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Abstract
The structure and properties of silver-containing nanocomposites formed by the method of thermochemical reduction of  Ag+ 
ions in polyelectrolyte-metal complexes pectin–Ag+–polyethyleneimine were studied using X-ray diffraction analysis, ther-
mogravimetric analysis, pyrolysis mass spectrometry, transmission electron microscopy and antimicrobial test. The optimal 
parameters for the formation of nanocomposites based on interpolyelectrolyte complexes of pectin–polyethyleneimine and Ag 
nanoparticles (reduction temperature T = 150 °C, reduction time t = 30 min) have been found by X-ray diffraction analysis, in 
which the structural manifestation of the silver metal phase is fully realized. Using transmission electron microscopy, it was 
found that nanocomposite formed by thermochemical reduction of  Ag+ ions at 150 °C for 30 min has an average nanoparticle 
size of 4.1 nm that less than for nanocomposite obtained at T = 120 °C during the same reduction time (average nanoparticle 
size is 5.8 nm). Ag nanoparticles obtained by using a typical reducing agent  (NaBH4) have an average size equals 3.8 nm. 
It was revealed that nanocomposites obtained by thermochemical method have significantly higher antimicrobial activity 
compared with nanocomposites obtained by chemical reduction of  Ag+ ions using  NaBH4. A mechanism of thermochemical 
reduction of silver ions in IMC pectin–Ag+–polyethyleneimine, which is based on the transfer of electrons from the nitrogen 
atoms of amino groups PEI to  Ag+ ions, has been investigated by destructive processes that occur at the same time.

Keywords Interpolyelectrolyte complexes · Interpolyelectrolyte-metal complexes · Thermochemical reduction  Ag+ · Silver-
containing nanocomposites · Structure · Morphology · Antimicrobial activity

Introduction

Synthesis of silver-containing nanocomposites, involving 
macromolecular compounds is a current trend in the sci-
entific searches because of their high-potential practical 
application. Silver-containing nanocomposites have poten-
tial applications in microelectronics (Glicksman 1984), 
optics (Gupta et al. 2008; Pankhurst et al. 2003), cataly-
sis (Murugadoss and Chattopadhyay 2008), biodiagnostics 
(Rosi and Mirkin 2005), bactericide (Garamus et al. 2004). 

Nanocomposites based on the synthetic and natural poly-
electrolytes containing silver nanoparticles demonstrate 
antibacterial and fungicidal properties and show a promise 
as materials for the medical applications (Prozorova et al. 
2014; Banasiuk et al. 2016). The creation of such materi-
als is impossible without conducting fundamental research 
aimed at elucidating the nature of the formed particles, the 
mechanisms and patterns of reactions occurring in the pro-
cess of their formation.

The crucial problem to be solved, while synthesizing 
metal-containing nanocomposites, is in preparing of nano-
particles, having definite parameters, such as size, distribu-
tion in bulk and morphology. Stabilization of nanoparticles 
in the polyelectrolyte complexes enables them to be pro-
tected from aggregation processes (Zezin 2016).

Currently, the following methods of Ag-containing nano-
composites formation are widely used: chemical (Zezin 
2016), chemical-radiation (Pergushov et al. 2014), thermo-
chemical reduction of  Ag+ ions in polymer-metal complexes 
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(Liu et al. 2014; Geczi et al. 2018; Biao et al. 2017). The 
principal advantage of the radiation-chemical reduction 
of the metal ions is that there is no need to introduce the 
chemical reductants into reaction, thus it allowing for nan-
oparticles to be obtained without impurities (Pergushov 
et al. 2014; He et al. 2018). But this method requires the 
application of special equipment for radiation generating. 
At the chemical reduction such reductants as  NaBH4 (Roto 
et al. 2018), dimethylformamide (Kaewvilai et al. 2015), 
hydrazine (Seo et al. 2004), etc., are used. Although such 
an approach is simple and effective enough for getting nano-
composites with controlled structure and properties, how-
ever, the biological toxicity and the environmental hazard 
of the residual reducing agents are considered as a problem.

For thermochemical reduction, polymers of natural and 
synthetic nature are used (Liu et al. 2014; Geczi et al. 2018; 
Biao et al. 2017; Nootsuwan et al. 2018; Ali 2013; Liang 
et al. 2011; Raghavendra et al. 2016), which serve as both 
reducing agents and stabilizers of nanoparticles.

