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Experimentally, by methods of X-ray phase analysis, temperature-programmable desorption mass 

spectrometry, electrical resistance, tension and compression, it was found that nanoscale fillers (carbon nanotubes, 

pyrogenic oxides of silicon, titanium and titanium-silicon, and polymers with structure, mechanical (stress and 

strain deformation) and thermodynamic (melting and thermodestruction temperatures) properties. According to the 

results of quantum chemical calculations, such effects can be explained by the interaction of the polymer with the 

nanofiller and the formation of intermolecular complexes due to intermolecular dispersion forces. 
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Introduction  

The properties of materials are determined by the 

nature of interatomic interaction, the peculiarities of the 

structure and its changes under the influence of various 

factors. The transition to nanometer systems, when the 

number of atoms (or molecules) of the surface becomes 

comparable to their number in volume, increases the 

interaction energy due to "surface tension" (surface 

energy) without significant changes in structure, and the 

properties of the whole nanosystems are actually 

determined by its surface characteristics. When 

introducing a nanosystem (highly dispersed (pyrogenic) 

silica (HDS), carbon nanotubes (CNT), graphene 

nanoparticles (GNP), etc.) into the matrix (polymer, 

carbon, ceramic) and reaching the flow threshold, ie in the 

formation of a continuous volume matrix, the nanosystem 

forms nanoscale regions of the matrix itself and, 

obviously, causes changes in its structure and properties. 

The series of works [1–6] is devoted to the study of 

the effect of low nanofiller concentrations on the structure, 

mechanical and electrophysical characteristics of polymer 

systems based on polyethylene (PE), polypropylene (PP), 

polytetrafluoroethylene (PTFE), polyamide 6 (PA 6) filled 

with HDS and CNT. Tests for tension and compression of 

composites PE CNT, PP CNT, PTFE CNT and PTFE HDS 

showed that the introduction of nanofiller changes the 

mechanical properties of the composite systems: increases 

stress and reduces fracture deformation, and in some 

cases, as for PA 6-CNT - increases both stress and 

deformation of destruction, ie increases the energy of 

destruction [6]. Note that for these systems also increases 

the melting point and thermal destruction, for example, for 

the PE-CNT system - by almost 60 ° C [5]. In addition, the 

dependences of both mechanical (Fig. 1 a, b; 2 a, b) and 

thermodynamic characteristics on the filler content are not 

monotonic [1–6]. 

Theoretical analysis performed on different models 

[7–10] shows that such a change in properties is due to the 

characteristics of different phases formed at the interface 

due to the interaction of filler nanoparticles with the 

polymer chain. Molecular dynamics modeling [7] 

demonstrates the formation of an ordered layer of polymer 

matrix around the nanoparticle. This layer, known as 

interfacial, plays a central role in the overall mechanical 

response of the composite.  
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Fig. 1. Dependencies of the conditional yield strength of PTFE–A-300 composites (a, c) and the modulus of 

elasticity (b, d) on the concentration of CNTs (a, b) and the coherently scattering domains size (c, d). 

 

 

 
Fig. 2. Dependencies of the conditional yield strength of PTFE–MWCNTs composites (a, c) and the modulus of 

elasticity (b, d) on the concentration of CNTs (a, b) and the coherently scattering domains size (c, d). 
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Therefore, the presence of the interfacial surface is 

considered as the only reason for the strengthening of the 

characteristics of the composite (mechanical, 

thermodynamic). If this approach is correct, it is possible 

to determine with experiments some structural parameter 

of the system, which would characterize the interfacial 

surface and show a monotonic change in the strength 

characteristics of the composite from this parameter. For 

polymeric materials, the parameter that reflects the effect 

of the nanofiller on the structural hierarchy of the matrix 

may be, for example, the size of the coherently scattering 

domain size (CSD) of the X-ray radiation or the degree of 

crystallinity [6, 7, 10]. The average size of crystallites is 

calculated by Scherer's formula [11]. Fig. 1 c,d and 2 c,d 

show the dependences of the conditional yield strength 

and modulus of elasticity depending on the value of BCD 

for the system of PTFE HDS and PTFE CNT, 

respectively. Similar results were obtained for PE-CNT 

and PP CNT systems [1]. 

