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INFLUENCE OF FILLER INTRODUCTION METHOD ON STRUCTURE  

AND PROPERTIES OF POLYMER COMPOSITES BASED ON POLYURETHANE 

AND SILVER NANOPARTICLES 

Polymer nanocomposites based on segmented polyurethane and silver nanoparticles (AgNPs) were synthesized using 

different methods of nanoparticle introduction. The dependence of their structure, thermophysical and antimicrobial proper-

ties on the method of introducing AgNPs was studied. It was established that the method of introduction affects both the spa-

tial distribution of the filler particles and the final properties of the material. The introduction of AgNPs by the ultrasonic di-

spersion method leads to inhibition of the growth of the crystalline phase, which is associated with the formation of aggregates 

from AgNPs of small size, which have a large polymer-filler interaction surface. It is shown that the introducing AgNPs from 

a colloidal solution leads to an increase in the degree of crystallinity of the polymer matrix, which is a consequence of the nuc-

leation effect of nanosized silver particles on the formation of the crystalline phase. It was established that the method of in-

troducing nanoparticles does not affect their final antimicrobial properties. Owing to their unique characteristics, synthesized 

nanocomposite films can be promising for use as antimicrobial coatings. 

Keywords: polymer nanocomposites, silver nanoparticles, polyurethanes, structure, antimicrobial properties, thermophysical 

properties 

 

INTRODUCTION 

Polymeric composite materials that contain nanopar-
ticles of various nature have remained among the most 
interesting materials to study during the last two dec-
ades. The interest in such materials is explained, first of 
all, by their unique properties and operational character-
istics. Depending on the choice of polymer matrix and 
nanofiller, it is possible to obtain a material with the 
required properties [1]. 

The method of their preparation has a significant in-
fluence on the final properties of nanocomposite mate-
rials. The most common manufacturing methods for 
introducing nanoparticles into the polymer matrix are 
extrusion [2, 3], ultrasonic dispersion [4, 5], sol-gel 
synthesis [6, 7] and in situ polymerization [8, 9]. Each 
method has its advantages and disadvantages and can be 
used for a specific combination of polymer and nano-
filler. 

One of the promising areas of modern polymer ma-
terials science is the development of new antimicrobial 
materials [10]. The most active antimicrobial filler is 
silver nanoparticles (AgNPs), which exhibit high inhibi-
tory activity against most bacteria and fungi [11, 12]. 
Nanocomposite materials containing AgNPs can retain 
their antimicrobial activity for a long period of time. 
However, the method of preparation of polymer-AgNP 

systems significantly affects their final physicochemical 
properties and antimicrobial characteristics. 

The methods of obtaining polymer nanocomposites 
that contain AgNPs can be divided into two groups: 
one-step and two-step methods [13]. In the one-step 
method, the silver precursor and polymer, which serves 
as a stabilizer for the silver nanoparticles, share the 
same solvent. Selective solvents must be used in this 
method so that both the precursor and polymer can be 
dissolved.  

Lyutakov et al. proposed a simple one-step proce-
dure for the in situ preparation of silver nanoparticles in 
polymer thin films [14]. The nanoparticles were pre-
pared by the reaction of N-methyl pyrrolidone with sil-
ver salt in a semi-dry polymer film. The antimicrobial 
properties of AgNPs/PMMA films were found to be 
dependent on the concentration of NPs, their size and 
distribution. The authors concluded that the direct syn-
thesis of NPs in polymer has several advantages; it 
avoids time-consuming AgNP mixing with the polymer 
matrix, and uniform silver distribution in polymer films 
is achieved without the necessity for additional stabili-
zation. Nevertheless, this method also has its disadvan-
tages, the main of which is the limited number of poly-
mers that can be used as the  matrix. 
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In the two-step method of nanocomposite prepara-
tion, polymer matrices or AgNPs are synthesized sepa-
rately, and then the two components connect. For ex-
ample, in the first step Demchenko et al. synthesized  
a polymer matrix based on pectin and polyethyle-
neimine [15]. Then the thermochemical reduction of 
Ag+ ions in the polymer films was performed by heat-
ing up them to 100-160°C for 5-30 min. In this way, it 
was possible to obtain uniformly distributed silver 
nanoparticles in the polymer matrix. In work [16], the 
authors first synthesized stabilized AgNPs, and then 
introduced them into the molten polymer matrix of 
polyethylene oxide. A nanocomposite with 1% AgNPs 
exhibits significant activity for Klebsiella (the zone of 
inhibition is 19 mm) and material with 2% AgNPs ex-
hibits significant activity for S. aureus (the zone of in-
hibition is 22 mm). However, during the process of 
mixing with polymer, due to the high viscosity of mol-
ten polymers or the polymer solution, AgNPs tend to 
aggregate and lose their antimicrobial properties [17]. 
To solve this problem, the in situ method of monomer 
polymerization of in the presence of AgNPs is used [9]. 

