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Abstract: Changes in the morphology and structure of the core-shell particles of polymethyl methacrylate-
silicon dioxide and hollow SiO, particles during their heat treatment were studied by electron
microscopy, infrared spectroscopy, and X-ray diffraction. The polymeric core of the PMMA-5iO,
hybrid particle was found to undergo an unusual transformation when exposed to the electron
microscope beam: its shrinkage occurs through the formation of a spherical cavity. It was shown that
the process of silica-shell formation occurs in the temperature range of 200-600 °C and is accompanied
by the loss of vinyl- and OH-groups. It was determined by the method of X-ray diffraction, that in the
place of the interaction of PMMA and the shell, the degree of ordering of the polymer is higher than
that in the volume of the polymer core. It was shown that the frequency of the TO3-vibrational mode
(asymmetric stretching vibrations of the Si-O-Si bonds) increases with an increase in the annealing
temperature, which is associated with the densification of the silicon dioxide shell.

Keywords: core-shell particles; hollow particles; silicon dioxide; template synthesis; heat treatment; FTIR

1. Introduction

Currently, nano- and microencapsulated materials are widely used in metallurgy,
health care, cosmetology, pharmacology, and agriculture [1-8]. One of the promising
materials for capsule formation, for example, for targeted drug delivery, is silica, due to
its heat resistance, chemical inertness, and biocompatibility. The possibility of creating
composite materials with improved properties, for example, by incorporating hollow silica
particles into polymeric matrices, has great prospects.

Hollow, spherical silica nano/microparticles could be the basis for the development
of new types of heat-insulating materials (HIM), due to their high temperature resistance,
low thermal conductivity, and chemical inertness as well as the availability of silica. A
distinctive advantage of HIM that is based on hollow silica particles is the ability to
regulate the thermal properties of materials by modifying the size and porosity of the
particles [9,10]. Hollow-silica spheres are a promising insulating material due to their
structural analogy with aerogels. Their high thermal-insulating ability has already been
shown in measurements on hollow silica-sphere powders [10] and in colloidal ensembles in
the air [11]. Nanostructured porous materials can be used to store hydrogen in a molecular
form [12].

To create hollow silicon-dioxide particles, a two-step process involving the synthesis
of core-shell particles by templating followed by template removal is the most common.
This method allows for controlling the shape, size, and homogeneity of the final hollow
particles. Polymeric (PMMA, polystyrene) monodisperse particles are used most commonly
as “cores” [13-17]. The removal of templates from hybrid particles is usually performed by
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heat treatment [18-21]. The properties of capsule shells (density, permeability) depend on
the peculiarities of their synthesis and subsequent heat treatment. However, in numerous
publications on the synthesis of hollow silica particles, including those using polymeric
particles as templates [21-28], generally, there are no data on the effect of synthesis and heat
treatment conditions on the size and morphology of particles, as well as on the porosity and
permeability of the shells. These characteristics are critical for most practical applications,
so research in this area is relevant.

This work aimed to investigate changes in the morphology and structure of PMMA-
5i0O; core-shell particles, obtained under different synthesis conditions, and hollow silica
particles during their heat treatment by electron microscopy (EM), infrared spectroscopy
(IR), and X-ray diffraction (X-ray) methods.

2. Materials and Methods

The synthesis of PMMA-SiO, core-shell particles and hollow SiO; particles was per-
formed according to the method described in the previous work [29]. Briefly, monodisperse
spherical polymethyl methacrylate (PMMA) particles ~440 nm in diameter, synthesized by
the emulsion method, served as templates, on the surface of which organosilicon shells were
formed by the hydrolysis of vinyltrimethoxysilane (VIMS), using two different catalysts:
ammonium hydroxide (type I particles) and L-arginine amino acid (type II particles). After
air drying at 60 °C, the hybrid particles were annealed for 24 h at various temperatures in
the range of 100-1100 °C. The morphology and dimensions of the particles were measured
by electron microscopy using a Zeiss Supra 50 VP scanning-electron microscope (SEM) and
a JEM-2100 high-resolution transmission-electron microscope (HRTEM). The IR transmis-
sion spectra of the samples were measured using a VERTEX 80v Fourier spectrometer in
the spectral range of 400-4000 cm~! with a resolution of 4 cm~!. For the measurements,
powdered samples were ground in an agate mortar and then applied in a thin layer to a
crystalline ground KBr substrate. The X-ray diffraction studies were performed using a
Rigaku SmartLab SE diffractometer on the CuK radiation, A = 1.54178 A, 40 kV, 35 mA.

