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Abstract. The article was prepared based on the materials of the report at the first All-Russian scientific
conference with international participation "YENISEI PHOTONICS – 2020".
Photonic crystals are structures that have a spatial architecture with a periodically changing complex
dielectric function at scales comparable to the wavelengths of light in the visible frequency range. The
purpose of this study is to obtain three-dimensional photonic crystals by self-assembly from submicron
spherical monodisperse particles of polymethylmethacrylate in dispersion media with different viscosities.
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Introduction
Photonic crystals (PhCs) are considered promising optical materials for basic research and

practical application in various fields of technology due to their outstanding properties, such as
photonic bandgap (PBG), light wavelength selectivity, and high-performance photoluminescence
[1–3]. Among PhCs, opals (artificial and natural) stand out as a special class. Opals are three-
dimensional periodic structures of vivid interest [4–6]. This is due to the fact that such materials
can be produced using relatively simple and inexpensive production methods, as well as the
presence of a significant surface area of three-dimensional, high-precision, ordered opal patterns.
It is obvious that the most suitable method for obtaining a colloidal crystal is the self-assembly
approach [4], the most popular techniques of which are gravitational deposition, vertical deposi-
tion, meniscus deposition, etc. [7–9]. Artificial opals can be manufactured using polymer micro-
and nanosized beads [10–12]. Based on these spheres it is possible to form perfectly ordered
2D [13] and 3D [14] mesoporous structures – PhCs or metamaterials. In its turn, polymethyl-
methacrylate (PMMA) is seemed to be the reassuring and advantageous polymer in the field
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of using in biomedical practical implementation [15–17], applications in nanotechnology [18–21],
sensor [22–24], optical [25, 26], solar cell technology [27–32]. A classical approach to synthesize
PMMA spheres is emulsion-free polymerization. The physicochemical properties of such parti-
cles are well studied. Notwithstanding, using a more complex dispersion medium, it is possible
to modify [33] the polymerization technique and obtain microparticles with variable properties
[34]. In this work, the three-dimensional PhCs based on the submicron spherical monodisperse
particles of PMMA obtained in dispersion media with different viscosities are fabricated by self-
assembly approach. As a dispersion medium, distilled water with addition of dimethyl sulfoxide
and acetone was used. The bead’s sizes were in the range of 315–400 nm. The morphological,
some physicochemical, and optical reflectance features of obtained samples were studied.

1. Experimental procedures

1.1. Synthesis of PMMA spheres

To synthesize PMMA emulsion methyl methacrylate (MMA), distilled water, dimethyl sul-
foxide, distilled acetone, and an initiator. 2,2-azobis dihydrochloride (2-methylpropionamidine)
were used without further purification. A necessary condition of a dispersion polymerization of
polymer-based the submicrobeads with a narrow size distribution is a short phase of intensive
multiple germ formation, followed by slow controlled growth of particles without changing their
number. The process of chain radical polymerization of methyl methacrylate can be divided into
three stages: activation of the initiator, the reaction of the monomer with the initiator radical,
and growth of the molecule and breaking of the polymer chain. When heated, the initiator
decomposes to form active radicals, which are the initiators of the polymerization reaction.

The emulsion polymerization procedure requires heating of methyl methacrylate emulsified
in water to 70÷80 ◦C. In this study, the emulsion temperature was maintained from 72.7 to
75 ◦C. As a control sample, PMMA submicroparticles in an aqueous medium (100 ml of methyl
methacrylate (MMA) and 620 ml of distilled water) were obtained by a classical emulsifier-free
polymerization technique [35]. The speed of the mixer was fixed at 700 rpm. To synthesize the
particles with variable properties, dispersion media were selected with the addition of dimethyl
sulfoxide (DMSO) (100 ml MMA, 550 ml distilled water, 70 ml DMSO) and acetone (100 ml
MMA, 550 ml distilled water, 70 ml acetone). Thus, the volume of MMA and the total volume of
the emulsion were constant: 100 and 720 ml, respectively. The volume concentrations of acetone
and DMSO were taken at random.

During the synthesis of submicroparticle dispersion, the IR spectra of the dispersion were
recorded in situ by using the FT-801 IR Fourier spectrometer with a fiber probe [36]. Thus, the
polymerization process is fully controlled with the IR spectra. Consequently, all the chemical
reagents are assumed fully reacted.