Demchenko et al. studied the influence of prepara-
tion methods on the structure and properties of antim-
icrobial polymer materials containing AgNPs [18]. Two 
methods were used to prepare polymer nanocomposites 
based on polylactic acid and silver nanoparticles: the 
mechanical method and the in situ method. It was estab-
lished that the preparation method affects the average 
size of the silver nanoparticles. Thus, when using the 
mechanical method of preparation, silver nanoparticles 
with a size of 16 nm were distributed in the polymer 
matrix, and in the case of the in situ method, the size of 
the nanoparticles was about 4 nm. The method of 
preparation of the polymer-silver systems also affects 
their antimicrobial properties. It was shown that the ma-
terials prepared by the in situ method exhibit high an-
timicrobial activity against gram-positive and gram- 
-negative bacteria, as well as fungi, while no antimicro-
bial activity was observed for the materials prepared by 
the mechanical method. Nonetheless, such an effect 
may be a consequence of the different size of the 
nanoparticles. 

The disadvantage of the mechanical method of in-
troduction is the uncontrolled aggregation of filler par-
ticles because the NPs were previously synthesized 
without stabilization. The in situ method of AgNP for-
mation in a polymer matrix ensures their high surface 
stability and reproducibility. However, the disadvantage 
of the method is the necessity to use hazardous and ex-
pensive reagents, as well as the presence of their traces 
in AgNPs and resulting composite materials. 

Today, there is no single universal method of pre-
paring materials based on nanosilver and a polymer ma-
trix. From the above review, it can be seen that various 
methods of preparing polymer nanocomposites contain-
ing silver nanoparticles lead to different properties of 
the obtained materials. Considering the advantages and 
disadvantages of the considered methods, we studied 

the structure and properties of polymer systems based 
on polyurethanes and stabilized AgNPs prepared by the 
two-step method. In this case, the nanoparticles were 
synthesized separately and introduced into the polymer 
matrix solution using ultrasonic dispersion of the pow-
der and from the colloidal solution with the subsequent 
removal of solvents. 

EXPERIMENTAL PART 

Materials  

2-sulfobenzoic acid cyclic anhydride (Merck, ≥ 95%), 
1-methylimidazole (Merck, 99%), AgNO3 (Pharm.), 
trisodium citrate (C6H5O7Na3, Pharm.), toluene diisocy-
anate (Merck, mixture of 2,4- and 2,6-isomers in a mass 
ratio of 4:1) and 1,4-phenylenediamine (Merck, 98%) 
were used without additional purification; hyper-
branched aliphatic oligoester polyol Boltorn®H30 
(“Perstorp” Sweden) MM 3500 (equivalent MM of  
the oligomer by hydroxyl groups, determined by the  
acylation method, is 117 g/eq) was purified by repre-
cipitation from dimethylformamide (DMF) into ether, 
followed by drying in vacuum (1-3 mmHg) at a tem-
perature of 25-30°C for 6 hours; polytetramethylene 
glycol (PTMG) MM 1000 g/mol was vacuumed at  
a residual pressure of 1-3 mmHg at a temperature of  
70-80°C for 6 hours; DMF was distilled at a residual 
pressure of 1-3 mmHg, and ethanol and diethyl ether 
were used without distillation. 

