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The specifi c features of the formation of metal nanoparticles under X-ray radiation in in-
terpolyelectrolyte complex (IPEC) fi lms based on polyacrylic acid and polyethyleneimine with 
diff erent silver ion content were studied. IPEC fi lms were irradiated in aqueous-alcoholic me-
dium. Electron microscopy demonstrated that the formation of silver nanoparticles occurred 
in zones regularly located by fi lm thickness. It was found that nanoparticle size and spatial 
distribution in IPEC fi lms depended on the initial concentration of silver ions within the 
sample and on the absorbed dose of radiation. The obtained fi lm nanocomposites are promis-
ing objects for application as antibacterial and catalytic materials. 
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Over the past several decades, much attention has been 
paid to the development of methods for obtaining metal 
polymer nanocomposites in polymer fi lms and coatings.1—5 
Materials containing silver nanoparticles serve as the basis 
for a wide range of functional devices, have applications 
in medicine, optoelectronics, and nanophotonics, and are 
used for the development of sensors and bio sensors.5—12 

General method of synthesis of metal polymer nano-
composites is the reduction of metal ions in polymer 
systems.1—4,7—15 Matrices based on polyelectrolytes are 
widely used as precursors for the synthesis of metal poly-
mer hybrid materials,1,2,5,10 because they eff ectively sta-
bilize the forming nanoparticles. The possibility of tuning 
the binding of metal ions and the interaction of macro-
molecules with the nanoparticle surface suggests the use 
of interpolyelectrolyte complexes (IPECs) as a polymer 
base for the synthesis of nanocomposites.1—5,9,13—20 

Radiation-chemical approaches provide considerable 
advancement both in obtaining chemically "pure" nano-
particles with a controlled size, and in studying the forma-
tion of nanoparticles at diff erent stages.4,5,9,11,12,19—24 
Radiation-chemical approaches were widely used for the 
synthesis of copper, nickel, gold, silver nanoparticles, as 
well as bimetallic nanoparticles in fi lms and coatings of 

complexes based on polyacrylic acid—polyethyleneimine 
(PAA—PEI).4,5,9,13,19,20,25—27 The properties of nano-
composite materials depend on the size of nanoparticles 
and their spatial distribution within the polymer matrix. 
Electron accelerators, γ- and X-ray radiation sources made 
it possible to vary the nanoparticle formation modes and 
to obtain composites with diff erent structures.4,5,19,20 

Earlier studies of the formation of copper nanoparticles 
showed that an increase in the concentration of metal ions 
in IPEC matrices leads to an increase in the effi  ciency of 
the use of X-rays. Therefore, the formation of nano-
composite materials in fi lms and coatings with a relatively 
high metal ion content is promising.4,20,26—28 

Polymer fi lms and coatings with electrocatalytic prop-
erties and bactericidal activity were obtained in IPECs based 
on PAA and PEI with silver nanoparticles.1,9 However, at 
present there are no systematic studies of the formation of 
nanostructures in irradiated IPECs with diff erent concen-
trations of silver ions. The goal of this work is to study the 
eff ect of silver ion content in IPECs based on PAA—PEI 
on the size and the spatial distribution of silver nanopar-
ticles in polymer fi lms which underwent X-ray irradiation. 

Experimental

The following reagents were used for sample preparation: 
PAA (Mw = 80000) (Sigma-Aldrich), PEI (Mw = 60000) (Serva), 
analytical grade formic acid, analytical grade silver nitrate. 

