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METHODS TO DETERMINE CRYSTAL LATTICE
PARAMETERS OF OPAL-LIKE STRUCTURES
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Series of high-quality spherical poly(methyl methacrylate) particles with a polydispersity less than 5% are
prepared by chain-growth emulsifier-free controlled radical emulsion polymerization of methyl
methacrylate in water. The average diameters in the series varied from 237 nm to 447 nm. The physico-
chemical properties of obtained submicrospheres can be varied to make them more stable and stronger by
a modified classical synthesis technology whereby 4-10 vol.% of dispersion medium is replaced by
acetone. 2D and 3D photonic crystal structures, opals, are prepared from poly(methyl methacrylate)
submicrospheres. The crystal structure of the opals is studied by IR spectroscopy and scanning electron
microscopy. According to the spectroscopic data, the poly(methyl methacrylate) particles contain
significant amounts of water whose evaporation leads to the shrinkage of the spheres. The stereoregularity

of the synthesized polymer is studied, the glass-transition temperatures of obtained samples are determined.
DOI: 10.1134/S0022476621040168
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INTRODUCTION

Photonic crystal structures (PhCSs) currently attract the interest of researchers and engineers in various fields of
modern technologies due to their unique optical properties resulting from the commensurability between the periodicity
parameter of the photonic crystal (PhC) and the radiation wavelength. Opals and opal-like structures, which are 3D periodic
colloidal crystals (due to 3D ordering of colloidal particles), hold a special place in the PhC hierarchy, particularly, because
of the fact that they can be prepared using relatively simple and inexpensive production technologies [1-3].

The most common way of preparing opal-like structures is self-assembly [4] of monodisperse polymer
submicrospheres. Poly(methyl methacrylate) (PMMA), a well known hard amorphous synthetic polymer, is one widely used
material in this field. PMMA is more known as acrylic glass due to its high optical transparency. This polymer possesses high

weather resistance and good chemical, physico-mechanical, and electrical insulating properties and is widely used as
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a replacement for inorganic glass since it has high toughness, low weight, high resistance to destruction, and can be easily
processed by mechanical and thermal methods [5]. Understanding key properties of PMMA may largely enhance the
efficiency of technological and laboratory production, chemical and physical conversion, and to expand the application area
of this polymer. Polymers containing specific chemical groups underlying their new properties in physical, chemical,
biological, and pharmaceutical applications are referred to as functional polymers [6]. It was shown that PMMA is
a promising polymer for practical applications in biomedical [7-9], sensor [10-12], electrochemical, optical [13, 14], and
electrically conductive devices [15], analytical separators [16], solar cell production technologies [17-22], nanotechnologies
[23-26], etc.

Scanning electron microscopy (SEM) and optical spectroscopy are currently the main most commonly used methods
to study the structural features of opal [27,28]. The present work is aimed at investigating the possibilities of Fourier
transform infrared spectroscopy (FTIR) and scanning electron microscopy to study the crystal structure parameters of 3D
high-order opal consisting of monodisperse poly(methyl methacrylate) submicrospheres prepared by a modified synthesis of

monodisperse polymer spherical PMMA particles and a hybrid method [29] for the preparation of opal-like PhCSs.

EXPERIMENTAL

The properties of classical PMMA spheres have been well studied. However, the polymerization technique can be
modified using a more complex dispersion medium [30] to prepare submicroparticles with variable properties [31]. The
chosen modified dispersion medium was a water-acetone mixture.

The PMMA submicrospheres with a polydispersity smaller than 5% [29] were prepared according to known
procedure [27, 32] in a water dispersion medium (submicrospheres B) to be compared with the particles prepared in a water-
acetone dispersion medium (submicrospheres A). The following reagents were used without additional purification: methyl
methacrylate (MMA) (99.8%) (VitaReaktiv, Dzerzhinsk, Russia), gaseous nitrogen (99.6%) (Fakel, Krasnoyarsk, Russia),
2,2'-azobis(2-methylpropionamidine)dihydrochloride (97%) (SigmaAldrich, Saint Louis, Missouri, USA) along with distilled
water and acetone (Omsky kauchuk, Omsk, Russia) that was purified by distillation.

