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Abstract
The aim of this study is to develop a manufacturing technique of polymethylmethacrylate (PMMA) nanospheres to produce 
a more stable opal template. Water–acetone mixture was used as a dispersion medium to synthesize a PMMA opal structure. 
Morphology features, IR vibrational spectra and glass transition temperatures of the PMMA nanospheres formed in the 
water–acetone dispersion medium (nanospheres A) have been studied comparing with the same prepared in distilled water 
solution without acetone (nanospheres B). A dependence of a shrinkage degree of the nanoparticles on the acetone volume 
has been investigated. It has been revealed that under an electron beam action the shrinkage degree of the nanospheres A is 
in the range of 7–16% while the shrinkage of the nanospheres B is 18–25% at the same conditions. The nanospheres A are 
less flexible and soft as compared to the nanospheres B. Additionally, an ability of the PMMA nanoparticles fabricated in the 
water–acetone dispersion medium to form the ordered opal structures is demonstrated to be the similar to the nanospheres B.

1 Introduction

Poly(methyl methacrylate) (PMMA) is a well-known, amor-
phous, synthetic polymer [1–3]. PMMA is better known as 
an “organic glass” due to its high optical transparency. The 
polymer is comprehensively employed as a substitute for 
an inorganic glass for the reason that it shows high impact 

strength, lightweight, shatter-resistant, and exhibits favorable 
processing conditions [4]. An understanding of key proper-
ties of PMMA might facilitate enormously to a breakthrough 
in technological and laboratory manufacturing, chemical 
and physical transformation as well as expand a range of 
utilization of the polymer. The polymers, that bear specific 
chemical groups imparting new properties to materials for 
physical, chemical, biological, and pharmaceutical uses are 
called functional polymers [5]. PMMA is seemed to be the 
encouraging and attractive polymer for practical implemen-
tation in biomedical [6–8], sensor [9–11], electrochemical 
and conductive devices [12], optical [13, 14], analytical sep-
aration [15], solar cell technology [16–21], applications in 
nanotechnology [22–25] and other fields. For the biomedical 
applications, PMMA is the most promising polymer due to 
its non-toxicity, less cost, minimal inflammatory reactions 
with tissues, easy processability, and compatibility. Among 
the applications, it should be noted a drug delivery [26, 27], 
implant material [1], biological labeling [7, 28], therapeutics 
[29, 30], biodetection [30], bioimaging [30, 31]. In addi-
tion, PMMA has been one of the most commonly used poly-
mers for microfluidics [6, 32]. Among the feasible optical 
application are temperature sensors and three-dimensional 
displays [10], extraordinary optical transmission [33], low-
loss transmission [34], enhanced absorption [35, 36] and 
multi-functional and multi-responsive luminescence [37].
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The organic glass may be also used for the manufacturing 
of micro- and nanosized nanospheres [38, 39]. To form the 
nanospheres, a technology based on distilled water medium 
is usually applied. A classical approach to synthesize the 
PMMA particles (soap-free emulsion polymerization) sug-
gests using methyl methacrylate (MMA), distilled water and 
initiator only [40–42]. Such spheres might form ordered and 
even perfectly ordered 2D and 3D mesoporous structures 
(photonic crystal films, artificial opals) [43, 44]. It should be 
noted that there is a number of works devoted to the applica-
tion of optical devices based on the photonic crystals (PhCs) 
[45–48]. Examples of the polymer-based PhCs are given in 
[49].

A particular case of the PhCs is an inverse opal (IO) 
[50–52]. IO macroporous structures have promising appli-
cation in gas sensing [49], photocatalysis and even in can-
cer cell therapy. At present, the polymer templates are 
commonly used to fabricate the inverse opal. An essential 
part of the inverse opal manufacturing is a fabrication of 
the PMMA template [53], possessing a sufficient strength. 
Consequently, fusing of the PMMA nanospheres is required. 
There are many works both calculating and experimental on 
a thermal gravimetric analysis (TGA), differential thermal 
analysis (DTA), differential thermogravimetric (DTG) and 
differential scanning calorimetry (DSC) [4, 54–57]. There-
fore, the understanding of the chemical and thermal proper-
ties such as an annealing temperature, tacticity, length of a 
polymer chain plays the crucial role in the strengthening of 
the PMMA template by the slightly fusing of the polymer 
particles.

