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Structure of polystyrene latex particles determined by electron microscopy 
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The structures of individual polystyrene microspheres obtained in the presence of organo-
silicon surfactants were studied by transmission electron microscopy. The density of the macro-
molecule distribution over the cross section of particles was determined. The synthesized latex 
particles have a core—shell structure.
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Modern analytical transmission electron microscopy 
(TEM) is one of the most informative methods for study-
ing structural morphological characteristics of materials 
of diverse nature.1—3 The TEM method is based on 
a quantitative analysis of results of scattering of the mono-
chromatic electron beam upon its passing through an 
object, including individual nanoparticles, macromole-
cules, and micelles of biological or synthetic origin.4,5 
Modern computer software provides fi xation of the image 
and, hence, new (digital) possibilities of its processing and 
analysis.6,7

The purpose of the present work is to obtain an infor-
mation about the structural morphological characteristics 
of polystyrene microspheres, which were synthesized by 
heterophase polymerization in the presence of organo-
silicon oligomers containing carbon- and aminofunctional 
groups as stabilizers. 

The data on the use of water-insoluble surfactants 
(Surf) as stabilizers of polymer suspensions have fi rst ap-
peared in the works,8—10 where the authors showed that 
the heterophase polymerization of styrene in the presence 
of oligodimethylsiloxane with carboxydecyl, aminopropyl, 
glycidoxypropyl, or oligoethylene oxide terminal groups 
aff orded polymer spherical particles with a diameter of 
0.4—0.9 m and a narrow size distribution. The polymer 
suspensions were stable at the surfactant concentrations 
much lower than those observed in the presence of usually 
applied water-soluble hydrocarbon surfactants.11

Experimental

Objects of the study were water-insoluble carboxy- and 
aminofunctional organosilicon oligomers 1—5 of the linear 

structure with diff erent arrangements and diff erent concentrations 
of the carbofunctional substituents in the siloxane chain (Table 1).

Molecular weights of organosilicon surfactants and polysty-
rene (PS) were determined by gel permeation chromatography. 



Chalykh et al.1736 Russ. Chem. Bull., Int. Ed., Vol. 68, No. 9, September, 2019

The colloidal chemical properties of the organosilicon sub-
stances were described earlier.12

Styrene polymerization was carried out at a constant tem-
perature of 80±0.5 С, the volume ratio of the phases surfac-
tant solution in styrene to water equal to 1 : 9, 1 : 6, or 1 : 4; and 
the potassium persulfate as an initiator 1 wt.% (based on 
the monomer). The surfactant concentration was varied from 
0.15 to 1.0 wt.% (based on the monomer). The characteristics 
of polystyrene suspensions obtained in the presence of the 
organosilicon surfactants of various structure are presented 
in Table 2.

The structural morphological characteristics of PS latex 
particles (microspheres) were studied by scanning and transmis-
sion electron microscopy. In both cases, a dilute aqueous disper-
sion of PS particles was deposited on the carbon support and 
dried at ~20 С in desiccators with a lowered moisture content 
(<30%). A gold nanolayer was deposited on the particle surface 
by thermal sputtering and then the samples were studied with 
a JSM U3 scanning electron microscope (Japan) at an accelerat-
ing voltage of 15 keV and direct electron microscopic amplifi ca-
tion from  to 10 000.

The PS particles were not additionally treated before study-
ing with an EM-120 transmission electron microscope (Nether-
lands). The morphology of the particles was examined at an 
accelerating voltage of 60 keV and direct electron microscopic 
amplifi cation from 10 000 to 50 000. Individual spherical PS 
particles with a diameter of 300—600 nm, which is substantially 
shorter than the path length of an electron in a material of unity 
density, were chosen.13

The concentration of carboxyl and aminopropyl groups on 
the surface of the PS particles was determined by X-ray photo-
electron spectroscopy. The photoelectron spectra of the samples 
were detected on an ESCALAB MK2 electron spectrometer (VG 
SCIENTIFIC, Great Britain). The radiation of the Mg-Kα 
anode with the photon energy 1253.6 eV was used as a source. 
The studies were carried out on the samples prepared using the 
procedure described above for the TEM study. 

