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Abstract: Previous reports have shown that colloidal crystal (CC) films with visible Bragg reflection
characteristics can be fabricated by the surface modification of monodisperse silica particles (SiPs)
with poly(methyl methacrylate) (PMMA) chains, followed by hot-pressing at 150 ◦C. However, the
reflection bands of the CC films were very broad due to their relative disordering of SiPs. In this
report, we attempted to fabricate the CC films using SiPs surface-modified with poly(n-octyl acrylate)
(POA) chains by hot-pressing. When the cast films of POA-grafted SiPs were prepared by hot-pressing
at 100 ◦C, the reflection bands were narrow rather than those of CC films of PMMA-grafted SiPs.
This can be ascribed to easy disentanglement of POA chains during the hot-pressing process, thereby
enabling the formation of well-ordered CC structures. Moreover, the reflection colors of CC films
could be easily tuned by controlling the molecular weight of POA chains grafted on the SiP surface.

Keywords: colloidal crystal; surface-initiated atom transfer radical polymerization; Bragg reflection;
reflection color; silica particles

1. Introduction

Colloidal crystals (CCs) are highly ordered three-dimensional (3D) periodic archi-
tectures of monodisperse colloidal particles, which serve as one of the 3D photonic crys-
tals [1–5]. Such CC systems allow the emergence of photonic band gap(s), wherein photons
are strongly prohibited within the specific region(s) of electromagnetic waves determined
by the periodic modulation in the refractive index of materials [6–8]. Therefore, the CCs can
selectively reflect the light of a specific wavelength according to Bragg’s law. The reflection
wavelength (λ) of CCs is numerically expressed by the following equation [3,9,10].

λ = 2nd sin θ (1)

where n denotes the effective refractive index, d is the lattice space of the CC and θ is the
incident angle of light from the horizontal plane, that is, the Bragg angle. Generally, the
Bragg reflection of CCs stems from the light reflection from the (111) lattice plane of the
face-centered cubic lattice of colloidal particles. Thus, Equation (1) can be rearranged to the
following equation:

λ =
2na√

3
sin θ (2)

where a corresponds to the lattice constant of colloidal particles. This reflection coloring
phenomenon is permanently preserved if the CC structures are not destroyed. Therefore,
uniform CC structures are technologically available as durable colorful pigments.

So far, the CCs have been widely studied using monodisperse colloidal particles,
such as silica or polystyrene as their building blocks [3,11–14]. This is because they can
be obtained as the commercial products from a large number of companies. Previously,
Ohno and colleagues established an intriguing strategy to synthesize core-shell type hybrid
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colloidal particles consisting of silica particles as the core and poly(methyl methacrylate)
(PMMA) layer as the shell. Since these hybrid colloidal particles, abbreviated as SiP-PMMA
hereinafter, were synthesized by the surface-initiated atom transfer radical polymerization
(SI-ATRP), the outermost surface of silica particles could be chemically modified by densely-
grafted PMMA chains with their uniform lengths [15,16]. In other words, the PMMA shell
thickness was controllable by the reaction condition of the SI-ATRP. As a result, the CCs
were obtained by dispersing these hybrid particles of SiP-PMMA in mixed organic solvents,
such as 1,2-dichloroethane, chlorobenzene or 1,2-dichlorobenzene [17,18]. Moreover, Ohno
and his co-worker recently explored another strategy to fabricate CCs in a polymeric
matrix [19]. When the CC films were prepared by drop-casting the SiP-PMMA suspensions
on substrates, followed by hot-pressing at 150 ◦C, visible Bragg reflection emerged on the
CC films. In this way, burdensome handling of SiP-PMMA is required for the fabrication
of CC films, because the temperature of hot-pressing is relatively high. In addition, the
grafted PMMA chains on the surface of SiPs play the roles of steric barriers to prevent
the aggregation of SiPs as well as a polymeric matrix in which SiPs are arranged in the
periodical manner to form the CC structures. However, the reflection bands of CC films
comprising SiP-PMMA were very broad probably due to the disordered CC structures
of SiPs. According to their precedent, it would seem that the addition of PMMA-grafted
carbon black nanoparticles with a diameter of ~15 nm into SiP-PMMAs is indispensable
to the spectral narrowing in the reflection bands of CC films due to the reduction of light
scattering by carbon black nanoparticles.