The properties of the classical PMMA nanospheres are 
well studied. However, utilizing dispersion medium that is 
more complex, it is possible to modify [58] the polymeriza-
tion technique and obtain the nanoparticles with the variable 
properties [59]. Current work is aimed at the study of the 
morphological stability of the PMMA nanospheres manu-
factured in the water–acetone dispersion medium.

2  Experimental

2.1  Materials and instrumentation

First, the PMMA nanospheres with a polydispersity less than 
5% [48] were manufactured in the water dispersion medium 
to compare them with particles produced in the water–ace-
tone dispersion medium. MMA (99.8%) from VitaReaktiv 
(Dzerginsk, Russia), nitrogen gas (99.6%) from TD Fakel 
(Krasnoyarsk, Russia) 2.2′-azobis(2-methylpropionamidine) 
dihydrochloride (97%) from Aldrich (St. Louis, Missouri, 
US) were used without further purification. In addition, dis-
tilled water and distilled acetone were used.

In situ disturbed total internal reflection measurements 
were carried out with the FTIR-spectrometer FT-801 (Simex, 
Novosibirsk, Russia) to control a process of a synthesis. To 
ensure electrical conductivity, a magnetron sputter coater 
K575XD (Emitech, UK) was used to cover the surface of 
PMMA with a thin film. The morphological features of the 
samples was acquired with a high-resolution field emission 
scanning electron microscope (FE-SEM) S-5500 (Hitachi, 
Japan) at an acceleration voltage of 3 kV. A scanning elec-
tron microscope SU3500 (Hitachi, Japan) was employed to 
visualize large areas of the PMMA opal films. A drying of 
the samples was performed using a laboratory oven with a 
digital thermometer SIBLAB 30L 350 °C (DION, Novosi-
birsk, Russia). Steady-state attenuated total reflectance spec-
troscopy was performed with the FTIR-spectrometer Vertex 
70 (Bruker, Germany). To investigate the glass transition 
temperature, the calorimetry experiments were performed 
using a premium differential scanning calorimeter Phoenix 
204 F-1 (NETZSCH, Germany).

2.2  Synthesis of poly (methyl methacrylate) 
nanospheres

Batches of the high-quality PMMA nanospheres with the 
very narrow polydispersity [48] were synthesized via a chain 
radical polymerization process of methyl methacrylate [50, 
60]. Mean diameters in the batches were between 237 and 
447 nm.

A size of the PMMA spheres produced using this method 
is highly dependent on a composition of a synthesis mix-
ture and reaction temperature. Briefly, distilled water, methyl 
methacrylate and distilled acetone (in case of the water–ace-
tone dispersion medium) were charged into a four-necked 
flat-bottomed cylinder (1 L in volume, made from stainless 
steel), equipped with a mechanical mixer, running a water-
cooled reflux condenser and nitrogen bubbler. The mixture 
was then heated to 72.7–75 °C, whereupon 2,2′-azobis(2-
methylpropionamidine) dihydrochloride was added as an azo 
initiator and the polymerization of MMA started.

Since a boiling point of acetone (56.1 °C) is much lower 
than that of water (100 °C) and MMA (101 °C), Sample 
3 with a low MMA content boils at 75 °C. Therefore, we 
decreased the synthesis temperature down to 72.7 °C for 
all the nanospheres A. The works devoted to the synthesis 
temperature of polymers [61, 62] confirm that a slight tem-
perature variation will not affect strongly the physical and 
chemical properties of the particles. In fact, only synthesis 
time of the nanospheres A became longer for 10–15 min in 
comparison with synthesis time of the nanospheres B. The 
measurements of variations in the reaction mixture tempera-
ture were made in the mode of dynamic observation.

Thus, to obtain the PMMA nanospheres B in the range 
of 360–370  nm (for example, as Sample 7), we used 
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150 ml of MMA, 570 ml of distilled water and 0.3 g of 
initiator diluted in 20 ml of distilled water. In that study, 
the emulsion temperature was kept at 75 °C and the mixer 
speed was fixed at 700 rpm [40–42, 48]. The polymeriza-
tion procedure for mixing water and methyl methacrylate 
lasted for about 1.2 h. A concentration of the nanopar-
ticles B in the water dispersion medium was estimated 
to be about 13 vol% (6·1015 nanoparticles per one liter). 
To achieve the PMMA nanospheres A with the minimal 
shrinkage (7%) and the average diameter 360 nm (Sam-
ple 6), we employed 100 ml of MMA, 550 ml of distilled 
water and 0.2 g of initiator diluted in 20 ml of distilled 
water. The emulsion temperature was kept at 72.7 °C and 
the mixer speed was fixed at 700 rpm. The polymerization 
procedure lasted for about 1.5 h. The concentration of the 
nanoparticles A in the water–acetone dispersion medium 
was estimated to be 23 vol%