3. Results and Discussion
3.1. Transformation of PMMA-SiO, Core-Shell Particles under the Action of the Electron
Microscope Beam

Figure 1a shows an SEM image of spherical PMMA particles that are 440 &+ 21 nm in
diameter, which we obtained and used as a template for the formation of hybrid PMMA-
Si0; particles. Their high homogeneity in size (deviation from the average value is less
than 5%) determines the monodispersity of the hybrid PMMA-SiO, particles formed on
these templates (Figure 1b).

Figure 1. SEM images of PMMA particles 440 4 21 nm in size (a) and hybrid PMMA-SiO, particles
505 + 18 nm in diameter obtained from them (b).
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During the electron-microscopic studies of PMMA particles, we observed their shrink-
age under the action of the electron beam. In [30], the authors showed that the shrinkage of
spherical PMMA particles depends on the beam power and can reach 20% of the diameter.
In our experiments, particle shrinkage reached 30%. PMMA particles stopped changing
their sizes 1-2 min after the beginning of their irradiation and, thereafter, maintained their
diameter irrespective of the time of exposure to the electron beam. This testifies to the fact
that PMMA decomposition does not occur even under conditions of high vacuum inside
the electron-microscope column, during the prolonged heating as a result of exposure to
the electron beam. That is, the sample-heating temperature reaches a value sufficient to
soften the polymer but insufficient for its depolymerization.

When hybrid submicron PMMA-SiO, particles were studied, it was found that poly-
mer “cores” exhibit an unusual type of shrinkage under the effect of the electron microscope
beam (Figure 2), under which a decrease in the PMMA volume is accompanied by the
formation of a spherical cavity, and the polymer is distributed along the inner surface of the
5iO; shell. Due to the high rate of the shrinkage process, the stages of polymer-core trans-
formation can be observed only at low-current densities. Even at an electron-beam-current
density of 2 pA/cm?, the transformation of the polymer core expressed in the appearance
of regions of lower density is observed in the first seconds of observation. Thus, for the
samples of core-shell particles formed on polymer templates ~440 nm in diameter, these
areas form a spherical cavity ~310 nm in diameter within ~2 min, after which their further
growth stops (Figure 2b). Due to the presence of porosity, spherical PMMA particles with-
out an SiO; shell undergo shrinkage under the action of the electron beam, compressing
to their center [30]. The shrinkage of the polymer core in the hybrid PMMA-SiO, particle
occurs by the formation of an expanding inner cavity with densification of the polymer
near the organosilicon shell. This occurs due to the presence of the vinyl groups in the
organosilicon shell, providing a strong bond between the shell and the polymer core [31,32].

Figure 2. SEM images of PMMA-SiO; particles at the beginning of observation (a), 2 min after
exposure to the electron microscope beam at a current density of 2 pA/cm? (b), and under prolonged
exposure to the electron beam at a current density of 10 pA/ cm? (c).

To estimate the initial sizes of the polymer and hybrid particles, we estimated the
heating temperature of the core-shell particles under the action of the electron beam. For
this purpose, we compared the maximum compression of such particles when exposed to an
electron beam of different intensities and under their heating in the furnace. At low-current
density (2 pA/cm?), a decrease in the outer diameter of the particles was ~5% (Figure 2b).
At a current density of 10 pA/cm?, the maximum compression of the particles reached
~12% (Figure 2c). When comparing these data with the data on the heat treatment of hybrid
particles in a wide temperature range (100-900 °C, see Figure 5a in [29]), we assume that the
temperature of the core-shell particles under exposure under a low-intensity electron beam
does not exceed 150 °C, and at a high-current density it does not exceed 200 °C. At these
temperatures, the loss of polymer-core mass does not occur. The thermal-stability studies
of the compacts of close-packed spherical PMMA particles at temperatures of 200-300 °C,
for 24 h in the air (Figure 3), showed that no weight loss of polymer particles was observed
upon heating up to 200 °C inclusive. At temperatures above 200 °C, the beginning of