Series of high-quality PMMA submicrospheres with a very narrow polydispersity were prepared by chain-growth
emulsifier-free controlled radical emulsion polymerization of MMA in water [2, 33]. The size of the PMMA spheres obtained
by this method strongly depends on the composition of the synthesis mixture, stirring rate, and reaction temperature. The
morphological features of the samples are investigated on a high-resolution field emission scanning electron microscope (FE-
SEM) S-5500 (Hitachi, Japan) at an accelerating voltage of 3 kV and a probe current of 10 pA. The average diameters in the
series varied from 237 nm to 447 nm. The chain-growth emulsifier-free controlled radical emulsion polymerization of MMA
was described in detail in [2, 27, 29, 32, 34].

During the in situ synthesis, multiple frustrated total internal reflection (MFTIR) spectra of the emulsion were
recorded every 5 min by a FT-801 FTIR spectrometer (Simex, Novosibirsk, Russia) to control at least two polymerization
features. The first one is related to the termination of the polymerization process: abrupt temperature rise at deep reaction
stages due to a strong gel effect typical of MMA polymerization [2, 27]). The second one is establishing the absence of the
monomer (i.e., the fact that MMA has reacted completely) using the lines characteristic of MMA [2]. The prepared PMMA
dispersions were poured in glass vessels for further use.

The following equipment was used: a SU3500 scanning electronic microscope (Hitachi, Japan) to visualize large
areas (at small magnifications) of PMMA opal films; a K575XD sputter coater (Emitech, United Kingdom) to cover the
PMMA opal surface with a thin platinum film before SEM studied and to make them electrically conductive. The samples
were dried at 350 °C in a SIBLAB 30L laboratory oven with a digital thermometer (DION, Novosibirsk, Russia). The
MFTIR spectra were recorded with a Vertex 70 FTIR spectrometer (Bruker, Germany). The glass-transition temperatures
were studied by conducting calorimetry experiments with a premium class Phoenix 204 F-1 differential scanning calorimeter
(DSC) (NETZSCH, Germany).
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TABLE 1. Parameters of Submicrospheres A and B

Volume, mL Stirring . Synthesis Average particle Average initial
Sample Initiator . Degree of S .
No. |MMA |water|acetone rate, mass, g temperature, d1ameter before shrinkage, % dyqamlc ylsc051ty
rpm °C shrinkage, nm of dispersion, pPa-s
1 50 | 670 0 700 0.1 75 237 24 873
2 50 | 640 30 700 0.1 75 254 14 837
3 50 | 600 70 700 0.1 72.7 286 12 792
4 100 | 620 0 700 0.2 75 303 18 852
5 100 | 590 30 700 0.2 75 330 9 818
6 100 | 550 70 700 0.2 72.7 358 7 773
7 150 | 570 0 700 0.3 75 369 25 832
8 150 | 540 30 700 0.3 75 409 16 799
9 150 | 500 70 700 0.3 72.7 447 14 755

2D and 3D colloidal structures based on PMMA spheres were prepared by different methods (vertical and horizontal
deposition on cover glasses, meniscus, and by the hybrid method) [3, 29]. To clean the surface, the cover glass substrates
were first sonicated for 10 min in acetone and then washed with distilled water. The ability of the particles to form ordered
structures was estimated by instantly wetting a vertical degreased cover glass in obtained undiluted (13-15 vol.% of PMMA
submicrospheres) suspensions and placing it on a horizontal surface in a Petri dish until the film dried completely. The
laboratory conditions were maintained with a humidity of 60% and a temperature of 23 °C. The purpose of this stage was to
study various ordering defects rather than to prepare a perfect single-crystal film.

Polymer particles can to shrink, melt, and even explode in the electron microscope chamber under the electron beam
action. Therefore the sizes of individual PMMA particles were estimated at small magnifications (yet making them visible),
an accelerating voltage of 3 kV, and an emission current of 10 pA [2], but with the maximum resolution (2560x1920 pixels)
and the lowest possible scan speed to minimize the noise and ensure the possibility of subsequent digital image processing.
Then the spheres sizes were estimated using open source programs ImageJ and GIMP (GNU Image Manipulation Program)
for scientific analysis, editing and processing of raster graphics [29].

