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ABSTRACT: 2D colloidal crystals (CCs) have important applications; however, the fabrication of large-area, high-quality 2D
CCs is still far from being trivial, and the fabrication of 2D microgel CCs is even harder. Here, we have demonstrated that they
can be facilely fabricated using charge-reversible substrates. The charge-reversible substrates were prepared by modification with
amino groups. The amino groups were then protected by amidation with 2,2-dimethylsuccinic anhydride. At acidic pH, the
surface charge of the modified substrate will change from negative to positive as a result of the hydrolysis of the amide bonds and
the regeneration of the amino groups. 2D microgel CCs can be simply fabricated by applying a concentrated microgel dispersion
on the modified substrate. The negatively charged surface of the substrate allows the negatively charged microgel spheres,
especially those close to the substrate, to self-assemble into 3D CCs. With the gradual hydrolysis of the amide bonds and the
charge reversal of the substrate, the first 111 plane of the 3D assembly is fixed in situ on the substrate. The resulting 2D CC has a
high degree of ordering because of the high quality of the parent 3D microgel CC. Because large-area 3D microgel CCs can be
facilely fabricated, this method allows for the fabrication of 2D CCs of any size. Nonplanar substrates can also be used. In
addition, the interparticle distance of the 2D array can be tuned by the concentration of the microgel dispersion. Besides rigid
substrates (such as glass slides, quartz slides, and silicon wafers), flexible polymer films, including polyethylene terephthalate and
poly(vinyl chloride) films, were also successfully used as substrates for the fabrication of 2D microgel CCs.

■ INTRODUCTION

2D colloidal crystals (CCs) are ordered monolayer arrays of
colloidal microspheres.1−4 Like their 3D analogues, they have
found important applications in 2D photonic crystals5 and
sensors.6−9 Particularly, the fabrication of 2D CCs provides a
simple, fast, and inexpensive method for surface patterning.1−4

More importantly, they could be further used as masks or
templates in colloidal lithography: a facile, inexpensive, and
repeatable nanofabrication technique for 2D arrays of
nanostructures with novel functions.1−4 However, the reliable
assembly of large-area, high-quality 2D CCs is still far from
being trivial, even though it has been subjected to intense
research for 3 decades.4

Usually, 2D CCs are assembled from hard colloids, such as
polystyrene,6,8−14 PMMA,15,16 and SiO2.

14,17,18 Soft hydrogel

colloids, for example, poly(N-isopropylacrylamide) (PNIPAM)
microgel spheres, have also been used to assemble 2D CCs.
Like 2D CCs of hard colloids, 2D microgel CCs have also
found important application in various areas, for example, in
colloidal lithography.19−21 Recently, using the 2D microgel CC
as a lithographic mask, Isa et al.21 have synthesized large-area
arrays of vertically aligned silicon nanowires by metal-assisted
chemical etching. As a building block for the 2D CC, an
intriguing advantage of microgel spheres over hard colloids may
be that the former could respond to external stimuli and thus
change their size and properties.22,23 This makes them quite
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suitable for the creation of functional 2D CCs, a future
direction for the study of 2D CCs, as suggested by Vogel et al.4

As an example, Xu et al.24 demonstrated that a 2D microgel CC
could be used to control the attachment and growth of cells
seeded on the monolayer because they are thermosensitive.
Like 2D CCs of hard colloids, the assembly of high-quality

2D microgel CCs is not easy. Presently, 2D microgel CCs are
fabricated via dip-coating,19,25 solvent evaporation,20,23,26−28

and interfacial assembly.21,29−31 These methods were originally
developed for the fabrication of 2D CCs from hard colloids;1−4

therefore, 2D microgel CCs usually suffer from the same
problems as 2D CCs of hard colloids. The size of the resulting
arrays is usually small.6,20,26 Many of the methods, for example,
the spin-coating method,29 allow for only the use of planar
substrates. Some methods, for example, the one developed by
Isa et al.,30 require certain specific equipment (Langmuir
trough). In addition, the 2D ordering can easily be lost upon
drying or transferring because of their soft nature. Therefore, it
is more difficult to assemble microgel spheres than hard
colloids.24