*  Based on the materials of the XXI Mendeleev Congress 
on General and Applied Chemistry (September 9—13, 2019, 
St. Petersburg, Russia). 
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Preparation of fi lms of stoichiometric complexes PAA—PEI is 
described in detail in previously published works.19,20,26 

Silver ions were sorbed into fi lms of PAA—PEI complexes 
under low light to obtain PAA—PEI—Ag+ complexes. Silver ions 
(25 mL) were sorbed for 48 h from an aqueous solution of AgNO3 
into polymer fi lms with a diameter of 50 mm and a thickness of 
150 m at room temperature. The concentration of AgNO3 in 
the solution was 1.2, 0.4, and 0.02 wt.% for fi lms containing 6.0, 
2.0, and 0.1 wt.% silver ions, respectively. The concentration of 
silver ions in the polymer fi lms was determined based on the 
diff erence in the absorption of silver ions at 290 nm in aqueous 
solutions before and after sorption using a Lambda 9 UV visible 
range spectrometer (Perkin Elmer).  

The obtained samples were irradiated on an X-ray unit with 
a 5-BKhV-6W tube (50 kV) in an aqueous-alcoholic mixture with 
a 10 vol.% ethanol content. The irradiated solution was bubbled 
with high purity grade argon throughout the entire irradiation 
process to prevent oxidation by oxygen dissolved in water and to 
create an inert environment. The source dose rate was 17 Gy s–1. 
For polymer fi lms containing Ag+ ions, the dose rate was calcu-
lated taking into account the mass absorption coeffi  cients and 
the eff ective energy of X-ray quanta.29 

The structure of the nanocomposite material was studied 
using a Leo-912 AB OMEGA transmission microscope (Carl 
Zeiss, Germany) with a resolution of 0.3 nm. A microdiff raction 
pattern of gold was used as a standard for calculating the inter-
planar distances. 

Results and Discussion 

The dose rate of X-ray irradiation is determined by the 
composition of the substance and can be calculated using 
mass absorption coeffi  cients for photons with the formula 

,

where P is the dose rate in the sample; P0 in the dose rate 
in a dosimetric solution in the same irradiation geometry; 
Wi is the mass fraction of element i in the sample, calcu-
lated taking into account the composition of the swollen 
fi lm (X = C, O, N, Ag; the contribution of hydrogen to 
photoelectric absorption can be neglected); (μ/ρ)i are mass 
absorption coeffi  cients for photon energy of the corre-
sponding elements; (μ/ρ)0 is the mass absorption coeffi  -
cient for photon energy of the dosimetric solution (similar, 
in fact, to the absorption coeffi  cient of water). 

The mass absorption coeffi  cients for X-ray radiation 
of the elements of the system in question for an energy of 
20 keV were: 0.014 cm2 g–1 for hydrogen, 0.224 cm2 g–1 
for carbon, 0.387 cm2 g–1 for nitrogen, 0.617 cm2 g–1 for 
oxygen, 16.95 cm2 g–1 for silver. 

The applied voltage and the anode current for the X-ray 
unit with a 5-BKhV-6W tube was 33 kV and 80 mA, re-
spectively. In this case, the distribution maximum is real-
ized for X-ray quanta with an energy of 21 kV. The 
penetrating power of X-ray radiation with these parameters 

is many times greater than the thickness of the irradiated 
fi lm. To calculate the rates of absorbed dose in IPEC fi lms, 
the mass absorption coeffi  cients29 for photons with an 
energy of 20 keV were used. The strong dependence of 
X-ray radiation coeffi  cients on the atomic number of the 
absorber leads to silver ions having the greatest eff ect on 
the rate of absorbed dose of the sample (Table. 1), there-
fore, when using X-ray radiation, the rates of metal ion 
reduction and nanoparticle formation increase with their 
increasing content in IPEC fi lms.4,26,27 In this regard, 
comparative studies of the formation of nanoparticles in 
the samples were carried out for the same irradiation 
duration. It was determined earlier that in a sample with 
a 16 wt.% content the formation of silver nanoparticles is 
completed after an exposure duration of 60 min.20 An 
irradiation duration of 15 min was chosen for the study of 
the starting stage of the formation of nanostructures. 