The electron microscopic experiments revealed that submicrospheres A and B shrink and decrease in diameter under
the electron beam action. The shrinkage degree was estimated by choosing a particle on the aluminum substrate that was
further processed with a method described in detail in [3]. Table 1 lists the average diameters before the shrinkage, shrinkage

degrees, average initial dispersion viscosities, and synthesis parameters.
RESULTS AND DISCUSSION

The 3D colloidal crystal with a high-quality surface was prepared by the hybrid method from submicrospheres B
(sample 7). The whole sample was divided into three fragments for further research: central region (sample H1, opal-
substrate interface), meniscus region (sample H2, opal-air interface), and central region (sample H3, opal-air interface).

Only short-range order was revealed by SEM in sample H1, which had a mainly disordered structure (Fig. 1a). The
inset shows a 2D Fourier transform of PhC coordinates demonstrating the amorphous structure. The sample H, has
a multidomain structure in which the long-range order is sometimes replaced by disordered domains, domain walls vacancies,
and other defects (Fig. 1b). The inset depicts the Fourier transform demonstrating the polycrystalline structure of the surface.
This is the classical picture of opal growth in the meniscus [35, 36]. In general, the ordering is quite high. Finally, sample H3
showed the most defect-free structure (Fig. 1¢). The inset shows the Fourier transform demonstrating the fcc crystal structure

of the surface.
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Fig. 1. Electronic micrographs (top row) of colloidal structures based on PMMA submicrospheres and
absolute reflectance spectra (bottom row) of prepared opals: disordered surface (111) of sample H1 (a); quasi-
ordered multidomain surface (111) of sample H2 (b); perfectly ordered surface (111) of sample H3 (c);
reflectance spectra of samples H1, H2, H3 for an angle of incidence of 12° (d); reflectance spectrum of sample
H3 for an angle of incidence of 56° (multiple Bragg diffraction) (e); absolute reflectance as a function of the
angle of incidence for sample H3 (f). The insets show a 2D Fourier transform of PhC coordinates.

The angular dependences of reflection spectra were recorded on a Vertex 70 FTIR Spectrometer within an angle range
of 12-84° and a wavelength range of 400-1200 nm (Fig. 1d). Obtaining such spectra is an essential part of the spectroscopy of
periodic colloidal structures such as opals. The reflectance of sample Hl was less than 4%, that of samples
H2 and H3 was 30% and 86%, respectively. The maximum reflectance was reached at 12° and decreased with increasing angle.
Full widths at half maximum were determined for each sample at 12°: FWHMy, = 203 nm, FWHM,;;, = 74 nm, FWHMy; = 70
nm. From these data, the following quality factors An./AA were determined for the peaks at 14°: 4.1, 11.4, 12.3 for H1, H2, H3,

respectively. Ay /Al at 12° for H3 was 12.4. All these data are summarized in Table 2 for the sake of easier comparison.

The modified Bragg— Snell law (1)
Do = 11 Moy —sin” 6, (1)

(where d;, is the interplanar distance; 0 is the angle of incidence; n. is effective refractive index) along with the data of
angle-resolved spectroscopy were used to calculate the following crystal lattice parameters: average diameter of
submicrospheres B, packing density, and quality factor. The calculated data agree well with experimental SEM results
(Table 2). Moreover, the spectral data obtained for sample H3 were used to estimate the intensity of maximum absolute
reflectance A at normal incidence (Fig. 1f). As can be seen, the estimated absolute reflectance at 0° was 98%.

The reflectance spectrum at 56° measured for sample H3 showed a peak splitting at 706 nm and 725 nm (Fig. 1e).
Small diffraction peaks were also observed at 481 nm, 524 nm, and 599 nm. These data indicate light diffraction on different
planes of the 3D lattice of perfectly ordered spheres.

