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Abstract: In this work, we investigate patterns of these materials and their composites with an emphasis on vibrational 

spectroscopy and electron paramagnetic resonance (EPR) response. Such soot in the polystyrene matrix 

leads to structural and electronic changes that are attractive for advanced material uses. Vibrational spectra, 

served as an atomic level probe to the molecular interactions in these composites, displaying small shifts in 

the absorption bands; characteristic of soot modification in the polymeric matrix. EPR spectroscopy 

supported the evidence of stable paramagnetic centers in the soot-filled polystyrene composites. These 

centres were found to be responsible for the broadening of the EPR signal, suggesting possible magnetic-

like behavior that may compete with classical magnetic materials. Elemental composition and bonding at 

the interface were also found to be composed of carbon, hydrogen, and oxygen by X-ray fluorescence 

analysis. Notably, the findings highlight that there is not a simple linear correspondence between soot 

content and the observed paramagnetic parameters implying that the interaction of soot distribution, 

interface bonding and defect types are more complex. These results provide new clues for the design of 

functional composites. In conclusion, the results contribute to our knowledge on the influence of 

carbonaceous fillers, such as soot, on polymer matrices. Possible applications are in advanced composites 

for electronics, sensing and magnetic materials, which could take advantage of novel structural and 

paramagnetic properties of soot-filled polymers. The present work provides insight into the multifunctional 

behavior of polymer−carbon composites and the necessity to study vibrational and EPR spectra together. 

1 INTRODUCTION 

Studies of soot particles dissolved in an aqueous 

medium, using an electron microscope, show that 

the size of the soot particles ranges from 25 to 35 

nm. The soot particles have a spherical shape and 

consist of individual crystallites arranged in a 

disordered manner, with each crystallite comprising 

several parallel, flat lattices of carbon atoms [1]. 

Research on the dispersity of soot particles 

shows that their size distribution ranges from 10 to 

100 nm, with a specific surface area of 250 m²/g. 

Larger soot particles, with a diameter of about 300 

µm, have been observed, and their specific surface 

area is 15 m²/g, while the bulk density of soot is 

100–350 kg/m³. 

As a result of electron microscope studies of 

soot, it has been established that it consists of 

particles ranging in size from 900 to 6000 nm, 

forming more or less branched chains, known as 

soot structures (Fig. 1). 

Figure 1: Soot particles under an electron microscope. 
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In our studies, the infrared (IR) spectrum of PS is 

discussed in detail in the range from 3500 cm⁻¹ to 70 

cm⁻¹, where the vibrations of the benzene ring and 

the vibrations of the aliphatic hydrocarbon chain are 

considered independently of each other, and the 

validity of this approach is confirmed by the results 

of studies on partially deuterated samples [2]-[5]. 

In our experiments, both pure PS and composites 

based on it were obtained as follows: first, the PS 

was dissolved, and only then were these films 

pressed at the melting temperature. The results of the 

IR spectra (from 4000 cm⁻¹ to 40 cm⁻¹) of KPM 

based on PS.7.1.S-0.01 and PS.7.1.S-0.02 are shown 

in Figures 2-3. 

Figure 2: IR spectrum of PS.7.1.S-0.01. 

Figure 3: IR spectrum of PS.7.1.S-0.02. 

It was established that at the initial stage of 

oxidation, a band appears in the spectrum at 1685 

cm⁻¹, which was attributed to aromatic end groups. 

Only at a later stage does a weak band appear at 

1720 cm⁻¹, caused by the absorption of aromatic 

aldehyde groups. Therefore, we suggest that 1774.6 

cm⁻¹ and 1713 cm⁻¹ can be attributed to the 

stretching vibrations of C=O. Oxidation may occur 

during the technological process. When soot is 

added to PS, changes occur in the IR spectra 

(Fig. 2-3). 

