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Abstract. The spectral and relaxation characteristics of “free” organic radicals (FR) and vanadyl-porphyrin 
(VP) complexes in various petroleum disperse systems (PDS) like bitumen, petroleum, their high-molecular 
components and solutions were studied using stationary (conventional) and pulsed electron paramagnetic 
resonance (EPR) techniques in two frequency ranges (X- and W-bands, with the microwave radiation 
frequencies of about 9 GHz and 95 GHz, respectively). The features of the pulsed approaches (electron spin 
echo, modulation of the electron spin echo signal decay, electronic relaxation times) and high-frequency 
EPR for PDS investigations were examined. W-band EPR allows to resolve spectrally the lines from the 
different paramagnetic centers and more accurately determine their spectral characteristics. It is shown that the 
electron spin echo can be observed at room temperatures even at high magnetic fields of 3.4 T demonstrating 
the potential of application of pulsed EPR techniques for the low-cost oilfield measurements. Analysis of 
the VP transverse magnetization decay curve permits to identify electron-nuclear interactions with the 14N 
and 1H nuclei in situ while in the EPR spectra these hyperfine interactions usually cannot be detected. It is 
found from the W-band EPR measurements that FR lineshape cannot be fitted with isotropic parameters in 
contrast to the established X-band results. The observed effect of increasing the rates of electronic transverse 
relaxation in asphaltenes is described in the framework of a model of spectral diffusion between the fast- and 
slow-relaxing paramagnetic centers in supramolecular complexes of asphaltenes.
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1. Introduction
From the standpoint of colloid chemistry, petroleum 

can be considered as a complex multicomponent mixture 
that, depending on external conditions, exhibits the 
properties of a molecular solution or a disperse system 
(Syunyaev, 1980; Syunyaev et al., 1990; Safieva, 2004). 
Petroleum disperse systems (PDS) contain resins, 
asphaltenes that are prone to self-association and other 
solid particles. The study of properties and complex 
behavior of such a complexly organized multicomponent 
system is still a priority for fundamental science and oil 
technologies (Syunyaev, 1980; Syunyaev et al., 1990; 
Safieva, 2004). 

PDS can contain up to 1020 paramagnetic centers 
(PCs) per 1 gram of substance (Yen, Chilingarian, 1994, 
2000). Most PCs are concentrated in high-molecular 
components of PDS, such as asphaltenes, resins, and 
polycyclic aromatic hydrocarbons. The mass content 
of such high-molecular components can reach 45% for 
petroleum and 75% for bitumen (Yen, Chilingarian, 
1994, 2000). This means that in asphalt/tar materials 
(ATM) with an average molecular weight of 1000 
Da one can find of up to one unpaired electron per 
molecule (Yen, Chilingarian, 1994). Obviously, such a 
high concentration of PCs can affect both the magnetic 
and electrophysical properties of PDS (Dolomatov et 
al., 2018). The study of both hydrocarbon and other 
types of PCs can provide additional information about 
the presence and concentration of hydrocarbons in 
petroleum–containing rocks, the structure and properties 
of PDS, which is due to the practical need for effective 
exploration, production, transportation and deeper 
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Fig. 1. Schematic representation of a single vanadyl 
porphyrin molecule. The values of the external magnetic 
fields corresponding to the orientations “in-plane” (B1) and 
“out-of-plane” (B2) are shown

processing of hard-to-recover hydrocarbon reservoirs, 
heavy (high-viscous) oil, bitumen, etc. (Martyanov et 
al., 2017).

The existence of PCs in PDS is caused by the presence 
of d-metals (mainly V, Ni, Fe, Mn) and stable organic 
“free” radicals (FR). As a rule, PCs are concentrated 
in asphaltenes, due to the presence of delocalized 
π-electrons of aromatic rings and carbon radicals of side 
alkane chains. The exact position and structure of the 
FR in PDS is still the subject of scientific discussion. 
The presence of heteroatoms (S, N, O) significantly 
expands the nomenclature of PCs, complicating their 
unambiguous identification. In this question, researchers 
traditionally refer to the work on the study of PC in 
anthracite (Yen, Chilingarian, 2000). 

Often, especially in heavy (high-viscous) oil and 
bitumen, the presence of vanadium is detected (up 
to tenths of a percent). It is considered established 
(Piccinato et al., 2012) that vanadium is present in the 
PDS mainly in the form of vanadyl porphyrin (VP) 
complexes and is concentrated mostly in the ATM with 
predominance in asphaltenes (Figure 1). 