The synthesis of AgNPs was carried out by the re-
duction of silver ions in AgNO3 with trisodium citrate 
[19] in the presence of hyperbranched oligomeric ionic 
liquid (HB-OIL), proposed by us, as their surface stabi-
lizer. HB-OIL was obtained according to our previously 
developed method [20] by the exhaustive acylation of 
third-generation oligoester polyol (containing 32 termi-
nal aliphatic primary hydroxyl groups) with cyclic  
2-sulfobenzoic anhydride and subsequent neutralization 
of the resulting reaction product with N-methylimida-
zole. AgNPs were obtained by boiling 0.125 g of 
AgNO3 and 0.731 g of C6H5O7Na3 in the presence  
of 0.941 g of HB-OIL in 60 ml of water under reflux for 
1 h. The resulting solution was evaporated, the precipi-
tate was evacuated, washed with ethanol and dried at  
a residual pressure of 1-3 mmHg at 75-80°C. The prod-
uct yield was 0.868 g. Characteristic signals on the 
FTIR spectrum for this product are observed at the fol-
lowing frequencies: 660, 735, 762, 802, 841, 879, 906, 
1020, 1040, 1053, 1080, 1128, 1138, 1178, 1234, 1265, 
1304, 1360, 1393, 1418, 1439, 1475, 1575, 1649, 1718, 
2300-3700 (broadened signals of weak intensity) cm–1. 
The synthesized product is a brown powder soluble in 
water and insoluble in organic solvents. The synthe-
sized product has the designation AgNPs(1:3), which 
reflects the ratio of silver ions and HB-OIL ionic groups 
in the initial reaction mixture, respectively. 

According to a similar method, NPs were synthe-
sized with a ratio of silver ions and HB-OIL ionic 
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groups in the initial reaction mixture equal to 1:9 with 
the corresponding designation AgNPs(1:9). At the same 
time, silver ions were reduced in a composition of  
0.044 g of AgNO3 using 0.268 g  of C6H5O7Na3 in the 
presence of 1.000 g  of HB-OIL. The product yield was 
0.985 g. Characteristic signals on the FTIR spectrum 
for this product are observed at the following frequen-
cies: 660, 735, 762, 802, 847, 878, 889, 1020, 1040, 
1082, 1138, 1176, 1232, 1258, 1283, 1308, 1337, 1394, 
1418, 1441, 1472, 1566, 1574, 1720, 2300-3700 
(broadened signals of weak intensity) cm–1. The obtained 
product is a brown powder soluble in water and insolu-
ble in organic solvents. 

Preparation of nanocomposite polymer  
materials PU-AgNPs  

The starting polyurethane (PU) to obtain the nano-
composites was synthesized in two stages. At the first 
stage, an isocyanate prepolymer was obtained by the 
PTMG reaction with a two-fold molar excess of toluene 
diisocyanate by weight at 80°C in a stream of dry nitro-
gen. The reaction was controlled by the content of iso-
cyanate groups by the titrimetric method. At the second 
stage, the final isocyanate groups of the obtained pre-
polymer were treated with 1,4-phenylenediamine at  
a ratio of NCO:NH2 = 1:1 in a 10 % solution in DMF 
until complete consumption of the isocyanate groups 
according to FTIR spectroscopy. PU was used as a 10% 
solution in DMF in the preparation of the composites 
with AgNPs. 

Nanocomposite polymer materials PU-AgNPs with 
a content of 2 wt.% AgNPs were received in two ways. 

The first method of obtaining the nanocomposites 
was based on the ultrasonic dispersion of AgNPs in  
a 10% PU solution in DMF, followed by evaporation of 
the solvent and vacuuming of the obtained film materi-
als (residual pressure 3-5 mmHg) at 60-70°C for  
4 hours. The designations PU-AgNPs(1:3)D and PU-
AgNPs(1:9)D were assigned to the nanocomposite 
polymer materials obtained by this method using 
AgNPs (1:3) and AgNPs (1:9). 

The second method of obtaining nanocomposites 
consisted in mixing a solution of PU in DMF with an 
aqueous solution of AgNPs and subsequent evaporation 
of the mixtures at a temperature of 70-80°C and vac-
uuming the resulting film materials (residual pressure  
3-5 mmHg) at 60-70°C for 4 hours. At the same time, 
the volume ratio of DMF:water was 4:1, respectively. 
Nanocomposite polymer materials of this type based  
on AgNPs (1:3) and AgNPs (1:9) have the designations 
PU-AgNPs(1:3)S and PU-AgNPs(1:9)S, respectively. 

