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Direct visualization of swollen microgels by scanning
electron microscopy using ionic liquids

Koji Horigome!, Takeshi Ueki>* and Daisuke Suzuki'?

We developed a simple and versatile method for the visualization of swollen microgels using standard scanning electron
microscopy (SEM) that does not require the conventional sample pretreatment steps of sputtering. Specifically, microgels were
swollen using ionic liquids (ILs), which remained nonvolatile even under high vacuum conditions. Two types of widely studied
stimuli-responsive microgels and their hybrids with Au nanoparticles were visualized via SEM to demonstrate the versatility of the
method. In particular, we observed the dispersion of embedded Au nanoparticles within the microgels because of the swelling
caused by the ILs, confirming that the approach is versatile and useful for the evaluation of nanocomposite materials, such as

hybrid microgels.
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INTRODUCTION
Hydrogel particles (microgels), which are composed of crosslinked
polymer networks that swell in aqueous solutions, range in size from
10 nm to several micrometers, and thus can be dispersed in solvents.!
In particular, an attractive feature of microgels is their responsiveness
to external stimuli such as changes in pH or temperature.>
For instance, monodispersed, thermoresponsive microgels have
been prepared using N-isopropylacrylamide (NIPAm),>* whereas
pH-responsive poly(4-vinylpyridine) microgels have been prepared
by emulsion polymerization.” By varying the temperature or pH, these
microgels exhibit reversible volumetric responses because of changes
in the conformation of the constituent polymers within the microgels.
These microgel properties can be employed in many applications,
including drug delivery systems,®® chemical separations,®
smart particulate emulsifiers,!! photonic crystals'>!* and hybrid
materials.! 1>

To characterize microgels, visualization techniques such as optical
and electron microscopy are frequently used. These methods are
important tools for understanding the colloidal behavior and mor-
phology of microgels because they enable the direct monitoring of
these systems.>!¢ Optical microscopy can be used to directly observe
the Brownian motion and the structures of microgels in the swollen
state. However, the effective resolution for optical analysis of microgels
is ~ 1 pm because the wavelength of the light source is in the visible
region, and highly swollen microgels have a refractive index that is
close to that of water.!” To obtain morphological information about
microgels at the submicron scale, electron microscopy techniques such
as scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) are generally used. SEM is a common and useful

method for the visualization of the surface morphology of submicron
particles.'® Images of particles are obtained by scanning them with an
electron beam and then detecting the secondary electrons scattered
from the surfaces of the particles. However, SEM samples must
be dried before analysis, and the sample chambers are maintained
under high vacuum during the measurements. In addition, when
nonconductive materials, such as microgels, are observed via SEM,
a conductive layer, which can be formed by sputtering with Au or
Pt/Pd is required to suppress the accumulation of electrons that cause
artifacts in the SEM images. Because microgels exhibit unique
properties, such as stimuli responsiveness in the swollen state, an
analysis method for the morphology of swollen submicron microgels
using SEM is needed.

To overcome the limitations associated with the observation of
swollen microgels via SEM, we focused on the use of ionic liquids
(ILs), which exist in the liquid state at room temperature. Given the
fascinating properties of ILs'*2> such as their low vapor pressure,’!
high conductivity?! and high solubility for many monomers and
polymers,>>~24 it was thought that if microgels could be swollen using
ILs under vacuum, it should be possible to observe the swollen
microgels via SEM. Kuwabata et al.?> reported that many types of
biological samples such as insects, flowers and cells can be observed via
SEM by using IL coatings. However, it is still unclear whether the IL
was introduced to the sample or adsorbed at the sample surface. The
swollen state of the samples needs clarification. In addition, to the best
of our knowledge, research has not been performed on the swelling
behavior of submicron-sized polymer particles using ILs. Therefore, in
this study, we examine the penetration of ILs into microgels and the
direct visualization of submicron-sized microgels swollen using ILs
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was investigated via SEM. To achieve this goal, two extensively
explored stimuli-responsive microgels, poly(2-vinylpyridine) (denoted
as p2VP) and poly(N-isopropylacrylamide) (denoted as pNIPAm),
were selected.!4152