Crystals 2022, 12, 883

4 of 14

a 100

the depolymerization of PMMA particles was observed. When heating the compacts of
polymer particles above 200 °C, a gradual increase in the mass-loss rate of the samples
occurs, and at 300 °C, the sample evaporates almost completely in 5 h (Figure 3a). Figure 3b
illustrates a change in the weight of the compacts with the heating temperature for 24 h.
The experimental values of the weight loss (Figure 3a,b) are described well by exponential
functions with the coefficient of determination R? = 0.99 for each curve.

b 100+
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Figure 3. Dependencies of the weight loss of PMMA particle compacts on temperature and heating
duration (a) and on temperature during 24 h annealing (b).

3.2. IR-Transmission Spectra of PMMA-SiO, Particles

Figures 4 and 5 show IR-transmission spectra of spherical PMMA particles and the
initial hybrid core-shell particles obtained using two different catalysts, i.e., ammonium hy-
droxide (type I particles) and L-arginine amino acid (type II particles), as well as the hybrid
particles annealed at different temperatures. The IR spectrum of PMMA (Figures 4 and 5,
spectrum 1) agrees well with the PMMA spectra presented in [33-36]. The absorption bands
observed therein, with maxima of 480 cm !, 752 cm~!, 841 cm™!, 989 cm !, 1063 cm 1,
1149 em ™!, 1194 cm ™!, 1240 em ™!, 1269 em ™!, 1387 cm ™, 1435 cm ™!, 1448 cm ™!, and
1481 cm ™!, are characteristic of the PMMA-absorption spectrum. However, their assign-
ment in the literature sources is not always unambiguous. Thus, in [34,35], intense ab-
sorption bands in the range of 1149-1194 cm~! and 1240-1269 cm~! are attributed to
the stretching vibrations of C-O-C bonds. In [36], bands with maximum frequencies
of 1149 cm~! and 1194 cm™! are ascribed to the strain torsional and fan vibrations of
CHj-groups, respectively. Less-intense bands with a maximum of 1387 cm~! and those
in the range of 1435-1481 cm ! are due to the bending vibrations of the C-H bonds of
the CH3-groups [34,36]. In [35], the 1387 cm ™! band together with the 752 cm~! band
is attributed to the vibrations of the a-methyl group. The 2993 cm~! and 2839 cm™~! ab-
sorption bands are ascribed to the asymmetric and symmetric stretching vibrations of
the C-H bonds of the CH;-groups, respectively, and the 2951 cm~! band is ascribed to
the asymmetric stretching vibrations of the C-H bonds of the CH;-groups [33-36]. The
most intense band at 1730 cm ™! is associated with the stretching vibrations of the C=0O
carbonyl groups [33-36]. The 989, 841, and 1063 absorption bands are also thought to be
characteristic of the PMMA-absorption spectrum [35].
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Figure 4. IR transmission spectra of spherical PMMA particles (1), initial hybrid core-shell particles
obtained using ammonium hydroxide (type I particles) (2), and annealed at 150 °C (3), 200 °C (4),
300 °C (5), 400 °C (6) and 600 °C (7).
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Figure 5. IR-transmission spectra of spherical PMMA particles (1), initial hybrid core-shell particles
obtained using L-arginine (type II particles) (2), and annealed at 150 °C (3), 200 °C (4), 300 °C (5),