In this study, we attempted to fabricate CC films exhibiting Bragg reflection colors with
narrow reflection bands in the absence of carbon black nanoparticles. For this purpose, the
outermost surface of SiPs was modified with poly(n-octyl acrylate) (POA) chains through
the SI-ATRP. Such POA-grafted SiPs are herein abbreviated as SiP-POAs. Subsequently,
the CC films were prepared by drop-casting the SiP-POA suspension, followed by hot-
pressing at 100 ◦C. The Bragg reflection colors could be observed for the CC films of
SiP-POA to be the same as those of SiP-PMMA. Importantly, the reflection bands of CC
films with SiP-POA were adequately narrow even though carbon black nanoparticles were
not doped in the CC films. Taking account of the empirical fact that bulk POA shows
the glass transition temperature at −62 ◦C [20], which is much lower than that of bulk
PMMA, it can be considered that the POA chains on the surface of SiPs are more likely to
be disentangled during the hot-pressing process. Therefore, well-defined CCs of SiP-POAs
could be prepared only by hot-pressing without the aid of carbon black nanoparticles,
which is evident from the narrow reflection bands. The present report indicates that SiP-
POA might be suitable for the fabrication of CC films with visible reflection features only
by the hot-pressing process.

2. Experimental Section

An aqueous suspension of monodisperse SiPs (Seahostar KE-W10) was purchased
from Nippon Shokubai Co., Ltd. (Osaka, Japan). Before experiments, microscopic observa-
tion of the SiPs using scanning electron microscopy (JSM-7800F Prime, JEOL, Tokyo, Japan)
confirmed that the average diameter and its coefficient of variation of SiPs are ~120 nm and
7.6%, respectively (Supplementary Materials, Figure S1). (2-Bromo-2-methyl)propionyloxy-
hexyltriethoxysilane (BHE), which was used as a silane coupling agent possessing the
ATRP initiating group, was synthesized according to the procedure reported by Ohno and
co-workers [15]. n-Octyl acrylate (OA) and ethyl 2-bromoisobutyrate (EBIB) were obtained
from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Ammonia solution, copper(I)
bromide, copper(II) bromide and tris[2-(dimethylamino)ethyl]amine (Me6TREN) were
obtained from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Tributyltin
hydride was obtained from Sigma-Aldrich Japan (Tokyo, Japan). OA as a monomer was
passed through a column filled with activated basic alumina to remove the polymerization
inhibitor before use. All the other reagents were used as received from commercial products.
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A series of SiP-POAs with different molecular weights of POA chains were prepared
here by the SI-ATRP using SiPs with a diameter of ~120 nm, as depicted in Figure 1.
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Figure 1. Schematic representation of synthesis of SiP-POA by the SI-ATRP.

In the first step, the outermost hydroxy groups of SiP were modified with the ATRP
initiators through the silylation with BHE according to the procedure by Ohno and col-
leagues [15]. The commercially available SiP suspension in water was solvent-exchanged
to ethanol by three rounds of centrifugation at 1.0 × 104 rpm for 40 min and dispersion
in fresh ethanol. At this time, the concentration of ethanolic SiP suspension (25.0 g) was
adjusted to ~10 wt%. Then, BHE (2.00 g, 4.80 mmol) and 28% aqueous solution of ammonia
water (15.4 mL) as an alkaline catalyst were added dropwise to this suspension and stirred
at 40 ◦C for 18 h. The SiPs surface-modified with the ATRP initiators, abbreviated as SiP-Br,
were collected by centrifugation. After the supernatant was removed, SiP-Br was dispersed
in fresh ethanol. This process was repeated three times to completely remove an excess of
initiators and ammonia.

In this study, three kinds of SiP-POAs with different molecular weights of POA chains
were synthesized by changing the reaction condition of the SI-ATRP, as listed in Table 1.
The number in the sample code represents the molecular weight of POA, as will be shown
in Table 2.

Table 1. Reaction conditions of the SI-ATRP for the synthesis of SiP-POAs.

Sample Code EBIB (mg) Me6TREN (mg) Cu(I)Br (mg) Cu(II)Br (mg) Polymerization
Time (h)

SiP-POA109k 1.97 28.0 13.6 6.80 2.5
SiP-POA191k 1.97 28.0 13.1 7.10 5.3
SiP-POA278k 1.97 28.0 16.8 6.90 3.5

Table 2. Characterization of SiP-POAs.