Analysis of microphotographs shows that irradiation 
leads to the appearance of silver nanoparticles in fi lms of 
PAA—PEI complexes with diff erent silver ion content 
(Fig. 1). The microdiff raction patterns show clear ring 
refl ections which correspond to interplanar distances: 2.35, 
2.04, 1.45, and 1.23 Å (see Fig. 1, b), matching the crystal 
lattice of silver.30 Thus, metal nanoparticles are formed 
as a result of radiation-induced reduction of silver ions in 
matrices of IPECs. 

In the sample with an initial silver ion content of 0.1%, 
nanoparticles up to 20 nm in size are formed exclusively 
in the near-surface layer of the fi lm when irradiated for 
15 min (see Fig. 1, a), at this stage, the obtained nanopar-
ticles have sizes up to 15 nm. Irradiation of the sample for 
1 h leads not only to the formation of relatively large 
nanoparticles, having sizes up to 40 nm (see Fig. 1, c), in 
the near-surface layer, but also to the appearance of 
nanoparticles 1—5 nm in size within the fi lm bulk (see 
Fig. 1, d). The density of nanoparticles in the near-surface 
layer increases with irradiation duration (see Fig. 1, c). 

When the sample with an initial silver ion content of 
2% is irradiated for 15 min, nanoparticles form not only 
on the surface, but also in the fi lm bulk (Fig. 2, a—c). In 
this case, there are at least three distinct zones of nanopar-
ticle formation (Fig. 2, g). Nanoparticles with sizes up to 

Table 1. Dose rate of radiation (P) for components of the ir-
radiated system

Sample  Silver ion  P/Gy s–1

 content (wt.%)

Aqueous-alcoholic medium —. 16.23
IPEC fi lm 0 10.71
 0.1 11.22
 2.0 21.09
 6.0 42.19
 16.0 94.44
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30 nm are localized in the near-surface layer (zone I) (see 
Fig. 2, a). During the initial stage of formation, relatively 
small particles with sizes up to 5 nm predominate. Irra-
diation of this sample for 60 min leads to an increase in 
the nanoparticle size and the particle density of the surface 
layer (Fig. 2, d). In the layer located at a depth of 2—2.5 m 
(zone II), the formation of relatively large particles, along 
with nanoparticles 1—5 nm in size, is observed (see 
Fig. 2, b, e, g). The sizes of these particles reach 8—20 nm 
when irradiated for 15 minutes (see Fig. 2, b), and 
an increase in the duration of exposure leads to the forma-
tion of nanoparticles up to 30 nm in size and the formation 
of nanoparticle aggregates (see Fig. 2, e). Finally, within 
the deeper layers of the fi lm (zone III), nanoparti-
cles having relatively small sizes (1—5 nm) are observed 

after irradiation durations of both 15 and 60 min (see 
Fig. 2, c, f, g). 

Four zones of nanoparticle formation can be distin-
guished in the irradiated sample with a starting silver ion 
content of 6% (Fig. 3). Zones I, III, and IV (see Fig. 3, g) 
are practically the same as zones I, II, and III of the 
sample with an initial silver ion content of 2%. However, 
the thickness of the layer where relatively large nano-
particles form (zone III) increases considerably and be-
comes equal to about 5—8 m (see Fig. 3, a, d, g). 
Microphotographs of fi lm cuts also clearly show a layer 
about 150 nm thick (zone II; see Fig. 3, a, d), which is 
located immediately below the surface layer of the fi lm. 
Nanoparticles up to 5 nm in size form in this zone both 
after short and long irradiation durations. No noticeable 

Fig. 1. Microphotographs of fi lm cuts (sample irradiation duration: 15 (a), 60 (c), 60 min (d; depth 10 m)) and microdiff raction 
pattern (b; sample irradiation duration 60 min) of complex PAA—PEI—Ag+ with an initial silver ion content of 0.1 %. 
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change in the size of nanoparticles is observed in this region 
with increasing irradiation duration. 