400 °C (6) and 600 °C (7).
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In the spectra of both types of initial core-shell particles, the PMMA absorption bands
indicated above are also clearly present (Figures 4 and 5, spectra 2). At the same time,
these spectra contain a number of new bands, among which the weak absorption bands at
544 cm~!, 1410 cm !, 1603 cm ™!, and 3063 cm ! caused by the presence of vinyl groups in
the shell composition of the hybrid particles should be highlighted. The 3063 cm~! and
1410 cm~! bands refer to the stretching and bending vibrations of the C-H bonds of the
vinyl group (CHy), respectively, the 1603 cm~! band refers to the stretching vibrations of
the C=C bonds of this group, and the 544 band refers to the twisting vibrations of C=CH,
of this group [37,38]. We also note that a number of works discuss different assignments
of the last low-frequency band. Thus, in [37], the absorption band at 541 cm™, which
almost coincides in the spectral position, is associated with the deformation vibrations of
four-fold siloxane rings. Similarly, in [39,40], weak absorption in the region of 550-640 cm™!
is referred to by such vibrations. The broad absorption band at ~3440 cm ™!, in the spectra
of both types of the obtained hybrid particles (Figures 4 and 5, spectra 2), appears to be due
to the stretching vibrations of O-H-group bonds being present in the shell composition of
such particles and, possibly, water molecules adsorbed on the sample surface.

One should note the weak absorption bands at ~1556 cm~! and 1618-1678 cm~! in
the spectrum of hybrid type II particles obtained in the presence of L-arginine (Figure 5,
spectrum 2). These lines are not observed in the spectra of PMMA and the hybrid type I
particles obtained in the presence of ammonium hydroxide (Figure 4, spectra 1 and 2)
that correspond to the most intense L-arginine-absorption lines. According to [41], the
guanidine groups of arginine are firmly bound to the silanol groups of silica. In [29], it was
suggested that arginine inclusions in the structure of the organosilicon shell contribute to
the porosity of the shells of type II particles, leading to the greater thermal shrinkage of
these samples as compared to type I particles.

In the low-frequency region of the spectrum of the sample with initial type I particles,
bands with absorption maxima of 444 cm 1, 756 em ™1, and 1047 cm ™! are observed
(Figure 4, spectrum 2). According to [40,42], these bands are due to the vibrations of oxygen
atoms in the Si-O-Si chains: rocking (TO;), symmetric stretching (TO;), and asymmetric
stretching (TOs3), respectively. These three lines are also present in the spectrum of the
sample with initial type II particles at 440 cm~!, 756 cm 1, and 1063 cm ™!, although the
1047 cm~! line in this spectrum appears only as a low-frequency shoulder of the 1063 cm™!
PMMA-absorption line (Figure 5, spectrum 2).

Summarizing the analysis of the IR spectra of the initial hybrid PMMA-SiO, particles
and the PMMA polymer, we can say that the appearance of the hybrid particles of absorp-
tion in the spectra are due to the Si-O-5i bonds, as well as the vinyl groups, which confirms
that the process of hydrolysis of VIMS on the surface of the PMMA spheres results in the
formation of organosilicon shells.

3.3. IR-Transmission Spectra of PMMA-SiO, Particles at Different Annealing Temperatures

Figure 4 shows IR spectra of the sample with type I particles annealed at different
temperatures (spectra 3-7). The figure demonstrates that up to T = 200 °C, no significant
changes in the spectra are observed. At T = 150 °C, absorption bands caused by the
vibrations of PMMA, Si-O-5i, and O-H bonds, as well as the weak absorption associated
with the vinyl groups, are present in the spectra except for the lowest frequency band at
544 cm~!, which completely disappears. After the annealing of this sample at T = 200 °C
(spectrum 4), the remaining absorption bands of the vinyl groups (1410 cm~!, 1603 cm ™!,
3062 cm ') also disappear. The disappearance of the 544 cm ™! band, after the annealing
at T =150 °C, indicates that it is more likely to be attributed to the twisting vibrations of
the C=CH, bond of the vinyl groups than to the deformation vibrations of the four-fold
siloxane rings, since in [39] the mentioned mode of the ring vibrations is present in the
spectra up to temperatures of 300-500 °C.

The disappearance of the vinyl groups in the IR spectrum of the samples annealed
at T =200 °C indicates the completion of polymerization caused by the opening of the
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C=C bond of the vinyl groups. Note that in both types of the samples the intensity
of the symmetric mode TO, decreases after annealing at T = 150 °C and T = 200 °C.
Similar behavior of this mode was observed during the thermal annealing of the SiO, films
deposited by aerosol-gel method onto a silicon substrate [42].