Sample Code Weight Fraction of
POA ϕw (%) (1) Mn (×105) (2) Mw/Mn

(2) Graft Density σ
(Chains/nm2)

SiP-POA109k 76.9 1.09 1.16 0.81
SiP-POA191k 83.2 1.91 1.14 0.69
SiP-POA278k 82.5 2.78 1.10 0.45

(1) Determined by TGA measurements. (2) Determined by SEC measurements.
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For example, SiP-POA109k was synthesized by the following procedure. First, SiP-Br
was dispersed in OA (30.0 g, 155 mmol) at a concentration of 1.3 wt%. To this suspension,
EBIB (1.97 mg, 10.2 µmol) as an initiator of the ATRP, Me6TREN (28.0 mg, 124 µmol) as
a ligand and Cu(II)Br (6.80 mg, 30.4 µmol) as a catalyst were added and bubbled with
nitrogen for 30 min to purge oxygen. Then Cu(I)Br (13.6 mg, 94.8 µmol) as a catalyst was
quickly added to the suspension and bubbled with nitrogen for an additional 10 min. After
that, the suspension was heated at 45 ◦C and stirred for 2.5 h. The SI-ATRP was quenched
by adding tributyltin hydride (43.2 mg, 148 µmol) to the mixture and stirring for 1 h.
Subsequently, the reaction mixture was cooled down to room temperature, and bubbled
with air to ensure the termination of ATRP. Successively, this reaction mixture was diluted
with tetrahydrofuran (THF) and centrifuged at 1.0 × 104 rpm for 40 min to collect SiP-POA.
The supernatant was separated as it contained unbonded POA chains, which were initiated
from EBIB. This cycle of centrifugation and redispersion in THF was repeated three times.
Finally, the sediment was dispersed into THF and poured into methanol, and dried to yield
the purified SiP-POA. The solution of POA initiated from EBIB was passed through an
activated alumina column and purified by reprecipitation from THF to methanol and dried.

The number average molecular weight (Mn) and its distribution (Mw/Mn) of POA
chains which were initiated from EBIB grown at the same time as the grafted chains
were determined by size-exclusion chromatography (SEC, HLC-8220GPC, TOSOH, Tokyo,
Japan) measurements assuming that the values of Mn and Mw/Mn are nearly equal to
those of grafted on particles [15]. In the SEC measurements, THF was used as the eluent.
Polystyrene standards were used to calibrate the Mn and Mw/Mn values. It should be
noted that both Mn and Mw/Mn of these polymers are almost equal to those grafted on
SiPs, according to the previous report [15]. The weight fractions of POA chains in SiP-POAs
were determined by measuring the weight loss of SiP-POAs using a thermogravimetric
analysis (TGA) system (TGA 2010SA, NETZSCH, Selb, Germany). The TGA measurements
were conducted in the temperature range between 25 ◦C and 450 ◦C at the heating rate of
10 ◦C/min under a nitrogen atmosphere.

The CC films of three kinds of SiP-POAs with different molecular weights of POA
chains were prepared by solvent-casting of the SiP-POA suspensions in toluene, followed
by hot-pressing at 100 ◦C. Typically, SiP-POA was dispersed in toluene at a concentration
of ~20 wt%. This suspension was dropped in a polytetrafluoroethylene mold and slowly
dried over 2 days at room temperature under an atmosphere of toluene vapor. After
that, the dried SiP-POA was hot-pressed by hand at 100 ◦C for 1 h in order to offer a
solid-state CC film of SiP-POA (Supplementary Materials, Figure S2). Reflection spectra
were measured using a spectrometer (USB2000+, Ocean Optics, FL, USA) combined with
a white light source (HL-2000, Ocean Optics). The incident light was irradiated from the
vertical direction of the film surface. The Commission Internationale de l’Éclairage (CIE)
color coordinate values were obtained using a software (SpectraSuite, Ocean Optics) for
the spectrometer.

3. Results and Discussion
3.1. Synthesis and Characterization of SiP-POA

The Mn, Mw/Mn and graft density (σ) of SiP-POAs with different molecular weights
of POA chains are compiled in Table 2. The Mn and Mw/Mn values for the grafted chains
are assumed to be the same as the POA chains initiated from EBIB according to the previous
report [15].

Since the Mw/Mn values of POAs initiated from EBIB were estimated to be ~1.13, the
surface of SiPs could be modified with POA chains which have uniform length. The Mn
values of POA chains were easily controlled in the range from 1.09 × 105 to 2.78 × 105 by
changing the polymerization conditions. Such fine control of Mn with narrow Mw/Mn can



Polymers 2022, 14, 5157 5 of 10

be achieved by adopting the SI-ATRP since it is regarded as a kind of controlled radical
polymerization. The σ value of SiP-POAs was calculated by the following equation [21].