Qualitatively similar processes are observed in the 
sample with an initial silver ion content of 16 wt.%. In this 
case, silver ion content is close to the maximum, which is 
20 wt.% for PAA—PEI complexes.19 The analysis of ex-
perimental results for this sample shows that the formation 
of nanoparticles takes place across four zones, as is the 
case for the sample with an initial silver ion content of 6%. 
The eff ect of the radiation dose on nanostructures in zones 
I and III, where relatively large nanoparticles form, for 
a sample with a silver ion content of 16% was studied 
previously.20 A gradual increase of nanoparticle size with 

irradiation duration was observed. In this sample, the layer 
in which relatively large particles form reaches a depth of 
~30 m. Nanoparticle sizes remain relatively small in zone 
II and in the deeper layers of the fi lm (zone IV) for the 
investigated irradiation interval (Fig. 4). 

During radiation-initiated synthesis of nanoparticles 
in fi lms immersed in aqueous-organic solutions, the ex-
ternal environment fraction makes up more than 90%. 
Due to this, a major role in the reduction of metal ions 
and the formation of nanoparticles is played by diff usion 
processes with the participation of products formed during 
the radiolysis of water.4,19,20 Radiolysis of water can be 
schematically represented as follows:11,24 

Fig. 2. Microphotographs of fi lm cuts of complex PAA—PEI—Ag+ with an initial silver ion content of 2%; sample irradiation duration 
15 min (a), 15 min (b; depth 1.5 m), 15 min (c; depth 6 m), 60 min (d), 60 min (e; depth 1.5 m), 60 min (f; depth 6 m), and 
60 min (g). 
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Fig. 3. Microphotographs of fi lm cuts of complex PAA—PEI—Ag+ with an initial silver ion content of 6%; sample irradiation duration 
15 min (a), 15 min (b; depth 3 m), 15 min (c; depth 20 m), 60 min (d), 60 min (e; depth 3 m), 60 min (f; depth 20 m), 60 min (g). 
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Fig. 4. Microphotographs of sample (zone IV) PAA—PEI—Ag+ with an initial silver ion content of 16%; irradiation duration 15 min 
(a; depth 50 m), 60 min (b; depth 50 m).  
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H2O  e–
aq, •OН, H3O+, H•, H2, H2O2, HO2

•.   (1) 

Exposure to ionizing radiation leads to the follow-
ing being formed with the highest yield: hydrated elec-
trons, which have an extremely high reduction potential 
(–2.9 V)31, and •ОН-radicals, which act as an oxidant. 
An amount of ethanol (10% ethanol content) was added 
to neutralize •ОН-radicals and to create favorable condi-
tions for the reduction of metal ions, resulting in the 
formation of the radical Me•CHOH (E0

Me•CHOH = 
= –1.4 V)11,31, which has reducing properties: 

MeCH2OH + •OH  Me•CHOH + H2O.   (2)

The oxidation of ethanol radicals leads to the formation 
of a weak reducing agent, namely acetaldehyde. Thus, only 
reducing particles are generated in aqueous-organic mix-
tures when using ethanol as an acceptor of •ОН radicals. 

The mechanisms of radiation-chemical formation of 
silver nanoparticles have been studied in detail ear-
lier.24,32—35 In the fi rst stage, silver ions are reduced to 
isolated atoms and clusters are formed: 

 (Ag)+ + e–
aq  (Ag)0,  (3) 

(Ag)0 + (Ag)+  (Ag2)+.   (4) 

As a result of reactions of silver atoms and ions, nano-
particles are obtained in successive processes of formation 
of clusters with a certain structure,32,33,35 the so-called 
"magic" clusters: 

 (Ag2)+  (Ag3)2+  (Ag4)2+  (Ag8)2+.   (5) 

The cluster (Ag8)2+ is quite stable, its lifetime reaches 
tens of minutes.35 Growth of clusters results from the 
reduction of silver ions on their surface: 