Thus, the analysis of the dependences of strength on 

the size of CSD and the content of nanoscale filler 

revealed that the strength characteristics of the size of 

CSD are linear and divided into two areas with the 

boundary of flow threshold between, obvioulsy. For 

example, for the PE CNT system, the size of the CSD D ~ 

21 nm. It corresponds to the content of CNT  

~ 0.5% vol. and agrees well with the flow threshold 

defined from the dependence of electrical conductivity on 

the content of CNTs [1, 5]. Similar results are observed for 

PP CNT, PTFE CNT and PTFE HDS systems. For the PP 

CNT system, the size of the CSD is approximately 11.2 

nm, PTFE CNT - ~ 21 nm, and for PTFE HDS - ~ 24 nm 

[1]. 

The quantum chemical calculation of the interaction 

values of CNT fragments with polyethylene and 

polypropylene oligomers carried out in [12] showed that 

the interaction energy of the carbon nanotube fragment 

with the polypropylene oligomer is larger than that of 

polyethylene. It can explain the smaller size of coherent 

scattering for the PP-CNT system. Since the polymer with 

the outer surface of the carbon nanotube forms an 

intermolecular complex that is not covalently bound and 

held by intermolecular dispersion forces [12], ie oligomers 

of polymers and nanotube surfaces in the formed 

nanocomposites are closer than each other. 

Epoxy, urea-formaldehyde, polyester resins are 

widely used as binders for the production of fiberglass and 

carbon fiber, and other composite materials based on 

fabric. Such materials are used in aerospace, automotive 

and shipbuilding. The studies of thermal destruction of 

polymer nanocomposites based on polyester, epoxy and 

urea-formaldehyde resins filled with HDS, undertaken in 

works [13–17] are important not only for understanding 

the mechanisms of changes in the rate of physicochemical 

reactions during material formation, strength 

characteristics of composites, but are also important for 

industrial production. 

The creation of nanocomposites based on 

disaccharide-modified (lactose and sucrose) HDS surface 

is important for the adsorption of  N-acetylneuraminic 

acid to regulate the physiological state of cells used in 

biotechnology and is an urgent and important problem 

today both scientifically and practically [18, 19]. 

The purpose of this work is to expand the class of 

studied polymers, namely, to study the structure and 

properties of some synthetic and biopolymers filled with 

nanoscale pyrogenic oxides. 

I. Materials and methods of research 

Urea-formaldehyde resins (URF) brand КФБ-1 

(Ukraine), filled HDS brand A-300 with a specific surface 

area - Sf ~280 m2/g, effective diameter 2Rf  

~ 5 – 20 nm, titanium dioxide particles TiO2  

(Sf ≈ 10 m2⁄g, 2Rf ≈ 31 nmнм) and titanium silicon 

SiO2/TiO2 (Sf ≈ 48 m2⁄g 2Rf ≈ 42 nm,) (ST-40) for content 

1,5 mass %. 

Nanoscale oxides were introduced into the URF using 

a mechanical stirrer at constant speed. To evenly distribute 

and avoid agglomeration of the filler, the composite was 

dispersed (УЗДН-A). 

To create HDS-disaccharide nanocomposites the 

following components were used: A 300 pyrogenic silica, 

sucrose (α-D-glucopyranosyl-β-D-fructo-pyranoside, 

ˮReachimˮ), lactose (β-galactopyranosyl  

1 → 4-α-gluco -pyranosis, ˮSigmaˮ); 

Modification of the HDS surface was carried out by 

adsorption of saccharides from the liquid phase at a 

temperature of 20 ± 3℃ (single solutions in concentrations 

- 10-2-10-3 mol/l, portions of calcined silica - 100 mg, 

adsorption time - 2 h). 