EXPERIMENTAL PROCEDURE

Materials

The reagents, including 2-vinylpyridine (2VP, 97%), divinylbenzene (94-97%,
mixture of isomers), 2,2'-azobis(2-methylpropionamidine)dihydrochloride
(V-50, 95%), 2,2"-azobis(isobutyronitrile) (98%), NIPAm (98%), N, N'-methy-
lenbis-(acrylamide) (BIS), glycidyl methacrylate (95%), dimethylamine borane
(97%), 2-aminoethanethiol, hydroxylammonium chloride (NH,OH-HCl),
hydrogen tetrachloroaurate(IlI) tetrahydrate (HAuCly), 0.1 M hydrochloric acid
and methanol (MeOH, 99%), were purchased from Wako Pure Chemical
Industries (Tokyo, Japan) and used as received. Water that was used in all
reactions, solution preparation and polymer purification was first distilled and
then ion-exchanged (EYELA, SA-2100E1, Tokyo Rikakikai (Tokyo, Japan)). A
polystyrene dish (IWAKI, 60 mm/non-treated dish, Asahi Glass (Shizuoka,
Japan)) was cut into 1x1cm? or 0.5X 1 cm? pieces using a cutter and then
sputtered with Pt/Pd under 6 Pa and 15mA for 200s before drying each
sample. The distance between the sample and the sputtering target was adjusted
to 30mm. The ILs, imidazole 1,1,1-trifluoro-N-[(trifluoromethyl) sulfonyl]
methanesulfonamide ([Im][NTf;]) and diethylmethylamine trifluorosulfonate
([dema][TfO]), were prepared by neutralization of the appropriate Bronsted
acid with the appropriate Bronsted base according to the literature procedure.?®

Preparation of p2VP microgels

p2VP microgels were prepared by soap-free emulsion polymerization. First,
water (40 ml) was poured into a 50-ml three-neck, round-bottom flask, and
then 2VP (637 pl, 150 mm), divinylbenzene (10 pl, 150 mm) and NaCl (0.023 g,
10 mMm) were mixed into the water. The total monomer concentration was fixed
at 150 mm. Next, the flask that contained the monomer solution was equipped
with a mechanical stirrer, a condenser and an inlet for nitrogen gas, and
nitrogen gas was bubbled through the monomer solution for 30 min
at 70°C to purge any oxygen. An aqueous solution of the V-50 initiator
(0.023 g in 5 ml) was then injected into the flask to begin the polymerization.
Nitrogen gas was streamed through the flask for 1h, and the polymerization
was continued for 24h with constant stirring at 250 r.p.m. Next, the
microgel dispersion was cooled to room temperature and purified using a
centrifugation/redispersion process. An aliquot of the microgel dispersion
was centrifuged with a relative centrifugal force of 1500g, (gravitational
acceleration, g 9.8 ms~2); then, the supernatant was replaced with pure water.
This purification process was repeated four times.

Preparation of p2VP bulk gel

The p2VP bulk gel was prepared by bulk polymerization. First, 2VP (521 pl)
and divinylbenzene (8.4 pl) were added to a glass vial that contained MeOH.
Next, nitrogen gas was bubbled through the monomer solution for 15 min;
then, 2,2'-azobis(isobutyronitrile) (0.013 g) was dissolved in the solution. The
mixture was injected in the space between two glass plates that were gapped
with a silicone sheet. To initiate the polymerization, the solution was heated to
60 °C. The polymerization was maintained for 8.5 h. To purify the bulk gel, the
p2VP gel sheet was immersed in MeOH. This purification process was repeated
four times.

Preparation of hybrid microgels

A series of hybrid microgels were prepared using previously reported
procedures.!#1> First, pNIPAm-co-glycidyl methacrylate microgels, which are
templates for the synthesis of the Au nanoparticles, were obtained by soap-free
emulsion copolymerization. Water (590g) was placed into a 1000 ml
three-neck, round-bottom flask; then, NIPAm (11.25g, 194 mm), glycidyl
methacrylate (2.25g, 194 mm) and BIS (0.18 g, 194 mm) were added to the
water. Next, the flask containing the monomer solution was equipped with a
mechanical stirrer, a condenser and an inlet for nitrogen gas. Then, nitrogen gas
was bubbled through the monomer for 30 min at 70 °C to purge any oxygen.
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An aqueous solution of the V-50 initiator (0.36 g in 10 g of water) was injected
into the flask to begin the polymerization. The polymerization was continued
for 6 h with constant stirring at 250 r.p.m., after which the microgel dispersion
was cooled to room temperature. The microgel dispersion was then purified
using a centrifugation/redispersion process. An aliquot of the microgel
dispersion was centrifuged with a relative centrifugal force of 50 000 g. Then,
the supernatant was replaced with pure water. This purification process was
repeated four times.