The radical rearrangement of the transmission spectrum is observed in the spectrum
of the sample annealed at T = 300 °C (spectrum 5). The absorption bands of all three modes
of Si—-O-Si bond oscillations (455 cm ™!, 802 cm ™!, and 1084 cm™!) are intensified and
shifted towards higher frequencies. The combination of these three absorption bands is
characteristic of the silica (SiO,) spectrum [43]. In spectrum 5, the 939 cm ! band appears,
which, according to [37,44,45], can be attributed to the vibrations of the Si~(OH) bond. In the
high-frequency region of the spectrum in the range of 3100-3700 cm !, absorption bands
of the stretching vibrations of the O-H bonds in H,O (3360 em 1) and SiOH (3650 cm™ 1)
are observed [44,45]. The absorption line of the C=0 carbonyl group (1730—1714 cm 1)
weakens and shifts towards low energies, and a weak absorption appears due to the
bending vibrations of the O-H bonds in H,O (1614 cm 1) [40]. The comparison of spectra
4 and 5 shows that, whereas PMMA-absorption bands dominate in spectrum 4 after the
annealing of the sample at T = 200 °C, in spectrum 5 (T = 300 °C) only one weak-absorption
band of the carbonyl group remains, and the absorption band at 1084 cm ™! caused by
the stretching vibrations of the 5i-O-Si bonds becomes the most intense in this spectrum.
The dominance of five intensive absorption bands of the Si—-O-Si bonds, characteristic of
silica, in the spectrum and the almost complete disappearance of PMMA-absorption bands
indicate that annealing at 300 °C leads to almost complete depolymerization of PMMA and
its removal from submicron core-shell particles. In this case, the composition of the particle
shells is close to pure silica, although this process after T = 300 °C is not complete yet, as
evidenced by the presence of the absorption bands of the Si-(OH) and SiO-H bonds. After
sample annealing at T = 600 °C (spectrum 7), the Si~(OH)-absorption band disappears
as a result of the removal of OH-groups from the silicon-coordination environment; the
C=0-absorption band is almost not observed either. The spectrum is characteristic of pure
silica (Si0;): only the absorption bands at 467 cm 1,808 cm !, and 1101 em ™!, caused by
the vibrations of the Si-O-5i bonds, are observed. Their spectral positions almost coincide
with the frequencies of the vibrations of these bonds for the SiO, nanoparticles coated with
the PMMA shell [13].

Figure 5 also illustrates IR spectra of the sample, with type II particles annealed at
different temperatures (spectra 3-7). After the annealing of this sample at T = 150 °C,
the 546 cm~!-twisting-vibration band of the C=CH, bond of the vinyl groups, as well as
the weak-absorption bands (~1556 cm ™! and 1618-1678 cm™!) of L-arginine, which is the
catalyst of VIMS hydrolysis (spectrum 3), disappear in its spectrum. Further changes in the
spectra of the sample with type II particles after its annealing at higher temperatures are
similar to the behavior of the spectra of the sample with type I particles (Figure 4). That is,
the absorption lines of the vinyl groups (1410 cm~!, 1603 cm~!, and 3062 cm ') disappear
at T = 200 °C (Figure 5, spectrum 4), and the main changes in the spectra of the samples
begin at T = 300 °C (Figure 5, spectrum 5). After the annealing of the sample at T = 600 °C
(spectrum 7), only 463 cm~!, 808 cm ™!, and 1099 cm~! absorption bands caused by the
vibrations of the Si-O-5i bonds are observed in its spectrum.

A summary of the frequencies of the vibrational modes in the IR spectra is given in
Table 1. The assignment of the vibrational modes is made in accordance with the literature
data given in the last column of the table.

Thus, the study of the IR spectra of hybrid particles during their heat treatment showed
that the polymer core is almost completely removed for 24 h at 300 °C, the hydroxyl groups
are removed during annealing at 600 °C, and the process of transformation of core-shell
particles into silica spheres is completed.
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Table 1. Vibration frequencies of bonds (cm ™) observed during the transformation of an organosili-
con shell into a SiO; shell during heat treatment.

