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Abstract 

Objectives. The increased use of unmanned aerial vehicles necessitates the search for jet fuels 
based on hydrocarbon materials with high energy intensity and physical density. The purpose 
of the work was to analyze the influence of various factors on the mass energy intensity of 
hydrocarbons. This analysis is required to substantiate the algorithm for locating energy-intensive 
CnHm structures.
Methods. Combustion energy was calculated using additive procedures. The calculations were 
performed using Microsoft Excel.
Results. During the analysis of the mass energy intensity of CnHm hydrocarbons, the m/n ratio 
was discovered to be the decisive factor for achieving high values of the mass energy intensity of 
hydrocarbons. The energy intensity decreases when moving from alicyclic to cyclic hydrocarbons, 
and this decrease is not compensated by the production of strain energy. An additive scheme that 
allows the molar volume of hydrocarbons to be predicted with sufficient accuracy is proposed for 
calculating the volumetric enthalpies of combustion.
Conclusions. According to the thermodynamic analysis, n-alkanes have the highest mass energy 
intensities. The technology for extracting n-alkanes from oil fractions is well developed, and a 
decrease in the hydrogen content in the fuel results in a decrease in the mass energy intensity. 
It appears improbable that the mass and volumetric energy intensities of hydrocarbons 
seem will reach their maximum values simultaneously. Hydrocarbons that have a high m/n 
value, 2, 3, 4, 5, 6-membered rings, and phenyl fragments may have relatively high mass and 
volumetric energy intensities at the same time.

Keywords: hydrocarbon fuel, energy intensity, polycyclic hydrocarbons, mass enthalpy of 
combustion, volumetric enthalpy of combustion, additive calculations
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Энергоемкость углеводородов в жидком и твердом состояниях
Г.Я. Кабо, Л.А. Кабо, Л.С. Карпушенкова@, А.В. Блохин

Белорусский государственный университет, Минск, 220030 Беларусь
@Автор для переписки, e-mail: karpushenkava@bsu.by

 Аннотация 

Цели. Расширение сфер использования беспилотных летательных аппаратов требует 
поиска реактивных топлив с высокой энергоемкостью и физической плотностью на осно-
ве углеводородных материалов. Цель работы заключалась в проведении анализа влияния 
различных факторов на массовую энергоемкость углеводородов, необходимого для обосно-
вания алгоритма поиска энергоемких структур CnHm.
Методы. Энергия сгорания рассчитывались с использованием аддитивных процедур. Рас-
четы проводились в программе MS Excel.
Результаты. В ходе проведенного анализа массовой энергоемкости углеводородов CnHm 
было установлено, что решающим фактором для достижения высоких значений мас-
совой энергоемкости углеводородов является отношение m/n. При переходе от алици-
клических углеводородов к циклическим энергоемкость снижается, и данное снижение 
не компенсируется возникающей энергией напряжения. Предложена аддитивная схема, 
позволяющая с достаточной точностью предсказать молярный объем углеводородов для 
расчета объемных энтальпий сгорания.
Заключение. Термодинамический анализ показал, что максимальной массовой энерго-
емкостью обладают н-алканы, технология извлечения которых из нефтяных фракций 
хорошо отработана, уменьшение же содержания водорода в топливе приводит к сни-
жению массовой энергоемкости. Одновременное достижение максимальных значений 
массовых и объемных энергоемкостей углеводородов представляется маловероятным. 
Возможно, одновременно более высокой массовой и объемной энергоемкостью будут обла-
дать углеводороды с высоким значением m/n, содержащие 2, 3, 4, 5, 6-ти членные циклы 
и фенильные фрагменты. 

Ключевые слова: углеводородное топливо, энергоемкость, полициклические углеводороды, 
массовая энтальпия сгорания, объемная энтальпия сгорания, аддитивные расчеты

Для цитирования: Кабо Г.Я., Кабо Л.А., Карпушенкова Л.С., Блохин А.В. Энергоемкость углеводородов в жидком и твер-
дом состояниях. Тонкие химические технологии. 2021;16(4):273–286. https://doi.org/10.32362/2410-6593-2021-16-4-273-286

CnHm hydrocarbons in condensed states (liquid 
and crystal) are effective fuels for jet engines because 
of their high energy intensity and a set of other physical 
and technical characteristics [1]. The mass and 
volumetric enthalpies of combustion of hydrocarbons 
(ΔсН (CnHm) MJ·kg−1, ΔсН (CnHm) MJ·dm−3) are the 
key parameters for assessing the prospects of using 
hydrocarbons as fuel for air-jet engines. Technically, 
rocket engines that use fuels based on T-1 and T-6 
petroleum fractions and synthetic hydrocarbons 
containing three- and four-membered cycles in the 
molecular structure have been implemented [2, 3]. The 

energy of strained C3 and C4 cycles in hydrocarbon 
molecules is generally accepted [2] to be released in 
the form of additional energy upon their combustion.

There are established methods for predicting the 
physicochemical properties of hydrocarbons based 
on the classical theory of molecular structure [4, 5]. 
However, there are no clearly formulated rules or 
algorithms for finding energy-intensive compounds. 
Therefore, the search for energy-intensive substances 
is carried out intuitively, and some commercially 
produced hydrocarbons, such as syntin (1-methyl-1,2-
dicyclopropylcyclopropane) and bicyclobutane [6], do 
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not have maximum energy intensities although their 
synthesis methods and technologies are complex and 
expensive [3].

This paper presents an analysis of the influence 
of various factors on the mass energy intensity of 
hydrocarbons, which is necessary for substantiating a 
possible search algorithm for energy-intensive CnHm 
structures.

INFLUENCE OF DIFFERENT FACTORS 
ON THE MASS ENERGY INTENSITY 

OF CnHm HYDROCARBONS

It can be assumed a priori that the following, not 
in order of their importance, are the main factors that 
determine the energy intensity of fuels:

1. The state of hydrocarbons (crystal (cr.) or liquid 
(liq.)).

2. The elemental composition of CnHm, that is, 
the m/n ratio, or the mass fraction of hydrogen in the 
hydrocarbon.

3. The structural features of the CnHm molecules: 
the presence of double bonds and cycles of various 
sizes.

To study the influence of these factors on the 
mass energy intensity of CnHm we used the values of 

(298.15 K, liq., cr.) of the gross (higher, 
standard) enthalpy of combustion of 95 С6Hm–C12Hm 
hydrocarbons of various compositions and 
structures from the National Institute of Standards 
and Technology database (NIST, USA)1 and their 
enthalpies of melting from reference books [7, 8]. 
The net (lower) heats of combustion were calculated 
using the following equation:

 (298.15 К, CnHm, liq., cr.)  = (298.15 К, CnHm, liq., cr.)  + 
+  (298.15 К, H2O),                                                         (1)

1 NIST Chemistry Webbook. https://webbook.nist.gov/chemistry/. Accessed May 20, 2021.

where  the  enthalpy  of  vaporizat ion of   water 1 
ΔvapH

0(298.15 K, H2O) = 44.0 kJ·mol−1.
To determine the fraction of melting enthalpy in 

the enthalpy of combustion, the difference between 
the enthalpies of combustion of various hydrocarbons 
in the crystalline and liquid states was analyzed. The 
enthalpies of melting of hydrocarbons are significantly 
irregular, varying by a factor of 2–5 even among 
related compounds. This is largely determined by the 
existence of solid-phase transitions, including those 
associated with the formation of plastic crystals, in 
which the reorientation of molecules at the sites of 
crystal lattices is not excluded [9–11]. There are no 
simple correlations between the melting enthalpies 
and the melting point (Tfus) values such as Trouton’s rule: 

. Estimates of the ratios  

for CnHm suggest that this value is within 0.1–0.5% in 
most cases and is comparable with the values of possible 
deviations (CnHm) in measurements for 
samples of the same type from different authors. Thus, 
the mass energy intensity of CnHm can be assumed to 
be practically independent of the condensed state of 
the hydrocarbon: liquid or solid. However, the density 
of hydrocarbons, the volumetric energy intensity of 
fuels, and many other properties that influence the 
design of jet engines as well as their tactical and 
technical characteristics are all influenced by the 
state of substances.

The influence of the composition of CnHm 
hydrocarbons on the mass energy intensity was 
investigated based on the classical theory of molecular 
structure [4, 5]. It is worth noting that the value of 
the standard enthalpy of combustion increases as the 
mass fraction of hydrogen in molecules increases 
(Fig. 1). According to the Tatevskii principles of 

Fig. 1.  Dependence of the mass enthalpy of combustion of hydrocarbons,  MJ·kg–1, 
on the mass fraction of hydrogen m(H) in the compound.

https://webbook.nist.gov/chemistry/
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classification of effective atoms [4, 5] the chemical 
individuality, i.e., the charge of nuclei determines the 
genus of atoms. Therefore, in a first approximation, 
the gross and net molar enthalpies of combustion of 
hydrocarbons can be represented as equation (2):

(CnHm, 298.15 K, kJ·mol−1)  = 

=  + ,              (2)

where n and m are the numbers of carbon and hydrogen 
atoms in the molecules, respectively;  
and  are the fractions of the enthalpies of 
combustion attributed to the corresponding effective 
atoms. The numerical values of the additive contributions,   

 and (kJ·mol−1), were 
calculated using the least squares method from a 
system of 95 equations for  (CnHm, 298.15 K) 
borrowed from the NIST Chemistry Webbook of CnHm 
hydrocarbons (n = 6, 8, 10, and 12) with various m/n 
ratios, which suggests a variety of structural features 
of various classes of hydrocarbons, such as alkanes, 
alkenes, cycloalkanes, polycycloalkanes, and aromatic 
compounds. Although the choice of substances was 
rather arbitrary, substances with the smallest declared 
experimental error (CnHm, 298.15 K) were shown 
preferences.

For mass enthalpies of combustion, the following 
equation is valid:

(CnHm, 298.15 K)   = (C) MJ·kg−1 + 

+  (H) MJ·kg−1,                                                   (3)

where mC and mH are the masses  of  the corre-
sponding atoms in 1 kg (g) of the CnHm hydrocarbon, i.e., 
mC + mH = 1 kg (1 g).

The values of the additive contributions for 
the molar and mass enthalpies of combustion are 
presented in Table 1.

The deviation of the calculated  (CnHm) 
from the experimental values is |δ|mean ≈ 1.1% on 

average. This difference exceeds 3 × |δ|mean for 6 out of 
95 hydrocarbons.

This indicates that predicting  (CnHm) 
based on the simplest qualification by the genus of 
effective atom is satisfactory. A comparison of the net 
mass enthalpies of combustion of well-characterized 
hydrocarbon fuels (Table 2) can provide additional 
confirmation of the efficiency of forecasting 

 (CnHm) based on equations (1) and (2).
Since the ratio of the atom contributions to the net 

mass enthalpy of combustion (CnHm, MJ·kg−1) is  
(H) : (С) = 87.977 : 36.275, hydrocarbons 

with the highest values  (with a larger mass fraction 

of hydrogen) should have the highest energy intensity 
(Fig. 1). This parameter varies from 0.335 for methane 
to 2.77 × 10−3 for fullerene hydride, С60H2.

All the noted regularities are practically independent 
of the state (liquid or crystal) of hydrocarbons, and no 
noticeable systematic deviation of CnHm in the solid state 
was observed in the calculations.

The influence of the molecular structure on the mass 
energy intensity of substances was determined according 
to the classical theory of molecular structure [4, 5]. 
According to the Tatevskii principles [4, 5], effective 
atoms in molecules are classified into species based on 
their valence states and nearest environment.

There are four species of effective carbon atoms in 
alkanes, depending on the first environment:

    (С1);	     (С2);	
 	

    (С3);	       (С4).

Table 1. Increments of the enthalpies of combustion of C and H atoms in CnHm hydrocarbons

− (С), kJ·mol−1 − (H), kJ·mol−1 − (С), kJ·mol−1 − (H), kJ·mol−1

435.687 110.675 435.687 88.675

− (С), MJ·mol−1 − (H), MJ·mol−1 − (С), MJ·mol−1 − (H), MJ·mol−1

36.275 109.83 36.275 87.977
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Table 2. The net mass enthalpies of combustion of some hydrocarbon fuels

No. Combustible CnHm M, g·mol−1 – , MJ·kg−1, exp. – , MJ·kg−1, calc.

1 T-6 С13.51H25.34 187.5057 43.15* 43.30

2 α-Methylstyrene dimer 
С18H20

236.3514 40.2* 40.7

3 Anthracene С14H10 178.2292 39.9* 39.2

4 Toluene C7H8 92.1354 40.96* 40.8

* NIST Chemistry Webbook.

For calculating the gross enthalpies of combustion 
of alkanes (Table 3), Yarovoi [5] calculated the numerical 
values of the contributions  of four species 
of effective atoms, Ci (i = 1–4). Table 3 also shows the 
values of similar additive increments calculated based on 
the results of this work using the following equation:

                              (4)

where i is the species of effective atom (i = 1–4);  
is the increment of the enthalpy of combustion of the C atom 
(Table 1), and  is the increment of the enthalpy of 
combustion of the H atom (Table 1).

The results of  calculations using 
equation (4) are in satisfactory agreement with the 
corresponding values obtained by Yarovoi [5] (Table 3).

This implies that the difference in the enthalpies of 
combustion of alkane isomers should be small. Indeed, 
the maximum values of the ratios of the enthalpy 

of isomerization to the enthalpy of combustion in 
condensed states are 0.43, 0.38, and 0.29% for hexane 
isomers, heptane, and octane, respectively [12]. In this 
case, n-alkanes are almost always characterized by the 
maximum enthalpy of combustion. Exceptions may 
exist for highly branched hydrocarbons with additional 
steric effects. For example, according to NIST, 

 (n-C14H30) = −9399.83 kJ·mol–1 and  
(2,2,3,3,5,5,6-heptamethylheptane) = −9413.60 kJ·mol–1 
(  ~0.15%).

Thus, it is worth noting that the isomerism in 
alkanes and alkyl groups has a minor effect on the 
mass energy intensity of hydrocarbons.

The valence states and the “cyclicity” of effective 
carbon atoms affect the value of the enthalpy of 
combustion of hydrocarbons. We have shown [9, 13, 14] that 
introducing the “cyclicity” parameter of the effective 
atom, which is determined by the size and method of 
joining the cycles, results in the versatility of additive 
calculations of physicochemical properties. In this 
case, the number of types of effective carbon atoms 
increases to six:

Table 3. Contributions of  and  of the effective atoms 
to the enthalpy of combustion of alkanes

No. Atom − , kJ·mol−1 [5] − , kJ·mol−1, this work |δ|mean, %

1 C1 770.45 767.71 0.36

2 C2 645.98 657.04 0.31

3 C3 535.51 546.36 1.27

4 C4 421.32 435.69 3.4
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С  – acyclic

 –  monocyclic

 –  bicyclic

  –  tricyclic

 –  tetracyclic

 –  spirocyclic

Conventionally, double bonds are considered 
two-membered cycles. Naturally, such a classification 
of effective atoms significantly increases the number 
of required additive constants. The possibility of 
predicting the enthalpy of combustion  
(CnHm, 298.15 K) can be simplified using the 
generalized parameters of cycle strain energy, which 
are determined for monocyclic compounds as 

                (5)

In this ratio,  is calculated using 
the corresponding contributions for unstrained 
compounds in the state of ideal gas according to 
Benson [15] or Tatevskii and Yarovoi [4, 5]. Kozina 
[16] and Kolesov [17] studied the strain energies 
of cyclic hydrocarbons in detail. In [16], the 
conditionality of the Ei value was rightly noted, and 
in [17], Ei was demonstrated to be less dependent on 
the number of alkyl substituents in cyclic compounds. 
Table 4 presents the numerical values of Ei in cyclic 
compounds in the state of ideal gases.

We used equations similar to equation (5) to 
calculate the conditional strain energy (Ei

*) for 
monocyclic hydrocarbons in the liquid state:

                                           (6) 

Using the data in Table 1, the calculated value of 
the enthalpy of combustion of liquid hydrocarbons   

 was determined using equation (7). 
The fact that the increments for the liquid and crystalline 
states are practically indistinguishable in magnitude was 
considered:

                (7)

The results of Ei
* calculation and the change in 

the strain energy of the cycle during the transition 
from liquid to gaseous state are provided in Table 4.

The effective strain energies of the liquid 
hydrocarbon cycles are 35–45 kJ·mol−1 lower than 
those of the compounds in the ideal gas state. Five- 
and six-membered compounds are even more stable 
than their acyclic counterparts. The notable effects of 
energy stabilization of cyclic compounds in the liquid 
state are most likely associated with processes that 
result in an increase in the density of liquids due to a 
decrease in the intrinsic volume of molecules and an 
increase in intermolecular interaction.

As each new cycle or double bond is formed, the 
compound loses two hydrogen atoms. This causes 
a 2 × (–110.675) kJ·mol−1 (Table 1) decrease in the 
molar energy intensity, which is not compensated by 
the cycle strain energy even in the case of the most 
strained cyclopropane hydrocarbons (Table 4).

The strain energy of cycles for polycyclic 
compounds ( , Table 5) can differ significantly from 
that for monocyclic compounds (Table 4).

For polycyclic CnHm compounds, the number of 
cycles can be determined as

,                                                          (8)

and the molar gross heat of combustion can be 
calculated as

 (9)

where  is the effective strain energy for cycles 
i = 2, 4, 5, and 6 in the liquid state. The net heat of 
combustion is calculated in a similar manner.

Based on equation (9), new values of the additive 
constants,  and  ,  , 
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(Table 5) were calculated using the least squares method. 
This allowed the calculation error to be reduced on 
average to |δ|mean = 0.4% for all 95 compounds in the 
working database.

When calculating additive constants Ei
**, МJ·kg−1 

(kJ·g−1), it was assumed that

,                                       (10)

and thus, for the benzene (phenyl) ring, it was 
determined as

.                               (11)

The effectiveness of Equation (9) is illustrated 
by the calculation of the energy intensity of 11 С10Н16 
substances (Table 6). The calculated values of 
enthalpies of combustion were obtained using the 
data from Table 5. The mean calculation error was 
0.34%, which is considered a good result for a simple 
additive procedure.

Equation (9) can also be used to calculate 
 of cage hydrocarbons with convex 

polyhedron structures using the Euler formula for 
calculating the number of facet cycles:

ncycle = nij − n + 2,                                                         (12)

where nij is the number of C–C bonds (edges), n is the 
number of atoms (vertices), and ncycle is the number of 
cycles (faces).

Table 4. Ei strain energies and Ei* effective (conventional) strain energies of cyclic hydrocarbons [13, 16]

No. Cycle type Ei, id. gas, kJ·mol−1 Ei
*, liquid, kJ·mol−1 ,  kJ·mol−1

1 −93.5 −47.9 45.6

2 −115.5 −80.1 35.4

3 −111.3 −67.5 43.8

4 −25.1 9.3 34.4

5 −0.8 34.3 35.1

Table 5. Increments for (298.15 К) values calculation

(298.15 К)
kJ·mol−1 МJ·kg−1

gross net gross net

–ΔСH(C) 432.57 432.57 36.87 36.87

–ΔСH(H) 111.69 89.69 106.16 84.33

E2
** −50.67 −50.67 −1.81 −1.81

E3
** −79.87 −79.87 −1.90 −1.90

E4
** −76.87 −76.87 −1.37 −1.37

E5
** 1.63 1.63 0.023 0.023

E6
** 31.50 31.50 0.374 0.374

Ebenz.
** 35.37 35.37 0.453 0.453
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For example:
1. Cubane (C8H8) is a set of 6 four-membered cycles 

(ncycle = 12 – 8 + 2 = 6). Then 

  = 8  + 8   + 

+ 6   = −4815.3 kJ·mol−1,                                      (13)

which is 17.97 kJ·mol−1 (~0.4%) less than the 
experimental value (NIST value) for the crystal.

