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Abstract.1 The effect of the presence of finely dispersed 
metal fillers of various natures (Zn, Co, Ni) on the thermo-
physical characteristics (Vick heat resistance, glass transi-
tion temperature) of polyvinylpyrrolidone block copoly-
mers with 2-hydroxyethylmethacrylate was studied. It was 
found that the heat resistance of the obtained composites 
significantly exceeds the heat resistance of unfilled co-
polymers and is in the range of 360-395K, depending on 
the nature and content of the metal filler. The change in 
heat resistance correlates with the change in glass transition 
temperature, which was evaluated according to the results 
of thermomechanical and dynamic mechanical thermal 
analyses. The results of this work are an additional source 
to characterize the structure of metal-filled copolymers: 
they confirm the participation of metal filler particles in the 
formation of the nodes of the copolymer spatial network, 
and also prove the formation of a different polymer net-
work structure in the interfacial layer on the surface of the 
metal particle and in the polymer volume. 
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1. Introduction 

The processes of modifying polymer materials with 
metal fillers of various natures are the subject of numer-
ous studies, the result of which is the creation of new 
materials with unique properties for various fields of sci-
ence and practice.1-7 Obtaining metal-filled polymer com-
posites with a wide range of technological and operational 
properties, their combination and predictable regulation 
become possible due to a number of factors. First of all, it 
is the presence of polymer matrices different in nature 
and, accordingly, in their characteristics (thermosets,8,9 
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thermoplastics,3,10 elastomers,11,12 hydrogels13,14) and 
metal fillers (metals,8,15 noble metals,16,17 ferromag-
nets,18,19 metal alloys,20,21 bimetals,22 and hybrids23). The 
properties of the composite are significantly influenced by 
the choice of the modification method of the polymer 
matrix, which is determined by the method of obtaining 
metal-filler particles (chemical, physical, electrochemi-
cal)24-27 and the method of introducing the filler into the 
polymer matrix (synthesis of metal-filler particles in the 
polymer network,28 synthesis of metal-filler particles dur-
ing the formation of the polymer matrix,29 mixing in the 
melt18,30 and solution,11 polymerization of the monomer in 
the presence of the metal particles8,14). 

Nowadays, a new progressive class of polymer 
composite materials are metal-filled hydrophilic polymers 
and hydrogels based on them.1,14,28,29,31-35 Due to the po-
rous structure and the presence of hydrophilic functional 
groups, polymer hydrogels are characterized by high sorp-
tion capacity for low molecular weight substances, and 
permeability to liquids and gases.36-40 

Modification of hydrogels by filling with metal parti-
cles provides them with new properties, for example, electri-
cal, magnetic, catalytic, bactericidal, antifungal, fluorescent, 
optical, etc. Metal-filled hydrogels are already used in bio-
technology and medicine, the production of packaging mate-
rials, microelectronics, optics and optoelectronics, chemical 
catalysis, sensor devices, and in other fields.41-45 

Due to their properties, polymer composite metal-
filled hydrogels based on grafted copolymers of polyvi-
nylpyrrolidone (PVP) with 2-hydroxyethylmethacrylate 
(PVP) (pHEMA-gr-PVP) are interesting and promising 
for science and practice.36,46 By the polymerization filling 
method, composite metal-filled copolymers of HEMA 
with PVP and hydrogels based on them were obtained, 
which were characterized by a wide range of physical, 
mechanical, electrical, magnetic, and chemical proper-
ties.14,47,48 Such polymers are characterized by a combina-
tion of their properties from both the polymer matrix (suf-
ficient resilience, strength, elasticity, biocompatibility 
with the living organism, sorption capacity) and the metal 
filler (MF) (electrical conductivity, heat resistance, and 
magnetic properties).  
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The combination of the properties of the hydrogel 
matrix and MF ensures the uniqueness of such materials 
and, accordingly, the need and perspective of their re-
search in the direction of creating materials for the pro-
duction of various sensors, catalysts, medical bandages, 
vascular prostheses, magnetic sorbents, etc.14,47-50 

At the same time, products based on metal-filled 
hydrogels, depending on their purpose, can be used in 
conditions of elevated temperatures, for example, medical 
films during sterilization, temperature sensors, and heating 
of materials due to energy dissipation during turning or 
cutting operations.  