Aggregation of asphaltenes and formation of 
asphaltene deposits cause serious problem for the 
extraction, transportation and processing of PDS 
attracting interest to the study of their structure and 
properties. Information about the participation of VP 
complexes in the processes of asphaltene aggregation 
is quite controversial (Zhao et al., 2016). There are 
“free” VP complexes (having a small size and simple 
structure), which are easily removed from asphaltenes, 
and “tightly bound” vanadyl porphyrins, which are 
bound to asphaltene molecules either covalently or 
through multiple intermolecular interactions (Zhao 
et al., 2016; Abyzgildin, 1977). Vanadium, in turn, is 
considered to be the main element that poisons catalysts, 
a metal that interferes with petroleum cracking and 
causes equipment wear (during the combustion of 
vanadium-containing fuels, adhesion- and corrosion-
active inorganic vanadium compounds are one of 
the main causes of intensive ash drift and corrosion 
of high-temperature surfaces). Additional interest in 
studying of the structural and dynamic characteristics 
of petroporphyrins and other PCs has recently been 
associated with the possibility of using native and 

impurity PCs as polarizing agents for amplifying the 
signal of nuclear magnetic resonance (NMR) and 
NMR logging from the protons of PDS using various 
mechanisms of dynamic nuclear polarization (DNP) for 
geological exploration and fundamental study of the 
structure of asphaltenes (Gizatullin et al., 2018, 2019; 
Alexandrov et al., 2019; Sapunov et al., 2016, 2019; 
Davydov et al., 2018; Zhang et al., 2020).

Electron Paramagnetic Resonance (EPR) has long 
been known as one of the most informative methods 
for detecting and identifying PCs in PDS, measuring 
their concentration, and establishing the structure of 
paramagnetic complexes (Khasanova et al., 2017). The 
method does not require additional sample preparation (for 
example, by dilution, as for the optical measurements), is 
non-destructive (unlike, for example, chromatographic/
mass spectrometric methods), and allows one to study solid 
(bitumen) and liquid (oil) samples. EPR investigations can 
be performed both on PDS components and their solutions 
including in situ conditions.

Nowadays the main tools for EPR research are 
the X-band spectrometers operating at the microwave 
(MW) frequency of νMW=9–10 GHz in continuous 
wave (CW) mode (low-power microwave radiation is 
constantly applied to the sample) (Qin, Warncke, 2015a, 
b). Surprisingly, the technical capabilities of modern, 
commercially available EPR techniques (by exploiting 
other MW frequency ranges and pulsed approaches) 
are still not widely used for PDS investigations being 
actively utilized for decoding the structures of complex 
biomolecules (Qin, Warncke, 2015a, b). Until now, 
the vast majority of EPR experiments on PDS were 
limited to the methods first presented in 1950–1970s 
(Yen, Chilingarian, 1994; Zhang et al., 2020; Trukhan 
et al., 2014; Wang et al., 2016; Dolomatov et al., 2016; 
Garif’yanov, Kozyrev 1956; Gutowsky et al., 1958; 
O’Reilly, 1958; Il’yasov et al., 1961; Il’yasov 1962; 
Yen et al., 1962; Murav’ev et al., 2006; Yakubov et al., 
2017). Only since recently an increased interest to the 
PDS investigation by high-frequency and pulsed EPR 
techniques has arisen (Ramachandran et al., 2015; Tayeb 
Ben et al., 2015; Mamin et al., 2016; Gracheva et al., 
2016). 

The purpose of this work was to study the capabilities 
of pulse (X- and W-bands, where for the W-band 
νMW = 94–96 GHz) and high-frequency (W-band) EPR 
for PDS research. Investigations have been conducted on 
equipment of the Institute of Physics of Kazan Federal 
University (Kazan, Russia).

2. Materials and methods
2.1. Materials
From the set of the various studied PDS, several 

samples were selected for this work, which differ greatly 
in viscosity and content of high-molecular components. 
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Table 1 shows the rheological parameters and component 
composition of petroleum from the Ashalchinskoe 
oilfield (Republic of Tatarstan, Russia), the Salym 
oilfield (Bazhenov horizon, Khanty-Mansi Autonomous 
Okrug-Yugra, Russia), Boca de Jaruco (Republic of 
Cuba) and petroleum from the Chinese oilfield. Details 
of group (SARA) and rheological measurements, as well 
as results obtained by other analytical tools for these 
samples can be found in (Gizatullin et al., 2018, 2019; 
Vakhin et al., 2020; Nesterov et al., 2019; Ponomarev, 
2019). 

We have also investigated 12 different asphaltene 
powders extracted from the technical bitumen from two 
petroleum refineries (samples N1 and N2). and heavy 
oils (samples N3 and N4) from the Akanskoe oilfield 
(Khanty-Mansi Autonomous Okrug-Yugra, Russia). 
The initial fraction of asphaltenes (designated as Ainit) 
was obtained from the oils and bitumen by extraction 
in a Soxhlet apparatus using petroleum ether (boiling 
point 40-70 °C). Further, according to the scheme of 
fractional precipitation of asphaltenes from solutions 
in toluene, the initial asphaltenes Ainit were divided into 
two fractions: A1 – falling out of the toluene solution 
with adding of 65% of petroleum ether as a precipitator; 
and A2 – falling out with a maximum (90%) addition 
of petroleum ether (Table 2). It is assumed that the A1 
fraction consists mainly of asphaltene molecules of the 
“continental” type, and A2 – of the “archipelago” type 
(Acevedo et al., 2010).

2.2. Methods
All measurements presented in this paper were 

performed using the capabilities of the ESP 300 and 
Elexsys 680 (Bruker, Germany) X- and W-bands EPR 
spectrometers available at the KFU Institute of Physics 
(Kazan, Russia). For temperature measurements, 

nitrogen and helium flow cryostat were used to change 
the temperature of the sample in the ranges from 77 to 
800 K and from 6 to 300 K, respectively.