Earlier, in ref (Demchenko et al. 2017), we have investi-
gated the structure, morphology, and antimicrobial proper-
ties of copper-containing nanocomposites formed by ther-
mochemical reduction of  Cu2+ ions in pectin–Cu2+–PEI 
interpolyelectrolyte–metal complexes. It has been shown, 
that the optimal time for complete thermochemical reduc-
tion of  Cu2+ ions to metallic copper at T = 170 °C is 30 min. 
The antimicrobial investigations of the elaborated nanocom-
posites revealed they possess a high antimicrobial activity 
against S. aureus and E. coli strains. In (Liu et al. 2014), 
PEI–Ag nanocomposites were synthesized by the method of 
thermochemical reduction of  Ag+ at different temperatures, 
where PEI acted as a reducing agent and stabilizer of silver 
nanoparticles, while the authors did not consider in detail 
the mechanism of reduction.

Depending on the reduction temperature, nanoparticles 
of sufficiently large size were formed, from 25 to 80 nm. 
Authors (Geczi et al. 2018) prepared Ag-containing nano-
composites PLA–Ag–PEI for the medical application, using 
PEI as reducing agent at 140 °C, but the morphology and 
antimicrobial properties of the received nanocomposites 
were not investigated deeply. In (Biao et al. 2017), the sil-
ver nanoparticles with an average size of 10 nm were syn-
thesized, where chitosan was used as a reducing agent and 
stabilizer. Literature analysis has shown that the method of 
thermochemical reduction of  Ag+ ions is much faster, envi-
ronmentally friendly, and cost-effective than the traditional 
methods. However, the individual polyelectrolytes (such as 
polyelectrolyte–Ag+) are usually used to reduction of  Ag+ 
ions and stabilize Ag nanoparticles, which often leads to the 
formation of sufficiently large nanoparticles.

Thus, the aim of this work is to study the structure, 
morphology and antimicrobial properties of silver-con-
taining nanocomposites, obtained by the thermochemical 

reduction of  Ag+ ions in interpolyelectrolyte-metal com-
plexes pectin–Ag+–PEI.

Experimental

Materials

To obtain the interpolyelectrolyte complexes (IPEC), pec-
tin–polyethyleneimine; the interpolyelectrolyte–metal com-
plexes (IMC), pectin–Ag+–polyethyleneimine; and nano-
composites of IPEC–Ag the following reagents were used: 
anionic polyelectrolyte citrus pectin (Cargill Deutschland 
GmbH, Germany) with M = 30,000, cationic polyelectro-
lyte anhydrous branched polyethyleneimine (PEI) (Aldrich) 
with Mn = 10,000 and Mw = 25,000 g/mol, silver (I) nitrate 
 (AgNO3) (Aldrich) with M = 169.9.

Preparation of polymer systems

The samples of IPEC based on anionic and cationic poly-
electrolyte were obtained by mixing of their 5% aqueous 
solutions taken at a molar ratio of 1:1, at T = 20 ± 2 °C. A 
mixture was casted on a Teflon plate and dried at room tem-
perature to obtain IPEC as film. The water-insoluble IPEC 
films were macerated in distilled water three times to wash 
from the initial polyelectrolyte and dried at 20 ± 2 °C up to 
constant weight. The thickness of the resulting films was 
100 μm.

To obtain a sample of the interpolyelectrolyte-metal com-
plexes of silver, the IPEC films were immersed into an aque-
ous solution of silver nitrate at T = 20 ± 2 °C for 24 h. The 
colorless IPEC films became dark red.

The adsorption capacities of IPEC films, A (mmol/g), 
were calculated through the formula

 where m is the weight of the film, V is the volume of silver 
nitrate solution, and cin and ceq are the initial (0.1 mol L−1) 
and the equilibrium concentrations of silver ions. For IMC 
films A = 5.0 mmol g−1.

Thermochemical reduction of  Ag+ ions in the polymer 
films has been performed by keeping them at 100–160 °C 
within 30 min. The specimens were heated in an oven using 
precise thermal regulator VRT-3. Temperature regulation 
precision was ± 0.5 °C.

As a result of the reduction, IMC films changed their 
color from blue red to a metallic silver one that confirms the 
formation of the silver-containing nanocomposites.