Thus, a need arises to study the temperature operation 
regimes of metal-filled pHEMA-gr-PVP copolymers, since the 
temperature intervals of the phase and physical states deter-
mine their mechanical properties and, accordingly, the fields of 
practical use. Therefore, the aim of the work was to investigate 
the effect of the presence of metal filler on the thermophysical 
characteristics of pHEMA-gr-PVP copolymers. 

2. Experimental 

2.1. Materials 

The following substances were used: 2-hydro-
xyethylmethacrylate (Sigma Chemical Co, Saint Louis, 
MO, USA), which was purified and distilled in a vacuum 
(residual pressure = 130 N/m2, TB = 351 K); polyvinylpyr-
rolidone (AppliChem GmbH, Darmstadt, Germany) of 
high purity was dried at 338 K in a vacuum for 2–3 h 
before use; iron (II) sulfate was used of p.a. grade. 

For the preparation of the reaction composition, 
considering its processability, HEMA in the amount of 60 
÷ 90 mass parts and PVP in the amount of 10 ÷ 40 mass 
parts were used. The lower limit of the PVP content is due 
to the fact that its lower content significantly increases the 
hardening time of the compositions, especially metal-
filled ones, which are hardened without additional polym-
erization initiators. The upper limit is due to technological 
complications: a higher PVP content increases the dura-
tion of its dissolution in HEMA, and increases the viscos-
ity of the composition, which complicates its dosing. 

Fine powders of metals – Ni (metal content 99.9%; 
average particle size – 10-15 µm; China), Co (metal con-
tent 99.4%; average particle size – 1.3-1.5 µm; China), Zn 
(metal content 98.1%; average particle size – 5-8 µm; 
Germany) were used as MF for research. 

2.2. Methods 

2.2.1. Synthesis technique of рНЕМА-gr-PVP co-
polymers and MF-filled composites based on them 

We introduced finely divided metal powders in the 
composition of copolymers by polymerization filling. By 

mixing the required amounts of HEMA with PVP for 
polymerization, a polymer-monomer composition (PMC) 
was obtained, to which the required amount of filler pow-
der was added.14,47 The resulting PMC with the filler was 
periodically stirred for a time τ<τp.l. (τp.l. is the pot life time 
of the composition – the time during which the reaction 
composition retains fluidity), and then dosed into a po-
lymerization mold. The polymerization was carried out at 
room temperature for 0.3-1 h (depending on the composi-
tion formulation, nature and amount of MF). 

2.2.2. Thermophysical properties 

Heat resistance of copolymers was determined in 
accordance with ISO 306:2013 “Plastics – Thermoplastic 
materials – Determination of Vicat softening temperature”, 
which consists of determining the temperature at which a 
standard indenter with a flat bottom surface (Ø 1.128 ± 
0.008 mm) is pressed under load to a depth of 1 mm into a 
test sample that is heated at a constant rate. Studies were 
performed by using a Höppler consistometer.47 

Thermomechanical studies were performed accord-
ing to ISO 11359-1:1999 “Plastics. Thermomechanical 
analysis (ТМА). Part 1. General principles”. The essence of 
this method is the determination of polymer sample defor-
mation under the action of a permanent load, which is regis-
tered as a function of temperature in the form of thermome-
chanical curves (TMC).47 TMC was obtained on a Höppler 
consistometer by recording the deformation of the sample 
(4 mm thick tablets) due to the action on the rod (area 23.7 
mm2) of a load of 5.0 kg. The initial temperature of the 
study was 293 K. Subsequent deformation measurements 
were carried out after increasing the temperature every 3 K. 
The heating rate was set to ≈ 1 K/min. The deformation of 
the samples (ε) was determined by the formula: 

0100 % 100 %l ll
h h

ε
−∆

= ⋅ = ⋅      (1) 

where l0 is load-free indicator readings (before lowering 
the rod), mm; l is indicator readings after 10 s of exposure 
under load, mm; h is tablet height, mm. 