The main design elements of CW EPR spectrometers 
have remained unchanged since the installation of 
Evgeny K. Zavoisky (Zavoisky, 1945). Typically, PDS 
samples are placed in a quartz or glass tube, which is 
then inserted into an EPR resonator located in an external 
magnetic field B0. The simplest microwave resonator can 
be a rectangular or cylindrical metal waveguide closed 
on both sides, whose geometric dimensions correspond 
to the microwave wavelengths. In fact, the resonator 
is an analog of LC circuit used in NMR. Its purpose 
is to accumulate energy and separate the electric and 
magnetic components of the microwave field, since the 
EPR effect is caused by interaction with the magnetic 
component of the electromagnetic wave, while the 
electric part can cause undesirable heating of the sample 
(Eaton et al., 2010). The standard size of the PDS sample 
in the X-band is 3–4 mm in diameter and 4–30 mm in 
height. Measurements in the W-band require a much 
smaller volume of the substance (tubes with a diameter 
of 0.1–0.8 mm, sample length 3–10 mm), which can 
be considered as an additional advantage of measuring 
specimens of limited size, studying inhomogeneous 
samples, series of PDS samples after thermal and 
catalytic treatments, etc. (Al-Muntaser et al., 2020; 
Mehrabi-Kalajahi et al., 2018; Galukhin et al., 2018; 
Mukhamatdinov et al., 2020).

To increase the sensitivity of EPR spectrometers, B0 
is modulated by a sinusoidal signal with a frequency of 
10–100 kHz and a small amplitude (0.01–1 mT). In this 
case, the signal measured by the detector is amplitude-
modulated at the modulation frequency, and the 
amplitude of its main harmonic is usually proportional 
to the first derivative of the absorption line. Thus, the PC 

Table 1. Rheological parameters and component composition of the samples Ashalchinskoe, Salym, Cuban and Chinese petroleum 
investigated in this work.

 Density at 
t = 20°C, kg/m3 

Viscosity at 
20°C, Pa⋅s 

Asphaltenes, % Resins, % Saturated and aromatic 
hydrocarbons, % 

Ashalchinskoe 968 2.48 3.9 31.0 65.1 
Salym 827 0.005 0.1 3.3 96.4 
Cuban 1029 

(t = 36°С) 
270 17.3 42.8 39.9 

Chinese 920 1.18 0.6 10.4 89 

Table 2. The content of asphaltenes fractions in samples N1-N4.

Sample Content of asphaltenes, 
mass. % 

Number of fractions of extracted asphaltenes, mass. % 
A1 A2 

N1 34 83 15 
N2 30 66 6.5 
N3 9.2 60 7 
N4 11.0 60 10 
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concentration can be determined by double integration 
of the recorded spectrum.

EPR spectra in both CW and pulsed modes are 
affected by several types of interactions of the unpaired 
electron with its environment:

(1) Zeeman interaction between an unpaired electron 
and the external magnetic field,

(2) the spin-orbital interaction,
(3) electron-nuclear hyperfine interaction, or HFI,
(4) interaction with other unpaired electrons (spin-

spin interaction).
In the X-band, and especially in the W-band, the most 

significant contribution is the Zeeman interaction, which 
determines the position of the resonance lines (Yen, 
Chilingarian, 1994):

hvMW = gbB0, 	 (1)
where h is the Planck constant, g is the spectroscopic 
splitting factor, and β is the Bohr magneton.

The spin-orbital and spin-spin interactions lead to a 
deviation of the spectroscopic g-factor from the known 
value for the free electron (ge = 2.0023). The typical 
range of g-factors in PDS varies from 1.96 (for VO2+) 
to 2.008 for oxygen- and sulfur-containing FR (Yen, 
Chilingarian, 1994, 2000; Khasanova et al., 2017). To 
meet the resonance condition (1), a B0 of about 0.35 T 
for the X-band and 3.5 T for the W-band must be applied. 
Thus, high-frequency PDS studies require the use of 
superconducting magnets, which increases the cost of 
measurements. A number of oil-bearing rocks contain 
complexes of iron group Fe3+ ions with a characteristic 
signal in the region of “half” magnetic fields (g ≈ 4.3), as 
well as signals from stable sulfur- and oxygen-containing 
radicals (Khasanova et al., 2017).

The interaction of an unpaired electron with the 
nuclear magnetic moment of the nucleus (nuclei) leads 
to the splitting of electronic energy levels, forming 
the so-called hyperfine structure (HFS) of the EPR 
spectrum. Each mS electron level is split into a group of 
(2I+1) closely spaced levels, where I is a nuclear spin. 
Allowed transitions that contribute to the HFS of the 
EPR spectrum are only those transitions for which the 
conditions ΔmS = ±1 and ΔmI = 0 are met. The distance 
between the adjacent lines of the HFS spectrum is called 
the HFI constant, denoted as A. 

It was shown in (Dickson et al., 1972) that the values 
of the parameters g and A can be used to clarify the nature 
of paramagnetic centers in the PDS and determine the 
origin of the VP complex. So, for the ligand environment 
of vanadium VOS4, the g-factor values are higher, and the 
A value is lower compared to VON4, VON2O2 or VOO4. 
This fact continues to be used in a number of studies 
to control the processes of PDS desulfurization (Cui et 
al., 2017, 2018), for example, although the changes in 
the parameters of EPR spectra observed in the X-band 
experiments are very small.