Research methods  

Fourier-transform infrared (FTIR) spectra were 
taken utilizing a spectrometer “TENSOR 37” (Bruker, 
Germany) in the spectral range of 600-4000 cm–1.  
 

The structure of the obtained samples was investigated 
by the method of wide-angle X-ray diffraction on an 
XRD-7000 diffractometer (Shimadzu, Japan), using 
CuKa radiation (λ = 1.54 Å) and a graphite monochro-
mator. The research was carried out by automatic step-
by-step scanning in the U = 30 kB, I = 30 mA mode in 
the interval of scattering angles from 3.0 to 80 degrees, 
exposure time 5 s. 

Scherrer’s formula was used to determine the size of 
the crystalline formations [21]: 

 
cos

m
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L

λ

β θ
= ,  (1) 

where β is the angular spread of the diffraction maxi-
mum (in radians), which is usually defined as full width 
at half maximum (FWHM) after preliminary subtrac-
tion of background scattering; k is a coefficient that de-
pends on the crystallite (if the shape is not known, then 
k = 0.9); θm is the angular position of the diffraction 
maximum. 

The study of the temperature dependence of the heat 
flow was conducted in a dry air atmosphere of nitrogen 
in the temperature range from –100°C to 150°C at  
the heating rate of 10°C/min by differential scanning 
calorimetry (DSC) employing a DSC-60 Plus device  
(Shimadzu, Japan). The absolute error in determining 
the temperature of the phase and relaxation transitions 
was 0.1°C. The degree of crystallinity of the nanocom-
posites based on PU and AgNPs was calculated from 
the dependence of heat flow on temperature using the 
equation: 

 
,

m

c

m c

H

H

∆
χ =

∆
, (2) 

where 
m

H∆  is the measured melting enthalpy, 
,m c

H∆  

is the melting enthalpy of 100% crystalline polymer 
(for PTMG, 

,m c
H∆ = 88 J/g [22]). 

The antimicrobial activity of the silver nanoparticles 
was studied by the method of diffusion in agar on  
a solid nutrient medium of Muller-Hinton for bacteria, 
and Sabouraud's medium for candida. Petri dishes with 
a nutrient medium were seeded with 10µ L of inoculum 
of the test microorganisms S. Aureus, E. coli and  
C. albicans at the rate of 108 CFU/ml. After incubation 
for 24 hours at the temperature of 37°C, the width of the 
inhibition zone was measured. The antimicrobial activ-
ity of the nanocomposite coatings was studied by exam-
ining the development of colonies of microorganisms 
on the surface of the material. For this, a test culture of 
bacteria and fungi with a concentration of microorgan-
isms equal to 108 CFU/ml was applied to the coating 
surface. After 48 hours of incubation at the temperature 
of 37°C, the number of live microorganisms in the in-
oculum on the surface of the synthesized nanocompo-
sites was studied. 
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RESULTS AND DISCUSSION  

The distribution of nanofillers and their influence on 
the structure and properties of the polymer composite 
materials are largely determined by the method of 
manufacturing [13-18]. In this regard, two methods of 
introducing AgNPs developed by us into the composi-
tion of polymeric materials were proposed in this work. 
The segmented PU was used as a polymer component, 
which is technological in terms of production and the 
features of its structure are favorable for ensuring the 
strength and flexibility of such materials [23]. The first 
method is based on the combination of AgNPs as a col-
loidal solution in water with a solution of PU in DMF 
followed by the removal of solvents. This method is 
simple to perform, but limited by the solubility of the 
components: – the AgNPs developed by us are water-
soluble and insoluble in DMF, while the solubility of 
PU is the opposite. Following this method, the compos-
ite materials with the designations PU-AgNPs(1:3)S 
and PU-AgNPs(1:9)S were obtained based on 
AgNPs(1:3) and AgNPs(1:3), respectively. The second 
method is based on the ultrasonic dispersion of the 
mentioned AgNPs in a solution of PU in DMF, fol-
lowed by removal of the solvent. This method is  
not limited by the solubility of the individual compo-
nents, but requires additional acoustic treatment.  
Following the second method, the composite materials 
PU-AgNPs(1:3)D and PU-AgNPs(1:9)D were obtained, 
respectively. 