σ =
1

4πr2

[(
4
3
πr3ρ

)
ϕw

100− ϕw

]
NA

Mn
(3)

where r stands for the average radius of SiPs, ρ is the density of SiPs, ϕw is the weight
fraction of POA and NA is the Avogadro constant. In this study, we adopted the ρ value of
2.20 g/cm3 from the data sheet of Nippon Shokubai Co., Ltd. It should be noted that the
ϕw can be estimated from the TGA measurements, as described below.

TGA curves of SiP, SiP-Br, bulk POA and SiP-POAs with different Mn values are
shown in Figure 2. The thermal decomposition of SiP hardly occurred after heating up to
450 ◦C (Figure 2A, black curve) because silica is a heat-resistant inorganic material. The
weight loss of SiP at 124 ◦C can be ascribed to water adsorbed on the surface of SiP. With
regard to the result of SiP-Br, the weight loss reached 8.06% (Figure 2A, gray curve), which
is larger than that of SiP. This result infers that the SiP surface is modified with initiators
for the SI-ATRP, corresponding to BHE.
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On the contrary, three kinds of SiP-POAs exhibited relatively large values of weight
loss as compared to that of SiP-Br (Figure 2B). These results indicate that the surface of SiPs
is modified with POA chains with different Mn values. Considering the fact that bulk POA
completely decomposes by heating at 427 ◦C (Figure 2A, dashed gray curve), the weight
loss of SiP-POA at approximately 435 ◦C can be ascribed to the ϕw value of SiP-POA. In
the case of SiP-POA109k, the weight loss was found to be 76.9% by TGA measurement.
Thus, the σ value was calculated to be 0.81 chains/nm2. The σ values of SiP-POA191k and
SiP-POA278k were also calculated by the same procedure. It is well known that the polymer
chains grafted on particle surfaces take well-extended conformations when σ value exceeds
0.1 chains/nm2 [22,23]. Indeed, as given in Table 2, the σ values of SiP-POAs were in the
range of 0.45–0.81 chains/nm2, implying that the surface of SiPs can be modified with POA
chains with high graft densities.

3.2. Fabrication and Reflection Properties of SiP-POA Films

As the toluene suspensions of SiP-POAs were cast and hot-pressed according to the
procedure mentioned in the Experimental Section, the solid-state CC films of SiP-POAs
could be obtained without any covalent crosslinking. The slow evaporation of suspensions
of SiP-POAs in toluene offered the CC films of SiP-POA with a thickness of ~100 µm. Some
of these films were piled together and hot-pressed at 100 ◦C to obtain a SiP-POA film
with a thickness of ~300 µm. By considering the fact that the glass transition temperature
of bulk POA is low when compared to that of bulk PMMA [24], the hot-pressing of SiP-
POA at 100 ◦C ensured the formation of CC films with reflection colors. The resultant
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SiP-POA films were obtained as free-standing solid-state films. This can be ascribed to the
entanglement of POA chains grafted on the surface of SiPs, which is reasonable since the
entanglement molecular weight of POA has been reported as 1.52 × 104 [25].

Interestingly, we found that the SiP-POA films show reflection colors depending on
the molecular weight of POA chains. The reflection spectra of CC films of SiP-POAs are
shown in Figure 3A. The reflection band was primarily observed at 462 nm for the CC film
of SiP-POA109k, 512 nm for SiP-POA191k and 602 nm for SiP-POA278k. Our preliminary
experiments revealed that the reflection band cannot be observed in the visible wavelength
range when the CC film is prepared by hot-pressing of SiP-POA with a molecular weight
of 0.59 × 105 due to short POA chains. Therefore, the molecular weight of POA on the
SiP might be controlled over ~1.00 × 105 to prepare the CC film with visible reflection.
Moreover, we found that the reflection colors of CC films of SiP-POA109k and SiP-POA191k
can be easily recognized by the naked eye as blue and green, respectively (Figure 3A, Insets
a and b). On the other hand, the CC film of SiP-POA278k showed muted red as the reflection
color probably due to a slight disordering of the internal colloidal particles by relatively
long POA chains in the exterior shell (Figure 3A, Inset c). As expected, the reflection
properties of CC films showed strong angle dependency. The reflection wavelength of
CC films was blue-shifted when they were viewed from an oblique angle (Supplementary
Materials, Figure S3). This is reasonable because the reflection wavelength of the CC is
dependent on the Bragg angle, as shown in Equation (1).
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Figure 3. Reflection characteristics of CC films of three kinds of SiP-POAs with different molecular
weights of POA chains. (A) Reflection spectra of CC films of SiP-POA109k (a), SiP-POA191k (b) and
SiP-POA278k (c) fabricated by hot-pressing at 100 ◦C. Insets represent the reflection images of CC
films, and the white scale bars signify 5 mm. (B) SEM images of the CC film surfaces of SiP-POA109k
(a), SiP-POA191k (b) and SiP-POA278k (c) observed from the top view. White scale bars signify 1 µm.