Next, the epoxy groups in the glycidyl methacrylate units within the
microgels were reacted with the thiol groups of 2-aminoethanethiol to
introduce amino groups into the microgels.!> Water was added to the
2-aminoethanethiol (1.6g) in a glass vial. Then, the pH of the solution was
adjusted to >11 by adding 1M NaOH (3ml). The microgel dispersion
(1.0 wt.%) was then mixed into this solution, and the amination reaction
was continued for 24h. The obtained amino-functionalized microgels were
purified by centrifugation/redispersion with water six times, followed by dialysis
for 3 days. After purification of the amino-functionalized microgels, the in situ
synthesis of the Au nanoparticles within the microgels was achieved through
the reduction of HAuCl, that was adsorbed onto the microgels by electrostatic
attraction to the amino groups. A mixture of amino-functionalized microgels
(50 mg) and HAuCl, (4 mg) was stirred in an aqueous medium (pH 3, 10 ml)
at 4°C for 4 h. Subsequently, the excess HAuCly was removed by centrifuga-
tion/redispersion with water twice. The pH 3 aqueous solution (20 ml total)
containing the microgels was placed in a 30-ml glass vial at 4 °C. Separately,
NaBH, (20 mg) was dissolved in water (20 ml). This solution was then added
dropwise to the vial containing the microgel, and the mixture was stirred for
30 min. The pNIPAm-based microgels with the Au nanoparticles were then
purified by centrifugation/redispersion with water four times.

In addition, the Au nanoparticles embedded within the microgels were
grown using an electroless plating process to easily characterize them via field
emission SEM (FE-SEM). A mixture of the microgel (2.5 mg) and water (20 ml
total) was placed in a 30-ml glass vial and stirred at 4°C. After 10 min of
stirring, a mixture of HAuCly (1 wt.%, 200 pl) and NH,OH-HCl (40 mw,
1000 pl) was poured into the vial. The reaction continued for 24 h, after which
the microgels were purified by centrifugation/redispersion twice with water.

Characterization of microgel size

The hydrodynamic diameter of the microgels was characterized using dynamic
light scattering (DLS; Malvern Instruments (Tokyo, Japan), Zetasizer Nano S).
An average of 15 measurements with 30-s acquisition times was used for the
DLS data. The microgel concentration was fixed at ~0.005 wt.%, 0.1 M NaCl
was used to adjust the salt concentration to 1 mm, and 5M NaCl was used to
adjust the salt concentration to 1 M. When the hydrodynamic diameter was
measured under acidic conditions, 10 pl HCI (0.1 M) was added to the solution
to adjust the pH to ~ 3. The samples were allowed to thermally equilibrate at
25°C for 10 min before measurement, and the scattered light was collected at
173°. The hydrodynamic diameter of the microgels was determined from the
measured diffusion coefficients using the Stokes—Einstein equation (Zetasizer
software v6.12, Malvern Instruments). The pH was measured using a D-54SE
(Horiba, Kyoto, Japan) instrument equipped with a pH electrode (Horiba
9618-10D) after each DLS measurement. The sizes of the microgels were also
characterized based on analysis of the SEM or FE-SEM images using Image]
(ver. 1.47t) software (Rasband WS. National Institutes of Health, Bethesda,
MD, USA). The average size was determined from 30 measurements. The
coefficient of variation (CV) of the microgels was calculated using the following
equation: CV =o/A, where o is the root-mean-square deviation of the microgel
size, which was calculated for 30 measurements, and A is the arithmetic mean
of the microgel size (N=30).

SEM/FE-SEM observation of the microgels

First, to suppress the accumulation of electrons, the polystyrene substrate was
sputtered with Pt/Pd for 200 s at 6 Pa and 15 mA before drying the dispersion.
The distance between the sample and the sputtering target was fixed at 30 mm.
Under these conditions, a ~20nm Pt/Pd layer was fabricated on the
polystyrene substrate. The microgel dispersion (concentration: 0.001 wt.%)
was then deposited on the Pt/Pd substrate and dried at room temperature



(25+2°C). After drying, the sample was sputtered with Pt/Pd for 80s at 6 Pa
and 15mA. The distance between the sample and the sputtering target was
fixed at 30 mm. Under these conditions, an ~ 8 nm Pt/Pd layer was fabricated
on the polystyrene substrate. The samples were observed via SEM (Hitachi,
S-3000N (Tokyo, Japan)) and FE-SEM (Hitachi, S-5000 (Tokyo, Japan)) at a
20 keV accelerating voltage.