In situ the FTIR-spectra of the emulsion every 5 min 
were recorded with the FT-801 to control at least two 
features of the polymerization. The first is to determine 
that the polymerization process finished (a sharp increase 
in temperature at deep reaction steps, because a hard gel 
effect is typical for the MMA polymerization [60, 63]). 
The second is to be sure that no monomer preserved in 
the dispersion [60].

The reaction mixture was maintained at the initial tem-
perature for about 2 h under a vigorous mechanical stir-
ring and then cooled to a room temperature over 2.5–3 h 
under a nitrogen purge. The resulting colloidal suspensions 
of the PMMA nanospheres were finally filtered through 
a filtering paper to remove a foam consisting from large 
agglomerates of the PMMA particles and then stored in 
glass bottles for later use. Table 1 summarizes the key 
parameters of the synthesis, dispersions and nanospheres 
such as a proportion of reagents, stirring speed, synthe-
sis temperature, mean diameter of the particles before the 
shrinkage determined with SEM, degree of the shrinkage 

and average initial viscosity of the obtained dispersion 
media.

2.3  Self‑assembly of opal‑like colloidal structures

The colloidal structures based on the PMMA nanospheres 
were fabricated on cover glasses by a vertical deposition 
method [43]. The cover glass substrates were initially 
immersed into an ultrasonic cleaner filled with acetone for 
10 min and then washed with distilled water to clean up the 
dirt on the surface. To estimate an aptitude of the particles 
to form the ordered structures, the degreased cover glass 
was instantly wetted vertically in the obtained non-diluted 
(13–23 vol% of the PMMA nanospheres) suspensions and 
placed on a horizontal surface in a Petri dish until the film 
was completely dry. Humidity in a laboratory box was con-
stantly kept at 60% and temperature was constantly main-
tained at 23 °C. The purpose of this stage of the work was 
not to achieve the film with a single-crystal structure as in 
[46, 48, 64, 65], but an investigation of various ordering 
defects.

Rectangular plates of 3.5 × 7 mm were cut out of the 
glass. The samples were coated with the thin film of plati-
num in the magnetron to ensure electrical conductivity of the 
polymer particles and the cover glasses. To minimize a dam-
age to the PMMA-opal films, coating modes were matched 
as follows: three cycles of 20 s with a given current of 10 
milliamps. There also a gas argon was used to purge a cham-
ber of the sputter coater.

2.4  Characterization

To improve an imaging quality, scanning modes of SEM 
as well as a sample preparation were selected individually 
for each experiment from the following ruminations: first, 
sample for SEM has to be electrically conductive. The 
PMMA particles are an insulator. Coating with the thin 

Table 1  Parameter’s table of the nanoparticles A and B

Sample 
number

MMA 
volume, 
ml

Water 
volume, 
ml

Acetone 
volume, 
ml

Stirring 
speed, 
rpm

Initiator 
mass, g

Synthesis 
temperature, 
°C

Mean diameter of 
particles before shrink-
age, nm

Degree of 
shrinkage, 
%

Mean initial viscos-
ity of a dispersion 
medium, × 10–4 Pa·s

1 50 670 0 700 0.1 75 237 24 8.73
2 50 640 30 700 0.1 75 254 14 8.37
3 50 600 70 700 0.1 72.7 286 12 7.92
4 100 620 0 700 0.2 75 303 18 8.52
5 100 590 30 700 0.2 75 330 9 8.18
6 100 550 70 700 0.2 72.7 358 7 7.73
7 150 570 0 700 0.3 75 369 25 8.32
8 150 540 30 700 0.3 75 409 16 7.99
9 150 500 70 700 0.3 72.7 447 14 7.55
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metal film (for example, in magnetron with platinum) only 
aggravates the situation in case of the samples need to be 
certified: grains of the hot metal "spoils" the surface of the 
soft flexible polymer particles in the magnetron chamber. 
Then, the situation exacerbates when the particles in the 
SEM chamber are heated by an electron beam and slightly 
fused. Thus, it is hardly possible to estimate true particle 
sizes due to the shrinkage and charging up [63]. Therefore, 
the PMMA colloid was repeatedly diluted with distilled 
water, selecting the concentration [48, 63] of the PMMA 
particles in such a way as to obtain the single-layer island 
film on the substrate. An ideal option is to obtain the par-
ticles separated from each other on electrically conductive 
substrate (for example, on aluminum).