We recently proposed a new strategy for the fabrication of
high-quality, large-area 2D CCs of microgel spheres, in which
the microgel spheres were first assembled into 3D CCs,
followed by in situ fixing of the first 111 plane of the 3D
assembly.32,33 Taking advantage of the easy assembly of large-
area, high-quality 3D microgel CCs,34−42 large-area, high-
quality 2D microgel CCs can be facilely fabricated. Besides
planar substrates, 2D microgel CCs can also be fabricated on
nonplanar substrates. In addition, the interparticle distance can
be facilely tuned.32,33 In this strategy, the key is the in situ fixing
of the microgel spheres onto the substrate. Previously, we used
a photochemical reaction between the substrate and the
microgel spheres to fix the microgel spheres,32,33 which
requires UV irradiation to initiate the reaction. Here, we
demonstrated that by using a charge-reversible substrate, the
microgel spheres could also be fixed in situ as a result of the

charge reversal of the substrate surface (Scheme 1). The
reaction occurs spontaneously and the UV-irradiation step is no
longer required, making the method extremely simple.
However, large-area, high-quality 2D microgel CCs can still
be fabricated on both planar and nonplanar substrates.

■ EXPERIMENTAL SECTION
Materials. N-Isopropylacrylamide (NIPAM) and N,N′-

methylenebis(acrylamide) (BIS) were purchased from Alfa Aesar.
Acrylic acid (AA) and 3-aminopropyltriethoxysilane (APTES) were
purchased from Acros. Sodium dodecyl sulfate (SDS) was purchased
from Sigma-Aldrich. Potassium persulfate (KPS), 1,6-diaminohexane,
2,2-dimethylsuccinic anhydride, tetraethyl orthosilicate (TEOS), and
ethylenediamine were purchased from local providers. NIPAM was
purified by recrystallization from hexane/acetone mixture and dried in
a vacuum. AA was distilled under reduced pressure. Toluene was dried
over dehydrated CaCl2 and distilled with sodium/benzophenone
before use.

Microgel Synthesis. Poly(N-isopropylacrylamide-co-acrylic acid)
(P(NIPAM-AA)) copolymer microgels with different sizes were
synthesized via free-radical precipitation polymerization. For the 700
and 880 nm microgels, NIPAM, AA, and BIS were dissolved in 95 mL
of water. The total amount of the monomers in feed was 0.015 mol,
and their molar ratio, NIPAM/AA/BIS, was 88.45:10:1.55. For 700
nm microgel, 0.01 g of SDS was also added. The solution was purged
with nitrogen and heated to 70 °C. After 1 h, 5 mL of 0.06 M KPS
solution was added to initiate the polymerization. The reaction was
allowed to process for 4 h. The resulting microgels were purified by
three successive centrifugation (12 000g for 1 h)−decantation−
redispersion cycles.

The 1030 and 1430 nm microgels were synthesized by adding a
shell to a core microgel as described by Jones and Lyon.43 Similarly,
NIPAM, AA, and BIS were dissolved in 95 mL of water. The total
amount of the monomers was again 0.015 mol, and their molar ratio,
NIPAM/AA/BIS, was 88.9:10:1.1 for 1030 nm microgel, and
88.6:10:1.4 for the 1430 nm microgel. The solution was purged with
nitrogen and heated to 70 °C. After 1 h, 5 mL of 0.06 M KPS solution
was added to initiate the polymerization. The reaction was allowed to
process for 4 h. Then, a preheated shell solution with the same

Scheme 1. (A) Preparation of Charge-Reversible Substrates (Glass Slide as an Example) and (B) Fabrication of a 2D Microgel
CCs on a Charge-Reversible Substratea

a(A) The substrate was first treated with APTES to introduce amino groups. The amino groups were then protected by reaction with 2,2-
dimethylsuccinic anhydride. The resulting amides are hydrolyzable. Their hydrolysis in acidic solutions results in the regeneration of amino groups
and surface charge reversal of the substrate. (B) A 3D microgel CC was first assembled on the substrate. With the spontaneous charge reversal of the
substrate during aging, the first 111 plane was fixed in situ onto the substrate via electrostatic interaction. The removal of the unbound spheres gives
a 2D microgel CC.
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composition was added. After purging with N2 for another 30 min, 5
mL of 0.06 M APS solution was added. The reaction was allowed to
process for additional 4 h. The resulting microgels were again purified
by three successive centrifugation, decantation, and redispersion
cycles. The microgels were named according to their hydrodynamic
diameter (Dh) at 20 °C.
Synthesis and Surface Modification of Silica Nanoparticles.