To establish the chemical structure of nanocomposite 
materials based on PU, the method of FTIR spectroscopy 
was used. The spectrum of the initial PU (Fig. 1, curve 1) 
is characterized by absorption bands ν sy C-O-C  
(1099 cm–1) and ν as C-O-C (1218, 1294 cm–1) of ether 
groups, δ sy C-H(CH3), δ as C-H(CH3), δ C-H(CH2) 
(1407 cm–1) and ν C-H(CH2, CH3), (2723, 2795, 2853, 
2936 cm–1) of methyl and methylene groups, ν ar C-C 
(1400-1600 cm–1) of the aromatic component, ν C-N 
(1367 cm–1), δN-H, ν sy N-C=O (amide (II) 1512, 1535, 
1562 cm–1), ν NHC=O (amide (I) 1637, 1691, 1730 cm–1) 
and ν N-H (3283 cm–1) of the urethane and urea groups. 
The spectra of nanocomposites PU-AgNPs(1:3)D 
(curve 2), PU-AgNPs(1:9)D (curve 3) and PU-
AgNPs(1:3)S (curve 4) are almost identical to this 
original PU (curve 1) as a consequence of the weak in-
fluence of the interaction of AgNPs with PU on the 
spectral characteristics of the composites at a given 
filler concentration. At the same time, significant 
changes are observed in the spectrum of the nanocom-
posite PU-AgNPs(1:9)D (curve 5) compared to the origi-
nal PU, in particular, a slight hypsochromic shift of the 
absorption band ν S=O, C-O-C of the original AgNPs is 
observed (from 1020 to 1024 cm–1, the FTIR-spectrum 
of AgNPs(1:9)), a significant change in the intensities 
of the absorption bands ν ar C-C (1400-1600 cm–1) of 
the aromatic component, δN-H, ν sy N-C=O (amide (II 
) 1512, 1535, 1562 cm–1), ν NHC=O (amide (I) 1637, 
1691, 1730 cm–1) and ν N-H (3283 cm–1) of the ure-

thane and urea groups, as well as broadening of the last 
one. Such spectral changes indicate intensive interac-
tion of AgNPs with the hard block of PU due to the in-
teraction of ionic groups of the stabilizing shell of 
AgNPs with the urethane and urea groups of PU. 

 

 
Fig. 1. FTIR spectra for unfilled PU (1) and nanocomposites PU-

AgNPs(1:3)D (2), PU-AgNPs(1:9)D (3), PU-AgNPs(1:3)S (4) 

and PU-AgNPs(1:9)S (5) 

The influence of the method of introducing the filler 
on the features of structure formation in PU-AgNP sys-
tems at a scale of up to 5 nm was studied by the method 
of wide-angle X-ray diffraction. Figure 2 shows the dif-
fraction curves for the unfilled PU and PU-based nano-
composites containing different types of AgNPs intro-
duced by different methods. For the unfilled PU, a very 
wide diffraction maximum is observed in the region of 
angles from 13 to 30° (Fig. 2, curve 1). It is known that 
PTMG, which is a part of PU, is a crystalline polymer, 
but its crystallinity significantly decreases during po-
lymerization [24]. The reason for the significant de-
crease in the crystallinity of PTMG is its low molecular 
weight and the segmented structure of PU (the presence 
of flexible ether and hard urethane urea blocks). In par-
ticular, during the synthesis of PU, PTMG forms 
flexible oligoether blocks, and toluene diisocyanate in  
combination with 1,4-phenylenediamine forms hard 
urethane urea blocks prone to the formation of strong 
intermolecular bonds with the realization of a micro-
phase-separated structure. The latter causes a signifi-
cant decrease in the mobility of oligoether segments 
and, accordingly, their ability to form crystalline struc-
tures [25].  