2. The C60 fullerene structure consists of 12 five-
membered and 20 benzene rings (see below). Thus,

 = 60  + 12  +
+ 20  = −25277 kJ·mol−1,                                   (14)

which differs by about 2.8 % from the experimental value of 
the enthalpy of combustion for C60 fullerite = −25956 kJ·mol−1 
[19]. Naturally, cage strain energy should be an 
individual characteristic of hydrocarbons such as 
tetrahedranes, prismanes, and icosahedranes [20], but 
the cage strain will most likely not exceed ~1% of the 

 kJ·mol−1 value.
Benzene derivatives are a special group of 

hydrocarbons. Conjugation effects increase the energy 
stability of liquid benzene. This is accompanied by 
a decrease in the molecule geometrical dimensions 
and an increase in the liquid density. Thus, n-hexane, 
cyclohexane, benzene have densities of 0.655, 0.7785, 
and 0.8790 g·cm−3, respectively [7]. According to our 
estimations, the mean value of the stabilization energy 
of the phenyl fragment is 35.37 kJ·mol−1. Thus, the 
final formula for calculating the mass (molar) energy 
of combustion is

  =   +  +  

+  + ,                                           (15)

where nbenz. is the number of benzene rings in the CnHm 
molecule.

VOLUMETRIC ENERGY INTENSITY 
OF CnHm HYDROCARBONS 
ΔсH(CnHm) MJ·dm−3 (kJ·cm−3)

The volumetric energy intensity of hydrocarbons 
is also one of the most important characteristics of 
reactive fuels. Various theoretically substantiated 
procedures for calculating the densities or molecular 
volumes of substances in condensed phases can be used 
to predict it [5, 21–24]. To implement the main task 
of this work, it is most likely advisable to use simple 
additive procedures similar to those previously used for 
calculating mass energy intensities. The proposition 

about the additivity of the molecular volumes of 
hydrocarbons appears to be physically justified. It 
can be approximately represented as equation (16):

 см3·моль−1 =  +  + 

+ + ,                                               (16)

where  and  are the molar volumes of the C 
and H atoms in hydrocarbons, and Vi is the parameter 
that accounts for the influence of cycles (double bonds) 
in molecules on  Vm(CnHm).

Thus, the volumetric energy intensity of hydro
carbons can be calculated using equations (17) or (18):

                                          (17)

       (18)

The additive constants of molecular volumes 
for 75 liquid CnHm hydrocarbons with n = 6–16 and 
different molecular structures were calculated using 
the d20 values (g·cm−3) found in the data from [7]. The 
Vm(C), Vm(H) and Vi values (Table 7) were obtained 
in the first version of calculations using the least 
squares method. They reproduced the experimental 
values with a mean absolute error of |δ|mean = 0.89%. 
However, it is difficult to explain the physical 
meaning of the obtained constants, particularly 
Vm(C) = −16.618 cm3·mol−1.

In the second version of the calculation, we used 
the value of the hydrogen atom volume, V(H) = (2.0 × 10−8)3 cm3, 
obtained by Askadskii and Matveev [21]. This value 
corresponds to   = 1.205 cm3·mol−1. If we assume that 
the packing density of molecular liquids is К ≈ 0.6, 
then Vm(H) ≈ 2.0 cm3·mol−1. Table 7 shows other Vm(C) 
and Vi values that reproduce the values of Vm(CnHm) 
with a relative mean deviation of |δ|mean = 3.79%. As a 
cycle forms due to the loss of two H atoms, the molar 
volume decreases by about –2Vm(H) = 4 cm3·mol–1 for 
each cycle.

For the monocyclic CnH2n hydrocarbons, the larger 
the cycle size at i = 2–6, the larger the decrease in the 
molecular volume, and accordingly, the increase in the 
density since V2 > V3 > V4 > V5 > V6.

Figure 2 is a comparison of the densities (d, g·cm−3) 
of CnHm hydrocarbons at n = 6. As shown in the figure, 
the loss of each pair of hydrogen atoms increases the 
density of the hydrocarbons.



Gennady J. Kabo, Lubov A. Kabo, Larisa S. Karpushenkava, Andrey V. Blokhin

283

Тонкие химические технологии = Fine Chemical Technologies. 2021;16(4):273–286

Table 7. Additive constants for calculating molecular volumes  

Thus, simultaneously achieving the maximum 
values of the mass and volumetric energy intensities of 
hydrocarbons appears improbable, and the optimization 
procedure is difficult. СnHm hydrocarbons with high m/n 
values and 4,5,6-membered rings in their molecular 
structures may have relatively high mass and volumetric 
energy intensities simultaneously.

The volumetric energy intensity of fuels with high 
mass energy intensity can be increased by adding high-
density carbon substances to them. We have demonstrated 
[25] that using nanotubes significantly increases the 
volumetric energy intensity of hydrocarbon fuels.

CONCLUSIONS

The above analysis of the molar and mass enthalpy 
of combustion (energy intensity) of CnHm hydrocarbons 
suggests that the following statements are true:

1. The m/n ratio, not the presence of a large number 
of small carbon cycles in the molecules, is the decisive 
factor for achieving high values of molar and mass energy 
intensity of CnHm hydrocarbons (kJ·mol−1, MJ·kg−1).

2. As the cycles in CnHm molecules occur, the 
number of hydrogen atoms by two atoms per cycle. This 
results in a decrease of 2  = –223.38 kJ·mol–1 
in the energy intensity, and in condensed hydrocarbons, 
this decrease is not compensated by the arising strain 
energy.

3. The highest mass energy intensity is found in 
n-alkanes, which are extracted from oil fractions using 
well-developed technology.

4. For quick estimates of the values of the molar and 
mass energy intensity of hydrocarbons at 298.15 K with 
an error of about 1%, it is logical to use simple relations:

 =  

5. Owing to the unique nature of these properties, 
a separate analysis is required to justify the method for 
predicting molar volumes (Vm (dm3·mol−1)), densities 
(d (kg·dm−3)), and volumetric combustion energies 
(MJ·dm−3).
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Fig. 2. Dependence of the density of hydrocarbons (hexane, cyclohexane, 
cyclohexene, 1,3-cyclohexadiene, and benzene) on the composition at n = 6 according to [7].

Vm, 
сm3·mol−1 Vm(C) Vm(H) V2 V3 V4 V5 V6 Vbenz. |δ|mean

I −16.62 16.41 24.74 22.89 20.00 15.17 12.08 91.90 0.89

II 15.34 2.0 1.7 −0.13 −1.65 −11.42 −26.06 −26.57 3.79
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Abstract

Objectives. Biogenic polyamines are widely present in nature. They are characteristic of both 
protozoan cells and multicellular organisms. These compounds have a wide range of biological 
functions and are necessary for normal growth and development of cells. Violation of polyamine 
homeostasis can cause significant abnormalities in cell functioning, provoking various 
pathological processes, including oncological and neuropsychiatric diseases. The impact on the 
“polyamine pathway” is an attractive basis for the creation of many pharmacological agents 
with a diverse spectrum of action. The purpose of this review is to summarize the results of the 
studies devoted to understanding the biological activity of compounds of the polyamine series, 
comparing their biological action with action on certain molecular targets. Due to the structural 
diversity of this group of substances, it is impossible to fully reflect the currently available data 
in one review. Therefore, in this work, the main attention is paid to the derivatives, acyclic 
saturated polyamines.
Results. The following aspects are considered: biological functionality, biosynthesis and 
catabolism, cell transport, and localization of biogenic polyamines in the living systems. 
Structural analogs and derivatives of biogenic polyamines with antitumor, neuroprotective, 
antiarrhythmic, antiparasitic, antibacterial, and other biological activities are represented; the 
relationship between biological activity and the target of exposure is reflected. It was found that 
the nature of the substituent, the number of cationic centers, and the length of the polyamine 
chain have a great influence on the nature of the effect.
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Conclusions. At present, the use of polyamine structures is restrained by cytotoxicity 
and nonspecific toxic effects on the central nervous system. Further research in the field of 
biochemistry, cell transport, and a deeper understanding of receptor interaction mechanisms 
will help making polyamines as the basis for potential drug formulation.

Keywords: polyamines, biogenic amines, putrescine, polyamine derivatives, spermine, 
spermidine, polyamine biosynthesis, polyamine catabolism, polyamine transport, antiarrhythmic 
activity, antibacterial activity, antitumor activity, polyamine analogs, neurodegenerative diseases
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Аннотация

Цели. Биогенные полиамины широко представлены в живой природе. Они характерны 
как для клеток простейших, так и для многоклеточных организмов. Данные соедине-
ния обладают широким спектром биологической активности и необходимы для нор-
мального роста и развития клеток. Нарушение гомеостаза полиаминов может вызы-
вать существенные отклонения в функционировании клетки, провоцируя протекание 
патологических процессов различного рода, включая онкологические и психоневрологиче-
ские заболевания. Воздействие на «полиаминовый путь» является привлекательным ба-
зисом для создания ряда фармакологически активных веществ с различным спектром 
действия. Целью данного обзора является обобщение результатов исследований, по-
священных изучению биологической активности соединений полиаминового ряда; сопо-
ставление биологического действия с воздействием на определенные молекулярные ми-
шени. В виду структурного многообразия данной группы веществ невозможно в полной 
мере отразить имеющиеся на сегодняшний момент данные в одном обзоре. Поэтому в 
настоящей работе основное внимание уделено производным насыщенных полиаминов 
ациклического строения.
Результаты. В общем виде рассмотрены следующие аспекты: биологическая актив-
ность, биосинтез и катаболизм, клеточный транспорт и локализация биогенных по-
лиаминов в живых системах. Представлены структурные аналоги и производные 
биогенных полиаминов, обладающие противоопухолевой, нейропротекторной, антиа-
ритмической, противопаразитарной, антибактериальной и некоторыми другими видами 
биологической активности; отражена взаимосвязь между биологической активностью и 
мишенями воздействия. Установлено, что на характер воздействия большое влияние оказы-
вает природа заместителя, количество катионных центров, а также длина полиаминовой 
цепи.

ОБЗОРНАЯ СТАТЬЯ
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Выводы. В настоящее время применение структур полиаминового ряда сдерживает-
ся наличием цитотоксичности, а также неспецифического токсического воздействия на 
ЦНС. Дальнейшие исследования в области биохимии, клеточного транспорта, а также 
более глубокое понимание механизмов рецепторного взаимодействия позволят использо-
вать полиамины в качестве основы для создания потенциальных лекарственных препа-
ратов.

Ключевые слова: полиамины, биогенные амины, путресцин, производные полиаминов, 
спермин, спермидин, биосинтез полиаминов, катаболизм полиаминов, транспорт полиа-
минов, антиаритмическая активность, антибактериальная активность, противоопу-
холевая активность, аналоги полиаминов, нейродегенеративные заболевания

Для цитирования: Егоров О.С., Борисова Н.Ю., Борисова Е.Я., Режаббаев М.Л., Афанасьева Е.Ю., Арзамасцев Е.В. 
Структура и биологическое действие аналогов и производных биогенных полиаминов. Тонкие химические технологии. 
2021;16(4):287–306. https://doi.org/10.32362/2410-6593-2021-16-4-287-306

INTRODUCTION

Polyamines (polymethylene polyamines) represent 
a large group of compounds that are widespread among 
biological entities. Structurally, polyamines are quite 
diverse, but the majority of their compounds are based 
on three biogenic polyamines: putrescine 1, spermidine 
4, and spermine 7. Cadaverine 2, norspermidine 3, 
homospermidine 5, norspermine 6, and homospermine 
8 are similar to the three basic polyamines, but with 
different molecular chain length (Fig. 1).

Structural fragments of polyamines exist in several 
alkaloids and toxins [1, 2]. To date, many conjugates 
of polyamines with other biomolecules, such as amino 
acids, oligonucleotides, steroids, etc., have been 
isolated and characterized [3, 4].

Fig. 1. Basic polyamines.

In living systems, at physiological pH values, 
these compounds exist in ionized form, representing 
organic polycations. The presence of a positive charge 
reflects a wide range of biological functionalities. 
Polyamines are involved in a variety of biological 
processes, such as cell growth, proliferation, and cell 
differentiation [5]. They are essential components of 
normal cell growth and development.

Polyamines can interact with negatively charged 
protein fragments, nucleic acids, and phospholipids 
[6]. The formation of conjugates, as well as “bridging” 
structures with high-molecular compounds such 
as RNA and DNA, has a stabilizing effect on their 
conformations, protecting them against denaturation, 
occurring under the influence of heat, chemical 
reagents, or radiation [7, 8]. Under oxidative stress, 
polyamines act as antioxidants, neutralizing reactive 
oxygen species [9].

The first mentions of polyamines are also 
associated with the name of the Dutch naturalist 
Leeuwenhoek, who isolated crystals of spermine 
phosphate in 1678. However, the correct structure of 
spermine was established only in 1926 by Rosenheim 
[10]. In 1898, Poehl proposed the use of spermine for 
the treatment of various diseases. In 1938, Zeller, in 
his works, described the enzyme—diamine oxidase 
(DAO), an impetus for the development of the 
polyamine biochemistry [11].

BIOSYNTHESIS AND CATABOLISM 
OF POLYAMINES

In all living systems, polyamines are formed from 
precursor amino acids, which are mainly L-arginine (Arg), 
L-ornithine (Orn), L-lysine (Lys), and L-methionine 
(Met). However, among bacteria and eukaryotes, 
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there are differences in the qualitative composition of 
polyamines, and in their biosynthesis and catabolism 
pathways [12]. Figure 2 shows the general scheme of 
biosynthesis of basic polyamines in living cells. 

The initial stage in the polyamine biosynthesis is 
the decarboxylation of amino acid precursors. In plants 
and bacteria, putrescine can be formed in two ways: 
1) directly from ornithine with the help of the enzyme 
ornithine decarboxylase (ODC); 2) indirectly, through 
the formation of agmatine from arginine with the help 
of arginine decarboxylase (ADC), followed by the 
conversion of agmatine to putrescine by the enzyme 
agmatinase [13].

In animal cells, putrescine is produced exclusively 
by the first pathway, i.e. from L-ornithine [14]. 
Putrescine formation is a limiting step in the polyamine 
biosynthesis [15].

Under the action of the enzyme S-adenosyl
methionine synthase, also known as methionine 
adenosine transferase (MAT), and the ATP molecule, 
L-methionine is converted to S-adenosylmethionine 
(SAM), which is transformed by pyruvate-dependent 
S-adenosylmethionine decarboxylase (S-adenosyl

methionine decarboxylase), deforming into S-AdoMet 
nosylmethioninamine (dsSAM). Spermidine and 
spermine are formed by transfer of an aminopropyl 
group from dsSAM via spermidine synthase (SpdSy) 
and spermine synthase (SpmSy), respectively [16].

Cadaverine is formed from L-lysine with the 
participation of the enzyme lysine decarboxylase 
(LDC) [17].

Notably, putrescine and cadaverine are more 
common among bacteria than other polyamines 
[18]. In mammals, putrescine is a source for the 
formation of higher polyamines, such as spermine 
and spermidine [19].

Initially, it was assumed that two main enzymes 
are responsible for the catabolism of polyamines in 
mammals: spermine/spermidine-N1-acetyltransferase 
(SSAT) and acetylpolyamine oxidase (APAO) [20]. 
A recent study [21] has identified another enzyme 
responsible for the degradation of polyamines: 
spermine oxidase (SMO). It is a cytosolic enzyme 
that catalyzes the direct transformation of spermine 
to spermidine. The key difference between this 
enzyme and APAO is that the former does not require 

Fig. 2. General scheme of biosynthesis of basic polyamines.
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preliminary acetylation of the substrate [22].
In general, the catabolism of polyamines in 

mammals is shown in Fig. 3.

Fig. 3. General scheme of catabolic transformations 
of polyamines.

The degradation of higher polyamines is the 
SSAT-catalyzed acetylation of the substrate (Spd and 
Spm) acetyl-CoA. Acetylation is necessary because 
APAO exhibits extremely low activity with respect 
to nonacetylated polyamines [23]. Acetylpolyamine 
oxidase (APAO) catalyzes the degradation of 
N1-acetylspermine and N1-acetylspermidine to 
spermidine and putrescine, respectively. In this case, 
the formation of toxic products, hydrogen peroxide 
and unstable 3-acetamidopropanal, occurs.

Compared to spermidine and spermine, 
putrescine has a shorter biological half-life [24]. It 
is known that the catabolism of putrescine is not the 
same for all tissues of the mammalian body. The main 
enzyme catalyzing the decomposition of putrescine is 
diamine oxidase (DAO); however, in the mammalian 
brain, DAO activity is low [25]. It was shown in [26] 
that putrescine degradation in the mammalian brain, 
is catalyzed by monoamine oxidase (MAO) with the 
substrate, monoacetylputrescine, formed under the 
action of acetyl CoA and putrescine N1-transferase 
[27]. Subsequently, it is oxidized to N-acetyl-4-
aminobutyrate, which is converted to γ-aminobutyric 
acid (GABA) [28].

Another pathway of putrescine catabolism 
is associated with the copper-containing enzyme 
DAO, which catalyzes the degradation of 3–6 
long-chain diamines, and histamine, by oxidative 
deamination. DAO is able to degrade putrescine to 
form γ-aminobutanal, which is then converted to 
GABA [29].

DAO is a rate-limiting enzyme in the terminal 
catabolism of polyamines since the oxidation products 
of putrescine are not involved in the polyamine 
interconversion cycle [30].

As reported [31], diamine oxidase (DAO) is 
largely responsible for the metabolism of cadaverine.

TRANSPORT AND LOCALIZATION 
OF POLYAMINES

While the presence of polyamines is typical for 
all living organisms, the level, ratio, and qualitative 
composition of these compounds are different for 
plants, animals, and bacteria. So, in the body of 
animals, the content of polyamines is heterogeneous. 
Not surprisingly, the highest concentration of 
polyamines is present in the tissues with active cell 
proliferation (hair follicles, mucosal epithelium, 
spinal cord, etc.) as they are necessary for cell 
division.

The level of extracellular polyamines is low. 
Thus, the content of spermidine in cerebrospinal 
fluid samples (0.12 ± 0.4 nmol/mL) is almost two 
orders of magnitude lower than in the white matter 
of the spinal cord (15.9 ± 1.25 nmol/mg), the content 
of spermine is 12 times lower (0.14 ± 0.01 nmol/mL 
and 1.69 ± 0.10 nmol/mg), and the content of putres
cine is 4 times lower (0.23 ± 0.05 nmol/mL and 
0.96 ± 0.19 nmol/mg) [32].

The homeostasis of polyamines is maintained via 
the regulation of their biosynthesis, catabolism, and 
transport in the body [33–34].

While the mammalian body synthesizes 
polyamines on its own, food products and intestinal 
microbiota act as additional sources [35]. A previous 
report investigated and confirmed the absorption 
of polyamines by cells [36]. Research showed 
that inhibition of polyamine biosynthesis by 
α-difluoromethylornithine (DFMO) stimulates the 
absorption of these compounds from the external 
environment.

Currently, the transport pathways of polyamines 
are well studied for unicellular organisms, such as 
E. coli [37]. However, for multicellular organisms, 
including mammals, the functioning of the polyamine 
transport system has not been fully understood. A 
comprehensive review [38] established three models 
describing the transport of polyamines in mammalian 
cells. In general, the transport of polyamines depends 
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on the carrier, temperature, pH-medium, time, 
concentrations of Na+, Mn2+, Ca2+, Mg2+ ions, and is 
also dependent on potential.

The first model [39] includes two stages: 
transport of the substrate into the cytosol via a 
voltage-dependent membrane transporter, and 
vesicular sequestration requiring an H+ gradient.