In order to obtain further insight into reflection properties, we numerically analyzed
the CIE color coordinates values for three kinds of CC films fabricated from SiP-POA109k,
SiP-POA191k and SiP-POA278k. The reflection spectra of the CC films were converted
to the CIE color coordinate values to create the plots on the CIE diagram. As a result, the
(x, y) coordinate values of the three CC films were found to be (0.43, 0.39) for SiP-POA109k,
(0.44, 0.42) for SiP-POA191k and (0.46, 0.41) for SiP-POA278k (Supplementary Materials,
Figure S4). From these results, we concluded that the CC films can be potentially applied
to color materials by hot-pressing SiP-POAs.

The mechanism for the emergence of different Bragg reflection colors on CC films of
SiP-POAs can be explained as follows. The interparticle distance between SiP-POAs, that
is, the lattice constant, was increased accompanied by the increase of the molecular weight
of POA chains grafted on the surface of SiPs. Figure 3B shows the SEM images of CC films
of SiP-POAs. As the molecular weight of POA chains increased, the neighboring distance
between SiP-POAs also extended in a synchronous way. The interparticle distance for each
CC film calculated from these SEM images was 190 nm for the CC films of SiP-POA109k,
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200 nm for SiP-POA191k and 213 nm for SiP-POA278k. This is reasonable because the
POA chain length becomes longer with the increase of its molecular weight. In this way,
the maximum reflection wavelength was continuously red-shifted with the increase of
molecular weight of POA chains caused by the enlargement of the lattice constant in
accordance with Bragg’s law, as given in Equation (2). This result indicated that the Bragg
reflection colors of CC films of SiP-POAs can be easily tuned by controlling the molecular
weight of POA chains grafted on SiP surfaces through the SI-ATRP.

The POA chains on the surface of SiPs are assumed to be taking highly-stretched
conformation. Figure 4 shows the dependence of the maximum reflection wavelengths of
CC films of SiP-POAs on their degrees of polymerization of surface-grafted POA chains
(m), as depicted in Figure 1. The reflection wavelength was proportionally red-shifted
upon increasing the m value. This relationship between the Bragg reflection wavelength
and molecular weight of POA chains can be explained as follows. The colloidal particles
with surface-grafted polymer chains tend to form face-centered cubic lattices. According
to the previous reports by Bockstaller and co-workers [23,26], the relationship between
the lattice constant of CC structure, corresponding to a in Equation (2), and the degree of
polymerization of surface-grafted polymer chains, corresponding to m in Figure 1, can be
written as follows.

a ∼ mx (4)

where x is the scaling factor which depends on the graft density of polymer chains. The
grafted polymer chains form highly-extended conformation to show a high x value, which
is in the range from 0.8 to 1.0 when the graft density is large enough. Taking account of the
relation that the Bragg reflection wavelength is proportional to the lattice constant of CCs
as notated in Equation (2), the following relationship can be derived.

λ ∼ mx (5)
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Figure 4. The relationship between the degrees of polymerization (m) of POA chains on the surface
of SiPs and the maximum wavelengths of reflection bands (λ) of the CC films. The dashed line
represents the linear regression line for the plots.

Since the Bragg reflection wavelengths of CCs from SiP-POAs are linearly dependent
on the molecular weights of POA, it can be assumed that the POA chains grafted on SiPs
form the highly-stretched conformation.

Previously, Ohno and his co-worker reported the reflection properties of CC films of
SiP-PMMAs [19]. At this time, the reflection bands of CC films were very broad. In this
study, we focused on the full width at half maximum (FWHM) in the reflection band in
order to compare quantitatively the reflection properties of CC films of SiP-PMMAs and
SiP-POAs. The FWHM values are shown in Table 3. From the previously reported reflection
spectra of CC films with SiP-PMMAs, the FWHM values were estimated to be ~67 nm,
~160 nm and ~190 nm for three kinds of CC films with blue, green and red reflection
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colors, respectively [19]. Such broadening in Bragg reflection bands can be ascribed to the
disordered CC structures of SiP-PMMAs. On the other hand, these FWHM values could be
reduced to 30–60 nm by doping a tiny amount of PMMA-grafted carbon black nanoparticles
into the CC films of SiP-PMMAs (Table 3). It should be noted that the addition of carbon
black nanoparticles is not relevant for the formation of well-defined CC structures because
the diameter of carbon black nanoparticles (15 nm) is much smaller than that of silica
microparticles (120 nm). The spectral narrowing in the reflection bands arose from the
reduction of light scattering by the light absorption of the carbon black nanoparticles in a
wide visible wavelength range [19].