 (Agm)n+ + (Ag)+  (Agm+1)n+1  (Agm+1)n,  (6)

coalescence processes 

(Agm)n+ + (Agk)g+  (Agm+k)(n+g)+   (7) 

also lead to nanoparticle formation and growth.11,24,32,33 
Since E0(Ag+/Ag0) = –1.8 V,31 a hydrated electron can 

carry out the reduction of silver ions to form isolated atoms 
(see reaction (3)). Thus, the nucleation process (see reac-
tions (3)—(5)) is limited by reactions involving the strongest 
reducing agent. The reduction of silver ions on the surface 
of nanoparticles, which leads to nanoparticle growth (see 
reaction (6)), can occur due to reducing agents with lower 
reduction potentials, including acet aldehyde.19,20 

The obtained results show similar regularities of nano-
particle formation near the surface of fi lms in IPECs with 
diff erent initial silver ion content (see Fig. 1—3). In the 
beginning, mainly relatively small nanoparticles form, and 
an increase of the radiation dose leads to an increase in 

the average nanoparticle size. In this region, the obtained 
nanoparticles are observed to have a relatively wide size 
distribution in the surface layer of fi lms having a thickness 
of 50—80 nm for irradiation durations of both 15 and 
60 min, which is due to the formation of nanoparticles in 
parallel processes of formation and growth. 

The factor that has a decisive infl uen ce on nano particle 
formation is the use of X-ray radiation. In contrast to 
γ-radiation or accelerated electrons, the effi  ciency of the 
interaction of X-ray photons is critically dependent on the 
nature of the absorber. The rate of absorbed dose in the 
sample increases multiple times with an increase in metal 
ion concentration, because the mass absorption coeffi  -
cients of metal ions and atoms are much higher (see Table 1) 
than those of elements that make up the polymer fi lm and 
the aqueous-organic medium. This eff ect leads to an in-
crease in the rate of formation of reducing radiolysis 
products and provides a growth in the rate of formation 
of metal nanoparticles in IPEC matrices with an increased 
metal ion content.4,19,20,27 Diff usion of reducing radio lysis 
products from an aqueous-organic medium provides favor-
able conditions for the formation of nanoparticles on the 
surface of polymer fi lms. When fi lms of metal-polymer 
complexes are irradiated in an aqueous-organic medium, 
it is necessary to take into account the local distribution 
of the dose rate.13 Ultrasmall metal nanoparticles formed 
in the initial stages4,10,13,19,20,27 are strong absorbers of 
X-ray radiation, which leads to an increase the local dose 
rate near the fi lm surface multiple times. As a result, the 
formation of metal nanostructures near the surface of 
polymer fi lms self-accelerates. 

The correlation between silver ion content and nano-
particle formation is mainly observed for the bulk of ir-
radiated samples, which is related to the infl uence of silver 
ion concentration on the ratio of formation and growth 
processes of nanoparticles. In this case, nanoparticles up 
to 7 nm in size are formed in the fi lm with an initial silver 
ion content of 0.1 wt.%, and their average sizes change 
little with increasing irradiation duration. The formation 
of relatively large nanoparticles is observed even for short 
durations of irradiation in fi lms with a higher silver ion 
concentration. An increase in the radiation dose is ac-
companied by their growth. The analysis of microphoto-
graphs shows that the role of nanoparticle growth processes 
increases with silver ion content. 