To synthesize silica nanoparticles, 10 mL of TEOS, 160 mL of ethanol,
and 40 mL of deionized (DI) water were mixed. After stirring for half
an hour, 2.4 mL of concentrated ammonium hydroxide was added.
The sol−gel reaction was allowed to process for 4 h. The resulting
particles were separated by centrifugation and purified by washing with
DI water and ethanol, each for three times. Finally, the particles were
dried at 60 °C overnight. The hydrodynamic diameter (Dh) of the
particles was measured to be ∼220 nm.
To functionalize with amino groups, 1 g of the silica particles was

dispersed in 80 mL of anhydrous toluene while purging with N2. After
heated to 70 °C, 1 mL of APTES was added. The reaction was allowed
to process for 4 h. The resultant amino-functionalized particles were
separated by centrifugation, followed by washing with acetone and
tetrahydrofuran (THF), each for three times, and overnight drying in
vacuum at 30 °C. The particles were then amidated as follows.44 First,
0.5 g of amino-functionalized particles was dispersed into a mixture of
50 mL of THF, 5 mL of pyridine, and 2 g of 2,2-dimethylsuccinic
anhydride. The solution was then heated to 50 °C while purging with
N2. The reaction was allowed to process for 8 h. Similarly, the resultant
carboxylic acid-functionalized particles were separated by centrifuga-
tion, followed by washing with acetone, THF, water, and overnight
drying in vacuum at 30 °C.
Surface Modification of Glass Slides. Glass slides were cut into

1.5 × 2.5 cm2 pieces and cleaned in a freshly prepared piranha solution
(1:3 v/v H2O2−H2SO4 mixture) (caution: this solution is extremely
corrosive) for 6 h, rinsed thoroughly with DI water, and dried in a
stream of nitrogen. They were then immersed in 1 wt % anhydrous
toluene solution of APTES for 4 h at room temperature, sonicated
twice in toluene, each for 10 min, and dried in a stream of nitrogen.45

The amino-functionalized substrates were then incubated in anhydrous
THF containing 10 mg/mL 2,2-dimethylsuccinic anhydride and 5%
triethylamine (TEA) for 10 h.46 After rinsing with methanol and DI
water, the substrates were dried in a stream of nitrogen. Silicon wafers
and quartz slides were modified in the same way.
Surface Modification of Polyethylene Terephthalate Films.

Polyethylene terephthalate (PET) films were first aminolyzed
according to refs 47 and 48. The films were first immersed in an
alcohol/water (1:1, v/v) solution for 4 h to remove any oily dirt on the
surface. They were then incubated in propyl alcohol containing 0.06 g/
mL of 1,6-diaminohexane at 30 °C for 4 h. After washing with water,
the films were dried at 37 °C for 24 h. Subsequently, the amino-
functionalized films were immersed in propyl alcohol containing 10
mg/mL of 2,2-dimethylsuccinic anhydride and 5% TEA at 30 °C for
12 h. After washing with propyl alcohol, they were dried at 37 °C for
24 h.
Surface Modification of Poly(vinyl chloride) Films. According

to ref 49, amination of poly(vinyl chloride) (PVC) films was
performed by immersing the films in 80% aqueous solution of
ethylenediamine at 80 °C for 2 h. They were then washed with
copious amounts of DI water and dried in a stream of nitrogen.
Similarly, the amino-functionalized PVC films were immersed in
propyl alcohol containing 10 mg/mL of 2,2-dimethylsuccinic
anhydride and 5% TEA at 30 °C for 12 h. After washing with propyl
alcohol, they were dried at 37 °C for 24 h.
Fabrication of 2D Microgel Arrays. The microgel dispersions

were first concentrated by centrifugation. They were then loaded into
cells composed of a glass slide and a surface-modified substrate (glass
slide, silicon wafer, quartz slide, or PET or PVC film) separated by two
layers of Parafilm. The dispersions were allowed to age at ∼22 °C for 5
days. The cells were then opened, and the substrates were rinsed
thoroughly in flowing DI water. They were then dried in a stream of
nitrogen.