A = (cin− ceq)V∕m,
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Experimental methods

The structure of the IPEC (pectin–PEI); the IMC (pec-
tin–Ag+–PEI); and nanocomposites of IPEC–Ag were stud-
ied by wide-angle X-ray scattering (WAXS) on a DRON-
4-07 diffractometer, whose X-ray optical scheme was used 
to “pass” primary-beam radiation through samples. The 
heterogeneous structuring of these polymeric systems (at 
the nanometer level) was studied via small-angle X-ray scat-
tering (SAXS) (Lysenkov et al. 2015) with a CRM-1 cam-
era, having a slit collimator of the primary irradiation beam 
made via the Kratky method. All X-ray diffraction studies 
were performed at T = 20 ± 2 °C in CuКα radiation mono-
chromated with a Ni filter. The size of the Ag nanoparticles 
and their morphology in the polymer matrix were examined 
with a JEM-1230 transmission electron microscope (JEOL, 
Japan) at a resolution of 0.2 nm.

The thermal stability and thermal oxidative degradation 
of nanocomposites were studied using the TGA Q50 device 
manufactured by TA Instruments (USA) in a dry air atmos-
phere in the temperature range from 20 to 700 °C with a 
linear heating rate of 20 °C min−1.

Volatile products released from the nanocomposites 
during thermochemical reduction were studied using the 
pyrolysis mass spectrometry (PMS), which allows evaluat-
ing chemical transformations in organic substances by the 
composition of their thermal degradation products. The 
research was carried out using the MX-1321 mass spectrom-
eter, which provides the determination of the gas mixture 
components in the range of mass numbers 1–4000, in the 
temperature range from 20 to 400 °C with a linear heating 
rate of 6 °C min−1.

The antimicrobial activity of IPEC–Ag nanocomposites 
was studied using reference strains of opportunistic bacte-
ria Staphylococcus aureus ATCC 6538 and Escherichia coli 

ATCC 35218 (as a model Gram-positive and Gram-negative 
bacteria) (Case and Johnson 1984).

Results and discussion

The features of structure formation of the of IPEC–
Ag nanocomposites formed by thermochemical 
reduction of  Ag+ ions in IMC

The analysis of wide-angle X-ray diffractograms has shown 
that IPEC formed of the oppositely charged polyelectrolytes 
of pectin and PEI is characterized by short-range order-
ing during a translation of the fragments of the oppositely 
charged polyelectrolyte macromolecular chains in space. 
This is indicated by one diffraction maximum of the diffuse 
type at 2θm~ 20.8° on the X-ray diffractogram of the IPEC 
sample (see Fig. 1, curve 1). Average distance (d) between 
macromolecular chains of pectin and PEI in the IPEC bulk, 
according to the Bragg equation:

 where λ is the wavelength of the characteristic X-ray radia-
tion, is 4.3 Å (λ = 1.54 Å for CuKα radiation).

However, the sorption of  AgNO3 by the IPEC film and 
formation of the IPEC–Ag+ sample is accompanied by a 
change in the diffractogram. This result is proved by the 
appearance of an intense diffuse diffraction maximum at 
2θm ~ 11.2° (curve 2). This diffraction maximum, according 
to (Demchenko et al. 2017), characterizes the existence of 
polyelectrolyte–metal complexes between the central ions 
 (Ag+) and ligands. Taking into account the angular posi-
tion of this diffraction peak on the X-ray diffractogram of 
the IMC, Bragg distance d between the macromolecular 

d = �(2 sin �m)
−1,

Fig. 1  The XRD patterns of 
(1) the IPEC; (2) the IMC; 
and (3–9) the nanocomposites 
obtained by the thermochemical 
reduction of  Ag+ ions in IMC 
at the temperature (3) 100, (4) 
110, (5) 120, (6) 130, (7) 140, 
(8) 150, and (9) 160 °C for 30 
min; a standard diffractograms 
of nanocomposites, b increased 
diffraction maxima that charac-
terize the structure of metallic 
silver nanocomposites
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chains of polyelectrolytes coordinated with  Ag+ ions is 
found to be 7.9 Å. In its turn, the amorphous halo disap-
pears at 2θm~ 20.8°, relating to the structural peculiarity of 
pectin–PEI IPEC. This indicates the full transfer of poly-
electrolyte complexes into polyelectrolyte–metal complexes.