Dynamic mechanical characteristics, the tangent of 
an angle of mechanical losses tg δ, was studied by dy-
namic mechanical thermal analysis (DMTA) with the help 
of a rheometer – Rheometric ARES (Advanced Rheomet-
ric Expansion System) (Rheometric Scientific, Inc., Pis-
cataway, N.J., USA), using resilient oscillating deforma-
tion with a frequency of 1 Hz in the temperature range of 
298…473 K and a heating rate of 3 K/min.47  

3. Results and Discussion 

Previous works proved the formation of a spatially 
crosslinked structure of copolymers based on pHEMA-gr-
PVP.36,46 It was found that during polymerization, co-
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polymers with different crosslinking densities can be 
formed. There are no sharp boundaries between linear, 
branched, and spatially crosslinked macromolecules; in 
the synthesis process they are sometimes formed simulta-
neously. Depending on the crosslinking density, which 
can be characterized by the number of nodes per volume 
unit or the average distance between neighboring nodes, 
macro- and micro-network (lightly crosslinked) polymers 
are distinguished. In the case of metal-filled copolymers, 
MF particles act as additional crosslinking nodes.47 It was 
found that the presence of MF particles affects the forma-
tion of the structure and properties of composites. Since 
the filler contributes to the formation of a polymer net-
work with a higher crosslinking frequency, this effect will 
naturally be manifested in the thermal and physical char-
acteristics of the resulting composites. 

The heat resistance of materials in this work was 
evaluated by the Vick softening temperature, and the 
phase transitions of the polymers were evaluated using 
thermomechanical curves (TMC) and DMTA. Fig. 1a 
shows the temperature dependence of the deformation and 
heat resistance of the pHEMA-gr-PVP copolymer and 
copolymers filled with metals of various natures. 

The initial section of TMC corresponds to the tem-
perature region of the glassy state, where the energy of 
thermal motion of macromolecules is insufficient for the 
manifestation of deformation under load. Accordingly, at 
low temperatures (up to the glass transition temperature Тg), 
only small reverse deformations are observed for polymers 
in the glassy state. The region of the curve characterized by 
a sharp increase in deformation in a narrow temperature 
range corresponds to the structural transition of the system 
from a glassy state to a highly elastic one. The addition of 
MF to the copolymer in every case (Fig. 1а, curves 2-5) 
helps to shift the glass transition temperature to higher val-
ues compared to the unfilled pHEMA-gr-PVP copolymer 
(Fig. 1а, curve 1). The presence of metal particles is the 
reason for the formation of copolymers with a higher de-

gree of crosslinking, which indicates the formation of an 
additional spatial network due to the formation of physical 
nodes, the elements of which can be metal particles.47 The 
introduction of finely dispersed metal particles of various 
natures into the copolymer composition has a different 
effect on reducing the relative deformation of the samples 
and increasing Тg. The glass transition temperature in-
creases from 358 K for the unfilled copolymer to 395 K for 
the nickel-filled composite. During the introduction of 
metals into the composition formulation, the degree of 
deformation for all samples decreases.  

TMC analysis allows to determine the glass tran-
sition temperatures of copolymers, which have been 
found to correlate with the glass transition temperatures 
obtained using dynamic mechanical thermal analysis. 
DMTA is especially relevant for the study of filled 
polymer systems, as it makes it possible to detect the 
influence of the presence of MF particles on the change 
in the mobility of macromolecules in the boundary sur-
face layers. As a result of adsorption phenomena at the 
interface between the binder/filler phases, the molecular 
mobility of the system components changes, which af-
fects the change in the nature of the relaxation processes. 
The results of DMTA are presented in the form of curves 
in the temperature dependence of the mechanical losses 
tangent (tg δ) (Fig. 1b). 