The second model describes glypican-mediated 
endocytosis. It is assumed that spermidine, binding to 
heparan sulfate fragments of glypican, enters the cell, 
where it is separated from glypican by oxidation of 
NO, which leads to the accumulation of polyamine in 
special vesicles [40].

According to the third model [41], endocytosis 
of polyamines is caveolin-mediated: by means of a 
certain “polyamine receptor” whose structure has 
not been established. As in the previous model, the 
secretion of polyamines into vesicles is mediated 
by NO.

Understanding the role of polyamines in the 
functioning of living systems, opens new ways of 
influencing physiological and pathological cellular 
processes. Creation of synthetic analogs and 
derivatives of biogenic polyamines will expand the 
arsenal of drugs.

ANTITUMOR ACTIVITY

As noted earlier, the concentration of 
polyamines is the highest in rapidly renewing 
tissues since these compounds are involved in the 
processes of cell differentiation and proliferation. 
The rate of synthesis and absorption of extracellular 
polyamines is noticeably higher in actively 
proliferating cells, including tumor cells [42]. Due 
to this fact, polyamines can be promising structures 
for the design of novel anticancer drugs. The first 
successful step in this direction was the study [43] 
devoted to the synthesis of mono- and dicyano-
derivatives of biogenic polyamines—spermine and 
spermidine—with different chain lengths. Among 
several compounds, five exhibited antitumor 
activities, confirmed in vivo [44].

To date, many different biogenic polyamine 
derivatives have been developed, exhibiting an 
antitumor effect, including symmetric and asymmetric 
alkylated, heterofunctional, heterochain, sterically 
hindered, and even metal complex analogs [45, 46].

In general, targeting the enzymes of biosynthesis 
and catabolism, causes disruption of polyamine 
homeostasis in the tumor cell, leading to a cytostatic 
and/or apoptotic effect [47].

Alkylated analogs
Porter [48, 49] was one of the first to study the 

antitumor activity of N-alkyl and N-acyl derivatives 

of spermidine (Fig. 4). These compounds are able 
to compete with unmodified spermidine for cellular 
uptake, replacing it, and leading to inhibition of cell 
growth.

Fig. 4. N-alkyl and N-acyl derivatives of spermidine.

The best antiproliferative activity is exhibited 
by N4- and N1, N8-alkyl substituted derivatives of 
spermidine, namely N4-hexyl-, N1, N8-bis (ethyl) and 
N1, N8-bis (propyl) spermidines 9–11.

Later, a wide variety of alkyl derivatives of 
biogenic polyamines were obtained and studied; among 
them, were asymmetric 12, and conformationally 
hindered 13 derivatives of norspermine [50, 51].

Bis-alkylated, at the terminal amino groups, 
analogs of polyamines cause enhanced induction 
of the catabolytic enzyme SSAT, thereby depleting 
intracellular reserves of polyamines [52]. Moreover, 
methylated derivatives have a cytostatic effect, while 
ethyl and propyl analogs are characterized by a 
cytotoxic effect [53].

Also, in the context of structural analogy, it 
is worth mentioning the antidiarrheal activity of 
alkylated spermine analogs [54].

The greatest progress has been made for N1N14-
diethylhomospermine (DENSpm); studies advanced 
to phase II clinical trials as an antineoplastic drug 
for patients with inoperable liver cancer, but clinical 
trials were stopped due to low efficacy and toxic 
effects on the central nervous system [55].

Heterochain analogs
Heterochain analogs of biogenic polyamines 

are structurally interesting since, in addition to 
methylene units and amino groups, atoms of oxygen, 
sulfur, silicon, etc. are included in the structure of the 
molecule (Fig. 5).
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Fig. 5. Heterochain analogs of biogenic polyamines.

Khomutov and co-authors were among the first 
to demonstrate the inhibitory ability of the amino-
hydroxy analogue of putrescine against ornithine 
decarboxylase (ODC), an enzyme of polyamine 
biosynthesis [56]. In their further studies, a series 
of amino-oxyanalogues of spermine and spermidine 
was synthesized, and it was found that analogs 
1-Ao-Spd 14 and 8-Ao-Spd 15 compete with natural 
(unmodified) substrates to enter the cell. The study 
of the effect of 14 and 15 on the growth of the L1210 
cell culture showed the absence of cytotoxicity and 
the presence of cytostatic effects IC50 = 70 and 100 μM 
for 1-Ao-Spd and 8-Ao-Spd, respectively. For the 
spermine analog (mono-Ao-Spm), the IC50 value 
was 500 µM [57–59].

Later [60], heterochain analogs containing 
sulfur 16, oxygen, and sulfuryl group 17 were 
obtained. However, structures of this type were not 
widely used.

Organosilicon derivatives were obtained and 
investigated for antitumor activity on L1210 cancer 
lines and on transplanted Lewis lung carcinoma 
(DBA/2). The best results were achieved with 
the use of (6-amino-3-azagexyl), (7-amino-4-
azageptyl)-dimethylsilane (AzhexAzhepSi) 18, the 
introduction of two daily doses of 25 mmol/kg had 
a significant cytostatic effect. AzhexAzhepSi and 
difluoromethylornithine (DFMO) have a cumulative 
effect on tumor reduction. DFMO blocks putrescine 
synthesis from ornithine, while dimethylsilyl 
analogs inhibit the polyamine oxidase catabolic 
enzyme, thereby depleting the polyamine pool and 
accumulating “mimetics” in the cell [61]. 

ANTIBACTERIAL AND FUNGICIDAL 
ACTIVITY

Resistance development in bacterial pathogens 
to general antibiotics, is a big problem in modern 

medicine and pharmacology. To address the problem, 
immense research is aimed at formulating new 
antibacterial agents [62].

Potential antibacterial agents have been found 
in the metabolites of the sea sponge Suberea 
ianthelliformis, as reported by Xu in a study 
[63]. Structurally, these alkaloids are derivatives 
of polyamines—spermine and spermidine. 
According to [64], Ianthelliformisamine A 19 and 
Ianthelliformisamine C 20 (Fig. 6) demonstrate 
antibacterial activity against the gram-negative 
bacterium P. aeruginosa, the EC50 values are 7 µM 
and 9 µM, respectively.

Fig. 6. Ianthelliformisamine А 19 
and Ianthelliformisamine С 20.

Khan [65] was the first to synthesize and study 
the antibacterial activity of several structural analogs 
of Ianthelliformisamine A–C (Fig. 7). The best 
results were demonstrated by samples 21 and 22: 
the minimum inhibitory concentrations of MIC for 
E. coli are 1.2 and 0.15 µM, respectively; for S. aureus 
MIC = 0.12 and 0.15 µM, respectively.

Fig. 7. Structural analogs 
of Ianthelliformisamine A–C (21, 22).

Compounds 23, 24 are similar analogs of the 
alkaloids of the sea sponge Suberea ianthelliformis 
(Fig. 8). They have good antibacterial activity 
against the gram-positive bacteria S. intermedius and 
S. aureus, the MIC values are 3.125 and 6.25 µM, 
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ANTIPARASITIC ACTIVITY

A considerable danger, especially for the 
population of tropical and subtropical regions, is 
represented by vector-borne diseases, such as malaria 
and leishmaniosis, caused by the simplest parasitic 
organisms, including P. falciparum, L. tropica, 
L. donovani, T. cruzi, etc. Emergence of bacterial 
resistance to several conventional as well as modern 
drugs, such as solusurmin, chloroquine, primaquine, 
mefloquine, etc., has become a significant problem in 
medicine [70].

A new approach in the chemotherapy of such 
diseases may be the “polyamine pathway.” Thus, 
unicellular parasites have an increased need for 
polyamines due to their tendency to proliferate. 
Interference with the metabolism of polyamines is 
likely to have a depressing effect on the vital activity 
of these microorganisms [71].

This was confirmed in [72]. Several bis(benzyl)
polyamine analogs 30 with different chain lengths 
have been studied (Fig. 10), and the inhibitory 
effect (in vivo) on the growth of chloroquine-
resistant P. falciparum.

According to the test results, the structure MDL 
27695 (n = 7) has the best inhibitory effect against 
both chloroquine-resistant and chloroquine-sensitive 
P. falciparum strains. Later, the effectiveness of 
this compound against L. donovani, the causative 
agent of leishmaniasis, was confirmed [73]. A study 
[74] noted the possibility of using such analogs to 
combat African sleeping sickness caused by T. cruzi 
(Chagas disease).

In addition, the authors of a study [75] reported 
a similar antiparasitic activity of N, N-substituted 
analogs of biogenic diamines—putrescine and 
cadaverine.

Fig. 9. Analogs of motuporamine A 25, 26 and bis-acetylated polyamines 27–29.

Fig. 8. Analogues 23, 24 of the alkaloids 
of the sea sponge Suberea ianthelliformis.

respectively. Compound 23 has a strong fungicidal 
effect against C. albicans (MIC = 17.2 µM) and 
C. neoformans (MIC = 1.1 µM) [66].

Equally interesting antibacterial agents are 
analogs of motuporamine A (an alkaloid of the sea 
sponge Xestosponga exigua) containing a polyamine 
fragment (Fig. 9). Structures 25, 26 have a strong 
antibacterial effect against staphylococci (S. aureus 
and S. intermedius), gram-positive enterococcus (E. 
faecalis), Escherichia coli (E. coli), and against gram-
negative Pseudomonas aeruginosa (P. aeruginosa); 
MIC values are in the range from 1.56 to 12.5 µM 
[67].

It is also worth mentioning that bis-acetylated 
polyamines 29 have less pronounced antibacterial 
properties than previously described compounds. The 
authors note the possibility of using these structures 
as sensitizers of some bacterial pathogens, but their 
use is constrained by nonspecific toxicity [68].

Presumably, the mechanism of action of 
polyamine antibiotics is based on depolarization 
and/or disruption of the cell membrane integrity. 
The development of such structures might solve the 
problem of bacterial resistance [69].
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Fig. 10. Bis(benzyl)polyamine analogs 30, 1,3,5-triazine-substituted polyamines 31, 
bis(thiourea)derivatives of biogenic polyamines 32.

1,3,5-triazine-substituted polyamines 31 exhi
bited antiplasmid activity against P. falciparum, as 
reported by Klenke [76]. Long-chain methylated 
structures (n = 9, R1, R2 = NHCH3, N(CH3)2) 
showed  the greatest  antimalarial  activity  against 
P. falciparum; EC50 values are 0.0477 to 0.0698 for 
the NF54 line (wild type) and 0.0519 to 0.0622 for 
K1 (primaquine, chloroquine resistant), respectively. 
These structures also showed good activity against 
T. cruzi [77]. However, it is worth noting that the 
outstanding antiplasmid activity is weighed down by 
the presence of acute toxicity.

Another group of compounds for the suppres
sion of vital activity of P. falciparum, includes 
bis(urea) and bis(thiourea) derivatives of biogenic 
polyamines 32, the synthesis and biological tests of 
which are described in the work of Verlinden [78]. 
The best results were demonstrated by structures 
with a longer carbon chain (n = 6, 7), the EC50 
value varied from 100 to 650 nM. In addition, the 
antimalarial effect was slightly higher in samples 
with diphenylpropylcarbamate fragments.

Niemand presented anthracene conjugates of 
biogenic polyamines (Fig. 11); investigated in vitro 
inhibitory effect on the growth of P. falciparum 
and some cancer cell lines. The best effect was 
demonstrated by N1-[(anthracene-9-yl)methyl]
butane-1,4-diamine 33; the EC50 value for malaria 
plasmodium was 0.64 ± 0.04 mM [79].

The  inhibitory  effect  on the development 
of P. falciparum is also exerted by 1,14-diphenyl
acetamide derivatives of spermine 34, as reported 
previously [80].

What is also worth noting are the indoleglyox
amide analogs 35, which have an aniplasmid effect, 
especially against T. brucei; EC50 values range from 
0.18 to 0.27 mM [81].

In general, the antiparasitic effect of polyamine 
analogs is chemotherapeutic in nature. Disruption of 
metabolic processes caused by inhibition of enzymes 
of biosynthesis/catabolism of polyamines, as well 
as interaction with DNA/RNA, causes the death of 
pathogenic organisms [82].

ANTIARHYTHMIC ACTIVITY

In substances, structurally similar to biogenic 
polyamines, biological activities in relation to the 
cardiovascular system, can be explained based on the 
principle of structural similarity [83].

Thus, biogenic polyamines, localized in the 
cytoplasm, can modulate the activity of voltage-
dependent sodium channels (NaV), as reported by 
Huang and Moczydlowski in a study [84]. In the 
later work, the same authors compared the sensitivity 
of various isoforms of sodium channels (NaV) in 
mammals and concluded that the cardiac canal 
(NaV 1.5) is more sensitive to the blocking action of 
polyamines than other isoforms [85].

In addition to sodium channels, polyamines—
spermine, spermidine along with Mg2+ cations, 
regulate the conductance of inward rectification 
potassium channels (Kir), eg. Kir 2.1 [86]. Modulation 
of these type of channels affects the heart rate, and 
the action potential of cardiomyocytes [87].

The hypothesis was confirmed in a study [88] 
wherein the antiarrhythmic activity of polyamine 
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Fig. 13. Compounds 38—derivatives of putrescine, 
cadaverine and their analogs.

Numerous works have aimed at developing 
and studying the biological action of a number of 
structures containing various substituents at the amine 
(NR4R5 = N(CH3)2, N(C2H5)2, piperidyl, morpholino, 
N(C3H7)2, N(C4H9)2), amide (R1 = CH3, H, C6H5, 
CH2C6H5, 1-adamantyl, cyclohexyl, etc.) groups and 
in the main chain of the molecule (R2 = alkyl, C6H5, 
RC6H4; R3 = H, alkyl) [90].

Fig. 11. N1-[(anthracene-9-yl)methyl]butane-1,4-diamine 33, 
1,14-diphenylacetamide derivatives of spermine 34, indoleglyoxamide analogs 35.

analogs was studied in Wistar rats; ventricular 
fibrillation was provoked with isoprenaline. The 
highest antiarrhythmic activity was demonstrated by 
the structures PYR 3.3.3 and PYR 3.4.3 36 (Fig. 12); 
when rats were administered a dose of 59 mmol/kg, 
the survival rate of the animals was 60%.

Another example of the antiarrhythmic 
effect of biogenic polyamine analogs is described 
in a study [89], in which the activity of linear 
methoxyphenyltriazaalkanes 37 was investigated.

Half-lethal doses (LD50) for the intraperitoneal 
route of administration for the compounds ranged 
from 35.1 to 163.3 mg/kg. As per the aconite model 
of arrhythmia, structures containing two methylene 
units between amino groups (n = x = 2) were active, 
while for the calcium chloride model, molecules with 
three methylene units between nitrogen atoms (n = x = 3) 

Fig. 12. PYR 3.3.3 and PYR 4.4.4 36, 
linear methoxyphenyltriazaalkanes 37.

were active, indicating different targets of impact. 
An exception is N1-(2,3,4-trimethoxybenzyl)-N2-
{2-[(2,3,4-trimethoxybenzyl)amino]ethyl}-1,2-
ethanediamine, which is active in all the studied 
models of arrhythmia. In addition, some compounds 
exhibited a statistically significant anti-ischemic 
effect, as confirmed in the isoprenaline model of 
ischemia.

Several years of scientific research and a colossal 
amount of work have resulted in the development of 
a novel class of N-substituted aminoamides, potential 
new generation antiarrhythmic drugs.

These compounds 38 can be considered as deri
vatives of putrescine (n = 2), cadaverine (n = 3), or their 
analogs (n > 3) (Fig. 13) based on their structures.
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In the test results, it was found that these 
compounds are less toxic, highly active antiar
rhythmic agents, as demonstrated in the aconite model 
of rat arrhythmia (the antiarrhythmic index values 
are an order of magnitude higher in comparison with 
novocainamide); half-lethal dose (LD50) values for 
most compounds ranged from 110 to 940 mg/kg with 
the intraperitoneal administration [91].

NEUROPROTECTIVE ACTIVITY

Observing the effect of polyamines on ion 
channels, one cannot fail to note the ability of 
polyamines to modulate the N-methyl-D-aspartate 
receptor (NMDA receptor), one of the subtypes of 
ionotropic glutamate receptors (iGlu) [92], which 
plays an important role in neuronal communication, 
the mechanism of synaptic plasticity, and therefore, 
in the process of thinking and memory [93]. 
Disruption of the receptor function can lead to several 
pathological conditions, such as schizophrenia, 
neurodegenerative diseases, depressive disorders, 
etc. [94–96]. Since the discovery of the relationship 
between these disorders and iGlu receptors, several 
attempts have been made to develop pharmacological 
agents for the treatment and correction of such 
conditions.

Several studies [97–100] report the 
neuroprotective action of biogenic polyamines, 
such as putrescine, spermidine, and spermine, 
against various damages, including mechanical, 
neurotoxic, and ischemia. Thus, an ischemic stroke 
initiates excessive activation of excitatory synapses, 
accompanied with a steady influx of Ca2+ through 
glutamate receptors; an increase in the intracellular 
Ca2+ triggers neuronal death [101].

Polyamine analogs that can competitively bind to 
the NDMA receptor in comparison with glutamate are 
its antagonists and thus, may have a neuroprotective 
effect against some damages.

Sulfanyl derivatives of spermine (Fig. 14), N1-
dansylspermine (N1-DnsSpm) 39 and N1-(n-octo
sulfonyl) spermine (N1-OsSpm) 40, are able to 
inhibit NDMA NR1 and NR2A receptors several 
times stronger than spermine; this circumstance 
allows considering these compounds as potential 
neuroprotective agents [102, 103]. In addition, Kirby 
[104] reports that high doses of N1-dansylspermine 
(N1-DnsSpm) have an antiepileptic effect.

It is also worth mentioning anthracene 41 
and anthraquinone 42 derivatives of spermine 
and homospermine, also potent antagonists, as 
demonstrated in [105] using recombinant NMDA 
receptors (NRs).

In addition to sulfanyl, anthracene, and 
anthraquinone derivatives, the literature also describes 
indane 43 [106], adamantane 44 [107], benzyl [108], 
and quinoline structures [109], based on fragments of 
biogenic polyamines.

Natural derivatives of polyamines—polyamine 
toxins—present in the venom of some insects and 
spiders deserve special attention (Fig. 15). Polyamine 
toxins 45 were first isolated from the venom of the 
spider Argiope lobata and characterized in a study 
[110]. Later, the ability of these compounds to act 
on the central nervous system of mammals was 
discovered. Polyamine toxins are generally non-
selective (iGlu) receptor antagonists and the blocking 
effect is carried out by a non-competitive mechanism 
[111]. A similar mechanism is at the heart of the drug 
(Ebixa®) used for moderate to severe Alzheimer’s 
dementia [112].

Fig. 14. Sulfanyl derivatives of spermine 39, 40, anthracene 41 
and anthraquinone 42 derivatives of spermine and homospermine, indane 43, adamantane 44 structures.
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Fig. 16. Engineered structures to fight Alzheimer’s disease.

Fig. 15. Polyamine toxins found in spider 45, 46 and wasp 47 venom.
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Another example of a polyamine spider toxin 
is JSTX-3 46, isolated from the venom of Nephila 
clavata; JSTX-3 is able to noncompetitively block 
the AMPA glutamate receptor, providing neuroprotec
tive effects [113]. In addition, the antiepileptic effect 
of this toxin was noted, as demonstrated in vitro on 
neurons of the human CA1 hippocampus [114].

The toxin PhTX-433 47, present in the venom 
of wasps of the species Philanthus triangulum, is a 
potent antagonist of AMPA and the kainate receptor 
[115]. Its strong blocking effect on nicotinic 
acetylcholine receptors (nACh) was also noted 
[116]. Their activity against iGlu receptors made it 
possible to use PhTX-433 to determine their subunit 
composition [117].