After thermochemical reduction of  Ag+ ions in the IMC 
in the temperature range 100–160 °C, nanocomposites are 
formed based on the IPEC and Ag nanoparticles.

This is indicated by the manifestation of two diffraction 
maxima of the diffuse type at 2θm = 38.2° and 44.2, corre-
sponding to the crystallographic plan of the face-centered 
cubic lattice of silver with (111) and (200) indexes, respec-
tively, and confirming the presence of metallic silver in the 
polymeric system (curves 3–8). X-ray diffractograms of 
silver-containing nanocomposites formed by thermochemi-
cal reduction of  Ag+ ions with a step-by-step increase in 
temperature from 100 to 150 °C show an increase in the 
intensity of the diffraction maxima at 2θm = 38.2° and 44.2°, 
which characterize the structure of silver nanoparticles, and 
a decrease in the intensity of the diffraction maximum at 
2θm ~ 11.2°, which characterizes the structure of interpolye-
lectrolyte-metal complexes pectin–Ag+– polyethyleneimine.

At the further uprising of reduction temperature  Ag+ in 
IMC (to T = 160 °C) the intensity of the diffraction maxi-
mums, characterizing the metal silver’s structure did not 
change (Fig. 1, curves 8–9). Therefore, according to the 
WAXS data we can conclude that the optimal temperature 
for  Ag+ ions’ reduction in IMC with further formation of 
nanocomposite is to be 150 °C.

The effect of the reduction time of  Ag+ ions in IMC at 
a constant temperature of 150 °C on the structure of silver-
containing nanocomposites was also studied (Fig. 2).

From the analysis of X-ray diffractograms, it can 
be seen that the intensity of the diffraction maxima at 
2θm = 38.2° and 44.2°, which characterize the structure of 

silver nanoparticles, increases with a step-by-step increase 
in the reduction time from 5 to 30 min, and all samples 
do not have a diffraction maximum at 2θm ~ 11.2°, which 
characterizes the structure of interpolyelectrolyte-metal 
complexes pectin–Ag+–polyethyleneimine (curves 3–6). 
The intensity of the maxima that characterize the Ag struc-
ture increases especially sharply when the reduction time 
increases from 5 to 10 min (curves 3, 4). At the further 
uprising of reduction time  Ag+ in IMC (up to 40 min) the 
intensity of the diffraction maximums, characterizing the 
metal silver’s structure did not change (Fig. 2, curves 6, 7). 
Therefore, according to the WAXS data we can conclude 
that the optimal time for  Ag+ ions’ reduction in IMC with 
further formation of nanocomposite is to be 30 min.

The revealed features in the structural formation of the 
IPEC–Ag nanocomposites are forming the basis for the 
studying of heterogeneity of their structures.

The analysis of small-angle X-ray scattering profiles of 
the IPEC–Ag nanocomposites, obtained by the thermo-
chemical reduction of  Ag+ ions in the interpolyelectro-
lyte–metal complexes at temperature 110, 130 and 150 °C 
and presented in accordance with (Ruland 1971; Perret 
and Ruland 1971) as dependences of Ĩ on q (Fig. 3a), 
where Ĩ is the intensity of scattering without the colli-
mation correction and q = (4π/λ)sinθ = 2πs, shows that 
all mentioned systems have heterogeneous structuring—
i.e., contrast electron densities Δρ (Δρ = ρ– < ρ>, where ρ 
and < ρ > are the local and average values of the electron 
density, respectively) are present in their volumes. This 
result means that in all the polymer–metal systems, there 
are no less than two types of region heterogeneity with 
different values of local electron density ρ. However, the 
absence of the interference peak from all the profiles of 
intensity indicates the stochastic nature of the location of 
various types of heterogeneity regions.

Fig. 2  The XRD patterns of 
(1) the IPEC; (2) the IMC; 
and (3–7) the nanocomposites 
obtained by the thermochemi-
cal reduction of  Ag+ ions in 
IMC at the temperature 150 °C 
for (3) 5, (4) 10, (5) 20, (6) 30, 
and (7) 40 min; a standard dif-
fractograms of nanocomposites, 
b increased diffraction maxima 
that characterize the structure of 
metallic silver nanocomposites
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The values of their Porod invariants Q′ were compared 
to semiquantitatively evaluate the relative levels of the 
structural heterogeneity of these polymer systems (Porod 
1982):