Electron microscopy revealed different shrinkage degrees of submicrospheres A and B. Thus, submicrospheres A
(prepared with acetone) showed a smaller shrinkage under the electron beam action than submicrospheres B (prepared
without acetone). Note also that submicrospheres B were damaged much more often during sample preparation than

submicrospheres A.
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TABLE 2. Parametric Table for Samples H1, H2, H3

Parameter Sample H1 Sample H2 Sample H3
Region of study Bottom Meniscus Top
Average diameter (nm): estimated by SEM 377 372 361
determined from the spectra - 375 372
Packing density,% - 81 87
Absolute reflectance (%): at 14 deg 4 30 70
at 12 deg - — 74
Calculated absolute reflectance at 0 deg,% - - 98
Full width at half maximum (FWHM) at 14 deg, nm 203 74 70
Amax/AN (deg): at 14 4.1 11.4 12.3
at 12 - - 12.4

Fig. 2. SEM images of PMMA submicroparticles demonstrating shrinkage under the electron beam action:
submicrosphere A (sample 5) (a); submicrosphere B (sample 4) (). The outer boundary of the blurred halo around
a clear-contoured bright spot is the boundary of the submicrosphere before the shrinkage. SEM images of PMMA
submicroparticles that were damaged during sample preparation: submicrospheres A (sample 5) (¢);
submicrospheres B (sample 4) (d).

To estimate the degree of shrinkage, one of the particles on the substrate was chosen and measured by the method
described in the experimental section. Fig. 2 shows the electron microscopy images of submicrospheres A and B before and
after shrinkage. Fig. 2a shows shrinkage A = 7% for sample 5, Fig. 25 shows shrinkage A = 25% for sample 4. Fig. 2¢ and 2d
show the damages of submicrospheres A and B, respectively. Submicrospheres B were found to be more plastic and
damageable, whereas water-acetone submicrospheres A were more stable and stronger.

Below are the average shrinkages in the group (Fig. 3a) and particle sizes (Fig. 3b) plotted as functions of the
acetone volume. Fig. 3¢ shows average shrinkage as a function of the average initial viscosity of dispersion. It is known that
particle size depends on the monomer concentration (increases together with the monomer concentration). It is shown in the
present work that the volume of particles depends also on the acetone concentration: the submicrosphere diameter increases
together with the volume of added acetone. This statement is true for acetone concentrations in the dispersion up to 10%.

The experiments were carried out with the following assumptions. First, water-acetone medium provides higher
concentrations of dissolved monomer than water medium. Second, the longer polymer chain, which precipitates into a solid
phase from the solution, captures more of dispersion medium (water + acetone + MMA). Thus, higher acetone concentrations
result in a larger number of MMA and oligomers captured by polymeric globules (nanoparticles) to form the polymer sphere
[2]. As a result, nanoparticles A contain more MMA and growing oligomers than nanoparticles B by the time the gel effect
starts resulting in larger and more dense particles in the acetone medium.

It was hypothesized in [37] that this phenomenon is often observed in dispersion polymerization when the monomer
and the initiator are well dissolved in an organic dispersion environment. At the early stage of dispersion polymerization,
oligomers formed in the homogeneous phase (i.e., polymerization stage in the solution) reach the critical length of the chain
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which can no more remain dissolved in the medium and precipitates from the solution to form primary nanoglobules. As the
medium solubility increases, a smaller number of primary particles are formed; since most of oligomers occur in the medium,
larger final particles are produced.

In the case of emulsifier-free emulsion polymerization, the reaction also begins in the solution phase to form
surfactant oligomeric forms resulting from the initiator decomposition. The diffusion of originating primary particles can be
described by the Stokes—Einstein equation:
kg

D= ,
6mnr

2

where T is the absolute temperature; kp is the Boltzmann constant; 1 is the viscosity of the liquid; 7 is the particle radius.

Reducing the dispersion viscosity due to the addition of acetone affects the mobility of primary particles and the
growth of submicron PMMA spheres.