As in the case of TMС, temperature transitions of 
metal-filled composites, compared to unfilled ones (Fig. 
1b, curve 1), are significantly shifted towards higher 
temperatures. The Tg value of the polymer corresponds 
to the peak on the curves of the angle of mechanical 
losses tangent vs. temperature. A specific feature of the 
obtained composites is the presence of two maxima on 
the dependence tg δ=f(T) (Fig. 1b, curves 2, 3, 4). The 
presence of two maxima is evidence of the existence of a 
different structure of the polymer matrix in the interfa-
cial layer on the surface of the metal particle and in the 
volume.  

 

   
                                                    а                                                                                                         b 
Fig. 1. The effect of the metal nature on the temperature dependence of deformation, Vick heat resistance (a) and the mechanical loss 

tangent (b) of pHEMA-gr-PVP copolymers (HEMA:PVP=80:20 mass parts; [Me]=10 wt.%): 1 – no metal; 2 – Zn; 3 – Со; 4 – Ni
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                                                      а                                                                                                               b 

Fig. 2. The effect of Zn content on the temperature dependence of deformation, Vick heat resistance (a) and the tangent of the mechani-
cal loss angle (b) of pHEMA-gr-PVP copolymers (HEMA:PVP= 80:20 mass parts): 1 – no filler; 2 – 5 wt.%; 3 –10 wt.%; 4 –15 wt.% 

 

On the curves tg δ=f(T), the glass transition tem-
perature in the volume of the polymer matrix is marked 
as Tg’, and the glass transition temperature at the phase 
boundary as Tg”. By analyzing the obtained dependences 
of the mechanical losses tangent, it is possible to draw a 
conclusion about the effect of the metal nature on the 
formation of the polymer matrix. 

The addition of 10 wt.% of metal to the copolymer 
composition, in any case, compared to the unfilled mate-
rial, is accompanied by an increase in the Vick heat resis-
tance. It was found that the glass transition temperature 
and ТV of pHEMA-gr-PVP copolymers increase in the 
presence of small amounts of MF (Fig. 1b). However, a 
further increase in the metal content causes a decrease in 
Тg and ТV. The obtained DMTA results for copolymers 
with different zinc contents (Fig. 2b) show that a small 
increase in the filler content slightly decreases the inten-
sity of the tg δ peak. However, after reaching a certain MF 
content, there is an increase in tg δ and a shift of the 

maxima to the region of lower temperatures, which indi-
cates an increase in segmental mobility and a decrease in 
Тg’ і Тg” due to the heterogeneity of the system. Struc-
tural changes that cause increased flexibility of macro-
molecules, usually contribute to lower glass transition 
temperature. The obtained results are correlated with ТV 
changes depending on the metal content (Fig. 2а). 

One of the main factors affecting the thermo-
physical characteristics of the obtained metal-filled com-
posites is the formulation of the original composition. 
Block copolymers have a fairly high heat resistance, 
which increases with the increase in PVP content in the 
composition (Fig. 3a). For each test sample, no transition 
of the copolymer into a viscous state is observed, which 
confirms the formation of a crosslinked copolymer. With 
an increase in the PVP content for zinc-filled materials, a 
shift in the transition temperature from the glassy state to 
the highly elastic state towards the region of higher tem-
peratures is observed (Fig. 3b).  

 

             
                                                            а                                                                                                          b 
Fig. 3. The effect of the original composition formulation on the temperature dependence of the deformation, the Vick heat resistance 

(a) and the mechanical loss tangent (b) of metal-filled pHEMA-gr-PVP copolymers ([Zn]=10wt.%) Composition formulation 
HEMA:PVP, mass parts: 1 – 90:10; 2 – 80:20; 3 – 70:30; 4 – 60:40 
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                                                       a                                                                                                         b 

Fig. 4. The effect of МWPVP on the temperature dependence of deformation, Vick heat resistance (a) and the tangent  
of the mechanical loss angle tgδ (b) of metal-filled pHEMA-gr-PVP copolymers: ([Zn]=10 wt.%; HEMA:PVP=80:20 mass parts):  