Equipment for temperature-programmable desorption 

mass spectrometry includes a monopoly mass analyzer 

MX-7304A (Selmi, Sumy, Ukraine). The test samples are 

placed into the vacuum molybdenum quartz tube (under 

the pressure of 10-1 Pa) with programmable temperature 

change in the range of 25‒800°C. Accuracy of 

temperature measurement: ± 0,05°C. The rate of 

temperature change does not exceed 8°C/min. From the 

tube volatile products of thermal decomposition of the 

samples through a high-vacuum valve and a quartz tube 

length of 20 cm, heated to a temperature of at least 150°C, 

enter the input system of the mass analyzer. 

Decomposition products enter the ionization chamber of 

the mass spectrometer through a high-vacuum valve, get 

ionized and fragmented by electrons. Registration and 

analysis of mass spectra of decay products of the sample 

is performed by an automated system of registration and 

data processing based on a personal computer. 

II. Research and discussion results 

TPD mass spectrometry of URF nanoxide systems. 

The mass spectrum of unfilled URF is characterized by 

three m/z intervals of registered decay products (Fig. 3). 

In the first interval 15≤m/z <20 the main peaks belong to 

the hydroxyl group OH (m/z 17), water molecules (m/z 

18) and H2OH (m/z 19). The highest intensity of mass 

spectral lines in the temperature range of 30 <T <180°C is 

observed for ions with m/z ≤ 50, at 180 <T <202°C the 

appearance of ions with m/z 58 – 77 and m/z 81 at  

≈ 245 °C. The main intense lines in the mass spectrum of 

thermal destruction of URF belong to ions with m/z 18 

(H2O), 27 (HCN), 28 (CO), 43 (CH2-NH),  
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57 (CH2 = CH-NHCH3), 58 (NOCNH2) in the temperature 

range 25 <T <800°C (Fig. 3). 

The initial stage of thermal destruction of the polymer 

macromolecule occurs due to the presence of water 

molecules on the surface of the filler, in the condensed or 

physically bound state. It is known that carbonyl (=C=O), 

amino (-NH-), and hydroxyl groups  

(-OH) in thermosetting URF form coordination bonds by 

donor-acceptor mechanism [20, 21]. Decomposition 

products with m/z ≥ 27 are structural elements of polymer 

chains (depicted in the structural formula of the 

elementary unit of URF) [17]: 

Fig. 4 shows the thermodesorption curves of water 

(m/z 18) at a temperature of 10 – 800°С. Desorption of 

water in the range of 62 – 277°С is characterized by two 

temperature maxima of spectra at Тm1 = 171 ℃ and  

Тm2 = 214℃. 

Fig. 5 presents the TPD spectrum for products with 

m/z 27 (HCN), 30 (OCH2), 42 (N-CH2-N),  

57 (CH2 = CH-NHCH3) thermal destruction of URF (1) 

and resins with HDS (2 ), titanium dioxide (3) and 

titanium silica (4). 
Fig. 5 shows that the thermograms of the volatile 

product of destruction from m/z 27 (a) of composites with 

titanium-silica gets its maximum at T~250°C. When 

considering the thermal destruction of resin composites 

with highly dispersed silica and titanium dioxide, it should 

be noted that in the range of low and high temperatures 

there is a significant difference in both curve forms and 

temperature maxima with increasing intensity of volatile 

degradation products. It follows that the filling of SiO2 and 

TiO2 nanoparticles enhances the thermal destruction of 

composites. 

One of the features of the change in Tm of the decay 

products of compositions with SiO2 and TiO2 is the shift 

towards lower temperatures by~22 – 44°С (Fig. 5). A band 

of destruction with Tm~620°C also appears on the 

thermodesorption curves of the fragments with m/z 27. 

The appearance of high-temperature degradation bands 

probably indicates the destruction of the bond of the fixed 

polymer chains on the active surface centers of SiO2 and 

TiO2 fillers when the temperature reaches – 500°С. 