These values are invariant with respect to the shapes of 
the heterogeneity regions and are directly related to the rms 
values of fluctuations of electron density (< Δρ2>) in a two-
phase system:

here, < Δρ2>=φ1φ2(ρ1–ρ2)2, where φ1 and φ2 are the volume 
ratios of heterogeneity domains in a two-phase system and 
ρ1 and ρ2 are the electron densities of heterogeneity domains 
(φ1 + φ2 = 1) in a two-phase system. Comparing values of 
invariant Q′ for the polymer systems investigated one can 
observe that relative level of structure heterogeneity nano-
composites grows up with increasing reduction tempera-
ture (Fig. 3b, curve 1 and Table 1). An evaluation of the 
effective sizes of the heterogeneity regions existing in these 
polymer-metal systems was performed through the method 
from (Ruland 1971; Perret and Ruland 1971) via calculation 
of structural parameters, such as the range of heterogeneity 
(range of inhomogeneity), lp, which is directly related to the 
average diameters of heterogeneity regions, < l1 > and < l2 > , 
in the two-phase system:

As the result of lp parameter’s calculation, we have 
revealed that increasing of temperature reduction for  Ag+ 
ions in IMC and simultaneous formation of IPEC–Ag nano-
composite are accompanied by diminishing of heterogeneity 
areas’ effective size (Fig. 3b, curve 2 and Table 1).

Morphology of silver‑containing nanocomposites

The conversion of interpolyelectrolyte–metal complexes 
pectin–Ag+–polyethyleneimine into nanocomposites con-
taining Ag nanoparticles is confirmed by transmission 
electron microscopy (see Fig. 4a and b). Analysis of the 
micrographs of nanocomposites based on the polyelectro-
lyte complexes and Ag nanoparticles obtained at 120 and 
150 °C for 30 min shows that the average size of nanopar-
ticles formed at 120 °C is 5.8 nm and at 150 °C is 4.1 nm 
(see Fig. 4a and b). This effect, in our opinion, is due to the 

Q� =

∞

∫
0

qĨ(q)dq,

Q� ∝ < Δ𝜌2 >,

lp = 𝜑2 < l1 > = 𝜑1 < l2 >
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Fig. 3  a Profiles of the intensity of SAXS of the nanocomposites 
obtained by the thermochemical reduction of  Ag+ ions in IMC at the 
temperature (1) 110, (2) 130, and (3) 150 °C for 30 min. b Depend-
ence of Q′ Porod invariant (1) and range of heterogeneity (2) nano-
composites on the temperature of the  Ag+ ions reduction in the IMC

Table 1  Structural parameters of investigated polymer systems

Polymer system lp, nm Q′, rel. units

IPEC–Ag (110 °C) 7.7 11
IPEC–Ag (130 °C) 5.8 31
IPEC–Ag (150 °C) 5.7 36
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fact that primarily the reduction of  Ag+ ions and the forma-
tion of Ag nucleation centers occur in the functional groups 
which required the least energy to transfer electrons to  Ag+ 
ions. Higher temperatures promote the rapid formation of Ag 
nucleation centers throughout the polymer bulk.

To compare the morphology of the studied silver-
containing nanocomposites obtained by thermochemi-
cal reduction of  Ag+ ions and the same nanocompos-
ites were formed by reduction of  Ag+ ions in IMC 

pectin–Ag+–polyethyleneimine using a typical  NaBH4 
reducing agent (a molar ratio of  [BH4

−]:  [Ag+] = 2.0). Anal-
ysis of micrographs shows that nanocomposites formed by 
the chemical reduction of  Ag+ ions have an average nanopar-
ticle size of 3.8 nm (Fig. 4c). In this case, small aggregates 
of silver nanoparticles are formed in the bulk of the polymer.