SEM/FE-SEM observation of the microgels using ionic liquids

The common water-soluble ILs [Im][NTf,] and [dema][TfO] were used for the
SEM and FE-SEM observations. First, the IL was dissolved in water in a 1.5 ml
tube, and then the microgel dispersion (1 ml, 0.001 wt.%) was dispersed into
the solution. A mixer (Eppendorf (Hamburg, Germany), Thermomixer
comfort) was used to homogenize the mixture at 1000 r.p.m. and ~ 25 °C for
10 min. The mixture was then deposited on the Pt/Pd substrate, and the
dispersion was dried at room temperature (25 + 1.5 °C). The SEM and FE-SEM
measurements without Pt/Pd sputtering of the sample were then immediately
performed at an accelerating voltage of 20 keV. The images were analyzed using
ImageJ (ver. 1.47t) software.

Procedure for profiling the samples

First, the greyscale values of the FE-SEM images were fixed between 0 and 255
to select an 8-bit image, and then the microgels were profiled with the Image]J
software using the contrast along a line with a length of 0.7 pm. The lines were
adjusted to cover the entire microgel. The average contrast for the Pt/Pd
substrate was also estimated by profiling the substrate along the 0.7 pm line,
and then the average contrasts were calculated using the greyscale values.

RESULTS AND DISCUSSION

First, pH-responsive p2VP microgels were prepared by soap-free
emulsion polymerization, as previously reported.?’ The size and
pH-responsive properties of the p2VP microgels were evaluated using
DLS. Because the pKa of the p2VP microgels is ~4.1,% they swell at
pH 3.3 and de-swell at pH 6.4. When the total salt concentration was
fixed at 1 mwm, the hydrodynamic diameter D}, was 1347 nm at pH
3.3 (Dy-pn3) and 234 nm at pH 6.4 (Dy_ppe)- The polydispersity index
of the p2VP microgels was 0.152 and 0.024, respectively. Next, to
confirm the monodispersity, the dried p2VP microgels were observed
via FE-SEM with Pt/Pd sputtering, which is the standard method for
electron microscopic observation (Figure la). When the microgels
were observed via SEM, the p2VP microgels could also be observed
(Supplementary Figure 1). Because the FE-SEM images were clearer
than the SEM images (Figure 1 vs Supplementary Figure 1, respec-
tively), the FE-SEM images were used for the characterization. In
Figure la, the p2VP microgels were deformed on the substrate, and
they showed a hemispherical morphology. The deformation of the
p2VP microgels was due to the evaporation of water from the
microgels and adsorption on the Pt/Pd substrate. The average size of

Visualization of swollen microgels
K Horigome et al

the dried p2VP microgels (Dyry) was 245+ 13 nm (N=30), and the
CV was 5.3%. Therefore, it was concluded that monodispersed p2VP
microgels were obtained.