The use of pulse techniques significantly expands 
the capabilities of the EPR method and, to a large 
extent, complements the information extracted from 
CW EPR spectra. In contrast to CW EPR, in which 
continuous exposure of microwave radiation reveals a 
picture of splitting the energy levels of a paramagnetic 
system, pulsed EPR techniques can shed light on the 
dynamic behavior of the system, measure relaxation 
times, decipher complex spectra of interacting to each 
other PCs, etc. By using pulse techniques, it is often 
possible to identify the nature and determine the values 
of electron-nuclear interactions, which due to their small 
values compared to the width of the EPR lines cannot 
be resolved in the CW EPR spectra.

The pulse mode allows one to register the spectra 
obtained either by the free induction decay signal 
(FID) or by the electron spin echo (ESE) method. The 
FID signal in most PDS, as in most solids, quickly 
damps due to the spin dephasing under conditions of 
inhomogeneous line broadening caused by natural 
causes, or it is not observed at all due to the “resonator 
ringing” (the so-called “dead time” of the device). 
Therefore, pulse experiments are performed at the 
low Q-factor mode of the resonator, which reduces the 
sensitivity of EPR measurements in comparison with 
the CW regime.

The shape of the spectra recorded in this way (the 
amplitude or integral values of FID or ESE signals) 
usually coincides with the absorption spectra. In some 
cases, for example, when studying light petroleum, it 
may be necessary to slow down the electron relaxation 
processes by lowering the sample temperature in order 
to detect ESE spectra with an acceptable signal-to-noise 
ratio.

The EPR pulse spectrometer includes an additional 
block – a pulse driver connected to a microwave 
generator. Similar to NMR applications, microwave 
pulses can be combined into special sequences where 
the delay time and pulse duration are configurable 
parameters. However, the values of these times for 
electrons are 3-6 orders of magnitude shorter than in 
NMR, which is due to the corresponding difference in 
the relaxation times of electrons and nuclei. Below some 
used pulse sequences (with rectangular pulses) and the 
values of their parameters for experiments in the X-band 
on PDS are given.

1) A two-pulse sequence π/2–τ–π with a π/2-pulse 
duration of 16 ns and a delay time τ = 200 ns was used 
for detecting of ESE.

2) The signal of the primary ESE amplitude decay and 
the transverse relaxation time T2e were measured using 
a two-pulse scheme presented above with an increase 
in the interval τ between pulses with a step ∆τ of 4 ns 
and fixed pulse durations. A three-pulse sequence was 
also used to register the modulation of the Electron Spin 
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Table 3. Concentrations of FR and VP complexes in the studied petroleum samples and parameters of approximation of EPR 
spectra for FR in the X-band as convolutions of Gaussian (G) and Lorentz (L) lineshapes and as the center of axial symmetry in 
the W-band

 Concentration 
of FR, spin/g 

Concentration of 
VP complex, 

spin/g 

Parameters of 
describing of the FR 
line in the X-band. 

Parameters of 
describing of the FR 
line in the W-band. 

Ashalchinskoe (1.1±0.2) 1017 (1.2±0.2) 1018 g=2.0036; 
G:L =61:39; 

∆HPP =0.64 mT 

 

Salym (8.0±0.9) 1018 Not detected g=2.0023; 
G:L =53:47; 

∆HPP =0.31 mT 

g|| = 2.00235, 
g⊥ = 2.00145 

∆HPP(L)=0.38 mT 
Cuban (4.3±0.8) 1016 (1.4±0.2) 1017 g=2.0018; 

G:L =34:66; 
∆HPP =0.55 mT 

 

Chinese (2.8±0.4) 1017 Not detected g=2.0042; 
G:L =19:81; 

∆HPP =0.51 mT 

g|| = 2.0047, 
g⊥ = 2.0041 

∆HPP(L)=0.75 mT 

Echo Envelope Modulation (ESEEM) π/2–(τ1+Dτ)–π/2–
(τ2+Dτ)–π/2 (Dikanov, Tsvetkov, 1992; Dzyuba, 2013), 
where τ2 = 5300 ns.

3) The recovery curve of the longitudinal 
magnetization and the longitudinal relaxation time T1e 
were measured by the inversion-recovery pulse sequence 
of π–TDelay–π/2–τ–π–ESE for a fixed pulse duration and 
time τ, but varying the TDelay time.

3. Result and discussions 
3.1.EPR of oil samples
Figure 2 shows the CW EPR spectra of Cuban oil at 

room temperature in the X-and W-band. The obtained 
spectra are due to the following signals: (1) single line 
due to signal from a FR (g = 2.003, peak-to-peak line 
width DBPP  ≈ 6.4  G); (2) HFS of the VO2+ complex 
with g-factor of axial symmetry (I = 7/2 for 51V nuclei, 
g|| = 1.963, g^= 1.985, A|| = 468 MHz, A^= 150 MHz, 
section 3.2.); (3) HFS of Mn2+ ions in a carbonate rock 
with an isotropic g-factor (I  =  5/2 for 55Mn nuclei, 
g = 2.001, Aiso = 260 MHz; splitting is observed on the 
central transition of the fine structure c ΔmS = (–1/2)–
(+1/2)). Due to a small difference in the values of the 
g-factors for the presented spin systems, the signals from 

these PCs are partially spectrally resolved in the W-band. 
For the samples from the Salym oilfield and Chinese oil 
only FR signals were registered. Below we will discuss 
in detail the signals from the VP complexes and FR, 
which are typical for most of the PDS studied. Table 3 
shows data on the concentration of the above-mentioned 
PCs extracted from the X-band CW EPR.