The necessity of taking into account the change in 
nanoparticle size occurring in parallel generation and 
growth processes in diff erent zones of the polymer sample, 
the diff usion of reducing radiolysis products, and the 
transport of silver ions through the polymer matrix makes 
it practically impossible to quantitatively describe nano-
particle formation within the framework of formal kinet-
ics. However, the analysis of the obtained results makes it 
possible to describe the specifi c features of nanostructure 
formation at a qualitative level. 
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Competition between nucleation and growth reactions 
is accompanied by the migration of silver ions through the 
polymer matrix due to the equalization of their concentra-
tion as ions are consumed in nanoparticle formation 
processes. The obtained results (see Fig. 1—3) demonstrate 
the formation of silver nanoparticles in zones regularly 
located throughout the fi lm thickness, indicating the al-
most complete absence of nanoparticle migration within 
the polymer matrix. Under these conditions, the growth 
of nanoparticles occurs through the reduction of silver 
ions on the nanoparticle surface (see reaction (6)) practi-
cally without the contribution of coalescence processes 
(see reaction (7)). Thus, the probability of the formation 
of large nanoparticles will be determined by silver ion 
content in polymer fi lms. 

To interpret the results of the formation of relatively 
large nanoparticles in zones that are regularly located in 
the bulk of polymer fi lms irradiated in an aqueous-organic 
medium (see Fig. 1—3), it should be kept in mind that 
according to EPR spectroscopic studies,4,19,26 metal ions 
are evenly distributed within the matrix of PAA—PEI 
complexes in samples with diff erent metal ion content. 
It is also necessary to take into account the scale of 
the radiation-initiated reactions of various reducing 
agents.4,19,20,27 Hydrated electrons, which facilitate nucle-
ation processes, can migrate over distances of the order 
of hundreds of nanometers. In the case of samples with 
a thickness of 150 m, these processes proceed due to 
reactions of electrons formed within the swollen fi lm or 
near its boundaries. Both types of active particles (hydrated 
electrons and alcohol radicals), as well as acetaldehyde, 
can enable the growth of metal clusters and nanoparti-
cles.4,19,20,27 The lifetime of hydrated electrons is several 
microseconds, however, high reaction rates36 of these 
active particles ensure the high effi  ciency of their partici-
pation in the reduction of metal ions. Alcohol radicals, 
like hydrated electrons, ensure the formation of nanopar-
ticles in local processes with high yields.37 Unlike radical 
species, acetaldehyde is a relatively stable product of ra-
diolysis. The aqueous-alcoholic medium makes up most 
of the irradiated sample, therefore, acetaldehyde is mainly 

formed within it. Due to diff usion processes, the participa-
tion of "long-range" reactions of the relatively stable ac-
etaldehyde from the environment plays a major role in the 
growth of silver nanoparticles in fi lms.4,19,20,27 It is logical 
to assume that nanoparticle growth is determined by the 
diff usion of acetaldehyde from the solution and the trans-
port of silver ions from the deeper layers of the fi lm (Fig. 5). 

The forefront of nanoparticle formation, located near 
the fi lm surface, is characterized by relatively high acet-
aldehyde concentrations. As acetaldehyde becomes de-
pleted, silver ion concentration begins to exert an increas-
ing infl uence on the rate of nanoparticle formation. 
According to this interpretation, the depth of the layer 
where nanoparticles form will increase with silver ion 
content in the fi lm. Indeed, analysis of the experimental 
results demonstrates an increase in the depth of the layer 
of formation of metal nanostructures with increasing metal 
ion content. The presence of a zone with relatively small 
nanoparticles in the fi lm bulk can be explained by a defi -
ciency of acetaldehyde due to its gradual consumption in 
reduction reactions. 

Microphotographs of irradiated samples with an initial 
silver ion content of 6 and 16 wt.% show regions 150—
250 nm wide (see Figs 3 and 4) located immediately behind 
the surface zone of nanoparticle formation. Only nano-
particles up to 5 nm in size are localized in this zone, 
regardless of irradiation duration. During nanoparticle 
formation, silver ions migrate from the fi lm bulk to the 
ligand vacancies which appeared near the sample surface. 
This leads to the formation of a near-surface zone (zone II, 
see Fig. 3, g), which is free of relatively large nanoparticles. 
Such a drainage zone for silver ions is weakly expressed in 
the sample containing 2% silver ions, compared to samples 
with a higher starting metal ion content. 