Initial Samples T =150 °C T=200°C T =300°C T =400°C T =600°C Particle Type Assignment Ref.
444 453 455 455 459 467 .
440 447 449 459 457 463 I 8(0-5i-0) (371
gfé B B B B B 111 C=CH, twist [37]
756 791 802 802 802 808 I . .
756 784 789 804 806 808 i Vs(5i-O-5i) [37,40,42]
- — — 939 937 — .
B B B 035 930 B I Vas (Si—OH) [37,44,45]
1047 1065 1068 1084 1088 1101 . .
1063 1065 1067 1088 1088 1099 1 Vas(Si-O-5i)  [37,40,42]
1410 1410 - - - - I 5(CHy)
1410 1410 — - — — I in-plane [57,38]
1603 1603 - - - - I
1603 1603 . - - - 1 vs(C=0) [37,38]
1614 1630 I
1622 1612 I 8(H-O-H) [40]
3062 - - - - - I
3063 _ _ _ _ _ i VaS(CHZ) [36/37]
3436 3425 3371 3360 3400 - I
3440 3434 3434 3434 3371 - I v(H-O-H) [44,45]
- - — 3650 3650 — I .
- - - 3656 3658 - i v(SiO-H) [44,45]

Vas = asymmetric stretching vibration; vg = symmetric stretching vibration; v = stretching vibration; 5 = deforma-
tion vibration. I is type I particles (NH4OH catalyst); Il is type II particles (L-Arginine catalyst).

3.4. Variation of the TO3 Mode-Oscillation Frequency with an Annealing Temperature

IR spectroscopy is widely used to study the microstructure of sol-gel silica films [40].
The degree of condensation of sol-gel silica films largely depends on the synthesis pa-
rameters, as well as the duration and temperature of annealing. The condensation is
accompanied by shrinkage and stresses. As a consequence, a shift in the frequencies of the
5i-O-5i bond vibrations is observed. In [40,42,45,46], a change in the frequency of the most
intense absorption line, caused by the motion of an oxygen atom along the line parallel to
the Si-5i axis, is described in detail. This motion of the oxygen atom results in the opposite
deformation of two neighboring Si-O bonds and is denoted as TO3, which is antisymmetric
stretching with a significant contribution from cation motion [40].

Figure 6 shows the dependencies of the TO3-mode oscillation frequency in two types
of PMMA-5iO, hybrid particles on their annealing temperature. Both samples exhibit a
smooth increase in the frequency of TOs oscillations with an increasing annealing tem-
perature, which is due to the densification of the silica-shell structure [40,42,45,46]. This
character of the temperature dependence of the vibrational mode of the Si-O-5i bonds
indicates the microstructural homogeneity of the synthesized-silica shell.

Publications [42,45,46] show that the wave number of the TO; mode during heat
treatment of the silica samples passes through the minimum at 450-600 °C, and then
increases with further temperature increase. The authors attribute the explanation of such
behavior to additional porosity, due to the removal of alkoxy groups during annealing. The
absence of a characteristic sag on the curve of the dependence of the TO3-mode frequency,
on the annealing temperature in the range of 450-600 °C (Figure 6), can be explained by
the absence of unreacted alkoxy groups in our samples.

The authors of [42] did not observe the specified minimum after the deconvolution
of the absorption bands in the 1300-900 cm~! region. The frequency of the TO3 mode
oscillations remained constant (1060 cm~!) up to the annealing temperature of 250 °C,
and, after annealing at 300 °C, the frequency increased sharply to 1080 cm~!. Next, in
the temperature range of 300-500 °C, the frequency dependence of the TO; mode has an
almost horizontal shelf with a weak decrease in the frequency in this area, followed by a
sharp increase in the frequencies with an increase in the temperature above 500 °C. The
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authors of [42] explain this behavior by the presence of an unresolved TEOS (Si-O-C) band
at 1080 cm ™!, which obscures the TO3 band and disappears by 300 °C.