Characterization. The zeta potential of the silica nanoparticles
was determined on a Zetasizer Nano ZS90. The size and size
distribution of microgel particles were determined using dynamic light
scattering with a Brookhaven 90Plus laser particle size analyzer. All
measurements were carried out at a scattering angle of 90°. The
sample temperature was controlled with a built-in Peltier temperature
controller. Atomic force microscopy (AFM) of the 2D arrays was
performed on a CSPM5500 scanning probe microscope in a tapping
mode (Benyuan, China). The optical images were acquired on a Leica
TCS SP8 confocal microscope in a bright-field mode.

■ RESULTS AND DISCUSSION
Microgel Synthesis and Substrate Modification. As

schematically shown in Scheme 1, the strategy used here
exploits the ability of the microgel spheres to self-assemble into
a highly ordered 3D CC36,41,42 and the ability of the substrate
to change its surface charge from negative to positive. In this
way, the negatively charged microgel spheres close to the
substrate, which form the 111 plane of the 3D CC, will be fixed
in situ on the substrate.
The PNIPAM microgel spheres used for the assembly were

synthesized by free-radical precipitation polymerization. All of
the microgels exhibit a narrow size distribution. Their
thermosensitive behaviors are shown in Figure S1. They all
bear negative charges, as indicated by their negative zeta
potentials (Table S1).
We first used glass slides as a substrate to fabricate the 2D

CCs. To make them charge-reversible, the slides were first
modified with amino groups to create a positively charged
surface. The surface-bound amino groups then reacted with 2,2-
dimethylsuccinic anhydride. The resulting surface would be
covered with carboxylic acid groups and hence negatively
charged (Scheme 1A). When immersed in an acidic solution,
with the hydrolysis of the amides, the amino groups will be
regenerated, and therefore, the surface charge will be reversed
to be positive (Scheme 1A).
It was previously reported that amides with neighboring

carboxylic acid groups, as the one used here, exhibit pH-
dependent hydrolysis.50 They are stable at neutral pH but
hydrolyze and regenerate the amino groups at a low pH.
Therefore, they were widely used to design charge-reversible
polymers.50−54 To confirm that the surface charge of the glass
slide could be reversed, silica nanoparticles, with a surface
chemistry similar to glass slides, were used as a model system.
Similar to glass slides, the silica nanoparticles were surface-
modified by first reacting with APTES to introduce surface
amino groups and then reacting with 2,2-dimethylsuccinic
anhydride to convert amino groups to carboxylic acid groups
(Scheme S1). They were then dispersed in an acidic aqueous
solution. The pH and temperature of the solution were
adjusted to be the same with the microgel dispersions used
below (pH = 3.5, T = 22 °C). At the beginning, the particles
exhibit a negative zeta potential (−6.5 mV), suggesting that
they bear negative charges (mainly because of the surface
carboxylate groups). As shown in Figure 1, the value of zeta
potential of the particles decreases with time and becomes zero
after about 24 h incubation. Thereafter, the zeta potential turns
to be positive and continues increasing with time. A maximum
value of +25 mV was finally reached after 5 day incubation. The
result clearly suggests that the surface amide bonds hydrolyze in
acidic solutions, resulting in charge reversal of the nano-
particles. It is believed that when immersing the surface-
modified glass slides in an acid solution, the same hydrolysis-
induced charge reversal will take place too.
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Fabrication of 2D Microgel CCs. As shown in Scheme 1,
2D microgel CCs were simply fabricated by loading
concentrated microgel dispersion in a cell composed of two
glass slides, one of which was surface-modified. After aging for a
short time, the samples become iridescently colored, indicating
the successful assembly of a 3D microgel CC (see the typical
image shown in Figure S2).35,36,38,39 Examination with an
optical microscope reveals that the microgel spheres are
arranged into a hexagonally close-packed crystalline array.
Figure 2A shows a typical image, which was taken from the

interior part of the crystal. The fast Fourier transformation
(FFT) of the image confirms again a structure with long-range
order and hexagonal symmetry.55 More importantly, as shown
in Figure 2B, the microgel spheres close to the substrate are
also arranged into a hexagonally close-packed crystalline array,
just like the particles in the interior region. As Debord and
Lyon56 had pointed out, these spheres actually form the first
111 plane of the face-centered cubic (fcc) lattice of the 3D CC.
In addition, compared with the 111 planes in the interior
region, the degree of order of the first 111 plane is not reduced,
which is in agreement with the previous observation by Alsayed
et al.57