3.2. Study of spectral and relaxation 
characteristics of signals from the VP complexes

The spectral characteristics of the VP complexes 
of axial symmetry in the studied samples are given 
above (section 3.1) and are almost identical for all 
the specimens studied. It is possible to achieve an 
isotropic EPR spectrum for VP complexes in PDS by 
dissolving samples in organic solvents or increasing the 
temperature/pressure (Trukhan et al., 2014). Figure 3 
shows the temperature dependence of CW EPR spectrum 
of the VP complex of the Ashalchinskoe oil sample in the 
X‑band. At Tstart < 480 K, a powder spectrum (16 lines) 
is observed, which can be described in the framework 
of a rotational model with a rotational correlation time 
τcorr > 5×10-7 s. At Tend > 550 K only an isotropic spectrum 
(8 lines) with τcorr ≈ 10-10 s and an isotropic value of 

280 300 320 340 360 380 400
B (mT)

 

 

νMW = 9.6 GHz

FR

Mn2+(a)

3.32 3.34 3.36 3.38 3.40

νMW = 94 GHz

 

  

B (T)

VO2+ complex

Mn2+

FR
(b)

Fig. 2. CW EPR spectra of petroleum rocks from the Boca de Jaruco oilfield at two frequency ranges (a – X-band, b – W-band) 
due to FR, VP signals and divalent manganese complexes. The type and spectroscopic parameters of these PCs are discussed in 
details in the text
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A ≈ 300 MHz is detected in the sample (Gafurov et al., 
2018). In this case, the process is temperature-reversible, 
and the values of the g-factor components do not change 
within the accuracy of measurements.

Assuming the validity of the Smoluchowski-Stokes-
Einstein-Debye equation for PDS (Trukhan et al., 2014): 

tвр = 4pR3η(T) / 3kBT,	  (2)
where R is the characteristic size of molecules, h(T) 
is the temperature dependent PDS viscosity, kB is the 
Boltzmann constant, and using the experimental values 
of h(T) from (Ilyin et al., 2016), we can estimate 
the characteristic sizes of molecules containing VP 
complexes by means of equation (2) as (0.23 ± 0.05) 
nm at high temperatures (T < Tstart) and (1.0 ± 0.1) nm 
at low temperatures (T > Tend). That is, the characteristic 
dimensions of the VP complex during this transition 
change by a factor of 6–8, which is in good agreement 
with the accepted scheme of aggregation of asphaltene 
molecules (Mullins et al., 2014). These results support 
the model of participation of the VP complexes (at 
least detected by EPR) in the structures of asphaltene 
aggregates. We did not perform such temperature 
measurements in the W-band for lack of a high-
temperature resonator.

It should be noted that signals from nickel complexes 
(nickel porphyrins) cannot be observed in the EPR spectra 
of PDS, despite their prevalence in PDS (Yakubova et al., 
2019). Several assumptions can explain this fact. First, 
if the nickel is in a tetrahedral configuration, the EPR 
signal may not be detected. Second, if nickel is located 
in an octahedral environment that is strongly distorted in 
the axial direction (in the case of porphyrin complexes), 
the value of the initial splitting in the zero magnetic field 
(ZFS, zero-field splitting) can be much higher than the 

280   320      360        400

661 642
615

595
565

555
528

506
491

475
465

446
428

406
390

377
363

350
337 326310 295

X-band
Ashalchinskoe oil

T (K)

B (mT)

Fig. 3. Changes in the X-band EPR spectrum of the 
VP complex in the Ashalchinskoe petroleum sample at 
temperatures T = 295–661 K

Fig. 4. ESE detected EPR spectrum for the Ashalchinskoe 
oil at T = 250 K (exp) and simulation of the VP complex 
spectrum (sim). Contributions from HFS components with 
different mI values are shown

280 300 320 340 360 380 400 420

VO2+ (B1)

7 A
I I

sim
mI=-7/2

B (mT)

mI= +7/2

FR(B2)

exp

7 A
 II

 

ESE EPR
T = 250 K

Table 4. Values of T1e and T2e from pulse measurements at 
T = 250 K in Ashalchinskoe oil at magnetic fields B1 and B2 
(Figure 4)

 VP complex (B1), μs FR (B2), μs 
T1e 1.7(2) 23.6(8) 
T2e 0.31(4) 0.30(4) 

value for the thermal energy kT, so that only the ground 
state with mS = 0 is populated (Tayeb Ben et al., 2015).