Mechanism of formation of silver‑containing 
nanocomposites in the process 
of thermochemical reduction of  Ag+ ions 
in the interpolyelectrolyte‑metal complexes

The mechanism of thermochemical reduction consists of the 
electrons transfer from the nitrogen atoms of amino groups 
of the polyethyleneimine to  Ag+ ions during the process of 
IPEC-metal complexes destruction at T = 100 °C and higher 
temperature as well, according to Fig. 5a:

Fig. 4  a TEM images and histogram of the IPEC–Ag nanocomposite, 
obtained during thermochemical reduction of  Ag+ ions in the IMC 
at the T = 120  °C for 30  min. b TEM images and histogram of the 
IPEC–Ag nanocomposite, obtained during thermochemical reduction 
of  Ag+ ions in the IMC at the T = 150 °C for 30 min. c TEM images 
and histogram of the IPEC–Ag nanocomposite, obtained by chemical 
reduction of  Ag+ ions in IMC was conducted with  NaBH4 (a molar 
ratio of  [BH4

−]:  [Ag+] = 2.0)
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Fig. 5  a Mechanism of thermochemical reduction of  Ag+ ions in the 
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ture (1) 120, (2) 160 °C for 30 min i (3) the original pectin sample
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Such mechanism is also proved by the control experi-
ment—similarly to the preparation of IMC films (pec-
tin–Ag+–PEI), the polymer systems like pectin–Ag+ and 

PEI–Ag+ were obtained. Further, the samples were heated 
at elevated temperature to carry out silver ions reduction.

Analysis of X-ray diffractograms shows that intensive 
reduction of  Ag+ ions to silver metal occurs only in the 
PEI–Ag+ polymer system at temperatures of 100 and 120 °C 
(Fig. 5b). This is indicated by the corresponding diffraction 
maxima which characterize the structure of the metallic sil-
ver (curves 2, 3).

Diffractograms of pectin–Ag+ samples obtained at tem-
peratures of 120 and 160 °C show diffraction maxima of 
the diffuse type that characterize the crystal structure of 
pectin (Fig. 5c, curves 1–3). Also on the diffractogram 
of the pectin–Ag+ sample obtained at a temperature of 
T = 160 °C for 30 min, there is a low-intensity maximum 
at 2θm ~ 38.2°, which characterizes the structure of silver 
nanoparticles that can be formed during the oxidation 
of pectin hydroxyl groups, which is accompanied by the 
reduction of  Ag+ ions. Therefore, one can make a con-
clusion the thermochemical reduction of  Ag+ ions in the 
IMC films proceeds for the account of polyethyleneimine 
as mentioned above (Fig. 5a).
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Fig. 7  Mass spectra of volatile products in pectin–Ag+–PEI IMC at T = 150 °C for a 5 min, b 20 min, c 30 min
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Thermogravimetric analysis and mass spectroscopic 
studies of nanocomposites

Thermogravimetric analysis and mass spectroscopy methods 
were used to figure out the mechanism of processes occur-
ring during the thermochemical reduction of  Ag+ ions in 
IMC.

Using thermogravimetric analysis, the experiments were 
performed in which a sample of pectin–Ag+–PEI was heated 
at a linear speed of 20 °C min−1 to a temperature of 150 °C 
and maintained for 30 min, after which the sample was con-
tinued to be heated at the specified speed until the complete 
destruction of the polymer nanocomposite. According to 
TGA data, when the pectin–Ag+–PEI sample was aged at 
150 °C for 30 min, the weight loss is approx. ~ 3.7% (Fig. 6). 
With further heating, two peaks are observed on the DTGA 
curve (at T = 208.7 °C and 452.7 °C), associated with the 
destruction of pectin and PEI, respectively (Shankar et al. 
2016; Ahn et al. 2017; Lawson et al. 2008; Zhao et al. 2012). 
The yield on the linear section of the TGA curve at a tem-
perature above 500 °C (the remainder of the mass of the 
substance is 24.6%) is associated with the residue of the 
metallic silver. Mass spectroscopy was used to record vola-
tile products released during the thermochemical reduction 
of  Ag+ ions in IMC at a temperature of 150 °C for 5, 20, 
and 30 min (Fig. 7). As can be seen from the mass spectra, 
during the thermochemical reduction (5, 20, and 30 min), 
ion fragments (IF) with m/z 18 and 44 were allocated the 
highest intensity, which may be due to the desorption of  H2O 
and  CO2 at this temperature. The presence of fragments with 
m/z 28 and 30 is a confirmation of the previously proposed 
reduction mechanism due to the transition of an electron of 
a nitrogen atom to a metal ion with the formation of a cation 
radical in the PEI chain [R–CH2–CH2–N+H2] (Demchenko 
et al. 2017). That is, the formation of IF with m/z 28 and 30 
can indicate a rearrangement and rupture of the C–C bond, 
which is located between the nitrogen atoms, which causes 
the release of fragments such as  CH2 = N+H2 and  CH2 = N+ 
(see Fig. 5a). It should be noted that IF with m/z = 30 can 
also correspond to the NO fragment, which is formed due to 
the destruction of the anion of the  AgNO3 salt. It is notewor-
thy that the IF with m/z = 30 completely disappears up to 30 
min, which may indicate a complete reduction of  Ag+ ions 
in IMC, and this is fully correlated with the WAXS data.