The observed eff ect can be explained by the fact that 
the effi  ciency of X-ray absorption increases with silver ion 
content in the samples, which leads to an increase of the 
radiation dose absorbed by the samples, and, consequently, 
to an increase of the rate of formation of reducing products 
near the fi lm surface. Thus, an increase in the rate of 
nanoparticle formation will lead to an increase in the ef-

Silver ions

Acetaldehyde

1 m

Fig. 5. Diagram of the formation of silver nanoparticles in the complex PAA—PEI. 
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fi ciency of the transport of silver ions to the formed ligand 
vacancies and to the surface of the forming nanoparticles. 
Consequently, the observed eff ect, caused by the drainage 
of silver ions, should be most pronounced in samples with 
a relatively high silver ion content. 

The formation of nanoparticle aggregates (see Fig. 2, e, 
Fig. 3, e) is another specifi c feature of X-ray irradiation. 
This process was investigated in detail earlier20 for a sam-
ple containing 16 wt.% silver ions. The obtained silver 
nanoparticles are strong absorbers of X-ray radiation, 
which leads to an increase in the rate of formation of re-
ducing radiolysis products near the resulting nanoparticles. 
X-ray irradiation leads to the formation of new small 
"daughter" nanoparticles and clusters at distances up to 
70 nm from the primary particles. Their origin is related 
to the local component of the photoelectron spectrum 
resulting from the ionization of K-shells of silver atoms. 
During the next stages, an increasing dose leads to the 
growth of both primary and daughter nanoparticles due 
to the reduction of silver ions on their surface. As a result, 
metal nanostructures having the appearance of nano-
particle aggregates are formed. 

The obtained results show that a special feature of the 
use of X-ray radiation is not only a high effi  ciency of 
nanostructure formation in polymer systems with a high 
metal ion content, but also a specifi c spatial organization 
of silver nanoparticles. The local transfer of energy ab-
sorbed by silver nanoparticles leads to the formation of 
secondary metal nanostructures that appear as aggregates 
of nanoparticles. However, the most important aspect 
from a practical point of view is the predominant localiza-
tion of metal nanostructures near the surface of polymer 
fi lms. This occurs due to specifi cs of interaction of X-ray 
radiation with metal-polymer complexes under conditions 
of diff usion of reducing radiolysis products from the 
aqueous-organic medium. The localization of nano-
particles on the surface of the matrix makes the metal 
nanostructures accessible for reagents or compounds being 
detected, which is a promising feature for the development 
of biosensors, catalysts, water purifi cation systems, as well 
as antibacterial materials. These studies reveal the eff ect 
of silver ion content on the specifi c features of nanopar-
ticle formation in IPECs, which makes possible the con-
trolled formation of various types of nanostructures in 
polymer fi lms and coatings. Electron microscopy revealed 
that the formation of metal nanoparticles occurs in zones 
regularly located in the fi lm bulk. Structures formed within 
the bulk of samples with a low silver ion content (0.1%) 
have the highest mass ratio of metal nanoparticles on the 
surface of fi lms in comparison to their bulk. This is a result 
of the transport of silver ions through the polymer matrix 
to the surface and the low probability of nanoparticle 
growth within the fi lm bulk. In this case, relatively small 
nanoparticles (1—5 nm) form within the fi lm bulk, which 
is important for the development of methods of obtaining 

materials with catalytic or electrocatalytic activity. The 
effi  ciency of the formation of relatively large nanoparticles 
with a wider silver-containing layer in the fi lm bulk in-
creases with the initial silver ion content in IPECs. These 
nanocomposites can be applied in the development of 
bactericidal fi lm materials used under conditions of 
gradual removal of the outer layers. 

This work was fi nancially supported by the Russian 
Foundation for Basic Research (Project No. 18-03-00608). 
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