The particle size distribution was estimated by photon cor-
relation spectroscopy on a Zetasizer Nano ZS laser analyzer of 
particles (Malvern, Great Britain). The working temperature 
range was 2—120 С, the angle of scattered light detection was 
173, a helium—neon laser with the wavelength 633 nm served 
as a light source, and the power of the light source was 5 mW. 
The measurements were carried out in an automated mode using 
a standard procedure.14

Results and Discussion

The typical images of the PS microspheres synthesized 
in the presence of compound 2 are presented in Fig. 1. 
Similar images were obtained for the PS particles synthe-
sized in the presence of compounds 1, 3, and 4. All syn-
thesized particles, regardless of the surfactant concentra-
tion, had a distinctly identifi ed spherical shape and 
a narrow particle size distribution. The Dw/Dn ratio varied 
in the range 1.11—1.01. The molecular weights of PS 
obtained in the presence of all studied surfactants are close 
and equal to 1•105—6•105 g mol–1.

The particle diameter increased from 0.68 to 2.0 m 
for compound 4 and from 0.55 to 0.8 m for compound 
2 with an increase in the monomer concentration. The 
molecular weight of PS somewhat decreased with an in-
crease in the diameter of the particles: from 5.7•105 to 
2.1•105 and from 4.2•105 to 2.49•105 for compounds 4 
and 2, respectively. The decrease in the molecular weight 
of the polymer in the particles of a larger diameter is re-
lated, most likely, to an increase in the concentration of 
the radicals in them and to the chain termination reaction. 

From 150 to 250 images of individual particles were 
obtained by the electron microscopic study for each PS 
sample and processed. It is known in terms of the ampli-
tude contrast that the electron beam passing through the 
studied amorphous substance and interacting with the 
substance loses a portion of its energy. A decrease in the 
beam intensity is associated with the structure, electron 
density, and atomic properties of the studied substance. 
This means that a change in the intensity of the elec-
tron beam after interaction with the object of the study 

Table 1. Characteristics of the initial organosilicon substances 

Compound Mw Mw/Mn ρ
   /g mol–1  /g cm–3

2-(Carboxyethyl)- 249 1.9 1.00
 ω-(trimethylsiloxy)-   
 polydimethylsiloxane (1),   
 n = 8   
α,ω-Bis(10-carboxydecyl)- 2750 2.0 0.97
 oligodimethylsiloxane (2),   
 n = 30   
α,ω-Bis(3-aminopropyl)- 2480 1.8 0.99
 oligodimethylsiloxane (3),   
  n = 30   
α,ω-Bis(trimethylsiloxy- 4750 1.8 0.98
 oligodimethylmethyl-   
 (10-carboxydecyl)sil-   
 oxane (4),    
 m = 14, n = 32   
α,ω-Bis(3-glycidoxypropyl)- 2600 1.9 0.98
 polydimethylsiloxane (5),   
 n = 30   

Table 2. Characteristics of polystyrene suspensions 
synthesized in the presence of the organosilicon surfac-
tants of various structure* 

Surfactant [Surf] (%) d**/m Mw•10–5/g mol–1

1 1.0 0.43 6.51
2 1.0 0.46 4.23
3 1.0 0.4, 1.8 3.52
4 1.0 0.68 4.45

* Coagulum was absent from all samples. 
** Diameter of particles of the polymer suspension ac-
cording to the dynamic light scattering data. 
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bears an information about the internal structure of 
the object. 

An electron microscopic image is traditionally formed 
on a planar display, and the decrease in the beam intensity 
appears as a change in the degree of blackening at each 
point of the image of the object of the study compared to 
background values. From the geometric point of view, the 
electron beam is oriented normally to the display on which 
the image is visualized. Thus, the degree of blackening of 
each point bears an information about the results of inter-
action of the electron beam passed along a certain trajec-
tory with the studied object (scattering, absorption, etc.). 

Since the polymer particles studied are spherical, we 
may assume that the internal structure of the polymer 
particles also has the spherical symmetry. 

The modern methods of image fi xation make it pos-
sible to perform numerical analysis of images without 
restriction only by the external shape of the studied objects. 
We have previously15 obtained the equation for the cal-
culation of the radial function of the electron density 
distribution ρ(r) of spherically symmetrical objects from 
their function of blackening of the object:

ρ(r) = –[F(r)/r]/(2πr), (1)

where ρ(r) is the density of the spherically symmetrical 
objects at the distance r from the center of gravity, and 
F(r)/r is the derivative of the blackening function at 
the radius. 