Interest in the structures and the associated 
biological action in the mammalian CNS were 
not limited to the natural polyamine toxins only. 
Attempts have been made to establish the structure-
activity relationship [118], which led to the creation 
of several synthetic analogs—antagonists of 
glutamate [119, 120] and nicotinic acetylcholine 
[121, 122] receptors.

Moreover, it is necessary to consider 
compounds with potential therapeutic benefits in 
treating neurodegenerative diseases. A common 
feature for the diseases of this group is irreversible, 
progressive death of nerve cells with the onset of 
symptoms of impaired memory and motor functions. 
Currently, there are no drugs that can cure (prevent 
the pathological process) the patients suffering from 
diseases of this group. Moreover, the mechanisms 
underlying these disorders have not yet been 
established.

The pharmacology of neurodegenerative diseases 
is reduced to maintenance therapy. The main targets 
of exposure are ionotropic channels and conjugated 
enzymes of neurotransmitter degradation.

Below are the structures of the polyamine series 
that are of potential interest in the fight against these 
pathologies.

Based on the concept of multi-target-directed-
ligands explained by Bolognesi [123], several 
structures 48–50 were designed to control the 
Alzheimer’s disease (Fig. 16). All of them exhibited 
an inhibitory effect on acetylcholinesterase 

(AChE), slowing down the degradation of the main 
neurotransmitter, acetylcholine, with IC50 values 
ranging from 1.5 nM to 0.17 µM. In addition, the 
inhibitory effect of compounds 49, 50, and 53 was 
recorded [124] on the aggregation of amyloid protein 
(Aβ40), which has a destructive effect on the nervous 
tissue. The deposition of amyloid aggregates is among 
the main hypotheses regarding the mechanisms of 
Alzheimer’s disease [125, 126].

Disulfide analogs of benextramine 51, 52 
(a known blocker of α-adrenergic receptors), 
have another target of action, different from the 
structures described above. Di Paolo demonstrated 
the ability of these compounds to inhibit human 
monoamine oxidase isoforms (MAO A and 
MAO B), one of the main enzymes of monoamine 
catabolism [127]. Biogenic monoamines—dopamine, 
serotonin, catecholamines—are the most important 
neurotransmitters, in the degradation of which MAO 
is involved.

Blocking the action of monoamine oxidase is an 
attractive target to fight neurodegenerative diseases, 
such as Parkinson’s and Alzheimer’s disease, as 
well as some neuropsychiatric disorders, including 
depression [128–130].

CONCLUSIONS

Research in the polyamine biochemistry will 
provide an in-depth understanding of the role of these 
compounds in the functioning of living systems—
from primitive bacteria to humans. The study of the 
cellular transport of polyamines, their interactions 
with receptors, membranes, macromolecules of 
nucleic acids, and proteins, will significantly expand 
the arsenal of pharmacological agents to combat 
pathologies, such as oncological, cardiovascular and 
neuropsychiatric diseases.
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Abstract

Objectives. To develop a method for the microfluidic synthesis of oligohexamethylene guanidine 
salts in a flow-type reactor and to evaluate its effectiveness in relation to the synthesis in a 
traditional capacitive reactor and compare the purities of products obtained by these methods.
Methods. The synthesis of oligohexamethylene guanidine bihydrocarbonate (OHMG-BHC) was 
done using microfluidic hardware and the classical approach in volume. The purity and structure 
of the resulting product were confirmed by 13C NMR spectroscopy and high-performance liquid 
chromatography (HPLC).
Results. The 13C NMR spectrum of OHMG-BHC in classical bulk synthesis demonstrates that 
the product is unbranched and contains additionally unidentifiable impurities, in contrast to the 
sample obtained by the microfluidic method. Furthermore, the HPLC analysis showed that the 
OHMG-BHC sample synthesized using microfluidic technology has a 1.5-fold lower content than 
the initial monomers.
Conclusions. The advantage of synthesizing OHMG-BHC in a flow-type reactor compared to the 
traditional method of synthesis in volume is demonstrated since a product with a higher degree 
of purity is obtained.

Keywords: antimicrobial resistance, oligohexamethylene guanidine, bihydrocarbonate, 
microfluidic synthesis
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Аннотация

Цели. Разработать методику микрофлюидного синтеза солей олигогексаметиленгуани-
дина в реакторе проточного типа и оценить ее эффективность по сравнению с синтезом 
в классическом емкостном реакторе, а также сравнить чистоту продуктов, получен-
ных данными методами.
Методы. Синтез олигогексаметиленгуанидина дигидрокарбоната (ОГМГ-ДГК) проводили 
с применением микрофлюидного аппаратного оснащения и классическим методом в объ-
еме. Подтверждение чистоты и структуры полученного продукта осуществляли с помо-
щью 13C ЯМР спектроскопии и высокоэффективной жидкостной хроматографии (ВЭЖХ). 
Результаты. Спектр 13C ЯМР ОГМГ-ДГК при классическом синтезе в объеме демонстри-
рует, что продукт является неразветвленным и содержит дополнительно неидентифи-
цируемые примеси в отличие от образца, полученного микрофлюидным способом. Анализ 
методом ВЭЖХ показал, что образец ОГМГ-ДГК, синтезированный с помощью микро-
флюидной технологии, имеет в 1.5 раза более низкое содержание исходных мономеров. 
Выводы. Синтез ОГМГ-ДГК в проточном реакторе имеет преимущество по сравнению 
с классическим способом синтеза в объеме, поскольку выдает продукт с более высокой 
степенью чистоты.

Ключевые слова: резистентность к противомикробным препаратам, олигогексаме-
тиленгуанидин, гидрокарбонат, микрофлюидный синтез
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INTRODUCTION

According to the World Health Organization, 
antimicrobial resistance is a global threat to humanity1. 
The development of effective antibiotics in the 20th 
century is a direct result of the significant breakthroughs 
in antimicrobial therapy. Yet, the widespread use of 
antimicrobial drugs has contributed to the emergence of 
resistant pathogenic microflora, making it challenging 

to treat emerging infections and increasingly 
complex and expensive. Thus, an important task is 
searching and synthesizing new substances that 
exhibit antimicrobial activity [1, 2]. In this regard, 
compounds of several alkylene guanidines, in 
particular, oligohexamethylene guanidine (OHMG), 
with a wide spectrum of activity, a low toxicity class, 
and having a prolonged effect are promising [3, 4]. 
No bacterial resistance was detected for this class of 
compounds, and therefore they can be recommended 
for use, for example, as active pharmaceutical 
substances in ready-made dosage forms [5].

1h t tp s : / /www.who . in t / d rug re s i s t ance /documen t s /
surveillancereport/en/ (Accessed April 04, 2021).

НАУЧНАЯ СТАТЬЯ
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In recent years, one of the foremost perspectives 
taken by development actions for antimicrobial 
compounds is the synthesis of analogs and derivatives 
and the replacement of functional groups or parts 
of a molecule of already studied drugs, provided 
these parts meet the requirements for antimicrobial 
action and biological safety [6]. According to this 
approach, such derivatives of oligoalkylene guanidine 
as OHMG hydrochloride and OHMG hydrosuccinate 
were synthesized and studied. The studies have 
proved their effectiveness in dealing with pathogenic 
and opportunistic microorganisms compared to 
chlorohexidine and miramistin [5, 7]. Moreover, it is 
assumed that the new compounds of the OHMG class 
will also be highly effective against a wide range of 
pathogenic microflora. In this regard, the task of finding 
ways to obtain new derivatives of OHMG, for example, 
hydrocitrate, hydrosulfosalicylate, and hydrosalicylate, 
is urgent.

Traditionally, OHMG salts are obtained in 
capacitance-type reactors by polycondensing the 
initial monomers-hexamethylenediamine and 
guanidine bicarbonate or guanidine hydrochloride. 
Then, depending on the preferred guanidine salts, 
OHMG dihydrocarbonate (OHMG-BHC) or OHMG 
hydrochloride (OHMG-HC) are obtained, which are 
subsequently converted into other salt forms of OHMG 
(Fig. 1). However, the bulk synthesis approach, which 
is the traditional method, has many disadvantages; 
for example, this process’s turbulent mixing regimes 

resulting in an uneven flow leads to a high content of 
residual monomers and anisotropy of the molecular mass 
characteristics of the resulting product [8–10].

Currently, microfluidics is a rapidly developing 
field of chemical synthesis. The primary advantage 
of microfluidic technology is its high efficiency 
due to improved mass and heat exchange provided 
by laminar flow and the ability to accurately control 
process parameters [11–16].

Previous studies have worked out the technology 
of microfluidic synthesis of OHMG-GC [17, 18], 
used as a semi-product for the production of other 
derivatives of OHMG, the synthesis of which was 
carried out according to scheme 1 (Fig. 1). However, 
as a disadvantage, it can be noted that in this scheme, 
additional stages are required for the further reaction: 
first, the preparation of the base of OHMG and/or 
OHMG-BHC, and then its corresponding salt (Fig. 1, 
Scheme 1). Alternatively, the implementation of 
synthesis through a semi-product of OHMG-BHC 
(Fig. 1, Scheme 2) can be considered. This, together 
with the use of microfluidic hardware, will reduce the 
number of stages and enhance the quality criteria in 
reference to its analog synthesized in volume. Thus, 
this study compares the effectiveness of methods for 
obtaining OHMG salt and the purity of the resulting 
product, based on the approach used – synthesis 
by the classical method in a capacitive reactor or 
microfluidics in a flow-type reactor.

Fig. 1. Scheme synthesis of OHMG salts. HMDA – hexamethylenediamine; 
GuHCl – guanidine hydrochloride; OHMG base – the base of oligohexamethylene guanidine; 

GHC – guanidine hydrocarbonate.
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EXPERIMENTAL

The following reagents were used in the 
experiment: Hexamethylenediamine (HMDA, Acros 
Organics, Belgium); guanidine hydrocarbonate 
(GHC, Sigma-Aldrich, USA). For microfluidic 
synthesis, a Qmix Pro Ext microreactor module from 
Wingflow AG (Switzerland) was used, consisting of 
syringe pumps (neMESYS MPM, Switzerland) and 
a capillary with a diameter of 1/8 inch (Qmix Q + 
HP flow, Switzerland) (Fig. 2). In addition, a rotary 
evaporator (IKA RV 10, Germany) was used to 
evaporate the water mixture.

OHMG-DHA was obtained in two ways—using 
traditional synthesis in volume and in a flow reactor.

Method 1-synthesis in a capacitive reactor. 1.55 g 
(1 mol) was mixed in a pre-weighed three-necked 
flask with a volume of 250 mL GHC and 1.0 g (1 mol) 
of HMDA. A flask with attachments of the initial 
components was installed on a heating plate, providing 
thermal insulation with asbestos cloth. Mixing the 
components was carried out using an upper-drive 
mixing device with a paddle stirrer immersed in the 
flask. The synthesis was started with simultaneous 
stirring and heating of the flask’s contents at 90°C 
for 1 h. After that, the melt temperature was raised 
to 110°C, and polycondensation was carried out for 
4 h. At the end of the process, the formed polymer 

was cooled to room temperature. A sample was taken 
for NMR analysis of the product and the quantitative 
content of related impurities [8].

Method 2-microfluidic synthesis in a flow 
reactor. In a pre-weighed glass, 1.55 g (1 mol) HHC, 
1.0 g (1 mol) HMDA, and 11.5 g of water purified 
with a magnetic stirrer and an elliptical armature 
were mixed at room temperature until the substances 
were completely dissolved. The purified water acted 
as a solvent, which made it possible to avoid limiting 
the capillary throughput and, as a result, clogging it. 
The final concentration of the solution was 8.7% and 
13.0% in the case of HMDA and GHC, respectively. 
The resulting mixture was continuously fed into the 
capillary using a syringe pump at about 0.01 mL/min 
rate. Polycondensation was carried out at 90°C for 
1 h, after which the heating was increased to 110°C and 
the working mixture was maintained for 4 h. Thus, the 
OHMG salt was formed in the liquid flow as it moved 
along the length of the reactor at certain values of 
temperature and time. At the end of the synthesis, the 
working mixture was collected in a round-bottomed 
flask and transferred to the evaporation stage using 
a rotary evaporator at a temperature of 97°C. After 
the evaporation stage, a sample was taken from the 
formed polymer, which was subsequently analyzed 
by high-performance liquid chromatography (HPLC) 
and 13C NMR.

Fig. 2. Hardware diagram of microfluidic synthesis: 1 – an aqueous solution of GHC and HMDA; 
2 – a syringe pump; 3 – a microreactor; 4 – a control computer; 5 – a rotary evaporator.
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Spectra 13C NMR samples of the synthesized 
compounds were recorded using the Bruker DPX 
NMR spectrometer (Bruker, Germany), deuterium 
oxide D2O was used as a solvent, the resonant 
frequency was 75 MHz.

Quantitative determination of impurities in 
OHMG-BHC was carried out according to the 
State Pharmacopoeia of the Russian Federation 
of the 14th edition of the OFS.1.2.1.2.0005.15 
“High-performance liquid chromatography” on the 
Thermo Fisher Scientific chromatograph (USA). 
The controlled limit of related impurities, namely 
HMDA and GHC, was determined according to the 
work of I.S. Ivanov2  and amounted to 0.05 wt %. The 
concentrations of HMDA and GHC were determined 
chromatographically by external standards with UV 
detection at wavelengths of 205 nm and 264 nm, 
respectively3.

The conditions for chromatographic de
termination of HMDA: column Luna C18(2) 5 µm, 
150 × 4.6 mm; mobile phase A: water for 
chromatography; mobile phase B: acetonitrile; flow 
rate: 1 mL/min; temperature: 25°C; the volume of 

injected sample: 20.0 µL; analysis time: 30 min; 
gradient profile: 0–3 min, 0% B, 4–15 min, 90% B, 
16–30 min, 0% B.

The conditions  for  chromatographic determi-
nation of GHC: column Luna C18(2) 5 µm, 250 × 4.6 mm; 
mobile phase A: water for chromatography; 
mobile phase B: acetonitrile; flow rate: 1 mL/min; 
temperature: 30°C; the volume loops – 100 µL; 
gradient profile: 0–1 min, 40% B, 10–16 min, 90% B, 
17–20 min, 40% B.

RESULTS AND DISCUSSION

The authenticity of the synthesized compounds 
was confirmed by comparing the signals in a typical 
13C NMR spectrum of OHMG-BHC (according to the 
abovementioned work of Ivanov, Fig. 3)  with signals in 
the spectra of the obtained samples (Fig. 4 and 5). The 
13C NMR spectrum analysis (Table 1) showed that in the 
case of a sample obtained by the classical method in 
volume, there is no signal at 156 ppm characterizing 
the branched structure of OHMG-BHC. In addition, 
signals from unidentifiable impurities were present in 

2 Ivanov I.S. Microfluidic synthesis of the substance oligohexamethylene guanidine hydrosuccinate and the creation of an 
ophthalmic drug based on it. Cand. Thesis (Pharm.). Moscow: RTU MIREA; 2021. 118 p., 38–40.
3 Shatalov D.O. Development and standardization of quality control methods for branched oligohexamethylene guanidine 
hydrochloride. Cand. Thesis (Pharm.). Samara: Sam. gos. med. un-t; 2015. 137 p., 67–70.

Fig. 3. Typical OHMG-BHC 13С NMR spectrum (the signals in the spectrum are indicated according 
to the numbering of the atoms in the structural formula of the compound shown in the figure).
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Fig. 4. 13C NMR spectrum of OHMG-BHC obtained in volume.

Fig. 5. 13C NMR spectrum of OHMG-BHC obtained by microfluidic synthesis.
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Fig. 6. Two methods obtained chromatograms for determining the quantitative content of GC in OHMG-BHC samples.

Table 1. Position of signals in the 13C NMR spectrum of OHMG-BHC samples

Designation
Chemical shift, ppm

Typical spectrum Volume synthesis Microfluidic synthesis

I 26.0 26.27 26.10

II/ 28.5 28.28 28.29

II 30.0 29.95 29.95

III/ 40.0 40.81 40.77

III 41.5 41.63 41.65

IV// 156.0 – 156.05

IV 157.5 157.17 157.16

IV/ 158.0 158.46 158.45

CO3
2 - 163.0 163.00 162.86

HCO3 165.0 165.18 165.21

Impurity signals – 168.63/161.82
31.82/30.00/29.37/26.36/26.08 168.56

the spectrum. However, microfluidic technology makes 
it possible to achieve branching of the OHMG-BHC 
oligomeric chain, which contributes to an increase in 
antimicrobial activity [19].

It could be seen from the HPLC analysis of samples 
of OHMG bicarbonate obtained by the two methods that 
the product contains the initial monomers GHC (Fig. 6) 
and HMDA (Fig. 7) with retention times of 14.38 min 

and 4.07 min, respectively. However, the analysis of 
results indicates (Table. 2) that OHMG-BHC, obtained 
from microfluidic technology, showed about 1.5 times 
lower content of the initial monomers—HMDA and 
GHC, thus indicating a more complete reaction the 
consumption of reagents. Nevertheless, the results 
show the need for further purification of the product, 
irrespective of the choice of the synthesis method.
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Fig. 7. Two methods obtained chromatograms for determining the quantitative content 
of HMDA in OHMG-BHC samples.

Table 2. The content of impurities in OHMG–BHC

Synthesis GHC, wt % HMDA, wt %

Voluminous 1.372 0.628

Microfluidic 0.821 0.451
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Abstract

Objectives. Over the last decade, hematopoietic stimulants have grown increasingly popular 
in elite sports. This is supported by the growing number of high-profile doping scandals linked 
to their use. A group of these stimulants includes cobalt salts, which cause an increase in the 
oxygen capacity of the blood as well as a powerful stimulation of metabolic processes, resulting 
innoticeable competitive advantages. The use of cobalt salts is regulated according to the 
Prohibited List of the World Anti-Doping Agency (WADA). Currently, only a few works have been 
dedicated to solving the problem of detecting the abuse of cobalt salts in anti-doping control. Only 
a few laboratories have included cobalt salt determination in their methodological bases. The 
purpose of this review is to attract the attention of the scientific community to the toxicity of cobalt 
compounds, consequences of their intake, and pharmacokinetics, as well as the problems in their 
detection methods due to their widespread availability in the modern market and the growing 
number of abuse cases.
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ОБЗОРНАЯ СТАТЬЯ

Results. The main biological functions of cobalt, cellular levels of exposure, toxicity, and 
symptoms of cobalt salt poisoning are presented in detail in this review article. The data from the 
literature on the main methods for detecting cobalt as a doping agent have been generalized and 
systematized. There is a major focus on the amount of cobalt in dietary supplements that could 
cause an athlete to test positive for cobalt when they are consumed.
Conclusions. After analyzing promising cobalt detection approaches and methods, it was 
determined that high-performance liquid chromatography in combination with inductively coupled 
plasma mass spectrometry has an undeniable advantage for detecting cobalt as a doping agent. 
The lack of explicit WADA requirements for detection methods and the lack of its obligation to 
determine cobalt make it tempting for unscrupulous athletes to use its salts. Therefore, anti-
doping laboratories must implement the abovementioned method as soon as possible.