When AgNPs are introduced into the composition of 
the system, their diffraction curves change (Fig. 2, 
curves 2-5). A characteristic difference of the diffrac-
tion curves for nano-filled and unfilled PU is the pres-
ence of two diffraction peaks at 38 and 45o. These 
maxima indicate the presence of a silver crystal struc-
ture in the system and correspond to the (111) and (200) 
planes, respectively [26]. The low intensity of the dif-
fraction peaks of silver, compared to the peak for 
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PTMG, is explained by the low contrast between the 
scattering of the matrix and the filler (2 wt.%). 

 

 
Fig. 2. Diffraction curves for unfilled PU (1) and PU-AgNPs(1:3)D (2), 

PU-AgNPs(1:3)S (3), PU-AgNPs(1:9)D (4) and PU-

AgNPs(1:9)S (5) nanocomposites 

Since PTMG, which is a part of PU, and synthesized 
silver nanoparticles have a crystalline structure, the ef-
fective crystallite size can be calculated for them. The 
half-width of the most intense maximum at 38° was 
used to calculate the effective size of the crystallites for 
the AgNPs introduced into the polymer matrix. 

Table 1 shows the values of FWHM, the positions of 
the maxima, and the crystallite sizes calculated by Eq. 
(1) for PTMG and the introduced AgNPs. 

 
TABLE 1. Values of diffraction peak parameters and calcu-

lated crystallite parameters for PTMG and Ag 

Sample 

PTMG crystals Ag crystals 

θm  

[o] 
β 
[o] 

L 
[nm] 

θm 

[o] 
Β 
[o] 

L 
[nm] 

PU 20.09 5.53 1.44 – – – 

PU-AgNPs(1:3)D 20.03 5.18 1.54 38.77 0.85 9.98 

PU-AgNPs(1:3)S 20.08 5.60 1.42 38.75 0.83 10.00 

PU-AgNPs(1:9)D 20.03 5.15 1.55 38.79 0.82 10.23 

PU-AgNPs(1:9)S 20.07 5.41 1.47 38.78 0.80 10.29 

 
Table 1 shows that during the formation of the PU 

matrix, the PTMG macromolecules form crystalline 
structures with an effective size of ~ 1.5 nm. When dif-
ferent types of AgNPs are introduced into PU, the ef-
fective size of the PTMG crystallites changes within the 
measurement error. The method of filler introduction 
does not affect the effective size of the PTMG crystal-
lites either. 

By comparing the intensity and FWHM for the dif-
fraction peaks, which are responsible for the structure 
of silver for systems containing AgNPs(1:3) and 
AgNPs(1:9), we can conclude that the method of intro-
duction does not affect the effective size of the silver 
crystallites because AgNPs are formed before introduc-
tion into the polymer matrix. 

The formation of silver nanoparticles of different 
sizes and the method of their introduction significantly 
affect the properties, in particular the thermophysical 
properties of the obtained PU-based materials. Figure 3 
shows the results of DSC for the PU-based materials in 
the temperature range from –100 to 150°C. 

 

 
Fig. 3. DSC curves for unfilled PU (1) and PU-AgNPs(1:3)D (2),  

PU-AgNPs(1:3)S (3), PU-AgNPs(1:9)D (4) and PU-AgNPs 

(1:9)S (5) nanocomposites 

Figure 3 shows that two temperature transitions are 
observed on the curves for all the studied systems: the 
glass transition, which occurs in the temperature range 
of –80 to –30°C and the melting process, in the interval 
from –30 to 60°C. The main thermophysical character-
istics for the studied materials are given in Table 2. 

 
TABLE 2. Thermophysical characteristics of PU-based nano-

composite materials 

 
Tg 

[°C] 
∆Cp 

[J/(g·°C] 
Tm

  

°C 
∆Hm 

[J/g] 

Χ 

[%] 