Table 3. Quantitative comparison of the FWHM values in reflection bands of CC films fabricated
with SiP-PMMAs and SiP-POAs.

Sample
Reflection Colors of CC Films

Blue Green Red

SiP-PMMAs (w/o carbon
black nanoparticles) (1) ~67 nm ~160 nm ~190 nm

SiP-PMMAs (w/carbon black
nanoparticles) (1) ~30 nm ~56 nm ~63 nm

SiP-POAs (w/o carbon black
nanoparticles) (2) ~13 nm ~17 nm ~23 nm

(1) The FWMH values were calculated from the reflection spectra reported in Ref. [19]. (2) The FWMH values were
calculated from the reflection spectra in Figure 3A.

Such difficulty in fabricating uniform CC structures by utilizing SiP-PMMAs can
be attributed to the entanglement of PMMA chains on the surface of SiPs during the hot-
pressing process. Since the glass transition temperature of bulk PMMA has been reported as
100 ◦C [24], it can be assumed that the PMMA chains were still entangled at 150 ◦C, which
inhibited the rearrangement of SiPs to provide CC structures. In contrast to SiP-PMMAs,
the CC films of SiP-POAs exhibited narrow reflection bands even in the absence of carbon
black nanoparticles, suggesting the formation of well-defined CC structures. Actually,
the FWHM value in the reflection band was ~13 nm for the blue reflective CC film of
SiP-POA109k, ~17 nm for the green reflective CC film of SiP-POA191k and ~23 nm for the
red reflective CC film of SiP-POA278k. These values are approximately one-tenth of that of
the CC films with SiP-PMMAs in the absence of carbon black nanoparticles (Table 3). It can
be assumed that POA chains are disentangled during the hot-pressing process because the
glass transition temperature of bulk POA is known to be as low as −62 ◦C [20]. As a result,
SiPs are more likely to assemble well-defined CC structures because SiPs are dispersed
in the melt of unentangled POA chains. These CC structures can be preserved by the
entanglement of POA chains on the surface of SiPs to show stable Bragg reflection colors
at room temperature. In this way, the grafting polymerization of POA chains on the SiP
surface facilitated not only handling in the fabrication of CC films such as hot-pressing at
relatively low temperature, but also spectral narrowing in Bragg reflection bands without
the addition of carbon black nanoparticles by well-defined CC structures. From these
results, we concluded that the SiP-POAs might be adequate to the preparation of uniform
CC films with Bragg reflection colors. We are currently studying how to evaluate the
uniformity of CC structures of SiP-POAs by scanning electron microscopy, which will be
described in our forthcoming reports.

4. Conclusions

In this report, we successfully fabricated CC films with narrow Bragg reflection bands
only by hot-pressing SiPs surface-modified with POA chains (SiP-POAs). The narrowness
of the reflection bands can be explained by the formation of well-defined CC structures
enabled by the disentanglement of POA chains during the hot-pressing process at 100 ◦C,
stemming from the low glass transition temperature of bulk POA. Furthermore, the Bragg
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reflection colors on CC films of SiP-POAs were easily tuned by controlling the molecular
weight of POA chains grafted on the SiP surface because of the linear relationship between
the Bragg reflection wavelength of CC films and the degree of polymerization of POA
chains by their well-extended conformations. We propose that SiP-POA is suitable for the
fabrication of uniform CC films with visible reflection, which are desired for applications
of next-generation lightweight photonic devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14235157/s1, Figure S1: SEM image of the commercial
silica particles; Figure S2, Photograph of hot-pressing by hand; Figure S3: Reflection images of CC
films of SiP-POA109k, SiP-POA191k and SiP-POA278k observed at an oblique angle; Figure S4: CIE
coordinate values for the CC films of SiP-POA109k, SiP-POA191k and SiP-POA278k.