The dispersion was allowed to age for a period of 5 days.
During this period, with the hydrolysis of the amide bonds as
shown in Scheme 1, which is triggered by the acidic
environment provided by the microgel dispersion (the pH of
the microgel dispersions was measured to be ∼3.5), the surface
charge of the substrate will gradually change from negative to

positive. Consequently, the microgel spheres close to the
substrate will be fixed onto the substrate because of the
electrostatic interaction between the negative charges on the
microgel spheres and the positive charges on the substrate. A 5
day aging period was chosen because the hydrolysis of the
amide bonds completes in about 5 days, as shown in Figure 1.
The unbound microgel spheres were then washed away, leaving
a 2D microgel array on the substrate.
Figure 3 shows the AFM and optical microscopy images of

the 2D arrays assembled from four microgels. One can observe
that all arrays exhibit a highly ordered structure, suggesting that
the ordered structure of the microgel array close to the
substrate was maintained because the microgel spheres were
fixed onto the substrate in situ. The result also suggests that
washing in water and drying in the air do not disturb the
preformed-ordered structure. In other words, the electrostatic
interaction between the microgel spheres and the substrate is
high enough for the microgel spheres to resist the disturbance.
As controls, 2D microgel arrays were also fabricated using

substrates with a different surface chemistry. In the first control,
bare (unmodified) glass slides were used. Similarly, 3D
microgel CCs were first assembled on the substrate, and 5
days later, the unbound spheres were removed by washing with
water. The AFM image of the resulting 2D array is shown in
Figure 4A. One can observe that many microgel spheres were
missing, suggesting that they were washed away because of the
relatively weak interaction between the particles and the
substrate.33 To fabricate the highly ordered array as shown in
Figure 3, the interaction between the particles and the substrate
must be strengthened.
In the second control, the substrate was only modified with

APTES, but not further with 2,2-dimethylsuccinic anhydride,
that is, the surface amino groups were not converted to
carboxylic acid groups. When the substrate was used, it could
be fully covered by microgel spheres, as shown in Figure 4B,
which can be attributed to an enhanced interaction between the
particles and the substrate because of the introduction of amino
groups. However, the spheres were not arranged in an ordered
structure. The reason should be that when the microgel
dispersion was added, the negatively charged spheres were
immediately stuck onto the positively charged substrate. In
addition, the strong attractive interaction between the spheres
and the substrate prevents the spheres from self-assembling
into an ordered structure. As a result, a disordered array, instead
of an ordered one, was obtained. The results highlight the
importance of the protection of the amino groups with
hydrolyzable amides. At the initial stage of the aging, it allows
the microgel spheres close to the substrate to self-assemble into
a highly ordered structure. Meanwhile, it allows the
regeneration of the amino groups at the later stage and thus
strengthening the interaction between the microgel spheres and
the substrate.
The microscopy images shown in Figure 3 indicate that the

resulting 2D arrays are highly ordered. The ordering of the
arrays was also checked using other methods. Laser diffraction
is a convenient method for this purpose.58,59 When illuminated
with a monochromatic laser light, a perfect hexagonal array will
give a diffraction pattern composed of a set of distinct spots
with six-fold symmetry.59 Different places of the same sample
were checked, and the same diffraction pattern was obtained.
Many previously reported 2D CCs display a diffraction pattern
of a sharp circle (Debye ring), instead of distinct spots, because
they are composed of crystallites with a size significantly smaller

Figure 1. Zeta potential of surface-modified silica particles as a
function of time at pH 3.5 and 22 °C. The particles were modified
sequentially with APTES and 2,2-dimethylsuccinic anhydride.

Figure 2. Optical micrograph of the interior region (A) and the layer
close to the substrate (B) of a 3D CC assembled from the 1030 nm
microgel (the concentration was 3.32 wt %). The insets show the FFT
of the images. Scale bars: 5 μm.
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than the beam diameter, and the crystallites are randomly
oriented.58,59 By contrast, the 2D microgel CCs fabricated here
display a diffraction pattern with six symmetrical spots (Figure
5), suggesting that the microgel particles in the illuminated area
(∼2 mm in diameter) are arranged perfectly into a hexagonal
crystalline array.
To quantitatively characterize their ordering, the dimension-

less pair correlation function, g(r), was calculated. g(r) is
defined by the following equation