Second, the polymer particles under the action of the 
electron beam are able to shrink, melt and even explode 
in the chamber of the electron microscope. Therefore, in 
assessing the size, the individual PMMA particles were 
scanned at small magnifications at an accelerating volt-
age of 3 kV [60] and emission current of 10 µA but with a 
maximum resolution (2560 × 1920 px) and a slowest scan 
speed to minimize a noise and subsequently have a possi-
bility of a digital image processing with a PC. Then, using 
an open source image editing program GIMP (GNU Image 
Manipulation Program), the sizes of the nanospheres were 
estimated [48].

To evaluate the shrinkage degree, one of the particles 
on the substrate was selected and captured by the above 
method. Then, the same particle was shot at the maxi-
mum possible high magnification to be still fully fitted 
in a computer monitor (k200–300x). Exposure time was 
10 s, after that the particle did not shrink. Finally, the 
same particle was scanned for the third time at the initial 
magnification to be able to estimate its diameter after the 
shrinkage under the electronic probe. It should be noted, 
that the initial and the maximum magnification was the 
same in both cases to compare the particles of different 
samples. To estimate particle size distributions, we made 
a distribution histogram for each sample. The distribution 
histogram was built as follows: from figures at low magni-
fication (× 15k), 100 particles were taken for each sample. 
The diameter of each particle was determined using GIMP. 
This program allows determining scale bars as well as par-
ticle sizes in pixels. Since we know the scale bar length in 
nanometres, the PMMA particle sizes in nanometres can 
be estimated using a pixel-to-nanometre ratio. The dis-
tribution histogram was built and the mean diameter was 
determined for each sample: DSample1 = 237 ± 3.39 nm; 
DSample2 = 254 ± 3.34 nm; DSample3 = 286 ± 6.62 nm; 
etc. The particle-size dispersity is no more than 7 nm (3% 
deviation from the mean value). The method is described 
in more detail in [48].

3  Results

3.1  Electron microscopy

As we have already mentioned, the morphological features 
of the obtained particles were studied with the FE-SEM 
S-5500. The sizes of the particles, their sphericity, degree 
of the shrinkage as well as monodispersity were estimated.

Figure 1 demonstrates the shrinkage of the water–ace-
tone samples 5, 3 and the water samples 4, 7 to compare. 
Here, we can see the shrinkage degree 25% of the nano-
particles B and only 7% of the nanoparticles A (Sample 5).

Summarizing the Parameter’s Table 1, we can plot the 
following dependencies: the dependence of the shrinkage 
degree on the volume of acetone, mean diameter of the 
nanospheres on the volume of MMA, mean diameter of 
the nanospheres on the volume of acetone, mean diameter 
of the nanospheres on the initial viscosity of dispersion 
medium, as well as the degree of the shrinkage on the 
initial viscosity of dispersion medium, volume of MMA, 
volume of acetone and mean diameter of the particles.

There is no doubt the size of PMMA particle is known 
[61, 66–68] to depend on volume of MMA (Fig.  2a). 
Moreover, in our work, it was shown that the size of 
the PMMA particles depends on the volume of acetone 
(Fig. 2b); the more acetone volume, the larger particle 
size. The statement is valid for the acetone volume content 
in a dispersion medium for about 10%. No experiments at 
higher concentrations of acetone were performed.

All samples, regardless of the preparation conditions 
and the particle size, during the electron microscopic study 
showed approximately the same structures. Although, the 
samples made of nanospheres A (the particles from the 
dispersion media with acetone addition, Fig. 4d, k) packed 
only slightly better. Figure 4a–d demonstrates peculiar pat-
terns of the particles found in the study.

Figure S2a, b show a cross-section of the PMMA film 
formed from the nanoparticles A (sample 3) and reveals 
no order in a bulk. The opal film is demonstrated to consist 
of about 12 layers. However, small quite ordered domains 
are observed in some places (Fig. 5) located, as a rule, at 
edges of drops. It should be noted that the nanoparticles A 
and B tend to form the similar ordered structures (Fig. 5b, 
Sample 1 and Fig. 5a, Sample 3).