Author Contributions: S.M. performed most of the experiments and wrote the original drafts of the
manuscript. M.O. conducted the preliminary experiments of this research. N.I. analyzed the data
with S.M. and revised the manuscript. S.F. supervised this project and prepared the final version of
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported in part by the Grant-in-Aid for Scientific Research (B) from the
Japan Society for the Promotion of Science (JSPS) (Grant No. 21H02261) and the Precise Measurement
Technology Promotion Foundation.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors deeply thank Takeo Sasaki and Koha V. Le (Tokyo University of
Science) for their support on SEC measurements and Katsumasa Takayama for his technical support
on SEM observations.

Conflicts of Interest: The authors declare no conflict of interests.

References
1. Pieranski, P. Colloidal Crystals. Contemp. Phys. 1983, 24, 25–73. [CrossRef]
2. Fudouzi, H.; Xia, Y. Colloidal Crystals with Tunable Colors and Their Use as Photonic Papers. Langmuir 2003, 19, 9653–9660.

[CrossRef]
3. Furumi, S.; Fudouzi, H.; Sawada, T. Self-Organized Colloidal Crystals for Photonics and Laser Applications. Laser Photon. Rev.

2010, 4, 205–220. [CrossRef]
4. Kaneda, T.; Seki, Y.; Iwata, N.; Furumi, S. Fabrication of Colloidal Crystal Gel Film Using Poly(N-vinylcaprolactam). J. Photopolym.

Sci. Technol. 2021, 34, 543–548. [CrossRef]
5. Kawa, T.; Shibata, Y.; Iwata, N.; Furumi, S. Suspensions of Polymer Hydrogel Microparticles with Highly Sensitive Detectability

of Glucose. J. Photopolym. Sci. Technol. 2021, 34, 555–559. [CrossRef]
6. Meseguer, F. Colloidal Crystals as Photonic Crystals. Colloids Surfaces A Physicochem. Eng. Asp. 2005, 270–271, 1–7. [CrossRef]
7. Joannopoulos, J.D.; Villeneuve, P.R.; Fan, S. Photonic Crystals: Putting a New Twist on Light. Nature 1997, 386, 143–149. [CrossRef]
8. John, S. Strong Localization of Photons in Certain Disordered Dielectric Superlattices. Phys. Rev. Lett. 1987, 58, 2486–2489.

[CrossRef]
9. Richel, A.; Johnson, N.P.; McComb, D.W. Observation of Bragg Reflection in Photonic Crystals Synthesized from Air Spheres in a

Titania Matrix. Appl. Phys. Lett. 2000, 76, 1816–1818. [CrossRef]
10. Fudouzi, H. Tunable Structural Color in Organisms and Photonic Materials for Design of Bioinspired Materials. Sci. Technol. Adv.

Mater. 2011, 12, 064704. [CrossRef]
11. Dziomkina, N.V.; Vancso, G.J. Colloidal Crystal Assembly on Topologically Patterned Templates. Soft Matter 2005, 1, 265–279.

[CrossRef] [PubMed]
12. Seki, Y.; Shibata, Y.; Furumi, S. Synthesis of Monodispersed Silica Microparticles in a Microreactor for Well-Organized Colloidal

Photonic Crystals. J. Photopolym. Sci. Technol. 2020, 33, 473–477. [CrossRef]
13. Furumi, S. Recent Advances in Polymer Colloidal Crystal Lasers. Nanoscale 2012, 4, 5564–5571. [CrossRef] [PubMed]
14. Okubo, T. Polymer Colloidal Crystals. Prog. Polym. Sci. 1993, 18, 481–517. [CrossRef]
15. Ohno, K.; Morinaga, T.; Koh, K.; Tsujii, Y.; Fukuda, T. Synthesis of Monodisperse Silica Particles Coated with Well-Defined,

High-Density Polymer Brushes by Surface-Initiated Atom Transfer Radical Polymerization. Macromolecules 2005, 38, 2137–2142.
[CrossRef]