ρ
=

⟨ ⟩
+
+

g r
n r r r
a r r r

( )
1 d ( , d )

d ( , d ) (1)

where ⟨ρ⟩ is the average particle number density, a is the shell
area, and n(r,r + dr) is the number of particles that lie within
the shell considered.6,60 The function describes the probability
to find a particle at a distance r from a given particle in the 2D
space. The peaks in the distribution indicate the preferred
distances and are considered as a signature of order of the 2D
array. As an example, Figure 6A compares g(r) of a 2D CC with
700 nm microgel and the one calculated for a perfectly packed
hexagonal array. g(r) of the 2D microgel CC displays a series of
peaks, suggesting the extension of structural order over a long

distance. In addition, the positions of the peaks are coincident
with those of the perfectly packed hexagonal array, confirming
hexagonal packing of the particles.
The ratio of the full width at half maximum of the first peak

in the Fourier transform (FT) of the function g(r) − 1, k, to
that of a perfectly packed array, k0, is another quantitative
measure of ordering.6,60 If the particles are perfectly packed, the
ratio will be 1. It becomes larger with increasing disorder in the
structure. Generally, a k/k0 value less than 1.5 indicates a highly
ordered structure, whereas a k/k0 value larger than 1.5 indicates
significant disordering.6,60 For the same 2D microgel CC, the
k/k0 value was determined to be 1.16 (Figure 6B), suggesting a
highly ordered structure. The k/k0 value for 2D CCs from other
microgels is also close to 1 (1.08, 1.21, and 1.34 for 2D CCs
from 850, 1030, and 1430 nm microgels, respectively).
One advantage of the method is that the interparticle

distance of the 2D microgel CCs can be tuned by the
concentration of the microgel dispersion. As an example, Figure
7 shows the 2D arrays fabricated using different concentrations

Figure 3. AFM (A−D) and optical microscopy images (E−H) of 2D CCs from 700 nm (A,E), 850 nm (B,F), 1030 nm (C,G), and 1430 nm
microgels (D,H). The concentration of the microgel dispersions is 2.86, 3.20, 3.32, and 3.10 wt %, respectively. Scale bar: 2 μm.

Figure 4. AFM images of 2D microgel arrays fabricated using a bare
glass slide (without surface modification) (A) and amino-modified
glass slide (B) as a substrate. Scale bar: 2 μm.

Figure 5. Diffraction pattern of normally incident laser beam
transmitted through a 2D microgel CC. The size of the sample is 2
× 2 cm.
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of 1430 nm microgel. One can observe that the interparticle
distance of the 2D arrays decreases with increasing dispersion
concentration. By decreasing the dispersion concentration from
3.75 to 2.85 wt %, the interparticle distance increases from
∼1000 to ∼1200 nm. Previous studies have revealed that the
crystallization of higher concentration dispersion will result in a
3D CC with a reduced interparticle distance.35,39 When the first
111 plane of the 3D CC is fixed in situ on the substrate, a 2D
array with a shorter interparticle distance will be obtained
(Scheme 1).
Most of the existing methods can only produce 2D CCs with

a relatively small size.6,20 For example, Tsuji and Kawaguchi26

fabricated 2D microgel CCs by air-drying a diluted microgel
dispersion. The resulting colored array has a small size of only
0.36 cm2. By contrast, the method developed here allows for
the fabrication of large-area 2D CCs. As an example, Figure 8A
shows the image of a 2D microgel CC fabricated on a glass slide

Figure 6. (A) Pair correlation function, g(r), of the 2D CC from 700 nm microgel. Dashed vertical lines indicate the peaks of g(r) of an ideal
hexagonally packed monolayer generated numerically. (B) Single-sided power spectral FT of g(r) compared with the FT of the corresponding
perfectly ordered arrays. The power spectra were scaled to have identical maxima at f/f 0 = 1.0.6

Figure 7. AFM (A−C) and optical microscopy images (D−F) of 2D CCs from 1430 nm microgel. Concentration of the microgel dispersion is 3.75
wt % (A,D), 3.10 wt % (B,E), and 2.85 wt % (C,F). The interparticle distance is ∼1000 nm (A,D), ∼1100 nm (B,E), and ∼1200 nm (C,F). Scale
bar: 2 μm.