1 – 12·103; 2 – 28·103; 3 – 42,6·103 
 
From the obtained dependences, it can be con-

cluded that the metal-filled pHEMA-gr-PVP copolymer, 
which contains a minimum content of PVP, is character-
ized by the homogeneity of the structure, which is con-
firmed by one peak on the curve tg δ=f(T) (Fig. 3b, curve 
1). Therefore, the copolymerization of HEMA/PVP com-
positions with a small amount of PVP occurs without 
phase separation of the polymer matrix. For composites 
obtained by polymerization of compositions with a PVP 
content of more than 20 mass parts, the temperature de-
pendence curve of tg δ is characterized by the presence of 
two maxima (Fig. 3b, curves 2, 3). At the same time, an 
increase in the PVP content in the original composition 
has little effect on the glass transition temperature change 
at constant filler content. 

For copolymers synthesized on the PVP basis with a 
higher molecular weight, the increase in ТV (Fig. 4а) and 
glass transition temperature is observed, which is confirmed 
by both TMC (Fig. 4a) and DMTA results (Fig. 4b).  

A shift in the glass transition temperature to higher 
temperatures indicates the formation of a more structured 
copolymer. 

4. Conclusions 

It was established that the modification of 
pHEMA-gr-PVP copolymers by filling them with finely 
dispersed metal powders improves their thermo-physical 
characteristics. Depending on the nature and content of 
the metal filler, the heat resistance of copolymers in-
creases by 10-40 K compared to unfilled copolymers and 
lays in the range of 360-395 K. The change in heat resis-
tance correlates with the change in the glass transition 
temperature: the addition of metal filler to the copolymer 
in every case contributes to the shift of the glass transition 

temperature to the region of higher temperatures com-
pared to the unfilled copolymer. Composites filled with 
nickel have the best thermo-physical properties, and the 
composites filled with zinc have the worst. At the same 
time, the results of this work can be used to characterize 
the structure of metal-filled copolymers. In particular, the 
conducted studies confirm the synthesis of spatially 
crosslinked pHEMA-gr-PVP copolymers, as well as the 
participation of metal filler particles in the formation of 
additional nodes in the spatial network of the copolymer. 
With the help of DMTA, it was proved that in the pres-
ence of metal particles, a different structure of the poly-
mer network is formed in the interphase layer on the sur-
face of the metal particle and in the volume of the poly-
mer. The obtained results provide an additional opportu-
nity for the controlled synthesis of metal-filled pHEMA-
gr-PVP copolymers with the required structure and, ac-
cordingly, a set of properties. 
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ТЕПЛОФІЗИЧНІ ВЛАСТИВОСТІ 

КОМПОЗИЦІЙНИХ МЕТАЛОНАПОВНЕНИХ 
КОПОЛІМЕРІВ ПОЛІВІНІЛПІРОЛІДОНУ 

 
Анотація. Досліджено вплив присутності дрібнодис-

персних металевих наповнювачів різної природи (Zn, Co, Ni) на 
теплофізичні характеристики (теплостійкість за Віка, тем-
пература склування) блочних кополімерів полівінілпіролідону з 
2-гідроксіетилметакрилатом. Встановлено, що теплостій-
кість одержаних композитів є значно вищою за теплостій-
кість ненаповнених кополімерів і лежить у межах 360-395К 
залежно від природи та вмісту металевого наповнювача. 
Зміна теплостійкості корелює зі зміною температури склу-
вання, яку оцінювали на основі результатів термомеханічного 
та динамічного механічного термічного аналізів. Результати 
роботи є додатковим джерелом характеристики структури 
металонаповнених кополімерів і підтверджують участь час-
тинок металевого наповнювача у формуванні вузлів просторо-
вої сітки кополімеру, а також доводять факт утворення 
різної структури полімерної сітки в міжфазному шарі на 
поверхні металевої частинки і в об’ємі полімеру. 

 
Ключові слова: полівінілпіролідон, 2-гідроксіетилмета-

крилат, кополімери, металонаповнені полімери, теплостій-
кість, температура склування. 

 