3.2  ATR FTIR spectroscopy

All samples as well as the chemical reagents were also 
studied by the method of IR-spectroscopy. The IR-Fourier 
spectra were recorded using Vertex 70 with the use of an 
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Fig. 1  Micrographs of nanospheres A of Sample 5 (top line) and 
nanospheres B of Sample 4 (bottom line). Photos (a, b, e, f) are taken 
at low magnification and (c, d, i, k) at high magnification; photos (c, 

d, i, k) are a comparison of particles before (left row) and after (right 
row) a shrinkage under an electron beam

Fig. 2  Dependencies of a mean diameter of nanospheres: on volume of MMA (a), on volume of acetone (b). Dependences of a mean diameter of 
nanospheres on initial viscosity of a dispersion medium: before (c) and after (d) a shrinkage
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attachment "HATR" (Pike, Madison, USA) with a Zinc 
Selenide ATR prism.

The ATR-spectra of distilled acetone, distilled water, pure 
MMA and the water (water–acetone) dispersions of the Sam-
ples 5, 6, 4 were obtained (Fig. 6). The ATR-spectra of the 
dried Samples 5, 6, 4 were also recorded.

4  Discussion

4.1  Electron microscopy discussion

The fact of less shrinkage of nanoparticles A might be 
caused by a capturing of a huge quantity of water during 
the synthesis in the case of the water samples in compari-
son to the water–acetone samples. In [61], authors write on 
obtaining of microspheres in a methanol-enriched aqueous 
medium. They expected that increasing methanol in the 
water content would result in a larger particle size. It has 
been suggested that this phenomenon is often observed in 
the dispersion polymerization where all ingredients are dis-
solved in medium such as methanol or ethanol. In the early 
stage of the dispersion polymerization, oligomers generated 
in homogeneous phase (i.e., solution polymerization occurs 
at this stage) grow until the critical chain length which can-
not remain dissolved in the medium, and then precipitate to 
form primary particles. When the solvency of the medium 
is better, a smaller number of primary particles is gener-
ated since most oligomers exist in the medium, resulting in 
larger final particles. In this soap-free emulsion polymeri-
zation, all the ingredients are soluble in the methanol/water 
mixture; hence, initial reaction starts in solution phase to 
give surface active oligomeric species originated from the 
decomposition of initiator. As result, they conclude that the 
particle size tends to grow. However, the uniformity of size 
becomes poor.

We believe, that in our case, the longer polymer chain, 
which precipitates out of the solution and goes into the 
solid phase, captures more dispersion medium (water + ace-
tone + MMA). Furthermore, with an increase of acetone 
amount, the solubility of MMA and its oligomers, which 
is captured by the polymer nanoparticle, increases. This 
leads to the fact that at the stage of the sol–gel effect, a 
large amount of polymer is formed inside the particle [69, 
70]. Thus, by the time of the gel effect, the nanoparticles 
A contain more MMA and the growing oligomers inside 
themselves compared to the nanoparticles B. In addition, 
we believe, that if it is not considered influence of solid 
phase (polymer chains, oligomers, nanospheres) than in a 
nanoscale the viscosity of the dispersion medium changes 
insignificantly from the initiator addition to the gel effect. 
Besides, the DSC results demonstrate an increase of a glass 
temperature with an increase of MMA and acetone volumes 

(Table S2 in Online Resource). The maximum temperature 
has Sample 9 (126 °C). This assumption needs special inves-
tigation outside the scope of this article.

As we can see, Fig. 1a, b, reveals the very narrow poly-
dispersity in contradistinction to [61, 71, 72]. However, in 
Fig. 1e, f the non-spherical particles are clearly visible. The 
spheres were damaged during the sample preparation. In 
case of the distilled water dispersion, the nanospheres are 
more flexible and soft in comparison with the water–acetone 
dispersion. The nanoparticles A (Samples 2, 3, 5, 6, 8, 9) are 
more rigid and solid that is confirmed with the SEM experi-
mental study. They shrinked less (Fig. 1c, d) under the high 
magnification as well as they are also less damaged during 
the sample preparation (Fig. 1a, b).