Desorption peaks are shifted to the region of low 

temperatures, which points to a decrease in heat resistance 

of composites. 

TPD mass spectrometry modified HDS disaccharides. 

The thermal decomposition of disaccharides (lactose, 

sucrose) adsorbed on the surface of HDS was studied by 

the TPD MS method. 

Comparative mass spectrometric studies of 

thermolysis of sucrose in the condensed state and 

adsorbed on the surface of HDS have shown that the 

interaction with HDS leads to an increase in the 

decomposition temperature of these compounds and 

changes the nature of the process. Thermolysis of sucrose 

in the condensed state (Fig. 6, a) occurs in one stage in the 

temperature range of 120-220°C. For sucrose adsorbed on 

the surface of HDS (Fig. 6, b), the shift of the maximum 

decomposition towards higher temperatures and the 

appearance of three stages (172, 276, 410°C) is recorded. 

When thermolysis of sucrose is in the condensed state 

the release of carbon-containing compounds takes place, 

while for sucrose adsorbed on the surface of HDS (Fig. 5, 

b), thermolysis of the sample is accompanied by its 

dehydration (17 Da) and the release of CO molecules with 

mass m/z = 28 Da and molecules CO2 with mass m/z = 44 

Da. This indicates the stabilization of the saccharide 

molecule on the surface of HDS. 

In case of sucrose adsorbed on the surface of silica 

(Fig. 6, b), the destruction process is proceeding in three 

stages with maxima at 172, 276 and 410°C, but the 

intensity of the peaks decreases. As in the condensed state, 

the process of dehydration of H2O (m/z 17 Da) takes place, 

the release of the CO molecule (m/z 28 Da), although there 

are two lines non-relevant for the thermolysis of sucrose 

in the condensed state - C4H6O with a mass of m/z 70 Da 

and C5H5O with a mass of m/z 81 Da. 

Condensation of lactose in the condensed state is 

proceeding in three stages with cleavage of pyranose 

cycles of glucose and galactose and dehydration of the 

sample. For the thermogram of lactose in the adsorbed 

state, the decomposition maxima have a shift towards 

lower temperatures and lower intensity (Fig. 7, b) 

 
Fig. 3. Mass spectra of thermodestruction: initial URF (a); of URF-nanooxide composites: HDS (b), titanium 

dioxide (c), titanium-siica (d) (T ~ 230 ° C) 
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Fig. 4. Degradation thermograms: URF (a), URF filled with HDS (b), titanium dioxide (c), titanium silica for 

products with m/z 18, 27, 28, 43, 58 (d). 

 

 
Fig. 5. Decomposition thermograms of URF (1) and resin with 1.5% silicon dioxide (II) (2), titanium dioxide (3) 

and titanium silicon (4) products with m/z 27 (HCN), 30 (OCH2), 42 (N-CH2-N), 57 (CH2 = CH-NHCH3). 
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Conclusions 

The nanofiller enhances the ordering of the polymer 

matrix. The effect of the polymer structure stabilization 

for composites with URF with oxide particles is realized 

with more chemically active filler - titanium-silica. The 

effect is related to the fixation of unbound fragments of 

the polymer structure on the active surface centers of the 

filler particles and the chemical interaction of the atoms of 

the formed polymer chains with the surface centers. 

Comparison of TPD mass spectrometric studies of 

sucrose and lactose thermolysis in condensed and 

adsorbed states on the HDS surface shows that the 

interaction with HDS leads to an increase in the 

decomposition temperature (destruction) of these 

compounds and changes the nature (intensity) of the 

process. 

Therefore introduction of low nanofiller content into 

polymer matrices of different nature changes their 

structure, mechanical (stress and deformation fracture) 

and thermodynamic (melting and thermodestruction 

temperatures) characteristics, which may be due to 

intermolecular interaction of polymer with nanofiller and 

intermolecular complex formation. 
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