Transforming the image of the studied object into 
digits, we obtain the matrix, the rows and columns of which 
correspond to the coordinates of the point and the values 
of the elements of the matrix correspond to the degrees of 
blackening at each point. In turn, the degree of blackening 
depends on the geometric route of an electron through the 
studied object and on the number of atoms on which scat-
tering occurs. Thus, the degree of blackening of each point 
bears a direct information about the composition and 
density of the studied substance. 

Summating the values of degrees of blackening over 
the rows or columns, we have the unidimensional object 
(column or row) refl ecting the change in the degree of black-
ening of the spherically symmetrical object, the thick ness 
of which is equal to the distance between two points on the 
image and the radii are determined by the remoteness of 
this segment from the center. Thus found dependence of the 
degree of blackening on the distance from the center of grav-
ity, as a rule, is symmetrical (Fig. 2) and makes it possible 
to use Eq. (1) for the calculation of the radial function of 
the density distribution. The radial function of the density 
distribution determined by the method described above 
was normed to the density of PS (1.05 g cm–3).

The images and the radial functions of the density 
distribution obtained by processing these images are shown 
in Figs 3 and 4. Each of the radial functions of the density 
distribution is well described by a piecewise linear ap-
proximation. We defi ne the region with the radii larger 
than the radius of the maximal density (I) as the surface 
layer of the polymer microsphere. Region II of density 

Fig. 1. Images of the PS microspheres obtained in the presence of compound 2 at various ratios of the phases monomer : water. The 
concentrations of potassium persulfate and surfactant were 1 wt.% (based on the monomer).
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Fig. 2. Degree of blackening (γ) of the image of the PS micro-
sphere obtained in the presence of compound 2.
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decreasing on moving along the radius from maximal 
values to the center of the particle (III) was defi ned as the 
"near-surface layer." Their sizes are shown in Table 3 along 
with the data for polydiphenylmethylsiloxane (6) given for 
comparison.18

Thus, the synthesized PS particles should be considered 
as microspheres with a complicated highly organized in-
ternal structure of the core—shell type. The structural 
organization of the latex particle is schematically presented 
in Fig. 5. When composing the scheme, we took into ac-
count the extension of the surface layer and quantitative 
data on its density, as well as the data of X-ray photoelec-
tron spectroscopy, according to which the ratio of the 
atomic concentrations C  : Si in the surface layer is 4.0, 
whereas for the surfactant this ratio is 4.9 according to the 
calculated values. 

In the fi rst approximation, we assume that the PS 
macromolecules are predominantly arranged inside the 
latex particle, i.e., form the core of the particle. The sur-

face layer of the particle (I) is formed by the surfactant 
molecules directed by the polar groups toward the aqueous 
polar disperse medium. It should be emphasized that the 
radial arrangement of the surfactant chains is idealized to 
some extent. In fact, an ensemble of surfactant molecules 
should be considered as statistical, especially in the case 
of the surfactants with a broad distribution of molecules 
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Fig. 3. Image of the polymer microsphere obtained in the presence of compound 2 (a) and the radial function of the density distribu-
tion inside the particle (b); I is the surface layer of the particle, II is the near-surface layer of density decreasing, and III is the par-
ticle core. Arrow marked the position of the inertia radius.
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Fig. 4. Image of the polymer microsphere obtained in the presence of compound 3 (a) and the radial function of the density distribu-
tion inside the particle (b); I is the surface layer of the particle, II is the near-surface layer of density decreasing, and III is the par-
ticle core. Arrow marked the position of the inertia radius.

Table 3. Average structural characteristics of latex particles 

Surfactant Average size/nm

 Radius Surface Near-surface layer
  layer of density decreasing

1 52 10.7 17
2 56 12 21
3 62 14 18
5 83 19 26
6 68 17 31



Structure of polystyrene latex particles Russ. Chem. Bull., Int. Ed., Vol. 68, No. 9, September, 2019 1739

over molecular weights (see Table 1). Therefore, the ex-
ternal surface of the shell is not also a geometrically rigid 
surface of the sphere. It is rough in the molecular scale: 
some polar groups are located above the spherical surface, 
and other are arranged below the spherical surface. 