The effect of the ILs on the p2VP microgels was then investigated.
The IL imidazole [Im][NTf,], which is well-known as a protic water-
soluble IL, was used for the FE-SEM measurements because p2VP
microgels are swollen under acidic conditions. For sample preparation,
a mixture of a p2VP microgel dispersion and [Im][NTf,] (ca. 10 pl
total) was dried using the procedure shown in Figure 2. First, [Im]
[NTf,] was dissolved in water; then, the p2VP microgel dispersion was
added to the mixture to achieve a concentration of 0.001 wt.%. Next,
the dispersion was deposited onto the conductive substrate (that is, a
polystyrene substrate sputtered with Pt/Pd) and dried at room
temperature (254 1.5°C). After the complete removal of water, the
sample was directly observed via FE-SEM without sputtering onto the
microgels. To determine the amount of IL required for the observa-
tion, samples with varying amounts of added [Im][NTf] (0.5, 1, 2
and 5 pl) were investigated. In all cases, it was found that pools of the
IL appeared (Supplementary Figure 2b), and the p2VP microgels were
embedded in the pools. The size of the pools decreased as the amount
of added [Im][NTf,] decreased, and when 0.5 pl of [Im][NTf;] was
dissolved into 1 ml of water, the p2VP microgels were observed near
the pools, as shown in Figure 1b. We believe that this FE-SEM image
represents the first observation of a submicron-sized, polymeric
microgel that is swollen using an IL without sputtering. The swelling
state of IL-swollen p2VP microgels is discussed in the next paragraph.
Charging did not occur during the observation. As a control
experiment, charging was observed on the microgels when the IL
was not added to the dispersion before drying (Supplementary
Figure 3). These results suggest that primary electrons irradiated from
the electron gun are not accumulated on the IL-swollen microgels.
Therefore, the IL behaves like an electronically conducting material.>>
To the best of our knowledge, the effect of the SEM visualization
mechanism in ionic liquids is still unclear and is under investigation
by several researchers. Wishart and Neta?® have confirmed that
electrons are remarkably stable under a high ion concentration
atmosphere, such as in an ionic liquid, in terms of systematic
pulse radiolysis measurements for a series of ionic liquids.
It is generally speculated that electrons stabilized in an ionic liquid
assist in generating secondary electrons from ionic liquid-coated
samples, which results in high-resolution SEM images without
charging?® Kuwabata’s group has further reported an important
control experiment in which a nonvolatile silicon oil without any
conductivity exhibited a white image with much noise. By contrast, an
ionic liquid droplet produced an SEM image without any white noise.

R

Figure 1 Field-emission scanning electron microscopy images of (a) dried microgels and (b) ionic liquid-swollen microgels. In both cases, 10 pul of 0.001 wt.
% microgels were dried at 24.5°C on a Pt/Pd substrate, and the sample stage was tilted at 40°. (b) The microgels were swollen using 0.5 pl of [ImI[NTf,]

(imidazole 1,1,1-trifluoro-N-[(trifluoromethyl) sulfonyl] methanesulfonamide).
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Figure 2 Schematic of the sample preparation for scanning electron microscopy or field emission SEM measurements of the ionic liquid (IL)-swollen
microgels. A full color version of this figure is available at Polymer Journal online.

Figure 3 (a) A photograph of the poly(2-vinylpyridine) (p2VP) bulk gel. [ImIINTf,] (imidazole 1,1,1-trifluoro-N-[(trifluoromethyl) sulfonyl]l methanesulfonamide)
was dropped onto the p2VP bulk gel, and the bulk gel was observed at (b) 3 h, (c) 5 days and (d) 8 days. A full color version of this figure is available at

Polymer Journal online.

This result implies that the high ion concentration atmosphere of an
ionic liquid is not charged and has a crucial role in SEM
visualization.”> In addition, metal nanoparticles containing an ionic
liquid are easily observable by TEM. This also suggests that the
electron beam can easily penetrate the ionic liquid.>® Therefore, in our
system, the electrons that are irradiated by the electron gun may
penetrate [Im][NTf2] and [dema][TfO], as described above. Note that
only a small quantity of [Im][NTf,] (~0.5 pl) was required to achieve
the FE-SEM observation of the nonelectrically conducting microgels.

To determine the swelling ratio of the IL-swollen p2VP microgels,
the size of the particles was estimated from the FE-SEM image
(Figure 1b). The average diameter of the IL-swollen p2VP microgels
(Dy) was 523+39nm (N=30), and the CV was 7.4%. Thus, the
Dy was ~2.0 times as large as that of the dried p2VP microgels
(Dgry: 245nm), but it was only ~0.4 times the size of the highly
swollen p2VP microgels in an acidic solution (Dypy3: 1347 nm).
Therefore, the p2VP microgels were swollen with [Im][NTf,] but not
to the fully swollen state (Dy_pp3). This insufficient swelling of the
p2VP microgels by [Im][NTf,] may be due to the high ionic strength
of the IL. Thus, to evaluate the effect of the IL ionic strength on the
Dy, DLS analysis was performed for the p2VP microgels at a high salt
concentration (that is, 1m NaCl) at pH 3.1 (Dy_pH3-1 wnacl)- Under
these conditions, the Dy, was 677 nm, which is close to the Dy;. The
size data for the evaluated p2VP microgels are summarized in
Supplementary Table 1. On the basis of these results, the insufficient
swelling can be explained by the charge screening effect of [Im][NTf,],
which is similar to the effect of NaClL