In general, weight loss at a reduction temperature of 
150 °C for 30 min, according to the fixed IF, may indicate 
an loss of the present water, anion, and only minor destruc-
tion of the matrix.

Antimicrobial properties of investigated 
nanocomposites

IPEC–Ag nanocomposites created by the thermochemi-
cal reduction of  Ag+ ions in the IMC at T = 150 °C within 
30 min demonstrate higher antimicrobial activity against 
S. aureus and E. coli strains compared to IPEC–Ag, syn-
thesized at T = 120 °C within 30 min (Fig. 8 and Table 2). 
This effect is associated with smaller nanoparticle sizes.

To compare the antimicrobial activity of the sil-
ver-containing nanocomposites obtained by thermo-
chemical reduction of  Ag+ ions, same nanocompos-
ites were formed by reduction of  Ag+ ions in IMC 

Fig. 8  Images of antimicrobial test results of agar plates containing 
IPEC–Ag nanocomposites, obtained via the thermochemical and 
chemical reduction of  Ag+ ions in the IMC against S. aureus (a) and 
E. coli (b). Description of the samples is given in Table 2
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pectin–Ag+–polyethyleneimine using a typical  NaBH4 
reducing agent (a molar ratio of  [BH4

−]:  [Ag+] = 2.0).
After incubation proceeding for 24 h at 37 °C one can 

observe a clear zone around the films’ contours, thus con-
firming inhibition of bacteria growth.

The growth of the inhibition’s zone diameter for S. 
aureus was 27.6 mm for specimen prepared by thermo-
chemical reduction (T = 150 °C, for 30 min), and 18.2 mm 
for those obtained by chemical reduction. For E. coli these 
values are 26.6 mm and 17.6 mm, correspondingly. The 
width of the test samples are 10 mm (Table 2). This effect 
is due to the fact that nanocomposites synthesized by ther-
mochemical reduction are less strongly associated with the 
polymer matrix IPEC.

Active growth of the test bacteria and absence of 
growth inhibition have been observed in the test specimens 
(polymer film without nanoparticles) (Fig. 8, sample  A0).

Conclusions

The peculiarities of structural organization of the developed 
polymer nanocomposites using method of the thermochemi-
cal reduction of the silver ions in the interpolyelectrolyte-
metal complexes like “pectin–Ag+–polyethyleneimine” have 
been investigated by WAXS and SAXS methods at tempera-
ture interval from 100 to 160 °C. Optimal conditions for 
the formation of nanocomposites at which the structural 
manifestation of metallic silver is fully realized have been 
established (reduction temperature T = 150 °C and reduction 
time t = 30 min). Using the SAXS method, it was found that 
when the reduction temperature increases, the nanocompos-
ites with a high level of heterogeneity of the structure and 
lower values of the lp heterogeneity range are formed.

Using transmission electron microscopy, it was revealed 
that at higher temperature (150 °C) of reducing the average 
particle size is smaller that correlates with the effective size 
of the heterogeneity regions of nanocomposites formed by 
the thermochemical reduction of  Ag+ ions. In our opinion, 
such a result is due to the fact that higher temperatures lead 
to the rapid reduction and formation of Ag nucleation cent-
ers throughout the polymer.

It was found that nanocomposites IPEC–Ag created by 
thermochemical reduction of  Ag+ ions in IMC at T = 150 °C 
within 30 min demonstrated higher antimicrobial activity 
against S. aureus and E. coli strains compared to IPEC–Ag, 
synthesized by at T = 120 °C within 30 min, that is a result 
of nanoparticles size of Ag. It was found that the nanocom-
posites obtained by this method have significantly higher 
antimicrobial activity compared to nanocomposites obtained 
by chemical reduction using  NaBH4.

The mechanism of thermochemical reduction of silver 
ions in IMC pectin–Ag+–polyethyleneimine, which consists 
in the transfer of electrons from nitrogen atoms of PEI amino 
groups to  Ag+ ions, is proposed.
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