1120 -

1110 -

1100 5

-1

1090

1080 —

Wavenumber, cm

1070

1060

1050

x T J | X T y T ' T J
0 200 400 600 300 1000

T €

Figure 6. Dependence of the frequency of the TO3-mode oscillations on the annealing temperature in
hybrid PMMA-SiO, particles obtained using two different catalysts: ammonium hydroxide (type I)
and L-arginine amino acid (type II).

Note that the lowest TOj3 oscillation frequency was also observed by the authors of [42]
after the deconvolution of the absorption bands in the region of 1300900 cm ™!, also for
the initial unannealed samples. This may mean that the passage of the wave number of the
TO3; mode through the minimum at 450-600 °C observed in [45,46] reflects not the nature
of the real dependence of the TO3-mode frequency on the annealing temperature, but the
effect of the method of obtaining samples, leading to the presence of a significant amount of
unreacted alkoxy groups in the structure of the obtained films, on the IR spectra. This leads
to additional absorption of the unresolved TEOS (S5i-O-C) band at 1080 cm~1, shading the
TOj3 band [40,42].

3.5. Evolution of the Shell Structure during Heat Treatment

Figure 7 shows X-ray diffraction patterns of initial polymer particles (used as cores)
and PMMA-SiO,-hybrid particles of type I (a) and type II (b) annealed at 200 °C, 300 °C,
500 °C, 800 °C, 950 °C, 1000 °C, and 1100 °C and 200 °C, 300 °C, 500 °C, 800 °C, 950 °C,
1000 °C, and 1050 °C, respectively. The X-ray diffraction pattern of the polymer is a series
of wide bands, which is typical for an amorphous material, with the first small-angle peak
clearly distinguished in the intensity at the 20 angle of ~13.5° [47,48]. The shape of the first
peak reflects the degree of polymer-chain ordering. At a qualitative level, the peak width
can be used to estimate the degree of polymer amorphism. The smaller the peak width, the
less randomly the macromolecular chains are arranged.
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Figure 7. X-ray diffraction patterns of polymer particles and hybrid PMMA-SiO, particles based on
them, during their transition into hollow SiO, particles of type I (a) and type II (b), annealed at 60 °C,
200 °C, 300 °C, 500 °C, 800 °C, 950 °C, 1000 °C, and 1100 °C and at 60 °C, 200 °C, 300 °C, 500 °C,
800 °C, 950 °C, 1000 °C, and 1050 °C, respectively.

The X-ray diffraction pattern of both types of initial PMMA-SiO, particles (60 °C) has
an additional peak at the 20 angle of ~9.3° (Figure 7), as compared to the X-ray diffraction
pattern of the initial polymer. In addition, at the 26 angle of ~23°, a weakly pronounced
broad peak (hint) associated with the presence of amorphous silica is observed. Taking
into account the multiple superiorities of the polymer core over the SiO, shell in the mass
and volume in the PMMA-5iO, hybrid particle, it can be assumed that this low-angle peak
(9.3°) refers to the polymer core (PMMA). The disappearance of this peak after annealing
at 200 °C confirms this assumption. The shape and position of this peak give reason to
associate it with the peak at the 20 angle of ~13.5°. Since this peak arose after the growth
of the organosilicon shell on the polymer-core surface, we assume that it is caused by
their interaction.

The comparison of the polymer structure in the regions of 26 angles of ~13.5° and ~9.3°,
in terms of the degree of ordering and intermolecular distance, demonstrates an increase
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in both characteristics for the polymer in the region of shell-core coupling. According
to the estimate made for the type I sample by the formula R = 5/8A/sinf, where R is
the distance between macromolecular chains, A is the X-ray wavelength, and 6 is the
angle corresponding to the diffraction-peak maximum [47,48], the intermolecular distance
increased from R ~8.0 A for the peak at the 20 angle of ~13.5° to R ~12.0 A for the peak at
the 20 angle of ~9.3°.

