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Физико-химические и структурно-реологические свойства нефтяной дисперсной 
системы определяются структурой, размерами и составом сложных структурных единиц, 
образующихся в результате ассоциации парафинов, асфальтено-смолистых компонентов. 
Поэтому для выбора метода воздействия при добыче, промысловой подготовке, транспор-
тировке и для переработки тяжелых нефтей необходимо знание об углеводородном составе, 
особенно, о структуре парафинов, смол и асфальтенов. Произведен расчет параметров гео-
метрического и электронного строения модельных молекул смол, асфальтенов для опре-
деления индексов реакционной способности и, следовательно, возможностей формирова-
ния новой нефтяной дисперсной системы. На основе метода функционала плотности  
B3LYP/6-311+G(d,p) в работе приведены квантовохимические расчеты электронной струк-
туры и  геометрии модельных молекул смол. Было выявлено, что количество бензольных ко-
лец не оказывает существенного влияния на геометрическое и электронное строение углево-
дородных фрагментов. Значительное влияние на характеристики модельных молекул оказы-
вают гетероатомы N, S и функциональная группа OH. Атом азота значительно увеличи-
вает дипольный момент молекулы по сравнению с серой и гидроксильной группой, а наиболь-
шее изменение геометрической и электронной структуры наблюдается при наличии атома 
серы. Таким образом, при выборе методов воздействия при подготовке тяжелого углеводо-
родного сырья важное значение имеет элементный состав, так как именно гетероатомы в 
многоядерных системах с конденсированными ядрами влияют на индексы реакционной спо-
собности и способствют образованию свободнорадикальной формы и формированию новой 
нефтяной дисперсной системы. 

Ключевые слова: смолы, асфальтены, многоядерные гетероциклические соединения, квантово-
химический расчет, индексы реакционной способности, геометрическое и электронное строение 
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Physical-chemical and structural-rheological properties of the oil disperse system are de-
termined by the structure, size and composition of the complex structures resulting from the asso-
ciation of paraffins and tarry asphaltene components. Therefore, data about hydrocarbon compo-
sition, especially the structure of paraffins, tars and asphaltenes, required to choose recovery 
method in the extraction, field treatment, transportation and processing of heavy oils. In article 
parameters of the geometric and electronic structure of the tars and asphaltenes model molecules 
to determine reactivity indexes and, consequently, the possibility of a new oil dispersed system for-
mation were calculated. Based on the density functional method B3LYP/6-311+G(d,p), quantum 
chemical calculations of the electronic structure and geometry of model tar molecules are given in 
the work. It was found that the number of benzene rings does not have a significant impact on the 
geometric and electronic structure of hydrocarbon fragments. The heteroatoms N, S and -OH func-
tional group have a significant influence on the characteristics of model molecules. The nitrogen 
atom significantly increases the molecule dipole moment, compared to the sulfur and hydroxyl 
group, and the greatest change in geometric and electronic structure is observed in the presence of 
a sulfur atom. To choose recovery method in the heavy hydrocarbon crude treatment, the elemental 
composition is quite important, since it is heteroatoms in multi-core systems with condensed nuclei 
that affect the reactivity indices and provides generation of a free radical form and creation of a 
new oil dispersion system. 

Key words: tars, asphaltenes, multi-core heterocyclic compounds, quantum-chemical calculation, reac-
tivity indices, geometric and electronic structure 
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At present time, a great attention is paid to the 
development of technologies associated with the ex-
traction, treatment, transportation, storage and pro-
cessing of highly viscous heavy oils. They contain more 
high-molecular components (asphaltenes, tars, paraf-
fins), which complicate technological processes [1-6].  

It is known that chemical and physical effects, 
as well as mixing of highly viscous heavy oils sharply 
change rheological properties, which indicates struc-
ture change of the oil dispersed system.  