Note that the thickness of the surface layer of the 
particles correlates linearly with the thickness of the ad-
sorption layer of surfactants of various structures on the 
monomer particle (Fig. 6), which was calculated from the 
results of the independent colloidal chemical measure-
ments.12 This result suggests an identity of the adsorption 
protection layer for surfactants of diverse structure used 
for the synthesis of polymer suspensions. The particle shell 
can partially be enriched in fragments of PS macromol-
ecules, since for initiation by potassium persulfate the 

SO4
2– radical anions initiate the polymerization process 

and fi x one end of the polymer chain on the particle sur-
face due to the polarity of the terminal sulfo group.16,17

The radial functions of the density distribution of the 
polymer particles averaged within one experimental series, 
which were normed to the position of the density maxi-
mum, form a single array of points and they are much 
smoother (Fig. 7). It can be assumed that this eff ect indi-
cates the identical mechanism of structure formation for 
particles of the polymer suspensions obtained in the pres-
ence of all studied organosilicon surfactants. 

The maximal density of the packing of the PS particles 
is concentrated in the near-surface layer of the shell, where 
the highest concentrations and degrees of ordering of the 
conformational arrangement of the surfactant molecules 
are likely observed. When the fi gurative point moves deep 
into the particle, the packing density of the segments of 
the polymer molecules decreases and the concentration 
of surfactant molecules dissolved in the phase of the poly-
mer—monomer particle simultaneously decreases. This 
structure of the shell also containing macromolecular 
fragments provides its high stability, which results in the 
stabilization of the geometric sizes of the polymer micro-
spheres. According to the dynamic light scattering data, 
this stabilization eff ect takes place already at low conver-
sions of the monomer (Fig. 8), when the particle core 
represents PS swollen by the monomer. Thus, no change 
in the constant volume occurs upon the polymerization 
of the monomer, and this results in the formation of par-
ticles with an excessive free volume in the core and, as 
a consequence, with a decreased density of the polymer, 
which is distinctly identifi ed in the images and curves of 
the density distribution (see Figs 3 and 4).

The concepts on the mechanism of structure formation of 
polymer particles should be supplemented by the data on 
phase transitions that occur in PS—styrene—Surf solutions 

1

2
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4

Fig. 5. Scheme of the structural organization of the latex particle: 
1, particle core with dissolved surfactant molecules; 2, near-
surface layer of the particle; 3, surface layer of the particle 
characterized by microroughness; and 4, disperse medium.
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Fig. 6. Relationship between the thickness of the interphase 
layer of the surfactant on the surface of the monomer particle 
(´) and the surface layer of the particle (ʺ).

Fig. 7. Radial functions of the density distribution of the micro-
spheres obtained in the presence of compounds 1 (1), 2 (2), 3 (3), 
and 4 (4), which were normed to the position of the particle 
maximum. The designations are the same as in Figs 3 and 4.
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during the polymerization of the monomer. We have pre-
viously18,19 determined the amorphous separation diagrams 
in the indicated system for PS of low molecular weights. 
The phase decomposition of the solution with a change in the 
molecular weight of the polymer was experimentally stud-
ied and an assumption was advanced that the solubility of 
the surfactant decreases in the core of the polymer par-
ticles during styrene polymerization, which results in the 
migration of surfactant molecules to the phase of the shell. 

To conclude, the obtained results allowed us to propose 
the following hypothesis about the formation of polymer—
monomer particles and interphase layers on their surface. 
The hypothesis is based on the data20,21 on studying the 
Langmuir fi lms of the organosilicon surfactants. The 
amount of Surf I the interphase layer of the polymer—
monomer particle increases in the course of polymeriza-
tion because of their enforced diff usion from the volume 
to the particle surface, since the organosilicon surfactants 
are incompatible with the formed polymer. Spiral struc-
tures (if assuming their cis-isomerization) with the func-
tional groups oriented to the aqueous phase are formed 
during the displacement of the Surf molecule. The forma-
tion of the spirals is accompanied by the stage of displace-
ment of the functional groups to the aqueous phase. At 
the maximal compression (end of polymerization) the 
spirals of the organosilicon chains are laminated on each 
other to form supramolecular structures, which is accom-
panied by an increase in the interphase layer thickness. 

The studies were carried out on the equipment of the 
Center for Collective Use of the A. N. Frumkin Institute 
of Physical Chemistry and Electrochemistry of the Russian 
Academy of Sciences. 

This work was fi nancially supported by the Russian 
Foundation for Basic Research (Project No. 17-03-00197).
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