Figure 2b demonstrates dependences of the mean diam-
eter of the PMMA nanoparticles on the volume of acetone; 
the more the acetone volume, the lager the particle size are. 
We assume capturing of more numbers of MMA molecules 
during the polymerization process. That is why the PMMA 
nanospheres with the acetone addition are larger and more 
robust. However, not all dependencies of the shrinkage of 
the particles, both in aqueous and acetone dispersions, are 
linear. The shrinkage of the particles (Figs. 2d, 3a–d) can 
depend on a configuration of primary globules [70] form-
ing the nanoparticles [73]. However, the configuration of 
the nanospheres, in its turn, depends on the parameters of 
dispersion medium. The comparable non-linear dependence 
of the physical parameters has been shown in [73]. Perhaps, 
this is due to a balance of polymer solubility [70, 74] and 
requires an additional research.

We found experimentally that the size of the nanopar-
ticles is also affected the initial viscosity of the dispersion 
medium; the more the initial viscosity, the less the nano-
spheres are [75–77]. Furthermore, we believe that there is 
a dependence between the initial viscosity of the dispersion 
medium and the shrinkage (Fig. 3a). It is should be noticed 
that we cannot compare samples if volumes of MMA are 
different, because of different dissolubility of the disper-
sion media. Therefore, we have to separate all samples from 
Table 1 into three groups (1–2–3; 4–5–6; 7–8–9) or take 
into account an average value of the initial viscosity of the 
dispersion medium from each group (Figs. 2c, d, 3a).

For some engineering calculations, it is necessary to esti-
mate a viscosity of a mixture of two or more components. In 
[78] reports that there are about seventeen mixing rules but 
the most used are Gambill, Grunberg-Nissan, Ratcliff’s and 
Refutas methods [79]. To estimate the average viscosity of 
the dispersion media, we used the classic Grunberg-Nissan 
mixing rule for liquid mixture: 

(1)ln�mix =

∑

x
i
ln�

i
,
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where �mix is the viscosity of the liquid mixture; xi is the 
viscosity (equation) for fluid component i when flowing as 
a pure fluid, and �

i
 is a mole fraction of component i in the 

liquid mixture.
We revealed that the mean diameter of the particles 

before the shrinkage depends linearly, but after the shrinkage 
depends exponentially on the initial viscosity of the disper-
sion medium (Fig. 2c, d).

It is well known that monodispersity and stability are 
required to form ordered closed-packed arrays, and diam-
eters should not vary more than ≈ 5–8% [80]. However, 
in Fig. 4, small (for about 5–10 µm) ordered domains are 
formed, interleaving with regions (for about 5–20 µm), 
where a periodicity of the short-range order is observed. 
There is a number of defects such as a formation of cracks, 
domain boundaries, colloid vacancies, and others [81, 82] 
in manufacturing of opals. In its turn, the formation of the 
cracks might be associated with a liquid infiltration or dry-
ing [82]. A surface tension is revealed to play one of the 
crucial roles. Furthermore, it was determined experimentally 

that the more the order of the opal film the more defects it 
contains. The more the order, the deeper the cracks are. It is 
believed that the formation of the numerous microcracks is 
caused by the shrinkage of the particles and excessively fast 
sedimentation as well in case of the water–acetone disper-
sions, since the acetone solution evaporates much faster than 
the water solution. That is why the ordering decreases while 
sedimentation in films. This fact is especially noticeable for 
the large particles, which settle down faster.

4.2  ATR FTIR spectroscopy discussion

According to Bellamy and Nakanishi [83, 84], clear 
extremely strong MMA lines (Fig. 5a) such as 2955, 2931, 
1728, 1639, 1439, 1325, 1301, 1199, 1163, 1021, 942 and 
816 cm−1 were detected (Table S1 in Online Resource) only 
in the spectrum of the pure MMA but they are not found in 
the others. This suggests that the entire volume of MMA has 
reacted completely during the synthesis.

Fig. 3  Dependencies of a degree of a shrinkage: on initial viscosity of a dispersion medium (a), on a mean diameter of nanospheres before a 
shrinkage (b), on volume of acetone (c), on volume of MMA (d)
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Due to the fact that the vibration bands of liquid water 
overlap the polymer peaks (at ~ 3430 and 1640 cm−1), the 
dispersion media were dried at 80 °C for 3 h to evaporate 
the water from suspensions as well as the water contained in 
the PMMA particles. Furthermore, acetone peaks at 1716, 
1422, 1362, 1222 and 1093 cm−1 have impact on identifying 
of vibration bands of PMMA.