1.2. Manufacturing of PMMA opal-like photonic crystal structures

In this work, the PMMA colloidal crystals were self-assembled [9, 37] on cover glasses by
methods of natural sedimentation in a gravitational field, vertical deposition by evaporation,
and meniscus. Humidity in a laboratory box was constantly kept at 70% and the temperature
was constantly maintained at 24 ◦C. Square pieces of 4x4 mm were cut from the cover glass and
deposited with a thin film of 3 nm platinum in a sputter coater to provide electrical conductivity
in the SEM chamber. To minimize the damage of the PMMA opal films, the coating modes were
as follows: three cycles of 20 s with a set current of 10 mA. It also used argon gas to purge the
chamber of the spray coating device.
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1.3. Instrumentation

In situ measurements of disturbed total internal reflection were performed with an FT-801
IR Fourier spectrometer (Simex, Novosibirsk, Russia) to control the synthesis process. To ensure
electrical conductivity a K575XD (Emitech, UK) magnetron sputtering coating system was used
to cover the PMMA opal surface with a thin platinum film. Morphological features of the samples
were obtained with a high-resolution field emission scanning electron microscope (FE-SEM)
S-5500 (Hitachi, Japan) at an accelerating voltage of 3 kV a probe current of 10 nA. Steady-state
attenuated total reflectance spectroscopy was performed with the FTIR-spectrometer Vertex 70
(Bruker, Germany).

2. Results and discussion

The bead’s sizes by measuring diameters, their sphericity, shrinkage degree as well as poly-
dispersity were estimated during SEM studies of the morphological features of the obtained
particles.

Fig. 1. SEM images of submicroparticles from PMMA obtained in (a) an aqueous medium; (b) an
aqueous-DMSO dispersion medium; (c) an aqueous-acetone dispersion medium; (d) a dependence
of shrinkage of PMMA submicroparticles on initial average viscosity of the dispersion medium

It was found that the additives significantly affect the size and degree of the shrinkage of
the synthesized particles [38]. The bead’s sizes of the control sample, "DMSO" sample, and
"acetone" sample were 315, 400, and 360 nm, respectively. So, SEM revealed (Fig. 1) a different
degree of the shrinkage of the PMMA submicrospheres under the influence [39] of the electron
beam (3 kV, 10 nA) depending on the dispersion medium in which they were obtained. As shown,
the "DMSO" sample has the maximum shrinkage of all the studied samples. It is 16%. The
smallest shrinkage is shown has the "acetone" sample. It is only 6%. Moreover, beads obtained
under different conditions were deformed in different degrees during sample preparation. Fig. 1a
and 1b show that some of the submicroparticles are no longer spherical. The «acetone» spheres
were the largest and the most spherical. The concentration of particles, for example, in the
aqueous dispersion was estimated as 15 vol.% (615 nanoparticles per liter). According to SEM,
the polydispersity of nanoparticles was less than 5 %.

The various properties of spherical particles are primarily due to the viscosity of the dispersion
medium. The classical Grunberg-Nissan [40] rule for a liquid mixture was used to estimate the
average initial viscosity:

lnµmix =
∑

xilnµi, (1)

where µmix is the viscosity of the liquid mixture; µi is the viscosity of the liquid component i ; xi

is the molar fraction of component i in the liquid mixture.
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In the case of emulsifier-free emulsion polymerization, the reaction also begins in the medium
phase with the formation of surface-active oligomeric forms resulting from the decomposition of
the initiator. The diffusion of the formed primary particles can be described using the Stokes-
Einstein relation:

D = (kbT )/6πηr, (2)

where Т is the absolute temperature, kb is the Boltzmann constant, η is the viscosity of the
liquid, r is the radius of the particle.

The surface tension and the solubility index of the dispersion medium also play a significant
role. The addition of DMSO and acetone to the dispersion medium increases the solubility of
the monomer. Similarly, the additives benefit to increase the solubility of the resulting polymer.
As a result, longer polymer chains are formed. From longer polymer chains, nanoglobules are
formed that capture a larger amount of the dispersion medium (with an increased concentration
of monomer). Thus, by the time of the gel effect, the particles in the acetone and DMSO disper-
sion medium contain more MMA and growing oligomers in comparison with «water» particles.
Thus, by selecting a balance between the above parameters, it is possible to obtain PMMA
submicrospheres with variable properties.