The degree of ordering in the polymer was estimated from the average size of “crys-
tallites” using the formula L. = 57.3 KA/ 3 cos8, where K = 0.87 is the Scherrer constant,
A = 1.54 A is the X-ray wavelength, and § is the peak width at half the maximum (20) [47,48].
For the peak at the 260 angle of ~13.5°, the value of L is ~16.8 A, and for the peak at the 26
angle of ~9.3°, the value of L is ~36.2 A. Thus, the degree of ordering in the polymer in the
region of shell-core coupling increased significantly. Note that the values of R and L. are
close for both samples (types I and II).

After the annealing of the samples at 200 °C, the peak at the 26 angle of ~9.3° almost
disappears. The peak at the 26 angle of ~13.5° remains the most intense in the X-ray
diffraction pattern. In this case, there is an increase in the plateau intensity in the regions of
26 angles of 22-25°, which corresponds to silicon dioxide. Annealing at 300 °C leads to
the complete disappearance of the polymer peak at the 20 angle of ~13.5°. These data are
consistent with the results obtained by IR spectroscopy (Figures 4 and 5). At the same time,
an intense peak appears in the X-ray diffraction pattern, centered near the 26 angle of ~23°,
which corresponds to amorphous silicon dioxide. Subsequent annealing of the samples at
500 °C and 800 °C leads to insignificant changes in the X-ray diffraction patterns. Thus,
the only remaining peak shifts with an increasing temperature towards smaller angles,
and its width decreases. The position of the peak center after 500 °C shifts to the 20 angle
of ~22°, and that at 800 °C shifts to the 20 angle of ~21°. At an annealing temperature of
~1000 °C, the loss of a spherical shape and sintering of both types of the particles occur [29].
The X-ray diffraction studies show that, at this temperature, type I particles pass into the
crystalline phase (x-cristobalite SiO;) (Figure 7a). Type Il particles remain predominantly
amorphous: reflections of the crystalline phase of x-cristobalite SiO, are barely visible
against the background of the halo (Figure 7b).

At an annealing temperature of 1050 °C, type Il particles crystallize in the x-cristobalite
SiO; phase (Figure 7b), similarly to type I particles (Figure 7a). The beginning of the
crystallization of hollow type Il particles at a higher temperature can be associated with a
lower density of their shells compared to the shells of type I particles [29].

4. Conclusions

In this work, changes in the morphology and structure of PMMA-SiO; core-shell par-
ticles and hollow SiO; particles during their heat treatment have been studied by electron
microscopy, infrared spectroscopy, and X-ray diffraction. An unusual transformation of
the polymer core in PMMA-SiO, hybrid particles has been found: spherical cavities are
formed inside the polymer cores under the action of an electron-microscope beam. This
behavior, as well as the compression of PMMA particles without the silica shell under the
action of an electron beam, indicates the porosity of the initial polymer particles. In this
case, there is no loss of polymer mass because, according to the estimates, the heating of
the samples did not exceed 200 °C.

The dependence of the frequency of the Si-O-Si bond vibrations (TO3 mode) in
the samples on the temperature of their treatment has been measured. The samples
demonstrate an increase in the TOz-oscillation frequency with an increase in the annealing
temperature. An analysis of the diffraction patterns has revealed the formation of a new
diffraction maximum of the polymer in the initial hybrid PMMA-SiO, particles at the 20
angle of ~9.3°, which arose as a result of the interaction between the organosilicon shell
and the polymer-core surface. It is shown that in the region of the interaction between the
polymer and the silica shell, the polymer structure changes. The distance R between the
macromolecular chains in this region and the average size of “crystallites” L. increased,
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compared with the initial polymer. After the annealing of the samples at 200 °C, the peak at
the 26 angle of ~9.3° almost disappears. Further annealing at 300 °C leads to the complete
removal of the polymer from the samples. The X-ray diffraction studies show that type
I particles heated to 1000 °C for 24 h pass into the crystalline phase (x-cristobalite SiO,),
while type II particles remain predominantly amorphous at this temperature.

Note that when using VIMS as a precursor of silicon dioxide in the synthesis of
hollow particles by the template method, it is preferable to use the thermal removal of
polymer templates. During heat treatment, unreacted organic residues are removed, which
is important for their use in pharmaceutical and food industries. In this case, the change in
the size and structure of the particle shells that occurs during annealing should be taken
into account.
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