The first change is associated with the shift of 

most bands toward the short-wavelength region and 

a decrease in their intensity. The following 

vibrations were analyzed in detail: related to 

stretching (symmetric transformed into asymmetric), 

benzene ring, overtone fan, deformation, torsional, 

and others. 

By comparing the IR spectra of PS.7.1 with a 

soot content of V1=0.02 and V1=0.01, significant 

changes are observed. The absorption band at 3629 

cm⁻¹ may represent O-H stretching vibrations, while 

the absorption bands at 3480 cm⁻¹ and 3333 cm⁻¹ 

may represent both O-H and C=O group stretching 

vibrations. 

The ESR spectra of PS.7.1 with soot content 

V1=0.01 and V1=0.09 are shown in Figures 4-5, 

respectively [5]-[10]. 

The repeatability of the measurement results is 

quite high, and therefore, the radicals responsible for 

these signals can be considered stable. However, it is 

easy to notice that in all cases we are dealing with a 

scientific phenomenon – the strongest broadening of 

the ESR signal line, because the reality is that the 

soot of grade BS-100 itself gives a singlet signal (in 

air) with, and polystyrene does not signal at all, 

meaning it is diamagnetic [10]-[15]. In this case, it is 

reasonable to find an answer to the question – is the 

broadening related to the overlap of signals from 

various spin localization centers of different origins, 

or does it occur due to hyperfine splitting of 

electrons localized at paramagnetic centers of 

organic origin. 

2 MANUSCRIPT PREPARATION 

When PS is filled with carbon black V1=0.01, 

changes occur in the IR spectra. The first change is 

associated with a shift of most bands to the short-

wave region and a decrease in their intensity. Thus, 

the IR stretching vibration now appears at 3053 cm-1 

(3040 cm-1 for PS). The symmetrical stretching 

vibration of CH2 for pure PS is transformed into an 

antisymmetric stretching vibration of CH2. The 

vibration of the benzene ring shifts from 1918 cm-1 

(PS) to 1328 cm-1 (PS-C (0.01)). The doubled fan 

vibration of CH2=CH appears at 1863 cm-1 (1846 

cm-1 for PS). The stretching vibration of C=O shifts

from 1774.5 cm-1 to 1734 cm-1. However, this band

is also characteristic of 12CH. The second band of

the C=O stretching vibration shifts from 1713.3 cm-1

to 1730 cm-1. The latter is typical of 12C16O and is

also close to =1725 cm-1 of diacetyl (CH3CO2)2. The

C=C stretching vibration in the CH2=CH group

shifts from 1646.6 cm-1 (PS) to 1650 cm-1. The C=C

vibration of the benzene ring 1568 cm-1 PS shifts to
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1577 cm-1. The CH2 deformation vibration 1462.6 

cm-1 shifts to 1473 cm-1. It can also characterize

=1473 cm-1 trimethylene oxide (CH2)3O. The second

CH2 bending vibration at 1420 cm-1 for PS shifts to

1434 cm-1 and it is interesting that diacetyl has

=1444 cm-1. The CH2 fan vibration at 1348 cm-1 in

PS-C(0.01) does not change. The second CH2 fan

vibration changes from 1305 cm-1 (PS) to 1303 cm-1.

Figure 4: ESR spectrum of PS.7.1.S-0,01. 

Figure 5: ESR spectrum of PS.7.1.S-0.90. 

In order to form a well-grounded conviction that 

the broadening of the ESR line width observed in 

our experiments is not related to any inorganic 

elements, we first used X-ray fluorescence analysis 

to more thoroughly investigate the structure of the 

soot [16]. 

X-ray fluorescence analysis shows the presence

of elements such as Kr, Nb, Ru, In, and Cs, with the 

quantitative content of all these elements combined 

not exceeding 0.1% of the total composition of the 

soot, which corresponds to the manufacturer's data 

on the filler [17]-[20]. 