In addition, to characterize the swelling of the p2VP networks, [Im]
[NTf,] was deposited onto a dried p2VP bulk gel, and the swelling
behavior of the p2VP bulk gel was observed with the naked eye
(Figure 3). The preparation of the p2VP bulk gels is described in the
Experimental Procedure section. When the p2VP bulk gel was
observed after 8 days, the size of the bulk gel was bigger than that
of the dried bulk gel (Figure 3a vs d, respectively). The p2VP bulk gel
was clearly swollen with [Im][NTf,]. Then, to determine the water
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content inside the microgels, it was calculated by measuring the weight
before and after drying the mixture of the microgel dispersion with
[Im][NTHf,]. The result is summarized in Supplementary Table 2. The
water content of the p2VP microgel after drying was calculated to be
0.1%, indicating that the microgel was filled with the IL. Thus, it is
clear that the p2VP microgels were indeed swollen by the IL during
SEM observation.

Next, to confirm the versatility of the method, microgels that were
mainly composed of pNIPAm were observed using diethylmethyla-
mine trifluorosulfonate ([dema][TfO]), which is another common,
protic and water-soluble ionic liquid.?! Notably, when [Im][NTf,] was
used for the observation, the pNIPAm microgels were not swollen
(Supplementary Figure 4; this may be due to the solubility related to
the anion of the ILs).>? Thus, to obtain good affinity between the
microgels and the IL, the chemical composition of both systems must
be carefully considered. In this case, to characterize the swelling of the
pNIPAm microgels in more detail, Au nanoparticles were synthesized
within the pNIPAm microgels as indicators of the expansion of the
microgels. Thus, if the pNIPAm microgels containing the Au
nanoparticles (hybrid microgel) were swollen by [dema][TfO], the
Au nanoparticles that were embedded within the microgels would be
individually dispersed throughout the microgels. The hybrid microgels
were prepared according to the procedure reported by Suzuki and
Kawaguchi.'#!> To determine the size and monodispersity of the
hybrid microgels, a microgel dispersion was dried at room tempera-
ture, and then the sample was sputtered with Pt/Pd and observed via
FE-SEM (Figure 4a). In this case, FE-SEM was necessary for clear
observation of the Au nanoparticles. As shown in Figure 4a, the Au
nanoparticles (bright dots) were localized at the center of the
microgels. Notably, the size of the dried hybrid microgels was
372+25nm (N=30), and the CV was 6.7%. By contrast, when a
mixture of the hybrid microgel dispersion (9pl) and [dema][TfO]
(1 pl) was dried on a conductive substrate and observed via FE-SEM
without Pt/Pd sputtering (Figure 4b), the size of the hybrid microgels
increased to 555+43 nm (N=30), and the CV was 7.7%. Then, Au
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Figure 4 Field-emission scanning electron microscopy images of the hybrid microgels containing the Au nanoparticles. (a) P¥/Pd sputtering was performed
before the observation. (b) The microgels were swollen using 0.5 pl of [demal[T;0] (diethylmethylamine trifluorosulfonate). In both cases, 10 ul of a 0.001 wt.
% microgel dispersion was dried at 24 °C on a Pt/Pd substrate, and the sample stage was tilted at 40°.
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Figure 5 Field-emission scanning electron microscopy (FE-SEM) image and averaged greyscale value data for three dried hybrid pNIPAmM microgels. The
greyscale values were fixed between O and 255 using ImageJ software. (a), (b) and (c) show the greyscale values along the white solid lines (a), (b) and (c),
respectively, as indicated in the FE-SEM image. The widths of the located Au nanoparticles (between a and f5) were estimated to be (a) 192, (b) 151 and (c)

165 nm. The average width was 169 nm.

nanoparticles were observed within the microgels, and the size was
calculated to be 29 nm (N=30), which is similar to that calculated
from a TEM image (26 nm, N=30; Supplementary Figure 5).
Although SEM is generally used for characterization of surface
morphology, Au nanoparticles located within the microgels could be
observed. The water content of the pNIPAm microgels after drying
was calculated to be 0.27% (Supplementary Table 3). Then, the
pNIPAm microgels were swollen with [dema][TfO]. To characterize
the swollen state of the microgels in more detail, the topography of
dried and IL-swollen microgels was obtained using atomic force
microscopy (Supplementary Figures 6 and 7). The experimental details
are described in the supporting information. The measurements were
in good agreement with the FE-SEM data. The cross-sections showed
hemispherical images. The size of the IL-swollen microgels was larger

than that of the dried microgels, and the diameter of the IL-swollen
microgels was larger than the height of the IL-swollen microgels.
This indicates that the microgels were swollen with the IL, and the
IL-swollen microgels deformed on the substrate. The atomic force
microscopy measurements supported the swelling of the microgels.
The swelling ratio (¢) of the pNIPAm microgels was then roughly
estimated using the following equation:

(1)

where Vi1 _swollen 1S the volume of the IL-swollen hybrid microgels that
are shown in Figure 4b. V) is the volume of the dried hybrid microgels
that are shown in Figure 4a. Vi gyollen @and Vj were estimated using
atomic force microscopy (Supplementary Figure 6). Using the
equation, the ¢ of the hybrid microgels swollen by [dema][TfO]

» = VIL—swollen/Vdrya
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Figure 6 Field-emission scanning electron microscopy (FE-SEM) image and averaged greyscale value data for three ionic liquid (IL)-swollen hybrid pNIPAm
microgels. The greyscale values were fixed between O and 255 using ImageJ software. The black solid lines, as shown in each greyscale value graph ((a),
(b) and (c)), indicate the average brightness, which was estimated along the substrate using ImageJ software. Graphs (a), (b) and (c) show the greyscale
values along the white solid lines (a), (b) and (c), respectively, as indicated in the FE-SEM image. The distances at which the Au nanoparticles were located
(between « and p) were estimated to be (a) 265, (b) 267 and (c) 232 nm by calculating the lateral axis. The average distance was 254 nm.

was determined to be 3.82. This indicates the swelling of the
microgels, and the method shown in Figure 2 can also be applied to
hybrid materials that are composed of pNIPAm microgels and Au
nanoparticles.

Note that the bright dots were observed at the center of the
microgels in Figure 4, indicating the presence of Au nanoparticles
because Au nanoparticles have a much higher atomic weight
compared with those of carbon, nitrogen and oxygen, which are the
constituent elements of the pNIPAm microgel and [dema][TfO].
To characterize the dispersion of these Au nanoparticles within the
microgels, the FE-SEM images shown in Figure 4 were converted to
greyscale values (Figures 5 and 6). Details of the characterization
method are described in the Experimental Procedure section. The
bright region between a and f, as shown in Figures 5 and 6, indicates
the presence of Au nanoparticles. Compared with the dried hybrid
microgel (Figure 4a), the IL-swollen hybrid microgel (Figure 4b) was
larger and the region in which the Au nanoparticles were present was
wider (Figures 5 vs 6, respectively). The average widths of the bright
region for three measurements were 169 and 254 nm (Figures 5 and 6,
respectively). Therefore, the area containing the Au nanoparticles in
the IL-swollen hybrid microgel was ~ 85 nm broader than that of the
dried hybrid microgel. Thus, we conclude that the hybrid microgel
was swollen by the [dema][TfO], causing the embedded Au nano-
particles to be dispersed within the microgel.

CONCLUSION
In conclusion, for the first time, we performed SEM and FE-SEM
observation of the widely studied, stimuli-responsive, submicron-sized

Polymer Journal

p2VP and hybrid pNIPAm microgels using water-soluble ILs. Using
this method, the sputtering of the samples and the associated special
instrumentation such as cryogenic-SEM,** cryogenic-TEM** and
scanning transmission X-ray microscopy>>3¢ are not required. In
addition, only a small amount of the IL (ca. 0.5 pl) is needed during
sample preparation to swell the microgels. Au nanoparticles, which are
located within the microgels, were observed via FE-SEM using [dema]
[TfO], and the area containing the Au nanoparticles in the IL-swollen
hybrid microgel was ~85nm broader than that of the dried hybrid
microgel. Therefore, the microgels are indeed swollen by containing a
good solvent, and this visualization method is useful to evaluate the
internal structure of metal composite gel materials. In addition,
chemical reactions can be applied within IL-swollen microgels.>
Therefore, the method is useful for in situ synthesis of hybrid gel
materials. We believe that this simple method will become a standard
technique for SEM observation of submicron-sized gel particles and
will lead to new findings and a greater understanding of the structures
of nanocomposites, such as hybrid microgels.
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