Figure 4 shows the X-band EPR pulse spectrum 
for the Ashalchinskoe oil and its simulation using the 
EasySpin program for Matlab (Stoll, Schweiger, 2006) 
with the parameters g^= =1.9860; g|| = 1.9661; A^= 160 
MHz; A|| = 470 MHz. To detect the ESE spectrum of 
the VP complex in the initial PDS, it was necessary to 
lower the temperature down to T = 250 K while the ESE 
in asphaltenes and resins isolated from the oil as well 
as the ESE signal from FR in the initial sample can be 
detected also at room temperatures.

The values of relaxation times for FR and VP in 
Ashalchinskoe oil are given in Table 4 demonstrating 
that the longitudinal relaxation times for VP in the 
X-band are of 1–2 orders of magnitude shorter than 
those values for FR. It explains why in a number of 
samples the ESE signal from VP at room and at elevated 
temperatures (especially in strong magnetic fields) may 
not be observed. The data obtained for a large number 
of samples studied by us contrasts with the results of 
(Raghunathan, 1991) in which the asphaltenes extracted 
from the Athabasca (Canada) bitumen were investigated. 
It was shown (Raghunathan, 1991) that the ESE from VP 
complexes in the X-band can be detected only at T < 20 K 
requiring a usage of expensive cooling system to achieve 
such low temperatures. We think that this observation 
is most likely due to the imperfection of the homemade 
pulsed EPR technique used in (Raghunathan, 1991).

When the temperature decreases (in order to slow 
down the relaxation processes) it is possible to observe 
oscillations (Figure 5) on the components of the VP 
complex spectrum (but not for FR) caused by electron-
nuclear interactions. The Fourier-transformed signal 
of the three-pulse version of ESEEM (Electron Spin 
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in PDS samples without their processing and extraction 
is done in (Gracheva et al., 2016). In the present paper 
double resonance techniques for studying the structure 
and dynamics of PDS are not considered. 

Figure 7 shows a typical ESE spectrum of asphaltenes 
in the W-band at T = 100 K (it is known that T1e in solids 
decreases with external magnetic field (Abragam, Blini, 
1973)); therefore, the registration of ESE for VP complex 
in the W-band sometimes requires the use of lower 
temperatures compared to the X-band). The value of the 
repetition time of the pulse sequence of Trepetition = 500 μs 
was chosen in order to increase the intensity of the VP 
signal comparing to the FR due to the difference in 
longitudinal relaxation T1 times (compare with the data 
in Table 4). The slight difference between the g-factors 
of FR and VP also allows resolute spectrally these PCs 
at high frequencies (Figure 7). In addition, due to the 
higher spectral resolution, the values of the g-tensor 
components for VP complex can be determined with 
better accuracy. Figure 8 explains the EPR pattern of the 
powder spectrum for the VP in the W-band; the arrows 
show the values of B0 corresponding to the values of g|| 
and g^ for the VP complexes.

3.3. EPR of FR
It is known that in the X-band the FR EPR spectrum 

in PDS in most cases is a single line with a width of 
∆Hpp = (0.4 – 0.7) mT and an isotropic g-factor in 
the range of 2.003 ± 0.001 (Yen, Chilingarian, 1994, 
2000; Gizatullin et al., 2018) which is conventionally 
fitted by a standard combination of Gaussian (G) and 
Lorentzian (L) lineshapes with the same g-factors and 
approximately the same width (Mukhamatdinov et al., 
2018). For example, Figure 9 shows the approximation 
of the FR EPR line in the Origin program by the Voigt 
function (convolution of the Lorentz and Gaussian 

Echo Envelope Modulation, (Dikanov, Tsvetkov, 1992; 
Dzyuba, 2013; Schweiger, Jeschke, 2001) is shown in 
Figure 6. The ESEEM spectrum clearly shows signals 
due to the interaction of an electron with protons (I = 
1/2, a signal at the Larmor frequency of 14.7 MHz) and 
partially resolved peaks in the frequency range of 0-10 
MHz attributed to the interaction with 14N nuclei with I = 
1 (Deligiannakis et al., 2000) while in the EPR spectra of 
the samples studied no splittings caused by these nuclei 
were observed (see also (Gilinskaya, 2008) discussing 
the rare possibility of observing FR EPR line splittings 
in the X-band caused by nitrogen nuclei). Thus, ESEEM 
technique allows one to determine the type of ligand 
environment (in this case, the presence of 14N nuclei) 
for vanadyl-porphyrin complexes in the PDS without 
their extraction.

The relative intensities and exact positions of the 
peaks in Figure 6 depend on the choice of orientation (B0 
value) and the type(s) of the prevailing VP complexes. 
The complicated ESEEM spectrum for 14N is due to the 
existence of not only hyperfine, but also quadrupole 
interaction characterized by the Q tensor. The paper 
(Reijerse et al., 1998) is devoted to the interpretation 
of the results of ESEEM studies of model (synthetic) 
porphyrins. Determination of components of the Q tensor 
by electron-nuclear double resonance (ENDOR) directly 