Figure 8. (A) Photograph of a 10 × 10 cm2 glass slide on which a 2D
microgel CC was fabricated. The area of the 2D array is ∼64 cm2. (B)
Photograph of a U tube with 2D microgel CC fabricated on its inner
wall.
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with a size of 10 × 10 cm2. The area of the resulting CC is ∼64
cm2. When illuminated with white light obliquely from behind,
the 2D CC displays vivid diffraction colors, suggesting that the
microgel particles were arranged into a highly ordered
structure. As many previously reported 2D CCs, different
parts of the array display different colors. This phenomenon
can be explained by the different angles at which the individual
part is illuminated.6,58 A second reason for the different colors
observed may be the polycrystalline nature of the array.35

Fabrication of 2D microgel CCs with even larger size is possible
because 3D microgel CCs of any size can be facilely
assembled.42

Another limitation for most of the existing methods is that
they can only use planar substrates. By contrast, the method
developed here can use not only planar substrates but also
nonplanar ones. To demonstrate this, the inner wall of a U-tube
was first modified with APTES and then with 2,2-
dimethylsuccinic anhydride. Concentrated microgel dispersion
was then added and aged for 5 days. After removing the
unbound microgel spheres and drying, the tube displays vivid
diffraction colors when illuminated with white light obliquely
from behind, suggesting that a crystalline array of microgel
particles was successfully fabricated on the inner surface of the
tube (Figure 8B).
Assembly of 2D CC on Other Substrates. Besides glass

slides, quartz slides and silicon wafers, PET and PVC films were
also used as a substrate for the fabrication of 2D microgel CCs.
Like glass slides, quartz slides and silicon wafers were first
treated with APTES and then with 2,2-dimethylsuccinic
anhydride to make them charge-reversible. As an example,
Figure S3 shows a photograph of a 2D CC fabricated on the
silicon wafer. The size of the array is ∼45 cm2.
Unlike the rigid inorganic substrates, polymer films are

flexible. To prepare charge-reversible polymer films, amino
groups were first introduced. For this purpose, PET films were
aminolyzed with 1,6-diaminohexane using a reported proce-
dure,47,48 whereas PVC films were aminated with ethylenedi-
amine at 80 °C, according to Jayakrishnan et al.49 Similarly, the
surface amino groups were then protected by reaction with 2,2-
dimethylsuccinic anhydride (Scheme S2). The surface-modified
films were then used to fabricate a 2D microgel CC by
assembling a 3D microgel CC on their surface. With the
hydrolysis of the amide bonds and surface charge reversal, the
first 111 plane of the 3D CC will be fixed in situ.
Figure 9A,B shows the photographs of 2D microgel CCs

fabricated using PET and PVC films as a substrate. Like the 2D
CCs fabricated on the glass slides (Figure 8A), these 2D CCs
also display vivid diffraction colors, suggesting that the microgel
particles formed a highly ordered structure. Figure 9C,D shows
the AFM images of the 2D CCs, which clearly show that the
microgel spheres were arranged into a hexagonal crystalline
array. The size of the 2D CC is ∼46 and ∼42 cm2, confirming
again the ability of the method to fabricate large-area 2D CCs.

■ CONCLUSIONS
In conclusion, we demonstrated that 2D microgel CCs could be
simply fabricated by applying concentrated microgel dispersion
on the charge-reversible substrate. The microgel spheres first
self-assemble into a 3D CC. With the charge reversal of the
substrate, the first 111 plane of the 3D assembly is fixed in situ
on the substrate, leaving a high-quality 2D CC.
The charge-reversible substrates were prepared by first

modifying with amino groups, followed by amidation with

2,2-dimethylsuccinic anhydride. As the amino groups were
protected, they will not disturb the self-assembly of the
microgel spheres. Meanwhile, as the resulting amide is
hydrolyzable at low pH, the surface amino group will be
regenerated. The surface charge of the substrate will change
from negative to positive. As a result, the negatively charged
microgel spheres will be fixed onto the substrate via
electrostatic interaction.
Taking advantage of the high quality of 3D microgel CCs,

the resulting 2D CCs also have a high degree of ordering. In
addition, the method allows the fabrication of large-area 2D
microgel CCs and the use of nonplanar substrates. Interparticle
distance of the 2D array can be tuned by the concentration of
the microgel dispersion. Various charge-reversible substrates,
including both rigid and flexible ones, were successfully used for
the fabrication of 2D microgel CCs, suggesting the universality
of the method. We hope that the method will pave the way for
the application of 2D microgel CCs, especially in surface
patterning and chemical sensing.
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