16. Ohno, K.; Morinaga, T.; Takeno, S.; Tsujii, Y.; Fukuda, T. Suspensions of Silica Particles Grafted with Concentrated Polymer Brush:
A New Family of Colloidal Crystals. Macromolecules 2006, 39, 1245–1249. [CrossRef]

https://www.mdpi.com/article/10.3390/polym14235157/s1
https://www.mdpi.com/article/10.3390/polym14235157/s1
http://doi.org/10.1080/00107518308227471
http://doi.org/10.1021/la034918q
http://doi.org/10.1002/lpor.200910005
http://doi.org/10.2494/photopolymer.34.543
http://doi.org/10.2494/photopolymer.34.555
http://doi.org/10.1016/j.colsurfa.2005.05.038
http://doi.org/10.1038/386143a0
http://doi.org/10.1103/PhysRevLett.58.2486
http://doi.org/10.1063/1.126175
http://doi.org/10.1088/1468-6996/12/6/064704
http://doi.org/10.1039/b503145c
http://www.ncbi.nlm.nih.gov/pubmed/32646117
http://doi.org/10.2494/photopolymer.33.473
http://doi.org/10.1039/c2nr31522j
http://www.ncbi.nlm.nih.gov/pubmed/22865165
http://doi.org/10.1016/0079-6700(93)90015-5
http://doi.org/10.1021/ma048011q
http://doi.org/10.1021/ma0521708


Polymers 2022, 14, 5157 10 of 10

17. Morinaga, T.; Ohno, K.; Tsujii, Y.; Fukuda, T. Structural Analysis of “Semisoft” Colloidal Crystals by Confocal Laser Scanning
Microscopy. Macromolecules 2008, 41, 3620–3626. [CrossRef]

18. Ohno, K. Colloidal Crystals Formed by Polymer Brush-Afforded Fine Particles. Polym. Chem. 2010, 1, 1545–1551. [CrossRef]
19. Ohno, K.; Mizuta, Y. Structural Color Materials Using Polymer-Brush-Decorated Hybrid Particles. ACS Appl. Polym. Mater. 2020,

2, 368–375. [CrossRef]
20. Monguzzi, A.; Mauri, M.; Bianchi, A.; Dibbanti, M.K.; Simonutti, R.; Meinardi, F. Solid-State Sensitized Upconversion in

Polyacrylate Elastomers. J. Phys. Chem. C 2016, 120, 2609–2614. [CrossRef]
21. Huang, C.; Tassone, T.; Woodberry, K.; Sunday, D.; Green, D.L. Impact of ATRP Initiator Spacer Length on Grafting Poly(methyl

methacrylate) from Silica Nanoparticles. Langmuir 2009, 25, 13351–13360. [CrossRef] [PubMed]
22. Nomura, A.; Okayasu, K.; Ohno, K.; Fukuda, T.; Tsujii, Y. Lubrication Mechanism of Concentrated Polymer Brushes in Solvents:

Effect of Solvent Quality and Thereby Swelling State. Macromolecules 2011, 44, 5013–5019. [CrossRef]
23. Choi, J.; Hui, C.M.; Pietrasik, J.; Dong, H.; Matyjaszewski, K.; Bockstaller, M.R. Toughening Fragile Matter: Mechanical Properties

of Particle Solids Assembled from Polymer-Grafted Hybrid Particles Synthesized by ATRP. Soft Matter 2012, 8, 4072–4082.
[CrossRef]

24. Kuo, S.-W.; Tsai, H.-T. Complementary Multiple Hydrogen-Bonding Interactions Increase the Glass Transition Temperatures to
PMMA Copolymer Mixtures. Macromolecules 2009, 42, 4701–4711. [CrossRef]

25. Fetters, L.J.; Lohse, D.J.; Colby, R.H. Chain Dimensions and Entanglement Spacings. In Physical Properties of Polymers Handbook,
2nd ed.; Mark, J.E., Ed.; Springer: New York, NY, USA, 2007; pp. 447–454.

26. Choi, J.; Hui, C.M.; Schmitt, M.; Pietrasik, J.; Margel, S.; Matyjazsewski, K.; Bockstaller, M.R. Effect of Polymer-Graft Modification
on the Order Formation in Particle Assembly Structures. Langmuir 2013, 29, 6452–6459. [CrossRef] [PubMed]

http://doi.org/10.1021/ma7028665
http://doi.org/10.1039/b9py00378a
http://doi.org/10.1021/acsapm.9b00839
http://doi.org/10.1021/acs.jpcc.6b00223
http://doi.org/10.1021/la901918v
http://www.ncbi.nlm.nih.gov/pubmed/19874039
http://doi.org/10.1021/ma200340d
http://doi.org/10.1039/c2sm06915f
http://doi.org/10.1021/ma900640a
http://doi.org/10.1021/la4004406
http://www.ncbi.nlm.nih.gov/pubmed/23668752

	Introduction 
	Experimental Section 
	Results and Discussion 
	Synthesis and Characterization of SiP-POA 
	Fabrication and Reflection Properties of SiP-POA Films 

	Conclusions 
	References