To address the question of whether the studied 

object is an effectively isotropic system, it is 

necessary to conduct experiments on the angular 

dependence of the ESR signals. The results of our 

experiments on the angular dependence of the ESR 

signals are shown in Figures 6-7. As can be seen 

from the figures, when rotated at three different 

angles relative to the original position, the following 

are observed: 

1) A clear variation in the intensity of the narrow

doublet signal;

2) Practically no dependence of the intensity of

the large overall signal on the angular rotations.

Figure 6: Angular dependence (a – 8°, b – 17°, c – 29°) of 

the large overall ESR signal of PS.7.1.S-0.09. 

Figure 7: Angular dependence (a – 8°, b – 17°, c – 29°) of 

the narrow-doublet component of the ESR of 

PS.7.1.S-0.09. 

Tables 1-2 show the concentration dependence of 

the main parameters of the large overall ESR signal 

and the narrow-doublet component in the 

composites. From this, it can be seen that each of 

these parameters can independently reflect the 

structural features of the object under 

study [21]-[26]. 

Table 1: Concentration dependence of the main parameters of the large overall ESR signal in the composites. 

V1 g N, spin/g T1, sec T2, sec (
hv

hc
), cm-1 Hpp, kA/m 

0,01 2,083 2,6·1015 1,03·10-1 6,5·10-10 0,313 46,2 

0,04 2,057 1,6·1015 8·10-2 8,6·10-10 0,33 35,0 

0,09 2,128 3,8·1015 7,5·10-2 6·10-10 0,324 40,7 

0,20 2,025 1,5·1015 8·10-2 6,2·10-10 0,331 41,3 
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Table 2: Concentration dependence of the main parameters of the ESR narrow-doublet component. 

V1 ∆Hpp, E T1, sec T2, sec g ∆W, eV hA02, eV 

0,01 21,0 8,8·10-4 5,6·10-9 2,034 4,1·10-5 5,44·10-7 

0,04 21,5 4·10-4 3,99·10-9 2,029 4,08·10-5 4,6·10-7 

0,09 22,0 1,1·10-3 6,2·10-9 2,032 4,08·10-5 3,7·10-7 

0,20 18,3 1,6·10-4 4·10-9 2,031 4,08·10-5 3,3·10-7 

In our studies on the frequency dependence of 

the conductivity of soot-filled polystyrene 

composites, both low and high frequencies of the 

alternating field were used. The dielectric 

characteristics and conductivity dependencies in the 

alternating field were recorded in the frequency 

range of 5×106 s−1. The relative error in measuring 

the dielectric parameters on the instruments did not 

exceed 3%. 

Figures 8-9 present the frequency dependence of 

the conductivity and dielectric losses of soot-filled 

PS.7.1. 

Figure 8: Frequency dependence of the conductivity of the 

composite. 

Figure 9: Frequency dependence of the dielectric losses of 

the composite. 

3 CONCLUSIONS 

Using the IR spectrum for PS.7.1, PVDF5.1, and the 

system PS.7.1.S, PVDF.5.1.S, chemical bonds 

involving C, H, and O in the interfacial layer of the 

composites were detected. 

For the first time, stable paramagnetic centers 

(PMCs) were identified in soot-filled samples of 

PS.7.1 and PVDF.5.1, which allow for significant 

broadening of the ESR line and, based on these 

parameters, have the potential to compete with 

classical magnets. 

Isotropic and anisotropic components of the ESR 

were identified in the composites PS.7.1.S and 

PVDF.5.1.S. The reason for the strong broadening of 

the ESR signals in the composites PS.7.1.S and 

PVDF.5.1.S is explained through an indirect 

mechanism of exchange interaction. For the first 

time, the configuration of PMCs in the composites 

PS.7.1.S and PVDF.5.1.S was demonstrated. 

A lack of direct correlation between the main 

paramagnetic parameters of the composites PS.7.1.S 

and PVDF.5.1.S and the concentration of added soot 

was revealed, and for the first time, the light 

sensitivity of the compositions PS.7.1.S and 

PVDF.5.1.S was discovered. 
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