Fig. 6. The Fourier transform of the time dependence of the 
three-pulse ESEEM for the VP complex in a magnetic field 
B1 = 345 mT
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Fig. 5. ESE amplitude decay signal for VP complex in a 
magnetic field B1 = 345.1 mT
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Fig. 7. EPR spectrum of asphaltenes from Ashalchinskoe oil 
in the pulse mode in the W-band at T = 100 K and Trepetition = 
500 μs. The same graph shows a simulated spectrum 
obtained by adding the VO2+ powder spectrum (g|| = 1.964, 
g^ = 1.984, A|| = 16.8 mT, A^ = 6.0 mT) and a single free 
radical line (g = 2.0036). The FR and VO2+ markers indicate 
the B0 values at which the electronic relaxation times were 
measured for FR and VP
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Fig. 8. Energy levels and the corresponding EPR absorption 
spectrum for the VP complex, calculated for the microwave 
frequency ν = 94 GHz, g|| = 1.963, g^ = 1.985, A|| = 470 MHz, 
A^ = 150  MHz. Individual contributions from each EPR 
transition are highlighted in different colors
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the presence of two (or more) different PC EPR lines of 
which are partially resolved in strong magnetic fields. 
While agreeing with this interpretation, it should be 
noted that for some PDS samples it is possible to describe 
the FR signal by a single PC.

For example, EPR spectra for Salym and Chinese 
oils can be fitted in both frequency ranges using a 
single set of parameters for the center of axial symmetry 
(Table 3, Figure 10). Additional arguments in favor of 
describing the EPR signal by a single PC are (1) the 
independence of the relaxation characteristics (T1FR 
and T2FR curves) from the choice of the exact value of 
the magnetic field along the EPR spectrum and (2) the 
independence of the EPR spectrum from temperature 
changes (in the range of 20–300 K). It is noteworthy 
that for all petroleum samples studied in this work (not 
to mention asphaltenes), the ESE signal in the W-band 
can be observed at room temperatures.

We have not been able to describe satisfactorily the 
FR spectra for Ashalchinskoe and Cuban oil using the 
PC of axial and even rhombic symmetry. It should be 
mentioned that these samples, in contrast to Salym and 
Chinese oils, contain other types of PCs (Figure 2, Table 
3). It is also known that an increase in the concentration 
of heteroatoms (primarily oxygen and sulfur) leads to a 
shift of EPR lines to low magnetic fields (Gizatullin et 
al., 2018; Khasanova et al., 2017; and the literature cited 
there). Detailed studies of the effect of heteroatoms and 
other PCs on the FR spectral characteristics were not 
performed in this paper.

3.4. Measurement of electronic relaxation times 
of VP complex and FR in asphaltene fractions in 
the W-band

As noted above, the position, shape and intensity of 
CW EPR lines for FR and VP in the X-band are a kind 
of fingerprints for classifying hydrocarbon raw materials 
from various oilfields and allow controlling the processes 
of PDS treatment (Yen, Chilingarian, 1994, 2000; 
Mehrabi-Kalajahi et al., 2018). It is logical to assume 
that the electronic relaxation characteristics are also 
parameters that are sensitive to changes in the chemical 
and coordination environment of the PC in PDS.

lineshapes) for the Salym oil. Numerical parameters of 
approximations for FR are given in Table 3.

Our experience in studies of various PDS in the 
W-band (Volodin et al., 2013) shows that the FR 
spectra in the vast majority of cases have an asymmetric 
lineshape (the left, low-field wing is “prolonged”). Thus, 
the typically accepted description of EPR spectra for 
FR in the X-band does not allow describing the EPR 
spectrum at higher frequencies.

The authors of (Di Mauro et al., 2005) drew attention 
to the asymmetry of the EPR line of “free” radicals in 
asphaltenes from Arabian and Colombian deposits in 
the W-band. They failed to describe the experimental 
data with an anisotropic g-factor for single PC and, as a 
result, it was assumed that the EPR spectrum is due to 
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Table 5. Relative concentrations of “free” radicals and 
vanadyl-porphyrin complexes (CFR/CVP) in the studied 
samples of asphaltenes (from measurements in the X-band 
at T = 300 K)

Sample Ainit A1 A2 

N1 1.9 ± 0.1 3.6 ± 0.2 1.4 ± 0.1 
N2 49 ± 2 60 ± 3 28 ± 2 
N3 0.73 ± 0.05 0.7 ±  0.1 0.7 ± 0.1 
N4 1.15 ± 0.09 1.0 ± 0.1 0.50 ± 0.05 

The objects of the study were 12 different asphaltene 
powders (section 2.1) extracted from technical bitumen 
and heavy oils. The measurements were performed in the 
W-band at T = 300 K. As in the case of X-band studies, 
it was found that for FR the longitudinal relaxation 
times of T1FR are in the range of 20–100 ms, significantly 
varying from sample to sample, while for VP complex, 
the values of T1VP are significantly shorter (in the range 
of 1.0–1.8 ms, Figure 11).

The times of VP transverse relaxation in asphaltenes 
are also significantly shorter than for FR. In all samples, 
without taking into account the modulation effects, a 
monoexponential decay of the transverse magnetization 
was observed with characteristic T2VP times in the range 
of 80–220 ns.

The character of the T2FR transverse magnetization 
decay differs from the monoexponential one (Figure 12) 
and can be well described by the expression (Mamin et 
al., 2016):

,	 (3)

where MFR is a coefficient proportional to the FR 
concentration, and m is a parameter that takes into account 
the spectral diffusion in the FR. Table 5 shows data on 
measuring the relative concentration of PCs in the X-band.