Keywords: hematopoietic stimulants, cobalt, biological functions, dietary supplements, HIF, 
anti-doping control, toxic effect, mass spectrometry
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Аннотация

Цели. В последнее десятилетие чрезвычайную популярность в спорте высших достиже-
ний приобрели стимуляторы кроветворения. Этот факт подтверждают и участивши-
еся громкие допинговые скандалы, связанные с их употреблением. Соли кобальта отно-
сятся к данному классу веществ, их использование приводит к увеличению кислородной 
емкости крови и к мощной стимуляции обменных процессов, что дает несомненные кон-
курентные преимущества. Применение солей кобальта регламентировано в соответ-
ствии с Запрещенным списком Всемирного антидопингового агентства. В настоящее 
время проблематике выявления злоупотреблений солями кобальта в антидопинговом 
контроле посвящено всего несколько работ. Лишь единичные лаборатории вводят опреде-
ление солей кобальта в свою методологическую базу. Цель данного обзора состоит в том, 
чтобы обратить внимание научного сообщества на токсичность соединений кобальта, 
последствия их приема, фармакокинетику, проблематику и способы обнаружения ввиду 
их доступности на современном рынке и участившихся случаев злоупотребления ими.
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Результаты. В представленном обзоре рассмотрены основные биологические функции 
кобальта и клеточные уровни воздействия, токсичность и симптоматика при отрав-
лении его солями. Обобщены и систематизированы литературные данные по основным 
используемым методам идентификации кобальта как допингового агента. Особое вни-
мание уделено содержанию кобальта в биологически-активных добавках, при приеме ко-
торых спортсмен может сдать положительный допинг-тест на кобальт. 
Выводы. На основе анализа перспективных подходов и методов определения кобальта, 
сделан вывод о несомненном преимуществе высокоэффективной жидкостной хромато-
графии в сочетании с масс-спектрометрией с индуктивно-связанной плазмой для де-
текции кобальта как допингового агента. Отсутствие четких требований к методам 
идентификации со стороны ВАДА и обязательности определения кобальта, несомнен-
но, делает привлекательным прием его солей недобросовестными спортсменами. Ввиду 
этого существует необходимость внедрения вышеуказанного метода в практику анти-
допинговых лабораторий в ближайшем будущем.

Ключевые слова: стимуляторы кроветворения, кобальт, БАД, HIF, антидопинговый 
контроль, масс-спектрометрия
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INTRODUCTION

For many decades, cobalt(II) chloride has 
been used effectively to treat various types of 
anemia. However, cobalt and its compounds are the 
deadliest inorganic poisons, and they are very toxic 
in high doses1. Cobalt sulfate, e.g., is carcinogenic 
[1, 2] and mutagenic. Cobalt has been completely 
excluded from the list of modern clinically significant 
stimulants of erythropoiesis and its use in experiments 
has been limited because of the side effects of its 
preparations that have been discovered over time 
and the subsequent unambiguous recognition of it 
as a carcinogen. At the same time, the problem of 
identifying the use of cobalt as a doping agent arises 

from the availability of the drug on the pharmaceutical 
market, a convenient method of oral administration, 
powerful stimulation of erythropoiesis, and the 
fact that validated methods for determining soluble 
cobalt salts in human urine are usually not included 
in the methodological arsenal of modern anti-doping 
analysis. The alleged use of cobalt chloride (CoCl2) 
as a doping agent has already been discussed several 
times [3–5]. In this case, anti-doping rules promote 
fair competition in sports and protect athletes from 
the harmful effects of substances, of which the danger 
may be underestimated. According to the 2021 World 
Anti-Doping Agency (WADA) Prohibited List, the 
use of cobalt salts by athletes is strictly regulated 
under Article S2 “Peptide hormones, growth factors, 
related substances, and mimetics,” paragraph 1.2 
“hypoxia-inducible factor (HIF) activating agents.”

Biological functions of cobalt as a microelement
Cobalt, a naturally occurring trace mineral with 

properties similar to those of iron and nickel, induces 
a noticeable and stable polycythemic response 

1 Normy fiziologicheskikh potrebnostei v energii i pishchevykh 
veshchestvakh dlya razlichnykh grupp naseleniya Rossiiskoi 
Federatsii. Metodicheskie rekomendatsii (Norms of 
physiological needs for energy and nutrients for various groups 
of the population of the Russian Federation. Guidelines). 
Moscow: Federal’nyi tsentr gigieny i epidemiologii 
Rospotrebnadzora; 2009. 36 p. (in Russ).
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[6, 7] through a more efficient transcription of the 
erythropoietin (EPO) gene. When CoCl2 is taken in 
dosages of 120 or 150 mg/day, it causes a significant 
increase (up to 20%) in hematocrit and hemoglobin 
[7]. Cobalt chloride may soon become the most 
appropriate adjunct or substitute for erythropoiesis-
stimulating substances, given the natural propensity 
of some athletes to experiment with novel, illegal, 
and potentially harmful doping agents and methods. 
Nevertheless, CoCl2 administration has unsafe 
consequences, including toxic effects on the heart, 
liver, kidneys, and thyroid gland, as well as the 
development of oncological processes [2, 5].

The main biological function of cobalt is its 
presence in the vitamin B12 (cyanocobalamin) 
molecule, where its mass fraction is about 4%. 
Vitamin B12 is essential for appropriate nervous 
system function and is involved in the process of 
hematopoiesis. In humans, cobalt deficiency causes 
malignant (pernicious) anemia, also known as the 
Addison–Biermer disease. Cobalt quantification 
plays an important role in differentiating B12 
deficiency anemia from folate deficiency, in which 
the concentration of cobalt in the blood is within the 
normal range. However, because cobalt deficiency, 
according to many scientists, corresponds to vitamin 
B12 deficiency, the quantitative determination of 
cobalt in the blood is more typically employed in 
clinical medicine to detect intoxication rather than 
deficiency.

To a lesser extent, cobalt is known as a coenzyme 
that is found in the active center of several vital 
enzymes  in the human body, including ribonucleoside 
triphosphate reductase (EC 1.4.3.8), methyltransferase 
(EC 2.1.1.13), methylmalonyl-CoA mutase (EC 5.4.99.2), 
methylmalonyl-CoAcarboxyltransferase (EC 2.1.3.1), 
and propionyl-CoAcarboxylase (EC 6.4.1.3) 
[8]. Cobalt can also act as a coenzyme in some 
pyrophosphatases, peptidases, and arginases [9]. 
There is some evidence that cobalt may affect the 
activity of enzymes, particularly adenylate cyclase 
and several others [10, 11]. It has a particular effect 
on heme metabolism enzymes [12].

Cobalt has a variety of physiological and 
pathophysiological effects. There is evidence that 
it influences carbohydrate and lipid metabolism, 
thyroid gland function, and the state of the 
myocardium. Cobalt is on the carcinogenic agent 
list of the International Agency for Research on 
Cancer (IARC) of the World Health Organization 
(WHO); however, some of its complex compounds 
have antitumor effects [13]. It is toxic, but because 
it forms strong bonds with cyan ions, it can be used 
as an antidote for cyanide intoxication [14]. The 
epileptogenic effect of cobalt has been documented. 

Several studies from the first half of the twentieth 
century have demonstrated the effect of cobalt on 
blood pressure and vascular tone [15, 16].

Inorganic cobalt is obtained from food. Fish and 
seafood, liver, kidneys, nuts, mushrooms, vegetables, 
and fruits all contain sufficient amounts of cobalt 
required for the body’s daily needs. According to 
studies carried out on healthy people, when 1 μg to 
1.2 mg of CoCl2 is administered orally, 5–20% of 
inorganic cobalt supplied with food is absorbed in the 
gastrointestinal tract. Women absorb more soluble 
cobalt than men [17]. The half-life has not yet been 
established.

According to studies on rats whose drinking 
water had the 57Co2+ isotope added to it, the Co2+ ion 
accumulates mostly in the liver, lungs, and kidneys 
[18], as well as in the pancreas and spleen [10, 19, 20]. 
In the human blood, the cobalt concentration is an 
average of 0.238 mg/kg, while in erythrocytes it 
ranges from 0.059 to 0.13 mg/kg, and in serum from 
0.0055 to 0.40 mg/kg. The kidneys eliminate 86% 
of the excess, whereas the intestines excrete 14%. 
Additionally, the concentration of cobalt in the blood 
varies based on the season and time of day, which is 
linked to human nutritional characteristics.

Cellular exposure to cobalt
The presence or absence of oxygen regulates 

the EPO gene under the control of the HIF-1 
transcription factor. It has been shown that after the 
signal of a decrease in the oxygen concentration in 
the cell environment is received, a chain of events 
begins in the cell, which is the key to the binding of 
HIF-1 to hypoxiaresponse elements (HREs), which 
enhance transcription of the EPO gene [21–26]. The 
HIF-1 is a transcription factor that belongs to the 
basic helix-loop-helix family, and it consists of two 
subunits, HIF-1a and HIF-1b [14, 26]. The HIF-1a 
is a major regulator of cellular and systemic oxygen 
homeostasis due to an increase in the activity of 
binding to the DNA sequence of the EPO target gene 
during hypoxia. Under normoxic conditions, the main 
mediator, HIF-1a, is rapidly cleaved by the proteasome 
[26] (see figure). The Fe2+ ion, which is reversibly 
bound to the active center of these metalloenzymes, is 
known to be a required cofactor for prolyl hydrolase 
activity in the proteasome [27]. Consequently, a 
decrease in iron availability caused by competitive 
substitution with Co2+ ions of cobalt inhibits enzyme activity 
[28, 29]. Hypoxia or CoCl2 introduction, which mimics 
hypoxia, significantly inhibits HIF-1a degradation. 
As a result, HIF-1a binds to HIF-1b, penetrates the 
nuclear membrane, and activates the transcription of 
the EPO gene as part of the HRE [26].
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The effect of HIF at normal partial pressure of oxygen is normoxia in the cell and at oxygen deficiency is hypoxia 
(similar to the effect of cobalt preparations).

The Hep3B and HepG2 human hepatoblastoma 
cell cultures proved to be appropriate models for in vitro 
examination of the hypoxia induction patterns of 
EPO gene expression [11]. According to the authors 
of the hypothesis, a hemoprotein molecule, whose 
conformation is dependent on the partial pressure of 
oxygen in the environment where EPO-producing 
cells are located, serves as an oxygen sensor in 
cells. When the partial pressure of oxygen is low, 
the hemoprotein molecule is converted into a deoxy 
conformation, which triggers a chain of molecular 
events that eventually result in EPO gene expression. 
When the partial pressure of oxygenis sufficiently 
high, the hemoprotein molecule is in an inactive oxy-
conformation and does not stimulate the production 
of EPO. Cobalt chloride, in the context of this 
hypothesis, appears to work in a similar mechanism; 
the cobalt atom displaces the iron atom from the 
heme of the sensory molecule and takes its place, 
resulting in hemoprotein“locking” in an active 
deoxyconformation and EPO gene expression, as in 
hypoxia conditions.

Cobalt is a typical d-element from a chemistry 
viewpoint, and it has two oxidation states in 
compounds: +2 (in most compounds) and +3 (mainly 
in complexes). The characteristic chemical properties 
of d-elements that are reflected in biology are variable 
oxidation states, participation in redox reactions, the 
ability to form complex ions, and catalytic activity. 
Since the atom and ion of cobalt have similar sizes to 
those of other micro and macroelements, it can imitate 
or modify the activity of other elements in addition to 
providing its biological effects [29, 30–32].

The atomic and electronic structures of 
metalloporphyrins (MeP) complexes with oxygen 
(MeP–O2) and water (MeP–H2O) molecules in the 
presence and absence of imidazole as a second ligand 
(the imidazole group of histidine is the functional 
group closest to heme) were studied using quantum 
chemistry methods [33]. Researchers have evaluated 
and compared the affinity of iron and cobalt ions 
for heme under conditions that mimic normoxia 
(MeP–O2) and hypoxia (MeP–H2O). In summary, the 
hypothesis is that cobalt ions can displace iron ions 
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from hemoprotein molecules, including hemoglobin, 
which changes the heme conformation in the same 
manner that low oxygen concentrations inside the cell 
(hypoxia) do. This mechanism explains the universal 
response of various body cells to excess cobalt [34–36] 
and the erythropoietic effect of inorganic cobalt 
action on the body as a whole.

Researchers have determined the energy and 
characteristics of the chemical bond as well as 
changes in the spatial configuration of heme under 
hypoxia conditions and when the iron atom is 
replaced with a cobalt atom [36]. In complexes of 
iron and cobalt porphyrins with oxygen (O2) and 
water (H2O) molecules, both molecules occupy the 
fifth coordination position, whereas the imidazole 
ring of the amino acid histidine occupies the sixth 
coordination position. The cobalt ion in a porphyrin 
complex in the presence of imidazole in the sixth 
coordination position (imitation of the globin 
environment) and the addition of oxygen in the fifth 
coordination position (imitation of normoxia) is 
displaced in the same manner as the iron ion when 
water is added in the fifth coordination position 
(imitation of hypoxia)2. These data explain why 
cells interpret an excess of cobalt in the body as 
hypoxia and promote the activation of corresponding 
compensatory processes, such as the activation of 
EPO gene expression3.

It is worth noting that the effect of inorganic 
cobalt on the body is not limited to the stimulation of 
erythropoiesis. To date, HIF-1 has been demonstrated 
to cause the expression of diverse proteins in 
various cells, i.e., the cells and the body universally 
respond to hypoxia—through the activation of HIF 
proteins, which are transcription factors for genes. 
Genes encode proteins that stimulate not only the 
production of new erythrocytes but also angiogenesis 
(this may be the basis for the carcinogenic effect 
of cobalt), i.e., the formation of new blood vessels 
[2], as well as glycolysis as a method of obtaining 
energy in the absence or shortage of oxygen [37–42]. 

The HIF-1 has been demonstrated to stimulate the 
expression of genes of several glycolysis enzymes 
[43–46] and regulate angiogenesis and vascular tone 
[47–49], transferrin and its receptor [50–52], and a 
protein that binds to insulin-like growth factors [53] 
under hypoxia conditions. The HIF-1 is estimated to 
control about 5% of the human genome and genes 
that regulate cell growth, division, survival, and cell 
motility in addition to genes that control glycolysis 
and angiogenesis [37] (see figure).

Some HIF-activated genes encode proteins 
that can enhance physical performance independent 
of erythropoiesis (e.g., glycolytic enzymes, 
glucose transporters, and angiogenic peptides). 
Currently, reliable data on the effect of cobalt ions 
on biological processes in the body, which are not 
associated with the synthesis of erythrocytes but 
capable of influencing athletic performance, has 
been accumulated. For ethical reasons, research on 
this subject is primarily conducted on animals, but 
the possibility of applying the results to humans is 
evident even to a layperson. For example, preliminary 
administration of CoCl2 to rats at a dose of 12.5 mg/kg of 
body weight has been demonstrated to protect them 
from high-altitude pulmonary edema that occurs 
during hypoxia caused by being under high-altitude 
conditions [54]. In another study, prefeeding rats 
with CoCl2 supplementation increased mitochondrial 
biogenesis, glucose uptake, and metabolism by 
improving aerobic cellular respiration in the skeletal 
muscle, which improved physical performance [55, 56]. 
In 2018, a group of scientists from Germany and the 
United States investigated the effects of low doses 
of cobalt on the performance of volunteers during 
aerobic exercises [57]. The scientists discovered that 
administering 5 mg of cobalt per day to the volunteers 
for three weeks increased their endurance and 
maximum strength, even though none of them were 
involved in professional sports.

Biologically active additives and cobalt
Professional athletes, particularly elite athletes, 

widely use various nutritional supplements. According 
to studies in recent years, competitive athletes have 
been increasingly encountering prohibited compounds 
in supplements available on the pharmaceutical 
market to improve training performance, performance 
level, and overall athletic performance. The problem 
is that manufacturers of dietary supplements do not 
always accurately indicate the composition of the 
product on the packaging, resulting in the detection of 
prohibited substances in athletes who are sincerely 
confident that the substances are not present during 
doping tests. This trend can be found everywhere 

2 Morgulis I.I. Early reaction of the mammalian organism 
to exposure to cobalt chloride. Cand. Thesis. Krasnoyarsk: 
Krasnoyarskii nauchnyi tsentr; 2006. 112 p. URL: https://www.
dissercat.com/content/rannyaya-reaktsiya-organizma-
mlekopitayushchego-na-vozdeistvie-khloridom-kobalta 
(accessed May 12, 2021) (in Russ.).
3 Postnikov P.V. Development of a highly sensitive method for 
the qualitative determination of the hybrid protein erythro
poietin fused with the FC-part of human immunoglobulin 
g (EPO-FC) in blood serum samples for the purpose of 
anti-doping control. Cand. Thesis. Moscow: Moskovskii 
tekhnologicheskii universitet; 2017. 152 p. https://www.
dissercat.com/content/razrabotka-vysokochuvstvitelnoi-
metodiki-kachestvennogo-opredeleniya-gibridnogo-belka-
eritro (in Russ.).
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[58, 59]. The sensational messages of some anti-
doping agencies, including the Russian Anti-Doping 
Agency and National Anti-Doping Agency of the 
Republic of Belarus, on the importance of cautiously 
using the Complivit vitamin complex, which contains 
inorganic cobalt, are worth remembering. However, 
erythropoiesis-stimulating agents (e.g., EPO and HIF 
stabilizers) are not often mentioned as ingredients 
in such products. Simultaneously, mixtures of a 
patented and undisclosed composition (including 
those intended only for veterinary use) have been 
discovered in the personal environment of elite 
athletes in recent years [60].

In Geyer’s works [61, 62], products that are 
openly advertised with legitimate properties that 
assist in improving athletic performance were the 
subject of research on doping. These mixtures, 
which were confiscated or purchased for testing 
from onlinesuppliers by the Center for Preventive 
Doping Research (Germany) and various anti-doping 
organizations with allegedly declared properties for 
improving hematopoiesis, were sent for biochemical 

analysis to detect EPO and its derivatives; low 
molecular weight HIF stabilizers or transition metals 
such as cobalt; growth hormones, which are hormones 
that stimulate the production of growth hormone-
releasing hormones and growth hormone-releasing 
peptides; low molecular weight organic analytes 
such as anabolic agents, stimulants, and β2-agonists; 
and selected trace minerals, including cobalt and 
nickel, according to established protocols. A total 
of 19 products were tested using various analytical 
testing methods, including high-resolution gas and 
liquid tandem chromatography–mass spectrometry 
(GC–MS and LC–HRMS–MS), gel electrophoresis, 
and inductively coupled plasma mass spectrometry 
(ICP–MS), as described in a previous work [59]. The 
test results are presented in the table below.

It is worth noting that three of the products had 
similar labels and the same brand names, but their 
contents were significantly different. It is assumed 
that there were fakes, counterfeits, and/or products 
with different compositions but a quite similar 
packaging among them [62].