Tarry asphaltene substances are sols of oil dis-
persed systems, the dispersed phase of which is formed 
by tars and asphaltenes. Molecular weight of various 
asphaltenes is 700-6000 cu, for tars it is lower – from 
300 to 700 cu. Average elemental composition of tars 
and asphaltenes contains wt. %: C – 82±3, H – 8.1±0.7, 
O – 5%, N – 2-19, V, Ni – 0.01-0.02. They also contain 
trace amounts of Fe, Ca, Mg, Cu [7-15].  

Previously, on the basis of information about 
composition and rheological properties of oils from 
various fields, we have presented the effect of the con-
tent of tars, asphaltenes, paraffins on density (Fig. 1). 
It was shown that oil density increases with increase in 
tar and asphaltene content [16]. 

 

 
Fig. 1. Effect of tar, paraffin and asphaltene content on oil density 
Рис. 1. Влияние содержания смол, парафинов и асфальтенов 

на плотность нефти 

 
The physical-chemical and structural-rheolog-

ical properties of the oil disperse system are deter-
mined by the structure, size and composition of the 
complex structures resulting from the tarry asphaltene 
components association. 

It is known that chemical and physical effects, 
as well as the mixing of highly viscous heavy oils, pro-
duce sharp changes in rheological properties, which in-
dicates a change in the structure of the oil dispersed 
system. Therefore, information of the hydrocarbon 
composition, content of tars and asphaltenes, espe-
cially their structure, is necessary to choose a recovery 
method to provide the necessary rheological properties 
of heavy oils [7-15]. Since in heavy oils there is a high 
tar content (Fig. 1), we have carried out quantum 

chemical studies to identify the possible influence of 
the structure and composition of the tars on the possi-
bility of changing the oil disperse system, and there-
fore, for the further selection of method and mode of 
physical impact. 

Earlier we have found [17] that position of 
benzene rings and nitrogen atom do not change struc-
tural parameters of model tar molecules of "continen-
tal" type. Methyl group also has no significant effect. 
The presence of nitrogen in the ring is important. Our 
calculations have shown that nitrogen atom in the hy-
drocarbon fragment significantly affects the reactivity 
indices. In this regard, we have studied geometric and 
electronic structure of molecular models of tars of the 
"continental" type – polycyclic aromatic structures 
with molecular masses of 350-700, including N, S het-
eroatoms and -OH group. The reactivity indices were 
also analyzed, which are determined in the approxima-
tion of an isolated molecule taking into account the 
static properties of only the initial compounds: the 
structure and energy of the boundary molecular orbit-
als, charges, bond lengths, angles, softness and rigid-
ity, as well as the dipole moment. 

RESEARCH METHODS 

Geometry of model molecules is fully opti-
mized within the framework of the hybrid density func-
tional method B3LYP/6-311+G(d,p) (Fig. 1). The 
same method was used to calculate the frequencies of 
normal modes in the harmonic approximation. The 
achievement of the minimum potential energy on the 
surface of studied molecules was controlled using the 
Hessian eigenvalues, which were always positive. All 
calculations were performed using the quantum-chem-
ical programs GAMESS (US) (FireFly) and GAUSS-
IAN [18, 19]. 

Enthalpy change calculation was made by for-
mula [20] (1): 

H298 = 8.89nC - 6.75nH + 18.35nN + 
+ 13.64nS - 33.22nO   (1) 

where ni – number of atoms of the i-th element in crude 
composition  
 

 
Fig. 2. Model tar molecules 

Рис. 2. Модельные молекулы смол 
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RESULTS AND DISCUSSION 

Analysis of geometric and electronic parame-
ters, components of the oil dispersed system, allows to 
determine the possibilities of interaction and formation 
of a new structural unit of dispersed system. In addi-
tion, it enables to specify the energy of the possible 

physico-chemical effects in the heavy oil treatment to 
ensure the necessary rheological properties. The ther-
modynamic properties of complex organic systems are 
important parameters in modeling the processes of 
their treatment and processing. Calculation results of 
the geometric and electronic structure are presented in 
Tables 1-3. 

