 microgels transferred onto solid substrates as a
function of r. These diameters were evaluated based on AFM height images
at (¢) 5 mN/m, (d) 22 mN/m, (e) 24 mN/m, and (f) 26 mN/m.

In order to understand the compression process in more
detail, the correlation of Dynp and 1t was analyzed based on the
visualization of the microgel arrays at the air/water interface
(Figs. S4, S6-S8, S10). A two-step plot was observed for the
CS0.60 and CS0.68 microgels, whilst a linear one-step slope was
obtained for the CS0.80 and CS0.88 microgels (Fig. 4a),
indicating that the impact of compression on the microgel
deformation differs significantly depending on the microgel
structure. Here, to clarify the reason for this different behavior,
microgel arrays were transferred onto solid substrate in order
to visually examine them by AFM (Fig.4c-f, Fig.S11). It should be
noted here that, as has been explained above, structures of
microgel arrays of CS0.60 were not disrupted after the transfer.
Here, the full width at half maximum (FWHM) as core diameter,
the center-to-center distance (Dagpm), and shell length (= Dagm -
FWHM) of CS0.60 microgel arrays were measured (Fig. 4b and
Fig. S11). Based on Fig. 4b, it is clear that Darm, FWHM, and the
shell length decreased with increasing rt. During the first stage,
both FWHM and the shell length decrease monotonously. Then,
during the second stage, the decrease in shell length
predominates (22 <t <26 mN/m). In particular, at 1 =26 mN/m,
the shell length almost disappears, and the shape of each core
changes from spherical to hexagonal (Fig. 4f), accompanied by
a marked decrease in Darwm (Fig. 4b). These results indicate that
core and shell are compressed for each individual CS0.60

This journal is © The Royal Society of Chemistry 20xx

microgel in the microgel arrays during the first stage (m < 20
mN/m), before shell compression becomes dominant during
the second stage (22 < it < 26 mN/m), where the shape change
in each individual CS0.60 microgel was confirmed after the thin
shell disappeared. Although the relationship between Dynp and
T was not clear at that point (Fig.4a), given that a visualization
of the microgel arrays at the air/water interface above 27 mN/m
for CS0.60 (Fig. S5) was not possible, the decrease in core
diameter (~FWHM) seems to be dominant above 27 mN/m.
Thus, further investigations into the compression of microgel
arrays at interfaces using lager microgels in the wider range of
mt are indispensable. Nevertheless, our results obtained within
the confines of this study represent an important first step to
visualize and analyze microgel arrays in situ. A deeper
understanding of structural changes in microgel arrays at
interfaces during compression can be expected to be beneficial,
especially where microgels play a crucial role as particulate
stabilizers.

In conclusion, the compression behavior of soft microgels
adsorbed at air/water interfaces was visualized and quantified
for the first time using a Langmuir-Blodgett (LB) system
equipped with a fluorescence microscope. The deformed
microgels adopt ordered hexagonal structures at the air/water
interface and these ordered structures are maintained during
compression regardless of the degree of crosslinking density of
the microgels. Moreover, the compression behavior was
affected by the core-shell ratio of each microgel, whereby the
deformation of low-density shells is dominant during the later
stage of surface compression. Our findings provide new insights
into where surface compression for microgels is crucial,
including emulsions and foams stabilized by microgels.
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