Analysis of the presence of inorganic cobalt in products confiscated and purchased from online suppliers 
(on data of the Center for Preventive Doping Research, Germany) [62]
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1 Erythropoiesis 
stimulation

Water solution 
(intravenously)

Cobalt (0.1 mg/mL)
Nickel (7.5 mg/mL) No

No

Cyanocobalamin is detected 
(about 2.0 mg/mL), which is about 

90 µg/mL of cobalt

2 Erythropoiesis Water solution 
(intravenously)

Cobalt (4.8 mg/mL) No Cyanocobalamin is detected 
(about 1.7 mg/mL), which is about 

75 µg/mL of cobalt

3
Increases oxygen 
supply to muscle 

tissue

Water solution 
(intravenously) – – Composition is not determined

4 Counteracts 
fatigue

Water solution 
(for injection) – – Composition is not determined
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5
Anti-

inflammatory 
properties

Gel (intravenously 
or intramuscularly) – – Composition is not determined

6 – Water solution Cobalt (3.4 mg/mL) No –

7 – Water solution – – Composition is not determined

8 Erythropoiesis 
stimulation

Water Suspension 
(intravenously) Cobalt (1.9 mg/mL) No

Cyanocobalamin is detected 
(about 2.6 mg/mL), which is about 

110 µg/mL of cobalt

9 Erythropoiesis Water Suspension 
(intravenously) Cobalt (2.2 mg/mL) No –

10 Erythropoiesis Water solution 
(intravenously) Cobalt (3.3 mg/mL) No

Cyanocobalamin is detected 
(about 3.0 mg/mL), which is about 

270 µg/mL of cobalt

11 Increased 
competitiveness

Water solution 
(intravenously) – – Composition is not determined

12 Counteracts 
fatigue

Water Suspension 
(intravenously) – – Composition is not determined

13 Increases oxygen 
transport

Water solution 
(intravenously) – – Composition is not determined

Table. Continued 
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14 Increases oxygen 
transport

Water solution 
(intravenously) – – Composition is not determined

15 Erythropoiesis
Water Suspension
(intravenously or 
intramuscularly

Cobalt (3.3 mg/mL) Yes

The label indicates the presence 
of cobalt gluconate (2.0 mg/mL), 

which is about 260 μg/mL of cobalt, 
cyanocobalamin (0.25 mg/mL), which

 is about 10 μg/mL of cobalt

16 Erythropoiesis 
stimulation

Water Suspension
(intravenously or 
intramuscularly

Cobalt (0.2 mg/mL) Yes

The label indicates the presence 
of cobalt gluconate (0.7 mg/mL), 

which is about 90 μg/mL of cobalt, 
cyanocobalamin (0.15 mg/mL), which 

is about 7 μg/mL of cobal

17 Erythropoiesis Water solution 
(intravenously) Cobalt (0.1 mg/mL) No

Cyanocobalamin is detected 
(about 4.0 mg/mL), which is about 

175 µg/mL of cobalt

18 Erythropoiesis Water solution 
(intravenously) Cobalt (0.1 mg/mL) No

Cyanocobalamin is detected 
(about 3.3 mg/mL), which is about 

140 µg/mL of cobalt

19 – Water solution in 
confiscated syringe Cobalt (5.5 mg/mL)

U
nk

no
w

n

Cyanocobalamin is detected 
(about 5.3 mg/mL), which is about 

230 µg/mL of cobalt

Table. Continued 
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In the case of veterinary drugs, interesting 
studies were conducted jointly by the Hong Kong 
Jockey Club and the United Arab Emirates Racing 
Society based on the Racing Laboratory of the Hong 
Kong Jockey Club [63], as well as independently by 
the British Racing Society based on the School of 
Veterinary Medicine and Science of the University 
of Nottingham [64]. They investigated widely used 
vitamin preparations, some of which can be purchased 
without a prescription in veterinary pharmacies in 
Russia (for example, Hemo-15 or VAM® Injection). 
Laboratory analysis of blood samples from horses 
that received these drugs strictly according to the 
manufacturer’s instructions and under the supervision 
of veterinarians revealed that the cobalt threshold was 
exceeded within 3–5 days after drug administration.

The results of Geyer’s research [61, 62] lead us 
to believe that additional explanation and educational 
work on the usage of vitamin–mineral supplements 
and other biologically active supplements among 
athletes are necessary. The National Anti-Doping 
Laboratory of Moscow State University has begun 
research on developing methods for detecting 
prohibited substances not only in the blood samples 
of athletes but also in dietary supplements on the 
market.

Use of cobalt preparations in clinics 
and as a doping agent

Over the last ten years, advances in the 
understanding of the physiological regulation of 
the erythropoietic system have revealed new anchor 
points for pharmacological manipulation. The 
aerobic capacity of the blood correlates with the total 
hemoglobin mass in erythrocytes and the number of 
erythrocytes. Since muscle performance is directly 
dependent on the amount of oxygen supplied 
through the bloodstream, an increase in red blood 
cell mass results in an increase in aerobic endurance 
[65]. This phenomenon prompts dishonest athletes 
to artificially stimulate erythropoiesis. Recombinant 
human EPO (rhEPO) and its analogs are commonly 
used for these purposes, but they can be easily 
detected through doping tests4 [66, 67], they are quite 
expensive, and their use is associated with certain 
difficulties (e.g., rhEPO exists only in injection 

forms). In terms of doping control, cobalt(II) 
chloride is particularly interesting because it is an 
inexpensive and readily available drug. Cobalt ions 
activate hypoxia-induced transcription factors that 
increase EPO expression [68].

The erythropoiesis-stimulating activity of inor
ganic cobalt was first discovered in the 1940s. Cobalt 
chloride was used to treat anemic patients from the 
late 1940s to the late 1970s. The medication drug was 
normally administered as tablets in divided doses 
with meals. Cobalt chloride is a reference substance 
for in vivo calibration of the rhEPO drug substance; 
5 µmol of CoCl2 has the same erythropoiesis-
stimulating activity as one international unit of 
rhEPO [69].

Jefferson [70] discovered that about 50% of 
highland residents with excessive erythrocytosis had 
elevated cobalt levels. The percentage of free cobalt 
ions is only 5–12% of the total cobalt concentration in 
the blood plasma, of which the main part is associated 
with albumin [71]. Cobalt is mainly excreted in the 
urine, and a small amount is excreted in the bile 
via the gastrointestinal tract. Normal urinary cobalt 
concentrations are less than 2 μg/L in individuals who 
do not use any supplements or are unexposed to a 
cobalt-rich environment. Women have a higher cobalt 
concentration in urine (median: 109.7 nmol/mmol 
creatinine) than men (median: 38.4 nmol/mmol 
creatinine) when they consume CoCl2. After a single 
intravenous injection of inorganic cobalt in adult 
men, 40% of cobalt is excreted from the body within 
the first 24 h, 70% within one week, and 80% within 
one month, with approximately 10% remaining after 
a year.

Cobalt salts are assumed to be used as an 
alternative to other erythropoiesis-stimulating agents 
(rhEPO injections) or blood doping drugs in the 
form of autologous blood transfusion or erythrocyte 
transfusion by athletes [5]. Indeed, CoCl2 is readily 
available, inexpensive, easy to administer, and highly 
effective. It is available as a pill or as an ingredient 
in sports drinks (electrolytes, protein shakes, and 
energy drinks). Since the parenteral route prevents 
the development of unwanted gastrointestinal effects, 
only a few trials of intravenous or intramuscular 
administration of CoCl2 have been conducted, but the 
specific toxicity of intravenous administration is not 
fully known. Intramuscular administration of CoCl2 
can be painful and cause tissue necrosis.

The potential abuse of cobalt deserves 
special attention from anti-doping organizations. 
Unscrupulous athletes and trainers who use CoCl2 
to improve their athletic performance ignore its 
cumulative toxic effects and the many side effects 

4 Postnikov P.V. Development of a highly sensitive method 
for the qualitative determination of the hybrid protein 
erythropoietin fused with the FC-part of human immuno-
globulin g (EPO-FC) in blood serum samples for the purpose 
of anti-doping control. Cand. Thesis. Moscow: Moskovskii 
tekhnologicheskii universitet; 2017. 152 p. https://www.
dissercat.com/content/razrabotka-vysokochuvstvitelnoi-
metodiki-kachestvennogo-opredeleniya-gibridnogo-belka-
eritro (in Russ.).

https://www.dissercat.com/content/razrabotka-vysokochuvstvitelnoi-metodiki-kachestvennogo-opredeleniya-gibridnogo-belka-eritro
https://www.dissercat.com/content/razrabotka-vysokochuvstvitelnoi-metodiki-kachestvennogo-opredeleniya-gibridnogo-belka-eritro
https://www.dissercat.com/content/razrabotka-vysokochuvstvitelnoi-metodiki-kachestvennogo-opredeleniya-gibridnogo-belka-eritro
https://www.dissercat.com/content/razrabotka-vysokochuvstvitelnoi-metodiki-kachestvennogo-opredeleniya-gibridnogo-belka-eritro
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that have resulted in its medical abandonment. 
Although CoCl2 therapy has been shown to effectively 
stimulate erythropoiesis in both extrarenal and renal 
anemia, septic infection, myeloid hypoplasia, sickle 
cell anemia, rheumatoid arthritis, and chronic kidney 
disease, the accumulation of the element resulting 
from long-term use makes it toxic.

Toxic effects of cobalt
Although cobalt is not a highly toxic metal, 

it can have undesirable effects and cause serious 
health problems in high concentrations. Pulmonary 
edema, nausea, vomiting, bleeding, and renal 
failure are some of the acute symptoms of cobalt 
poisoning. Chronic intoxication causes pulmonary 
pathology, allergic dermatitis, hyperkeratosis, 
thyroid dysfunction, cardiomyopathy and heart 
failure (particularly in alcoholics), and neuropathy 
[72]. The toxic effect of cobalt is amplified by 
increasing air temperatures. Dust inhalation during 
cobalt-doped metal processing can cause interstitial 
lung diseases and asthma.

The first reports on cobalt toxicity appeared in 
the 19th century; however, researchers focused their 
attention on the study of this issue when the syndrome 
of “beer cardiomyopathy” was discovered. In the 
1960s, some breweries used cobalt salts (chloride and 
sulfate at concentrations of 1.2–1.5 mg/L) to stabilize 
foam. People who consumed more than four liters of 
beer a day experienced major side effects including 
heart problems, which might be fatal in some 
cases. Cardiomegaly, various types of arrhythmias, 
cyanosis, low cardiac output, pericardial effusion, 
and hypotensionare all symptoms of the syndrome. 
From 1964 to 1966, cases of beer-related cobalt 
cardiomyopathy were reported in Omaha (Nebraska, 
USA), Quebec (Canada), Leuven (Belgium), 
and Minneapolis (Minnesota, USA). The disease 
occurred in humans even though the cobalt dose(up 
to 10 mg/day) was less than the doses used to treat 
anemia. Cobalt has not been used for brewing since 
then, and it is now illegal. This also influenced the 
early discontinuation of its use for the treatment of 
anemia.

Cardiomyopathies have also been observed in 
hard metal workers who inhaled cobalt in concentrat
ions exceeding 100 μg/m3 air. Intravenous or 
intramuscular administration of CoCl2 can also cause 
heart failure. For example, a 17-year-old woman 
with chronic kidney disease died of rapidly progres
sing dilated cardiomyopathy after nine months of 
CoCl2 therapy (25 mg per day). According to the 
postmortem examination, the cobalt concentration in 
the myocardium was 8.9 μg/g (dry tissue) (norm 0.2 μg/g). 

Weißbecker [73, 74] observed an increase in the 
systolic blood pressure in all patients treated with 
CoCl2. This is consistent with the findings, which 
revealed that treatment with recombinant epoetin may 
also be associated with an increase in blood pressure, 
although the mechanisms of this increase are not fully 
understood.

Curtis [75] administered 50 mg of CoCl2 daily 
for three months to 23 hemodialysis patients with 
chronic kidney disease. As expected, this treatment 
resulted in a 10 g/L increase in the hemoglobin 
concentration in about 50% of the patients. However, 
one patient died three months after completing the 
cobalt therapy, and histological examination of 
the myocardial tissue indicated that he developed 
cardiomyopathy. In the postmortem period, the cobalt 
concentration in the myocardium was 1.65 μg/g, 
which is approximately 25–80 times higher than 
that in the control samples. Curtis [75] conducted a 
prospective study on blood cobalt concentrations in 
healthy individuals and hemodialysis patients after 
two weeks of administration of CoCl2. In both groups, 
there was a long-term increase in the blood cobalt 
concentration, which returned to normal six weeks 
after discontinuation of CoCl2 administration.

Schirrmacher [76] described the case of a 35-year-
old woman who was treated for renal anemia with 
100 mg of CoCl2 daily. After six months,the intake of 
cobalt(II) chloride was discontinued because of the 
development of neurological disease. On examination, 
the patient had bilateral sensorineural hearing 
loss, loss of vibration sensitivity in both legs, and 
disturbances during the calcaneal-knee test, as well as 
extensive thyroid gland enlargement. Hearing loss has 
also been reported as a side effect of CoCl2 therapy. 
Gardner [15] orally administered 50–150 mg of CoCl2 
daily to 17 patients with chronic kidney disease, and 
four of them complained of tinnitus after 4–16 weeks. 
The audiogram revealed a hearing loss of over 1000 Hz. 
When the therapy was discontinued, the hearing 
returned. Hearing loss caused by CoCl2 therapy and 
its reversibility when treatment is discontinued has 
also been confirmed by other researchers. Licht [77] 
observed optic atrophy in a 32-year-old patient who 
was treated for pancytopenia with up to 200 mg of 
cobalt(II) chloride per day in four treatment intervals, 
each lasting three to four months, for three years. 
The patient developed choroidal perfusion and optic 
nerve atrophy, which affected visual acuity, as well as 
nausea and vomiting, which often accompanied the 
state of chronic intoxication of the body.

Cobalt prevents the thyroid gland from absorbing 
iodine. Thus, myxedema and thyroid hyperplasia 
are relatively common side effects of cobalt salt 
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treatment. During cobalt therapy, Kriss [78] observed 
thyroid abnormalities in five patients. Among them 
were four children with sickle cell disease who 
received 30–100 mg of CoCl2 daily for 14–30 weeks. 
A few weeks after the therapy was stopped, goiter and 
thyroid dysfunction decreased. Since the undesirable 
effects were associated with cobalt treatment, the 
author criticized its careless use as a therapeutic 
agent.

Oral administration of 500 mg of CoCl2 can 
cause gastrointestinal diseases, nausea, vomiting, 
and weight loss. Mucklow [37] reported the case 
of a 6-year-old boy who developed abdominal pain 
and vomiting after taking a drink containing 2.5 g of 
CoCl2. The cobalt concentration in his blood plasma 
was 7.23 µM (normal value <0.02 µM) 7 h after 
ingestion and 0.09 µM one month later. According 
to Jacobziner and Raybin [79], the worst case was 
that of a 19-month-old boy who died about 7 h after 
swallowing about 30 mL of CoCl2 solution. Autopsy 
results revealed necrosis of the gastric mucosa, and 
the liver, kidneys, and spleen were overloaded with 
cobalt.

Various works have described some aspects of 
the biochemical properties of inorganic cobalt in 
relation to its bioavailability and the potential hazard 
of usage [27, 37, 38]. Later, a staff of the Birmingham 
Center for the National Poison Information Service 
of Great Britain compiled a monograph on the toxic 
effects of CoCl2 [39]. Cobalt and its compounds can 
enter the human body through various routes (oral, 
dermal, inhalation, intravenous, and subcutaneous). 
Cobalt toxicity, body tissue or organ, and the 
extent of damage will vary depending on the route 
of ingestion. In addition, the exposure time and the 
amount of cobalt consumed are critical. There is a 
risk of intolerance and organ damage at high dosages 
(>25 mg/day) [40].

Even though the toxic effect of cobalt has been 
proven many times, the molecular mechanisms 
of its toxicity remain unidentified. When high 
concentrations of cobalt are used, it causes harmful 
effects that are associated with the effect of hypoxia 
or the “sensation” of a lack of oxygen by the cell. 
Moreover, oxygen is necessary for the proper 
functioning of all the cells in any organism. Cobalt is a 
genotoxic metal [52, 80] that induces oxidative stress 
[53] and apoptosis [81]. By stabilizing HIF, cobalt 
ions can activate genes that encode proteins involved 
in tumor growth (e.g., vascular endothelial growth 
factor [56] and multidrug-resistant P-glycoprotein 
transporter). Cobalt salts were discovered to promote 
the development of carcinoma when introduced in 
experimental animals. Furthermore, inorganic cobalt 

was discovered to induce DNA strand breaks, DNA-protein 
cross-linking, exchanges of sister chromatids, and the 
formation of micronuclei in mammalian cell cultures. 
Soluble cobalt(II) salts are classified by the IARC of 
WHO as group 2B carcinogens (possibly carcinogenic 
to humans) [22]. Their usage as hypoxia mimetics is 
currently limited to laboratory experiments because 
of their toxic side effects [23].

The risk of adverse events increases as the dose 
and duration of treatment increase. The duration of 
the therapeutic administration of CoCl2 averages 
approximately 10 weeks. A daily cobalt dose of 
0.03 mg/kg of body weight for oral administration 
is considered safe in terms of toxic health effects in 
the general population. This dose is much lower than 
the therapeutic doses used to stimulate erythropoiesis 
in clinics. Unfortunately, many athletes are either 
unaware of or unconcerned about the possible health 
risks associated with using cobalt as a doping agent.

Determination of cobalt in biological samples
The first attempts to develop strategies for 

detecting cobalt salt doping in athletes were made 
earlier. The cobalt content in erythrocytes was 
proposed as a parameter because the absorption 
of inorganic cobalt by erythrocytes is practically 
irreversible and reflects the concentration of cobalt in 
the plasma [43]. Unice [44] used a biokinetic model 
to estimate the cobalt levels in the blood and urine 
as a result of oral ingestion of cobalt amounts that 
exceeded typical dietary intake. The expected cobalt 
concentrations after 10 days of ingesting cobalt in a 
daily dose of 0.4–1.0 mg ranged from 1.7 to 10 μg/L 
in the blood and 20–120 μg/L in the urine. It was 
expected that using inorganic cobalt preparations 
at a rate of 1.0 mg of cobalt per day for a year or 
more would result in the determination of cobalt 
concentrations of 5.7–13 μg/L in the blood and 
65–150 μg/L in the urine.

The concentration of cobalt was also established 
using atomic absorption spectroscopy with a graphite 
cell, and according to the findings of the IARC WHO 
working group, it was 0.1–0.5 µg/L in the human 
blood plasma in experimental samples [22].

The GC–MS [82] and a validated quantitative 
tandem electrospray ionization MS method with a 
low detection limit of 50 pg/mL [83] are two methods 
that are compatible with routine doping control 
procedures for determining cobalt in human urine. 
Other widely used sensitive methods of quantitative 
determination include ICP–MS, ICP atomic emission 
spectrometry, and electrothermal atomic absorption 
spectroscopy [84]. Since cobalt is a natural and 
essential trace element [50] that can be found in the 
urine of healthy people in concentrations ranging 
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from 40 to 810 pg/mL [85], control and threshold 
values must be determined to confirm an unfavorable 
analytical conclusion. The highly sensitive LC–ICP–MS 
method with detection limits of up to 0.8 pg/mL is 
the best analytical approach for solving this problem.

The use of only plastic laboratory glassware made 
of polypropylene is regulated in modern anti-doping 
methods for determining inorganic cobalt because 
glassware may contain trace amounts of cobalt as a 
result of the manufacturing process, which may affect 
the analysis result [63, 86].

Urine, plasma, or blood serum can be used for 
analysis. Additionally, a method for determining and 
comparing the cobalt concentration in erythrocytes 
to the cobalt concentration in the plasma is being 
developed to distinguish the source of cobalt ingestion 
in the body (various forms of vitamin B12 or inorganic 
cobalt) [76]. Blood is collected in tubes containing 
Li-heparin (lithium heparin salt) or the potassium 
or sodium salt of ethylenediaminetetraacetic acid 
and centrifuged to separate the plasma. The urine is 
collected in clean plastic containers. Samples are kept 
frozen at −20℃ until analysis.

Screening analysis is usually performed with 
the ICP–MS method [59, 63, 86–88] using standard 
solutions of cobalt and germanium with certified 
values that correspond to standard reference materials 
3113 and 3120a of the National Institute of Standards 
and Technology, which are used to construct a 
calibration curve (cobalt solutions) and as an internal 
standard (germanium solutions). Working standard 
solutions of cobalt and germanium are prepared by 
diluting the corresponding standard solutions with 
3.25% (v/v) nitric acid. For the ICP–MS analysis 
and construction of calibration curves, European 
laboratories often use the standard solution of cobalt 
CertiPUR® (1 mg/mL) from Merck, Germany, as 
an internal standard, the indium plasma emission 
standard (1 mg/mL) from VWR International 
GmbH (Bruchsal, Germany), and a standard solution 
containing 10 µg/mL of germanium, cobalt, lithium, 
titanium, and yttrium in 2% nitric acid from Agilent 
Technologies (Waldbronn, Germany).