 

Table 1 
General characteristics of model tar molecules, calculated by B3LYP/6-311+G(d,p) method 

Таблица 1. Общие характеристики модельных молекул смол, рассчитанных методом B3LYP/6-311+G(d, p) 

Structure M, g/mole H298, kcal/mole ЕВЗМО, eV ЕНСМО, eV η, eV  S, eV-1 μ, D 

1 350 154.40 -4.42 -2.57 0.93 0.54 0.01 

2 472 229.8 -4.62 -2.47 1.08 0.54 0.01 

3 357 170.60 -4.63 -2.77 0.93 0.54 3.08 

4 370 159.17 -4.38 -2.57 0.91 0.55 1.85 

5 366 121.2 -4.42 -2.56 0.93 0.54 0.86 
Notes: *molecular hardness - η = (εНСМО – εВЗМО)/ 2 
**molecular softness - S= 1/(2η) 
Примечания: * молекулярная твердость - η = (εНСМО - εВЗМО) / 2 
** молекулярная мягкость - S = 1/(2η) 

 

Table 2 
Geometric parameters of model tar molecules calcu-

lated by B3LYP/6-311+G(d, p) method 
Таблица 2. Геометрические параметры модельных 

молекул смол, рассчитанных методом B3LYP/6-
311+G(d, p) 

Bond lengths, 
Å/Angles, deg. 

Values of bond lengths and valence angles 

1 2 3 4 5 

r(C1-C2)* 
r(N1-C2) 
r(S1-C2) 

1.411 1.437 
1.358 

 

 
 

1.762 
1.413 

r(C2-C3) 1.390 1.425 1.389 1.364 1.385 

r(C3-C4) 1.437 1.425 1.431 1.460 1.438 

r(C4-C5) 1.441 1.439 1.432 1.449 1.441 

r(C5-C6) 1.424 1.439 1.426 1.426 1.423 

r(C6-C1) 
r(C6-N1) 
r(C6-S1) 

1.372 1.362 
 

1.314 
 

 
 

1.691 
1.374 

r(C1-H) 
r(S1-H) 

r(C1-OH) 
1.086 1.087 

- 
 

 
1.433 

 
 

1.367 

r(C2-H) 1.084 - 1.085 1.081 1.083 

r(C6-H) 1.087 1.087 1.090 1.082 1.088 

r(О-H) - - - - 0.966 

CCC 
118.53… 

122.03 

118.14
… 

121.53 

117.30… 
124.98 

119.33… 
122.84 

118.94… 
121.68 

CCН 
117.83… 

120.98 
118.21… 
120.37 

119.04, 
120.81 

114.25… 
123.66 

116.53, 
120.91 

CNC - - 117.90 - - 

HCN - - 
114.21, 
117.00 

- - 

CSН - - - 
97.01, 
112.03 

- 

CCО - - - - 123.49 

CОН - - - - 109.04 

Note: * superscripts denote the atom location in the hydrocar-
bon fragment (Figure 1) 
Примечание: * верхние индексы обозначают расположе-
ние атома в углеводородном фрагменте (рис. 1) 

Table 3 

Mulliken atom charge (q) values in model tar molecules 

Таблица 3. Значения зарядов (q) атомов по Малли-

кену в модельных молекулах смол 

№ Atom 
Values of atomic charges (q) 

1 2 3 4 5 

C1 

N1 

S1 

-0.091 -0.153 

 

-0.453 

 

 

 

0.420 

0.371 

C2 -0.191 0.108 0.008 -0.439 -0.226 

C3 0.093 0.003 0.086 0.174 0.102 

C4 -0.018 -0.035 -0.001 -0.060 -0.019 

C5 0.145 0.163 0.109 0.195 0.154 

C6 -0.161 -0.148 0.063 -0.461 -0.232 

Н2 (Н1) 
0.092  

(-0.191) 
0.099 0.080 

-0.025 

(0.125) 
0.099 

Н6 0.097 0.093 0.096 0.111 0.082 

О 

Н 
 - - - 

-0.367 

0.311 

 