As an indirect confirmation of above conclusions, the DSC data show that the glass-transition temperature 7,
increases with increasing MMA and acetone volumes. The lowest glass-transition temperature (121 °C) was observed for
sample / and the highest one (126 °C) for sample 6. The difference between these glass-transition temperatures is probably
related to different polymer chain lengths [38-40]. As is known, the glass-transition temperature is a non-linear function of
the chain lengths in polymers [38]. Therefore, the difference between the glass-transition temperatures is not so large.
According to [41, 42], T, for for syndiotactic PMMA is =125 °C. Thus, the DSC results confirmed that the stereoregularity of
prepared PMMA is syndiotactic (Fig. 4).

The data on the PMMA glass-transition temperature allow estimating the annealing temperature required for the

hardening of opal matrix using slight sintering of polymer particles.
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Fig. 5. MFTIR spectra: PMMA dispersion (sample 4) (a); dried PMMA spheres (sample 6) (b).

Fig. 5 shows the obtained MFTIR spectra (final emulsion and PMMA submicrospheres dried at 100 °C for 3 h). The
spectrum a freshly prepared emulsion was recorded on a Simex FT-801 spectrometer. The spectrum of dried spheres was
recorded on a Bruker Vertex 70 spectrometer. The emulsion was to be dried since the spectrum of water overlapped with the
polymer lines. As can be seen in Fig. 5a, no monomer lines are present in the reaction mixture, i.e. the monomer reacted
completely.

Fig. 5b shows a distinct absorption band (from 1150 cm™ to 1250 cm™) which can be assigned to C—O—C
stretchings. Two bands at 1388 cm™' and 754 cm ™' are assigned to methyl group vibrations. The band at 987 cm™' along with
the bands at 1062 cm™ and 843 cm™' are characteristic vibrational absorptions of PMMA. The band at 1732 cm™' shows the
presence of the acrylate carboxyl group. The band at 1444 cm™ can be assigned to C—H bendings of the -CH; group. Two
bands at 2997 cm ™' and 2952 cm™' correspond to C—H stretchings of —CH; and —CH,— groups, respectively. There are also
two weak bands at 3437 cm™ and 1641 cm™' probably corresponding to the stretching of group —OH and to the bendings of
molecules of physically absorbed water, respectively (Table 3).

Thus, it can be concluded that the obtained polymer is indeed a macromolecular syndiotactic PMMA, which is
confirmed by works [43-45].
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TABLE 3. Lines in the Spectrum of Stereoregular Poly(Methyl Methacrylate)

Wavenumber
Line intensity”' [45] Polarization [45] Vibrational modes [45]
Experimental, cm’! Reported in [45], cm’!
1728 1730 es c vCOH
1485 1483 m c 6C—CH3
1461 1465 sh - da(CH3-0)
1450 1452 s s 3(CH2)
1437 1438 S c vCH3
1387 1388 m o 6C—CH3
1369 1370 w, sh - ds(a-CH3)
1273 1270 s c v, (C-C-0)
1244 1240 s o {v(c —-0)
1194 1190 es c pCH3
1151 1150 es c yr(CH3-0)
1063 1063 w c yr(a-CH3)
989 988 m c pCH2 + pCH3
964 967 m T vC—C + oCH,

Mg strong; w —weak; m — medium; es — extremely strong; ew — extremely weak; sh — shoulder.
CONCLUSIONS

Series of high-quality spherical poly(methyl methacrylate) particles with a polydispersity less than 5% were
prepared by a modified classical procedure of chain-growth emulsifier-free controlled radical emulsion polymerization of
methyl methacrylate in water. Submicrospheres with an average diameter from 237 nm to 447 nm and variable physico-
chemical properties were obtained. Replacing up to 10 vol.% of water on acetone in the dispersion medium during the
synthesis yielded more stable and strong spherical particles. 2D and 3D opals based on the above particles were prepared.
Dimensional parameters of obtained opals (particle diameters, degree of shrinkage under the electron beam action, crystal
lattice cell parameters), stereoregularity of the synthesized polymer, and glass-transition temperatures of obtained samples
were studied by scanning electron microscopy, infrared spectroscopy, and differential scanning calorimetry. It was
established by electron microscopy and IR spectroscopy methods that the surface of the photonic crystal is highly ordered and
exhibits high reflectance.
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