All the obtained relaxation data are well grouped 
around the following straight lines (Figure 13): 

	 (4)

	 (5)

Fig. 11. Longitudinal relaxation times T1 for FR (a) and VP (b) at T = 297 K in the W-band for 12 studied asphaltene samples
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Fig. 12. ESE amplitude decay signal for FR in the 
W-band for sample No. 4 at room temperature. The dots 
represent experimental data, solid lines show the results 
of approximation by (2) with m = 0 in toluene solution 
(upper line, dissolution in the ratio A1:toluene = 1:10 by 
volume) and m = 3.6*10-6 ns-2 for the undissolved fraction 
(lower line)
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Fig. 10. Echo-detected EPR spectra of samples of Salym (left) and Chinese (right) petroleum in the W-band at room temperature 
and their description by the center of axial symmetry with g|| and g^ (Table 3). Experimental data are denoted as exp (black lines), 
approximation curves as sim (red lines)
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Fig. 13. Dependence of the product of the longitudinal relaxation time for FR by the spectral diffusion coefficient on the trans-
verse relaxation rate for VP (red squares, left ordinate axis) and the dependence of the transverse relaxation rate FR on the 
transverse relaxation rate of vanadyl porphyrins (open circles, right ordinate axis) for 12 samples studied
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From the analysis of relaxation times it was found 
(Mamin et al., 2016) that the acceleration of the 
transverse relaxation process according to (3) is caused 
by the presence of vanadyl-porphyrin molecules in the 
close vicinity (1–3 nm) of the FR. This discovery, in 
our opinion, shows a step towards understanding the 
structure of asphaltenes and to the role that vanadium 
complexes play in their aggregation. Note that when 
samples of asphaltenes are dissolved in organic solvents 
(for example, in toluene in the ratio of asphaltene: 
toluene ≥ 1:10 by volume and higher) the magnetization 
decay curves convert to a typical monoexponential form 
(Figure 12). The presented data once again support the 
need to study PDS under conditions close to native (in 
situ), and not in solutions or using model samples – the 
obtained dynamic characteristics on model samples and 
solutions may differ significantly from those for real 
petroleum systems. Here it is appropriate to emphasize 
again the features (advantages) of EPR techniques that 
allow to study both native PDS and their components 
and solutions.

Such “accelerations” of T2FR curves were not 
described for PDS before our experiments (Mamin et 
al., 2016). The fact that we were not able to observe 
them in the X-band seems to be related to the overlap 
of the FR and VP complex spectra at lower frequencies 
(Figures 2, 4, 7).

Conclusion
In this paper, we have tried to demonstrate some of 

the capabilities of pulsed and high-frequency EPR for 
studying petroleum disperse systems. Among the results 
of the work the following items can be emphasized.

1. It is found that in asphaltenes, as well as in a large 
number of samples of light and heavy oils it is possible to 
observe electron spin echo signal of native paramagnetic 
centers at room temperatures and in a strong magnetic 
fields (B = 3.4 T). This makes it possible to apply a wide 

toolkit of pulsed EPR techniques to study unfractionated 
petroleum disperse systems, high-molecular components 
of petroleum disperse system and their solutions, identify 
the types and values of electron-nuclear interactions, 
track changes in time parameters that characterize 
complex hydrocarbon systems under external influence, 
etc., even without the use of cryogenic technology.

2. Analysis of the transverse magnetization decay 
curve (ESEEM) on the components of paramagnetic 
vanadyl-porphyrin petroleum disperse system complexes 
makes it possible to identify electron-nuclear interactions 
with the 14N and 1H environment nuclei under in situ 
conditions, while these hyperfine interactions cannot be 
detected in the EPR spectra of native petroleum disperse 
system samples due to inhomogeneous line broadening.

3. The use of high-frequency EPR makes it possible 
(at least partially) to spectrally separate contributions 
from various paramagnetic centers, and to determine 
their spectral and relaxation characteristics more 
precisely.

4. It was found that the slinehape of the EPR signal of 
“free” organic radicals in the studied oil and asphaltene 
samples in the W-band cannot be described by an 
isotropic single line, as in the X-band. Thus, the results 
and conclusions of a number of studies on the analysis 
of changes in the shape of the EPR line in petroleum 
disperse system in the X-band under external influence 
should be reinterpreted.

5. At the same time, in contrast to the results of (Di 
Mauro et al., 2005), it is shown that in a number of 
petroleum disperse system, EPR lines of “free” organic 
radicals can be attributed to single paramagnetic center 
of axial symmetry.

6. Due to spectral resolution of lines of various 
paramagnetic centers in the petroleum disperse system 
in strong magnetic fields (B = 3.4 T, W-band), the effect 
of increasing the rates of electronic transverse relaxation 
of paramagnetic centers native for the petroleum disperse 
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system asphaltenes is found. The obtained data are 
interpreted in the framework of a model of spectral 
diffusion between fast- and slow-relaxing paramagnetic 
centers in supramolecular complexes of asphaltenes.

The authors hope that further research will allow to 
reveal new possibilities of EPR to follow dynamic and 
structural properties of petroleum disperse system like 
in biomolecular systems (Qin, Warncke, 2015a, b).
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