Calibration mixtures, quality control (QC) 
samples, and corresponding blanks are analyzed 
along with each batch of the test samples. Calibration 
mixtures and QC samples are prepared using standard 
working cobalt solutions. To obtain a calibration 
curve, the ratios of the area of cobalt peaks to the 
internal standard (germanium) versus the added cobalt 
concentrations are fitted using linear regression. The 
total cobalt concentrations in the test samples are 
interpolated using a calibration dependence. For 
the QC samples, the recovered cobalt concentration 

is obtained by subtracting the concentration of 
the corresponding empty matrix from the total 
determined concentration. At the discretion of the 
laboratory, calibration mixtures can be prepared in 
ultrapure water, plasma, or urine depending on the 
samples that are being analyzed. At least six points in 
the range of 0–25 ng/mL or more in the plasma and 
0–500 ng/mL or more in the urine are plotted on the 
calibration curves. Each batch includes one or two QC 
samples and/or a Certified Reference Material. The 
QC samples are prepared by adding cobalt standard 
solutions to the purified plasma and urine.

The internal standard (germanium solution) 
is added to the urine sample before it is diluted 
5–50 times with 3.25% nitric acid for screening 
analysis. After adding an internal standard, blood 
plasma (serum) samples are deproteinized with a 
trichloroacetic acid (TCA) solution (10 g of TCA 
and 120 mg of NaCl per 100 mL of ultrapure water) 
followed by the addition of 3.25% nitric acid and 
centrifugation. The plasma sample should be finally 
diluted 5–50 times. For analysis, 80–100 µL of the 
original sample is usually used. The diluted sample 
is injected into the ICP–MS spectrometer through an 
autosampler. Argon is used as a plasma-forming gas, 
and helium is used as a target gas. Detected isotopes: 
m/z 59 for cobalt and m/z 72 for germanium [55]. 
Three parallel determinations were used to collect all 
data. To minimize carryover, the autosampler needle 
is flushed with deionized water for 5 s in the rinse 
port and 5 s in the rinse bottle after each sample 
injection, followed by a 0.07% Triton-X rinse for a 
maximum of 100 s. Finally, the autosampler probe is 
flushed again with deionized water for 20 s before the 
next infusion.

Confirmatory analysis for cobalt doping is 
usually performed using LC–MS [63, 86, 87]. The 
internal standard is usually not used in this case. 
Before plasma or serum analysis, protein precipitation 
is performed. Inorganic cobalt is determined using 
diethyl thiocarbamate (DDC), which requires 
additional sample preparation. The Co-DDC complex 
is detected in a one-time interval in a positive 
electrospray ionization mode using the selected 
reaction monitoring. The selected ion-precursor of 
the Co-DDC complex has an m/z of 355 [63].

Routine doping tests require fast and simple 
protocols for preparing samples for analysis. In this 
regard, Knoop’s work [87] is interesting because it 
describes in detail the method of high-performance 
LC in combination with ICP–MS (HPLC–ICP–MS), 
which allows chromatographic peaks to distinguish 
the cobalt prohibited for use (inorganic cobalt) 
from endogenous cobalt, which is a component 
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of cyanocobalamin which is extremely important 
for doping control. This method also has high 
sensitivity and the ability to detect one cobalt 
particle out of 1012 other particles and analyze the 
isotopic composition of the ion of interest, making it 
the method of choice for modern doping control.

Additional testing strategies based on the 
identification of indirect biological effects of CoCl2 
administration, such as activation of vascular 
endothelial growth factor gene transcription [45], 
altered microRNA marker profiles, or enhanced 
synthesis of delta-aminolevulinate [46], could be 
reliable alternatives. However, they require a lengthy 
and complex process of clinical and analytical 
validation.

CONCLUSIONS

The use of cobalt as a doping agent to improve 
athletic performance has been and will continue to be 
a relevant topic of discussion. This article discusses 
in detail its main biological effects on the body in 
comparison to the use of erythropoiesis-stimulating 
agents such as recombinant EPOs or inhibitors of 
HIF-prolyl hydroxylases. The absence of a clear 
WADA-approved technical document on the detection 

of cobalt or the analysis method and the obligation for 
all anti-doping laboratories in the world to determine 
it makes its use even more appealing to unscrupulous 
athletes. More focus is placed on the problem of using 
cobalt salts for medical purposes and as biologically 
active supplements, the potential harm of their use 
due to their toxic effects on the human body, and the 
possible sanctions for athletes who use such dietary 
supplements.

The data from the literature on the main methods 
for detecting cobalt were collected and summarized. 
The HPLC–ICP–MS method, which distinguishes 
endogenous cobalt (a part of vitamin B12) from 
the cobalt prohibited for use (inorganic cobalt), is 
the most promising and highly sensitive of all the 
methods considered in the review.

Currently, anti-doping laboratories are tasked 
with the primary responsibility of introducing the 
abovementioned method into their methodological 
base for the unambiguous determination of the abuse 
of cobalt salts by athletes. This will reduce the number 
of disqualifications associated with their use and 
prevent possible cases of potential poisoning by them.

The authors declare no conflicts of interest.
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Aqueous polyvinyl alcohol solution foaming 
at different molecular masses
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Abstract

Objectives. Investigation of aqueous polyvinyl alcohol (PVA) foaming process and the influence of 
its water solution structure, when possessed of different molecular weights and concentrations, 
on foaming multiplicity.
Methods. Solution foaming analysis was performed on the data of dynamic light scattering 
obtained on the Zetasizer Nano particle analyzer.
Results. In this work, the foaming ability and foaming multiplicity of aqueous PVA solutions 
(as a main component for obtaining special-purpose foams) have been studied. It is shown that 
PVA solutions in water are colloidal dispersed systems consisting of different-sized associates 
(from 4.8 to 68.1 nm), depending on the molecular weight of PVA. Dependencies of aqueous PVA 
solution foaming multiplicities on the concentration, molecular weight, and solution temperature 
were given. Optimal values of concentration and molecular PVA weight, as well as optimal 
foaming process conditions from aqueous PVA solutions, were established.
Conclusions. Increasing PVA concentrations in aqueous solutions cause foaming multiplicity 
to decrease for all molecular weights by 1.5 times, and increasing molecular weight increases 
foaming multiplicity by 2 times. The foaming ratio of aqueous PVA solutions with different 
concentrations and molecular weights (depending on a solution temperature characterized by a 
maximum of 30°C) is associated with decreased viscosity and surface tension.
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Пенообразование растворов поливинилового спирта 
с разной молекулярной массой в воде
А.А. Акимова1,@, В.А. Ломовской1,2, И.Д. Симонов-Емельянов1

1МИРЭА – Российский технологический университет (Институт тонких химических технологий 
им. М.В. Ломоносова), Москва, 119571 Россия
2Институт физической химии и электрохимии им. А.Н. Фрумкина Российской академии 
наук, Москва, 119071 Россия
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Аннотация

Цели. Исследовать процесс пенообразования водных растворов поливинилового спирта 
(ПВС) с различной молекулярной массой и концентрацией и влияние их структуры на 
кратность их вспенивания.
Методы. Анализ пенообразования растворов проводили по данным динамического свето-
рассеяния, полученным на анализаторе частиц Zetasizer Nano.
Результаты. В работе изучена пенообразующая способность и кратность вспенивания 
водных растворов ПВС как одного из основных компонентов получения пен специального 
назначения. Показано, что растворы ПВС в воде представляют собой коллоидные дис-
персные системы, состоящие из ассоциатов с разными размерами (от 4.8 до 68.1 нм) в 
зависимости от молекулярной массы ПВС. Приведены зависимости кратности вспени-
вания водных растворов ПВС от концентрации, молекулярной массы и температуры 
раствора. Приведены значения оптимальной концентрации и молекулярной массы ПВС, 
а также установлены оптимальные условия процесса пенообразования из водных рас-
творов ПВС.
Выводы. Установлено, что с ростом концентрации водных растворов ПВС кратность 
вспенивания снижается для всех молекулярных масс приблизительно в 1.5 раза, а с увели-
чением молекулярной массы она возрастает примерно в 2 раза. Кратность вспенивания 
водных растворов ПВС с разной концентрацией и молекулярной массой в зависимости от 
температуры раствора характеризуется максимумом при 30 °C, что связано с умень-
шением вязкости и снижением поверхностного натяжения растворов.

Ключевые слова: поливиниловый спирт, молекулярная масса, водные растворы, 
концентрация растворов, кратность вспенивания
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When creating highly porous filters for 
separating water from hydrocarbon fuels (kerosene, 
gasoline, etc.), polyvinyl alcohol (PVA) is used as 
the initial component, as it selectively absorbs water 
from hydrocarbon organic matter [1]. The filter 
technology includes a stage of obtaining foams from 
aqueous PVA solutions [2–4]. The structure and 
parameters of formed foams, foaming multiplicity, 
and foam stability over time are determined primarily 
by PVA molecular weight, the concentration of 
aqueous PVA solutions, and the technological 
parameters of solution production processes [5–9].1 

Of undoubted interest is the establishment 
of main regularities when forming foams with 
adjustable structure parameters and properties. 
The purpose of this work is to study the foaming 
process of aqueous PVA solutions and the influence 
of their structures (with different molecular weights 
and concentrations) as well as the power-speed 
and temperature parameters of foaming on their 
properties.

EXPERIMENTAL

PVA produced by Mowiol (Taiwan) with different 
molecular weights (Mw) was used as the object of this 
study: Mowiol 5-88 with Mw = 22000, Mowiol 18-88 
with Mw = 55000, Mowiol 26-88 with Mw = 68000 and 
Mowiol 47-88 with Mw = 81000 with a 99.95% share 
of the base substance. It is impractical to take PVA 
with a Mw greater than 81000, since in the process 
of its dissolution in water, the partial flocculation 
of dissolved PVA particles occurs and forms large 
associates that cannot be separated [10, 11].

PVA solutions with given concentrations in 
water were prepared in a measuring flask with 
a volume of 1000 mL. PVA suspensions were 
placed and 800 mL of deionized water was poured. 
Deionized water was obtained using a Type 1 high 
water purification system, Milli-Q Integral 5 (Merck 
Millipore, Burlington, Massachusetts, USA), with 
a resistivity of 18.0 mOhm·cm. The flask was then 
placed in a thermostat at 80°C and the liquid was 
stirred constantly until the PVA was completely 
dissolved. The solution was then evaluated visually 
before being cooled to 25°C. The quality of 
complete dissolution and solution heterogeneity at 
different PVA concentrations in water was judged 
by the data of dynamic light scattering obtained 
using a Zetasizer Nano particle analyzer (Malvern 
Instruments, USA).

1 Vilkova N.G. Colloidal-chemical properties of polyhedral 
foams and emulsions. Cand. Thesis (Chem.). Moscow: M.V. 
Lomonosov Moscow State University; 2007. 285 р. (in Russ.).

The method is based on the registration of 
scattered light fluctuations from particles in 
continuous Brownian motion [12]. A laser beam is 
passed through the analyzed sample and the intensity 
of light scattering by particles over time is recorded. 
When particles are irradiated with a laser, light 
is scattered in all directions. Observed scattered 
light comes from a set of scattering elements 
in a certain volume, depending on the angles at 
which registration is performed and the aperture 
characteristics. The observed intensity of scattered 
light under any conditions will be the result of light 
superposition scattered by each element, and thus 
depend on the relative positions of these elements. 
When the particles move, their relative positions 
change and fluctuations in scattered light intensity 
are observed. Since the particles move randomly 
under the influence of Brownian force and scattered 
light intensity fluctuations are random. For small 
fast-moving particles, fast fluctuations are observed, 
while larger and slower particles show slower 
fluctuations.

Analysis of intensity fluctuations makes it 
possible to determine the speed of Brownian motion 
and calculate the particle size using the Stokes-
Einstein equation. The Zetasizer Nano photonic 
particle analyzer has a particle measurement range of 
0.3 to 10000 nm. The operating temperature range is 
2–120°C, the scattered light detection angle is 173°, 
a helium-neon laser with a wavelength of 633 nm is 
used as a light source, and the light source power is 
5 MW. The device determines the particle size by 
measuring the rate of scattered light fluctuation by 
particles. Measurement is carried out in automatic 
mode according to the standard method.

Foams from aqueous PVA solutions with different 
Mw and concentrations were obtained via mechanical 
foaming [13] at different temperatures. A 250 mL 
measure of PVA solution in water was poured into a 
500 mL measuring cylinder with a diameter of 50 mm and 
a height of 350 mm. A three-bladed rotor of an upper-
drive laboratory agitator was placed in the cylinder 
in such a way that it did not touch the bottom of the 
cylinder (the distance to the bottom is ~50 mm) and 
the height of the liquid column was measured with 
a Vernier height gage before mixing. Depending 
on the experiment temperature, the cylinder with 
the solution was placed in a thermostat at a given 
temperature and thermostated for 30 min. The 
agitator was turned on and the foaming process was 
carried out at a speed of 1000 rpm for 5 min (it was 
experimentally determined that this amount of time is 
necessary to achieve maximum foaming multiplicity), 
after which the agitator was turned off and the column 
of liquid with foam was measured again.



Aqueous polyvinyl alcohol solution foaming at different molecular masses

340

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(4):337–344

The foaming multiplicity (β) was calculated by

,

where Vf is the volume of the resulting foam; Vw is the 
volume of the initial PVA liquid solution.

RESULTS AND DISCUSSION

The homogeneity of aqueous PVA solutions 
was determined using the method of dynamic light 
scattering on the Zetasizer Nano particle analyzer. 
As an example, Fig. 1 shows the dependences of 
light scattering intensity for 4 vol % of aqueous PVA 
solutions of with minimum (1) and maximum (2) Mw 
of the associate diameters.

It has been established that PVA solutions in 
water are colloidal dispersed systems consisting of 
PVA associates in water, and the average associate 
diameter depends on Mw: for Mw = 22000, diameters 

Fig. 1. Dependence of associate distributions by size in 4 vol % aqueous PVA solutions 
with different molecular weights (Mw): (1) Mw = 22000, (2) Mw  = 81000.

ranged from 4.8 to 50.8 nm, and for Mw = 81000, 
diameters ranged from 5.6 to 68.1 nm. The associative 
structure of aqueous PVA solutions influenced the 
foaming process.

Figure 2 shows the β dependences for aqueous 
PVA solutions based on concentration and Mw. 

With a concentration increase from 4 to 24 vol %, β 
decreased from 6.4–3.7 to 4.9–1.8 (i.e., by ~1.5 times) 
due to an increase in solution viscosity. On the 
curves of Fig. 2a, there is an inflection at a solution 
concentration of ~12 vol %; therefore, the dependence 
of β on Mw for solutions of 12 vol % concentration 
is of interest. The influence of PVA Mw on foaming 
is manifested to a lesser extent than the change in 
solution concentration (Fig. 2b), and an inflection 
is observed on the curve β = f(Mw) at Mw = 55000, 
indicating an increase in the foaming efficiency 
when using PVA with a Mw greater than 60000. The 
maximum β (≈ 5.5) was achieved with PVA water 
solutions of 81000 Mw and a solution concentration 
of 4 vol %.

Temperature had a significant influence on the 
foaming process of aqueous PVA solutions, since 
temperature increases caused solution viscosity 
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to decrease, an equivalent to a lower solution 
concentration. Figure 3 shows the dependences 
of β for aqueous PVA solutions at a 4 vol % 
concentration with measured Mw and temperature.

Figure 3 shows that as Mw increases from 
22000 to 81000, the β of the aqueous PVA solutions 
increases at almost all temperatures (10–60°C) by 
approximately 2 times. In Fig. 3a, the dependences 

of β are close to each other at temperatures of 
10°C and 60°C (they show the lowest β), yet there 
is also a sharp decrease in β at 60°C caused by 
decreased solution viscosity [13]. In Fig. 3b, it is 
possible to trace the influence of temperature on 
β, establishing that the maximum β is achieved 
at 30°C for almost all Mw values. As temperature 
continued to increase, β decreased.

Fig. 2. Dependence of β for aqueous PVA solutions with different Mw at 20°C: (1) Mw = 22000, (2) Mw = 55000, 
(3) Mw = 68000, (4) Mw = 81000; (a) concentrations, (b) Mw for a concentration of about 12 vol %.

Fig. 3. Dependence of β for aqueous PVA solutions at a concentration of 4 vol %: (a) on the Mw at different temperatures: 
(1) 10°C, (2) 20°C, (3) 25°C, (4) 30°C, (5) 40°C, and (6) 60°C; and (b) on temperature at different Mw: (1) Mw = 22000, 

(2) Mw = 55000, (3) Mw = 68000, (4) Mw = 81000.

а

а

b

b



Aqueous polyvinyl alcohol solution foaming at different molecular masses

342

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(4):337–344

CONCLUSIONS

This study obtained data on the processes of 
mechanical foaming from aqueous PVA solutions 
with different Mw (from 22000 to 81000) and solution 
concentrations (from 4 to 24 vol %) at different 
temperatures (10–60°C). It was found that the maximum 
foaming ability was possessed by PVA solutions with a 
Mw of 81000 and a concentration of 4 vol %. However, 
to increase the PVA concentration in aqueous solutions 
and obtain more stable foams (i.e., the ability to maintain 
initial structure parameters, since foam is a structured 
dispersed system), foaming can be carried out at an 
optimal temperature of 30°C and a PVA concentration 
equal to 12 vol %. In such cases, the maximum β = 4.2 is 

achieved, which was previously obtained at 4 vol %. The 
β of aqueous PVA solutions with different concentrations 
and Mw, depending on solution temperature, is 
characterized by a maximum at 30°C, which is associated 
with decreased viscosity and solution surface tension.
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СИНТЕЗ И ПЕРЕРАБОТКА ПОЛИМЕРОВ 
И КОМПОЗИТОВ НА ИХ ОСНОВЕ

SYNTHESIS AND PROCESSING OF POLYMERS
AND POLYMERIC COMPOSITES

Effect of relaxation processes during deformation 
on electrical resistivity of carbon black polypropylene 
composites
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MIREA – Russian Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies), 
Moscow, 119571 Russia
@Corresponding author, e-mail: markovan@bk.ru

Abstract

Objectives. To study the relationship between bending deformation and the change in the 
electrical resistance of carbon black polypropylene composites.
Methods. Conductive polypropylene composites filled with carbon black UM-76 were investigated. 
The samples were deformed and kept under constant bending at temperatures of 20–155°C.
Results. The deformation of the samples led to a reversible increase in their electrical resistance, 
while subsequent holding of the samples in the deformed state was accompanied by an 
exponential drop in their electrical resistance. The average times and activation energies of the 
electrical relaxation of the deformed polypropylene composites were calculated (30–32 kJ/mol) 
and compared with similar characteristics of polyethylene composites (15–16 kJ/mol). 
Conclusions. The electrical resistance relaxation of deformed carbon black polypropylene 
composites at elevated temperatures is similar to their stress relaxation. The average times 
and activation energies of the electrical relaxation of deformed polypropylene composites are 
comparable with similar data on their mechanical relaxation. It was found that these electrical 
and mechanical phenomena are based on the same underlying physical processes.
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Влияние релаксационных процессов при деформировании 
на электрическое сопротивление полипропиленовых 
композитов с техническим углеродом
А.В. Марков@, К.С. Тарасова, В.А. Марков

МИРЭА – Российский технологический университет (Институт тонких химических технологий 
им. М.В. Ломоносова), Москва, 119571 Россия
@Автор для переписки, e-mail: markovan@bk.ru