Calculations show that the enthalpy of for-

mation of H298 (Table 1) increases with increasing 

molecular weight. When considering molecular struc-

tures with an equal number of benzene fragments, it 

can be seen that presence of nitrogen atom in structure 

greater increases the formation enthalpy than presence 

of sulfur and hydroxyl group. Also, the nitrogen atom 

significantly increases the dipole moment of the mole-

cule, compared with the sulfur and hydroxyl group. So, 

according to the influence on the value of the formation 

enthalpy and dipole moment, the atoms and -OH func-

tional group are arranged as follows: N>S>OH.  

Quantum chemical calculation of geometric 

and electronic parameters of model molecules shows 

that the number of benzene rings does not significantly 
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affect the parameters of the geometric and electronic 

structure of the hydrocarbon fragment (benzene ring 

with N, S atoms and a hydroxyl group). Moreover, ear-

lier [17] it was shown that their location does not affect 

the geometric and electronic structure. The charge dis-

tribution in the hydrocarbon fragments is also almost 

identical. 

We studied the effect of N, S heteroatoms and 

–OH functional group on the structural parameters of 

model molecules. With the presence of a nitrogen atom 

in the hydrocarbon fragment the C – C bond length and 

valence angles CCC, CCH decrease, the but the C 

– H bond length increases, and a high value of the 

CNC valence angles is also observed (Table 2). In 

the presence of a nitrogen atom in the hydrocarbon 

fragment, the electron density redistributes. The maxi-

mum charge is concentrated on the nitrogen atom (-0.453). 

Nitrogen pulls on the charge, and therefore, the charge 

on C atoms (from -0.191 to 0.008) and hydrogen atoms 

(from 0.097 to 0.080) decreases (Table 3).  

The greatest distortion of the hydrocarbon 

fragment is observed in the presence of a sulfur atom. 

Thus, the C – S bond length is 1.762 Å, the charge on 

the S atom is 0.439, and the charge on the hydrogen 

atom decreases to 0.025. But the presence of a hy-

droxyl group is not so significant, since the C-OH bond 

length is 1.367 Å, the charge on the oxygen atom is 

0.371. 

Calculation of model structures showed that to 

choose recovery methods in the heavy hydrocarbon 

crude treatment elemental composition is important, 

since it is heteroatoms in multi-core systems with con-

densed nuclei that affect the reactivity indices: dipole 

moment and bonds length increase, atoms charges in 

concerned hydrocarbon fragments decrease. Moreo-

ver, it can be supposed that physical impact breaks C–

H, C–OH, C–S bonds and this provide creation of free 

radical form. Such forms can be in equilibrium or form 

a new, more complex oil dispersion system. 

Thus, during physical impact, it is possible to 

release energy sufficient to break the bonds, which will 

later form a new oil dispersed structure. For example, 

we have previously conducted studies of microwave 

exposure to highly viscous heavy oils with a viscosity 

of 184.7605 mPa·s and 7258.4512 mPa·s, with a den-

sity of more than 900 kg/m3, which showed that oil 

with a microwave effect undoubtedly changes its rhe-

ological properties depending on the mode and dura-

tion of processing [21]. It can be assumed that a new 

oil dispersion system is being formed, which in turn 

can not only improve the rheological properties, but 

also worsen them. Thus, a more complex oil dispersion 

structure will increase oil viscosity, change the crude 

thermodynamic characteristics and complicate treat-

ment and processing. In this regard, it is very important 

to choose a method and mode of physical impact while 

crude treatment so that the impact energy will be 

enough to break bonds in order to obtain a lighter hy-

drocarbon structure. 
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