In this work, three-dimensional opal templates are obtained (Fig. 2) based on the submicron
monodisperse [41] spherical PMMA particles in various dispersion media [42] and investigated
by SEM and IR spectroscopy.

Fig. 2. SEM images of the (111) opal’s surfaces based on PMMA submicrospheres obtained in
a) an aqueous medium (the inset shows the Fourier transform, demonstrating monocrystalline
structure); b) an aqueous medium with the addition of 70 ml of DMSO; c) an aqueous-acetone
medium (70 ml of acetone). d) Absolute reflection spectrum obtained from the (111) surface
shown in Fig. 2a

Figs. 2a–2c demonstrate the surfaces (111) of the PMMA photonic crystals manufactured by
self-assembly in aqueous, aqueous-DMSO, and aqueous-acetone dispersion media, respectively.
A non-defected long-range order of perfectly-ordered submicrospheres was discovered only in
the aqueous sample. Fourier transform, demonstrating a single crystal structure, was performed
using ImageJ open-source software. SEM micrograph of the surfaces (111) of the aqueous-DMSO
sample in Fig. 2b shows multiple defects: domains, twinning, extra planes, vacancies, spheres of
larger and smaller sizes. But nevertheless, these defects are very quickly "healed", the structure
is restored. The inset demonstrates a quasi-crystalline structure. Finally, the aqueous-acetone
sample showed the most disordered structure. The Fourier transform illustrates a polycrystalline
structure.

To verify the long-range order in the most ordered opal a reflectance spectrum from the (111)
surface was obtained with IR spectrometer Vertex 70 V (Fig. 2d). The absolute reflection of
the sample was 86% at an angle of incidence of 12◦ relative to normal. According to Bragg’s
Law, the maximum reflectivity is observed in a normal fall [41]. Thus, it can be argued that the
reflectivity of the best opal photonic crystal structure obtained in an aqueous dispersion medium
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is significantly higher than 86 %. Moreover, from the reflectance spectrum, full width at half
maximum and a quality factor at the PBG center of λ = 865 nm were determined as 70 nm and
12.4, respectively.

Conclusion
In this study, the submicron spherical monodisperse PMMA particles are synthesized in the

dispersion media with different viscosities. On their basis, the method of self-assembly is used
to manufacture the various PhC opal templates with different hierarchy (from polycrystalline to
monocrystalline with high degree of ordering).

Morphological features of the obtained beads and opals were carefully investigated by FE-
SEM. The particle sizes, their sphericity, polydispersity, shrinkage degree as well as crystalline
order were estimated. It was experimentally found that the impurities significantly affect the size
and degree of the shrinkage of the synthesized spheres. Thus, SEM revealed the decreasing of
the diameters from 400 to 314 nm and the increasing of the shrinkage degree with the increasing
of the initial average viscosity of the dispersion medium.

The reflectance spectrum from the (111) surface was obtained by IR spectroscopy. The non-
defected long-range order of perfectly-ordered submicrospheres was discovered. The absolute
reflection of the bests sample was 86 % at an angle of incidence of 12◦ relative to normal. The
quality factor of that sample was calculated as 12.4.

The study was carried out with the support of the Krasnoyarsk Regional Center of Research
Equipment of Federal Research Center "Krasnoyarsk Science Center SB RAS". The work was
supported by the framework of the state assignment of the Ministry of Science and Higher Edu-
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Аннотация. Фотонные кристаллы — это структуры, которые имеют пространственную архитекту-
ру с периодически изменяющейся сложной диэлектрической функцией в масштабах, сопоставимых
с длинами волн света в видимом диапазоне частот. Целью данной работы является получение трёх-
мерных фотонных кристаллов путём самосборки из субмикронных сферических монодисперсных
частиц полиметилметакрилата в дисперсных средах с различной вязкостью.
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ПММА, субмикросфера, самосборка, 2D и 3D коллоидные кристаллы, фотонный кристалл, ме-
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