PU –57.9 0.12 28.4 7.4 8.4 

PU-AgNPs(1:3)D –60.2 0.10 24.1 4.1 4.6 

PU-AgNPs(1:3)S –60.5 0.08 22.2 8.4 9.5 

PU-AgNPs(1:9)D –59.7 0.10 26.3 5.4 6.1 

PU-AgNPs(1:9)S –60.9 0.08 26.4 11.7 13.3 

 
Figure 3 and Table 2 show that the introduction of 

AgNPs with different stabilizer contents significantly 
affects the final thermophysical properties of the ob-
tained nanocomposites. The introduction of AgNPs 
leads to a decrease in the glass transition temperature of 
the polyurethane matrix, which is a typical effect of 
plasticization. At the same time, AgNPs reduce the co-
operative mobility of PU macromolecules. A boundary 
layer of PU molecules is formed around the nanoparti-
cles, which are sterically restricted and lose their mobil-
ity. This leads to a decrease in the share of PU polymer 
chains that are capable of glass transition, which is in-
dicated by a decrease in the heat capacity jump during 
glass transition (∆Cp) (Tab. 2). 
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Table 2 also shows that the method of introducing of 
nanoparticles affects the thermophysical characteristics 
of the composites. This effect is especially evident in 
the change of the ∆Cp parameter. For systems in which 
nanoparticles were introduced from the solution, lower 
values of the ∆Cp jump are observed compared to other 
systems. This effect indicates a more uniform distribu-
tion of filler particles, which results in an increase in the 
matrix-nanoparticle interaction surface. In the case of 
introducing nanoparticles by the dispersion method, the 
interaction surface of the matrix and nanoparticles be-
comes lower. That probably can be explained by the 
formation of aggregates, which reduces the total surface 
area of the filler. 

AgNPs also affect the remains of the crystalline 
phase of PTMG, which is a part of PU. Thus, when 
nanoparticles are introduced by the dispersion method, 
the degree of crystallinity of the polymer matrix de-
creases from 8.4% for unfilled PU to 4.6% in the case 
of filling with AgNPs(1:3) and to 6.1% for systems 
with AgNPs(1:9). A decrease in the melting tempera-
ture of nanocomposites by 2-4°C compared to the un-
filled matrix are also observed. Probably the PTMG 
crystals become smaller and more defective, which  
require less energy to melt. In the case of introducing 
nanoparticles from the solution, the degree of crystallin-
ity increases to 9.5 and 11.3% for the systems contain-
ing AgNPs(1:3) and AgNPs(1:9), respectively. The effect 
of an increase in the degree of crystallinity is related  
to the nucleation effect of nanoparticles, which act  
as nucleation centers of the PTMG crystalline  
phase [27]. 

Comparing the influence of nanoparticles with a dif-
ferent stabilizer content on the thermophysical charac-
teristics of the obtained materials, it can be concluded 
that smaller particles have a greater influence on the 
final properties.  

As is known, silver nanoparticles have high anti-
microbial activity. Therefore, the next stage of our work 
was the study of the inhibitory ability of polymer nano-
composite coatings that contained AgNPs. 

Before studying the antimicrobial properties of 
polyurethane materials, the influence of the nanoparti-
cles in powder form on gram-positive, gram-negative 
bacteria and mycotic flora was studied by the disk dif-
fusion method. It was established that AgNPs exhibit  
a very high inhibitory capacity against S. aureus, E. coli 
and C. albicans. At the same time, for silver nanoparti-
cles, the width of the inhibition zone for S. aureus was 
30 mm, for E. coli – 12 mm, and for C. albicans –  
34 mm. 

To study the antimicrobial properties of the obtained 
nanocomposite polyurethane materials, the ability of the 
test cultures of microorganisms to form a biofilm at the 
boundary of the solid-gas phase was investigated. For 
this, a test culture of bacteria and fungi with a concen-
tration of microorganisms equal to 108 CFU/ml was 
applied to the coating surface. After 48 hours of incuba-
tion, the number of live microorganisms in the inocu-

lum on the surface of the synthesized nanocomposites 
was studied. The results of the research are given in 
Table 3. 