After 3 h of drying, all three samples revealed no vibra-
tional bands of acetone and water in the spectrum (Fig. 5c, 
d). Acetone and water were fully evaporated.

There is a well-known fact that PMMA can be syn-
thesized as atactic (common, from a free radical polym-
erization), isotactic, or syndiotactic [2, 85, 86]. Stroupe’s 
group was the first who reported the tacticity of PMMA in 
1958 [87]. According to [2, 5, 88], the physical, chemical 
and mechanical properties of polymers with the different 

Fig. 4  SEM micrographs 
demonstrating a similar ability 
of nanospheres A and B to form 
ordered structures. Photos (a) 
Sample 2 (b) Sample 5 (c) Sam-
ple 6 (d) Sample 4 are taken at 
low magnification; photos (e) 
Sample 2 (f) Sample 5 (i) Sam-
ple 6 (k) Sample 4 are taken at 
high magnification
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stereoregularity are much different. Thus, the properties 
depended significantly on its tacticity are glass transitions 
and melting temperatures [86], viscosity, density, impact 
strength [1], processing conditions [89], crystallinity [90], 
elasticity [4], and many more.

The IR spectra of the dried at room temperature samples 
reviled that PMMA produced and discussing in this work 
is syndiotactic. This fact confirms by the infrared spectros-
copy represented in Fig. 6d. According to [91], there are 
five peaks associated with an ester group of the syndiotactic 
PMMA. Moreover, relying on the DSC results, we can con-
clude that the tacticity of PMMA nanospheres corresponds 
to syndiotactic (Table S2, Fig. S1 in Online Resource).

Fig. 5  SEM-micrographs of 
Sample 3 (a) and Sample 1 (b), 
demonstrating a similar order 
on edges of drops

Fig. 6  ATR FTIR spectra of: a distilled acetone, distilled water, pure MMA; b distilled water (water–acetone) dispersions of Samples 5, 6, 4; c 
dried nanoparticles A and B (Samples 5, 6, 4); d a crop of c 
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In addition, the other peaks from Table S2 correspond to 
syndiotactic PMMA. All vibrational bands of this spectra 
were found in a good agreement with the literature values [13, 
92–94] as well as with Bellamy and Nakanishi [83, 84].

5  Conclusions

To increase the morphological stability of an opal template 
structure, the PMMA nanoparticles have been fabricated 
using the emulsion polymerization in the water–acetone 
dispersion medium. The influence of the acetone content 
on the morphological features of the PMMA spheres and 
modification of mesoporous films as well as on their opti-
cal, physical and chemical properties have been studied 
using SEM, ATR FTIR and DSC methods. The degree of 
the shrinkage of the polymer nanospheres B is shown to be 
higher in contrast with the nanospheres A and amounted to 
18–25% and 7–16%, respectively. It has been revealed that 
the PMMA particles became stronger, harder and more 
toughness when some quantity of acetone is added. It has 
been shown that the PMMA nanoparticles synthesized in 
the distilled water dispersion medium tends to form a bit 
more ordered photonic crystal films, because in case of 
the water–acetone dispersion, a liquid evaporates faster, 
so the spheres do not have enough time to keep within 
the ordered opal structure. There were experimentally 
found the complex dependencies of the particle shrinkage 
on various factors. These observed dependencies are of 
considerable interest and require an additional research.

The ATR FTIR spectroscopy has revealed that the 
PMMA nanospheres contain considerable amount of water 
which evaporation leads to the shrinkage of the spheres. 
Besides, the tacticity of PMMA manufactured in this study 
has been investigated and demonstrated that the PMMA 
nanospheres are syndiotactic. In addition, the glass transi-
tion temperature has been determined. It was 121–126 °C. 
Such temperature is found out to correspond the syndio-
tactic type of PMMA.

There has been experimentally established that the most 
optimal ratio of chemical reagents to obtain a stable PMMA 
template is as follows: 100 ml of MMA, 550 ml of distilled 
water, 70 ml of distilled acetone and 0.2 g of initiator.

The results can be helpful for the applications of the 
considered PMMA nanospheres as well as the obtained 
opal template structures in the fields of therapeutics and 
biological labeling, biodetection and bioimaging, solar cell 
technology, temperature sensors and three-dimensional 
displays, multi-functional luminescence, battery electro-
lytes, and other nanotechnology applications.
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