 
TABLE 3. Concentration of microorganisms in inoculum on 

surface of studied materials 48 hours after incu-

bation 

 
S. aureus 
[CFU/ml] 

E. coli 

[CFU/ml] 

C. albicans 

[CFU/ml] 

PU 5·107 8·107 1·107 

PU-AgNPs(1:3)D 4·105 7·105 4·104 

PU-AgNPs(1:3)S 1·105 4·105 2·104 

PU-AgNPs(1:9)D 7·105 2·106 4·104 

PU-AgNPs(1:9)S 3·105 8·105 1·104 

 
Table 3 shows that the synthesized nanocomposite 

materials exhibit antimicrobial properties. After incuba-
tion, active colonies of microorganisms remained on the 
surface of the unfilled PUs, the concentration of which 
decreased by 2-10 times, but remained at a sufficiently 
high level of about 107 CFU/ml. When the systems are 
filled with AgNPs(1:3), the concentration of all types of 
microbes is significantly reduced. Compared to the initial 
concentration of microorganisms equal to 108 CFU/ml, 
their concentration decreased by two decimal orders in 
the case of bacteria and by three orders in the case of 
mycotic flora. Similar effects of reducing the concentra-
tion of microorganisms on the surface were obtained for 
systems based on polyurethanes which contained silver 
nanoparticles stabilized with polyethylene glycol [28], 
as well as for materials based on polyethylene oxide 
and NPs [16]. The results for the PU-AgNPs(1:9) sys-
tem occurred to be almost similar. The difference is 
slightly worse inhibitory activity against E. coli bacte-
ria, which is explained by the larger size of silver 
nanoparticles in the system. In addition, Hung et al. 
demonstrated that the surface morphology has a major 
influence on the antimicrobial adhesion of PU-Ag 
nanocomposites [29]. In particular, they demonstrated 
that the smaller the characteristic size of the hard seg-
ments to which the hydrophilic Ag has a better affinity, 
the better the antibacterial activity. The method of in-
troducing of nanoparticles has a weak effect. With the 
introduction of AgNPs from a solution, all the indica-
tors of the antimicrobial activity of PU films occurred 
to be slightly higher than at the introduction of AgNPs 
by dispersion. 

CONCLUSIONS 

As a result of the work, the effect of the method of 
introducing AgNPs into the segmented PU on the struc-
ture and properties of the resulting nanocomposites was 
determined. AgNPs were introduced into the PU matrix 
by the combination of a colloidal aqueous solution of 
AgNPs with a solution of PU in DMF or ultrasonic dis-
persion of nanoparticles in a solution of PU in DMF 
followed by the removal of solvents. 
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FTIR data provides evidence about the intense inter-
action of AgNPs with the PU hard block owing to the 
interaction of ionic groups of the stabilizing shell of 
AgNPs with the urethane and urea groups of PU only 
for the nanocomposite obtained by combining a solu-
tion of AgNP(1:3) in water and PU in DMF. For other 
materials, the lack of such spectral evidence is due to 
the weak influence of the interaction of AgNPs with PU 
on the FTIR spectra at a given filler concentration.  

It was found that the method of introduction signifi-
cantly affects the nature of  crystalline phase formation 
in PU-AgNP systems. Thus, when nanoparticles are 
introduced by the dispersion method, crystallinity is 
suppressed, which is evidenced by a decrease in the 
effective size of PTMG crystallites and a decrease in 
the degree of crystallinity. For composites into which 
AgNPs were introduced from the solution, the opposite 
effect is observed: the formation of larger PTMG crys-
tallites and growth of the crystalline phase are observed. 

It was found that for systems in which nanoparticles 
were introduced from the solution, lower values of the 
heat capacity jump during glass transition are observed 
compared to other systems. This effect is explained by 
the smaller number of macromolecule structural ele-
ments capable of glassing, which can be a consequence 
of either a decrease in the volume of the amorphous 
phase as a whole or an increase in the number of immo-
bilized macromolecules located in the boundary layer of 
a nanoparticle. 

It has been shown that PU-AgNP composites exhibit 
very high inhibitory activity against S. aureus, E. coli 
and C. albicans. The concentration of all types of mi-
crobes is significantly reduced when the PU systems are 
filled. Compared to the initial concentration of micro-
organisms equal to 108 CFU/ml, their concentration 
decreased by two orders of magnitude in the case of 
bacteria and by three orders in the case of fungi. At the 
same time, the method of introducing nanoparticles has 
a weak effect. With the introduction of AgNPs from a 
solution, all the indicators of the antimicrobial activity 
of PU films occurred to be slightly higher than for the 
introduction of AgNPs by dispersion. 
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