Аннотация

Цели. Работа посвящена изучению влияния деформации изгиба при повышенных темпе-
ратурах на изменение электрического сопротивления электропроводящих полипропиле-
новых композитов, наполненных техническим углеродом.
Методы. Исследовались полипропиленовые композиты с техническим углеродом УМ-76. 
Образцы изгибались и выдерживались при заданном прогибе в интервале 20–155 °C. 
Результаты. При деформировании образцов наблюдался обратимый рост электри-
ческого сопротивления. Последующая выдержка образцов в деформированном состоя-
нии сопровождалась экспоненциальным падением их электрического сопротивления. 
Были рассчитаны средние времена и энергия активации электрической релаксации 
деформированных полипропиленовых композитов (30–32 кДж/моль), а также прове-
дено их сравнение с аналогичными характеристиками полиэтиленовых композитов 
(около 14–16 кДж/моль). 
Выводы. При механическом деформировании электропроводящих полипропиленовых 
композитов с техническим углеродом, в том числе при повышенных температурах, ха-
рактер релаксации электрического сопротивления аналогичен характеру релаксации 
механического напряжения. Средние времена и энергия активации электрической релак-
сации деформированных полипропиленовых композитов сопоставимы с аналогичными 
показателями для механической релаксации. Это указывает на общий механизм этих 
процессов.
Ключевые слова: электропроводящий полипропилен, технический углерод, электри-
ческое сопротивление, деформация, релаксация, эффект ПТК
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INTRODUCTION

Self-regulating heating cables, thermostatic 
heating elements, thermostatic devices, and self-
disconnecting electrical fuses are made based 
on electrically conductive polymer composites 
containing carbon black (CB) [1]. The ability of these 
materials to change their electrical resistance during 
mechanical deformation [2] has opened up new 
possibilities for their use, e.g., as internal mechanical 
stress sensors and damage indicators [3]. Regardless 
of the shape and size of the electrically conductive 
fillers, the change in the electrical conductivity of 
the composites during macroscopic deformation 
is usually explained by the change in the distances 
between the conductive particles [4]. The change 
in electrical resistance during the deformation of 
electrically conductive composites is associated 
with the restructuring processes of the system of 
electrically conductive channels, i.e., the destruction 
of existing channels or the emergence of new channels 
[5, 6]. The prevalence of a particular process and, 
consequently, the increase or decrease in the electrical 
resistance depends on the nature of the polymer 
matrix and the content of the electrically conductive 
filler [7, 8]. The formation of electrically conductive 
channels during the deformation of a composite is 
also influenced by the orientation phenomena in the 
polymer matrix. This effect in particular manifests 
in the anisotropy of electrical properties during the 
stretching of an electrically conductive composite 
due to the appearance of anisotropy of the composite 
structure when deforming polymer macromolecules 
[7]. In the case of polymeric electrically conductive 
composites filled with CB, the mechanical and 
electrical characteristics change interdependently. 
This opens up the possibility of studying relaxation 
phenomena based on data on electrical conductivity 
changes in a material that cannot be studied with 
other methods [9]. During cyclic deformation, 
electrically conductive polymer composites show 
a hysteresis of electrical resistance similar to the 
hysteresis of mechanical stress [4]. The highest 
sensitivity of electrical resistance to temperature 
change (positive temperature coefficient [PTC]) and 
tensile deformation is observed when the content 
of the electrically conductive filler corresponds to 
the percolation threshold region [10–12]. It is with 
this content that the electrically conductive polymer 
composite material is suitable for use in thermostatic 
heating elements. Simultaneously, the presence of 
a negative temperature coefficient (NTC effect) is 
an undesirable effect because it can lead to failure 
of the polymer composite heater. This effect can be 
eliminated by radiation crosslinking or chemical 

crosslinking of the polymer matrix of an electrically 
conductive composite or by using an electrically 
conductive composite polymer matrix of a mixture 
of polyethylene (PE) with a more heat-resistant 
polymer, e.g., polypropylene (PP) [13, 14]. Note 
that the influence of various types of deformation, 
such as tension, compression, and shifting, on 
the electrical resistance of electrically conductive 
polymer composites is currently being studied in 
detail [6, 15, 16]. However, there is practically 
no data in the scientific and technical literature on 
the effect of bending deformation on electrical 
resistance. This phenomenon is especially important 
for self-regulating heating cables, as these composite 
materials are used in their manufacturing. This is the 
main deformation type for heating cables.

The purpose of this work is to study the 
relationship between deformation and the magnitude 
of the electrical resistance of PP composites with CB.

EXPERIMENTAL

We studied PP composites (PPG 1120-16 
grade, Stavrolen, Budenovsk, Russia, TU 2211-
008-50236110-2006) with an optimal content of 
conductive UM-76 CB for heating elements (Omsk 
Carbon Group, Omsk, Russia, TU 38-10001-94) at 
20 wt % (11.7 vol %).

The compositions were prepared on a Brabender 
plastograph (Brabender GmbH, Duisburg, Germany) 
at 200°C, as in [17]. The samples were prepared by 
pressing at 200 ± 2°C, with the contact lamination 
made of L-80 brass mesh (GOST 6613-861), as 
described in [17]. The electrical resistance of the 
samples was measured with a DT9208A ohmmeter.

The study of the effects of the bending 
deformation was carried out from 20 to 155°C in a 
SNOL 3.5 oven (ThermIKS, Russia), as described 
in [18]. In this case, the samples were deformed at 
a constant injector movement speed of 5 mm/s to a 
fixed depth of deflection to attain a deformation of 
0.1 ± 0.01%. At larger deformations, the samples 
broke at temperatures below 100°C.

RESULTS AND DISCUSSION

The materials under study were characterized 
by a sharp increase in electrical resistance due to the 
rearrangement of the polymer crystal structure in 
the melting temperature range as well as the intense 
destruction of the conductive channels formed by the 
CB particles [17]. The temperature range in the region 
of the peak in the dependence of the electrical resistance 

1 GOST 6613-86. Square meshed woven wire cloths. 
Specifications. Moscow: Standartinform, 2006.
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on the test temperature practically coincided with the 
temperature range of PP melting. Figure 1 shows how 
the samples’ temperature affected the change in the 
electrical resistance of the investigated PP composite.

The effect of the tripping “barrier” resistance 
(PTC) was also retained for the deformed samples. 
Figure 2 shows the kinetic dependences of the changes 
in the electrical resistance of the samples at different 
temperatures.

Fig. 1. Dependence of the relative electric volume 
resistance (ρT/ρ20) of the polypropylene samples 

on temperature.

Fig. 2. Change in the relative (ρt/ρmax) specific volume 
electric resistivity during and after bending (f = 0.11) 

at various temperatures: (1) 90°С, (2) 125°С, (3) 140°С, 
(4) 155°С.

The obtained time dependences of the changes 
in electrical resistivity were similar to the well-
studied dependences of mechanical stress relaxation 
[19]. It can be seen in Fig. 2 that during the sample 

deformation, a jump of electrical resistance was 
observed from the value of electrical resistance 
(ρТ; resistance of an undeformed sample at the 
test temperature) to the maximum value (ρmax) 
corresponding to a given deformation (ρ0 at heat 
treatment time t = 0). Furthermore, the electrical 
resistivity at all temperatures exponentially decreased 
within 4–5 min at a constant bending strain. At longer 
times (in Fig. 2, the relaxation times are limited 
to 10 min) and at 140°С and higher temperatures 
approaching the melting points of the PP matrix, the 
resistance began to increase (Fig. 2, curves 3 and 4).

It became apparent that the value of the 
maximum resistance at the same relative deformation 
at the moment of deformation (as in [20]) depended 
little on temperature up to 140°C because the effect 
of the deformation at low temperatures (in the 
forced highly elastic state of the polymer) on the 
deformed PP structure also depended little on the 
temperature. A noticeable increase was observed 
only at temperatures close to the PP melting point. 
This effect was similar to that of the increase in the 
electrical resistance of undeformed samples at the 
temperatures of the onset of polymer melting in Fig. 1 
and was probably of the same nature [20]. As assumed 
in [20], the relaxational decrease in the electrical 
resistance at higher temperatures was associated with 
the restoration of the conductive channels formed by 
the CB particles. The higher the sample temperature, 
the greater this decrease in electrical resistance [20]. 
Isometric heat treatment of a deformed PP composite 
under isometric conditions also led to the restoration 
of the conductive channel system [20]. Once again, 
we could say that this relaxation phenomenon was 
similar to the NTC effect characterized by decrease 
in the height of the electrical resistance “barrier” 
peak upon heating non-deformed samples at high 
temperatures in Fig. 1. When deformed at higher 
temperatures (close to the PP melting point), the 
abovementioned destruction of the conductive 
channels formed by the CB particles occurred more 
intensively, possibly due to the recrystallization of 
the composite’s PP matrix [17].

To study the mechanism of electrical resistance 
relaxation, we could use the concept of average 
relaxation time, as in the case of mechanical stress 
relaxation. We used Eq. (1) to calculate the relaxation 
times [9]:

                                                            (1)

where ρt, ρmax, and ρmin are the current (at time point t), 
maximum (at the beginning of the relaxation process), 
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and minimum (equilibrium) values, respectively, of 
the specific volumetric electrical resistance (Ohm∙m) 
and τ is the average relaxation time (s). Using these 
relations, we could calculate the average times 
of electrical resistance relaxation at the studied 
temperatures2. The obtained relaxation times made 
it possible to calculate the activation energies of the 
electrical relaxation by analogy with the activation 
energy of mechanical relaxation [19]:

,                                                               (2)

where τ is the average relaxation time (s) at 
temperature Т (К), τо is a constant with the dimension 
of time (s), R is the universal gas constant equal to 
8.31 J/(mol·K), and Uel is a coefficient independent 
of temperature (J/mol). The value of U depended on 
the average size of a kinetic unit (a molecule or part 
of a molecule) that participated in the thermal motion 
(relaxation process), as in the case of PE composites 
[18]. It is known [19] that the activation energy of 
viscous flow (Uvis.flow; the motion of segments upon 
melt shear) for PP and PE is 45–50 and 30–35 kJ/mol, 
respectively. Relaxation times (τ) linearly depend 
on the reciprocal of temperature (1/T, K) in a wide 
temperature range (see Fig. 3).

2 Markov V.A. Electrically conductive polymer composites 
with an increased positive temperature coefficient of electrical 
resistance for self-regulating heaters. Cand. Thesis. Moscow: 
M.V. Lomonosov MITHT; 2014. 120 p. (in Russ.).

Fig. 3. Dependence of the relaxation time of the electrical 
resistance of polyethylene (PE) [20] and polypropylene (PP) 

on the test temperature.

The calculated values of the “electrical” 
activation energies of the studied processes (U) were 
UPP = 30–32 kJ/mol and UPE = 15–16 kJ/mol. Note that 
for PP, the value of the “mechanical” activation energy 
(U) decreased from Uvis.flow ~45 kJ/mol in the viscous fluid 
state to Uhigh.elastic ~32 kJ/mol at temperatures below 
the temperatures of the onset of PP melting upon 
its transition to the forced highly elastic state [19]. 
In linear high-density PE, a corresponding decrease 
occurred from Uvis.flow ~30 kJ/mol to Uhigh.elastic ~17 kJ/mol 
[18, 19]. In our case, the temperature coefficient 
(Uel) for the electrical relaxation of PP and, as 
shown earlier, high-density PE [20] in the solid 
state practically coincided with the above values. 
Our results indicated a direct relationship between 
electrical relaxation and mechanical relaxation 
due to the segmental mobility of the polymer 
macromolecules.

CONCLUSIONS

This study showed that during the mechanical 
deformation of electrically conductive PP composites 
with CB at elevated temperatures the nature of 
electrical resistance relaxation is similar to the nature 
of mechanical stress relaxation. The average times 
and activation energies for the electrical relaxation of 
deformed PP composites are comparable to those for 
mechanical relaxation, which indicates the general 
nature of these processes.
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CHEMISTRY AND TECHNOLOGY OF INORGANIC MATERIALS

A novel сalcium trifluoroacetate structure
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Abstract 
Objectives. The study was devoted to considering the features of the synthesis and crystal 
structure of calcium trifluoroacetate Ca2(CF3COO)4·8CF3COOH and investigating the products of 
its thermal behavior.
Methods. The compositions of the proposed structural form were characterized by various 
physicochemical methods (X-ray diffraction, IR spectroscopy), and the products of thermal 
decomposition were determined under dynamic vacuum conditions.
Results. The reaction between calcium carbonate and 99% trifluoroacetic acid yielded a new 
structural type of calcium trifluoroacetate Ca2(CF3COO)4·8CF3COOH (I) in the form of colorless 
prismatic crystals unstable air. X-ray diffraction results confirmed the composition I: space group 
P21, with unit cell parameters: a = 10.0193(5) Å, b = 15.2612(7) Å, c = 16.3342(8) Å, β = 106.106(2)°, 
V = 2399.6(2) Å3, Z = 2. The structure is molecular, constructed from Ca2(CF3COO)4·8CF3COOH 
dimers. The end molecules of the trifluoroacetic acid were involved in the formation of intramolecular 
hydrogen bonds with oxygen atoms of the bidentate bridging anions CF3COO−. There were 
strongly pronouncedsymmetric and asymmetric absorption bands of COO and CF3-groups in the 
IR spectrum of the resulting compound in the range of 1200–1800 cm−1. The definite peak of the 
oscillation of the OH-group at 3683 cm−1 corresponds to the trifluoroacetic acid molecules present 
in the structure. The broadpeak of the valence oscillations in the range of 3300–3500 cm−1 is 
caused by the presence of intramolecular hydrogen bonds. Decomposition began at 250°C and 
10−2 mm Hg with calcium fluoride CaF2 as the final decomposition product.
Conclusions. We obtained a previously undescribed calcium–trifluoroacetic acid complex whose 
composition can be represented by Ca2(CF3COO)4·8CF3COOH. The crystal island structure is a 
dimeric molecule where the calcium atoms are bound into dimers by four trifluoroacetate groups. 
The complex was deposited in the Cambridge Structural Data Bank with a deposit number 
CCDC 2081186. Although the compound has a molecular structure, thermal decomposition leads 
to the formation of calcium fluoride characterized by a small particle size, which may further 
determine its applications.
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Аннотация 

Цели. Работа посвящена рассмотрению особенностей синтеза и кристаллического стро-
ения трифторацетата кальция Ca2(CF3COO)4·8CF3COOH, а также изучению продуктов 
его термического поведения. 
Методы. Соединение охарактеризовано различными физико-химическими методами 
(рентгеноструктурный анализ, ИК-спектроскопия), установлены продукты термиче-
ского разложения в условиях динамического вакуума.
Результаты. Взаимодействием карбоната кальция с 99% трифторуксусной 
кислотой синтезирован новый структурный тип трифторацетата кальция 
Ca2(CF3COO)4·8CF3COOH (I) в виде неустойчивых на воздухе бесцветных призматических 
кристаллов. Строение I установлено по результатам рентгеноструктурного анали-
за: пространственная группа Р21, параметры элементарной ячейки: a = 10.0193(5) Å, 
b = 15.2612(7) Å, c = 16.3342(8) Å, β = 106.106(2)°, V = 2399.6(2) Å3, Z = 2. Структура молеку-
лярная, построена из димеров Ca2(CF3COO)4·8CF3COOH. Торцевые молекулы трифторук-
сусной кислоты участвуют в образовании внутримолекулярных водородных связей с ато-
мами кислорода бидентатных мостиковых анионов CF3COO−. На ИК-спектре полученного 
соединения в диапазоне 1200–1800 см−1 присутствуют ярко выраженные симметричные и 
асимметричные полосы поглощения СОО и CF3-групп. Четкий пик колебания OH-группы на 
3683 см−1 соответствует присутствующим в структуре молекулам трифторуксусной 
кислоты. Широкий пик валентных колебаний в области 3300–3500 см−1 обусловлен нали-
чием внутримолекулярных водородных связей. При давлении 10−2 мм рт.ст. разложение 
начинается при 250 °С, конечным продуктом разложения является фторид кальция CaF2.
Выводы. Нами получен ранее не описанный комплекс кальция с трифторуксусной кис-
лотой, состав которого может быть представлен формулой Ca2(CF3COO)4·8CF3COOH, 
кристаллическая островная структура которого представляет собой димерную моле-
кулу, а атомы кальция связаны в димеры четырьмя трифторацетатными группами. 
Комплекс задепонирован в Кембриджском банке структурных данных, номер депониро-
вания – CCDC 2081186. Соединение имеет молекулярное строение, термическое разло-
жение приводит к образованию фторида кальция, характеризующегося небольшим раз-
мером частиц, что может в дальнейшем обусловить его применение.

mailto:ctpayc@mail.ru
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INTRODUCTION

Trifluoroacetic acid CF3COOH (dissociation 
constant 0.69 [1]) is considered a strong acid due 
to the influence of the trifluoromethyl group on the 
carboxyl group. The bond between the trifluoroacetate 
anion and the complexing atom exhibits a more 
ionic character and is weaker than the coordination 
bond in most carboxylates. As a consequence, the 
coordination chemistry of trifluoroacetate complexes 
often differs from most carboxylates. At the same 
time, trifluoroacetic acid performs various structural 
functions depending on the conditions of the synthesis, 
leading to the appearance of certain characteristic 
features in the composition and structure of the 
resulting trifluoroacetate metal complexes. A review 
of trifluoroacetate complexes of 3d metals was 
provided in [2].

Interest in the study of trifluoroacetate complexes 
of various metals is primarily associated with the 
possibility of obtaining simple and complex fluorides 
during their thermal decomposition [3–6] in the form 
of nanoparticles, solid fluoride solutions [7], and 
fluoride glasses of various compositions [8–10].

The study aims at synthesizing a calcium 
trifluoroacetate complex not previously described, 
investigate its crystal structure by X-ray diffraction 
and IR spectroscopy, compare the features of the 
crystal structure of trifluoroacetate complexes of 
various alkaline-earth metals based on their synthesis 
conditions, and analyze the product of thermal 
decomposition of the resulting compound.

MATERIALS AND METHODS

The starting materials for the synthesis were calcium 
carbonate, CaCO3 (analytical grade, Vecton, Russia), and 
trifluoroacetic acid, CF3COOH (99% chemically pure, 
Argentum 107, Russia).

Synthesis of Ca2(CF3COO)4·8CF3COOH (complex I):
A sample of 90.0 mg of CaCO3 (1.0714 mmol) 

was dissolved by heating in 5.0 mL of 99% CF3COOH. 
Concentrating the resulting solution in a desiccator 
over phosphorus pentoxide (P2O5, pure, Vecton, Russia) 
produced isolated colorless and air-unstable crystals, 
filtered and dried in an argon atmosphere with the yield 
of 630 mg (81%). Complex I is soluble in concentrated 
trifluoroacetic acid but decomposes in moist air and 
aqueous solutions with the formation of calcium 
trifluoroacetate hydrate.

Compound I was characterized by IR spectroscopy 
and X-ray diffraction. IR spectra were recorded on the 
FTIR Spectrum using One Perkin-Elmer spectrometer 
(SpectraLab Scientific Incorporation, Canada) in KBr 
tablets in the region of 400–4000 cm−1 with a resolution 
of 0.5 cm−1. The assignment of bands in the IR 
absorption spectrum of the complex is given in Table 1. 
The observed spectrum is shown in Fig. 1.

The shift in the absorption bands of the COO groups 
of compound I relative to similar data for the calcium 
trifluoroacetate complex described in [11] indicated 
an attenuation of the interaction and an increase in 
the Ca–O bond length, consistent with an increase in 
the coordination number of the calcium atom to 8 in 
compound I.

The study of the thermal behavior of the sample 
Ca2(CF3COO)4·8CF3COOH under dynamic vacuum 
conditions was carried out by heating the sample in a 
glass ampoule using a tubular furnace. Under dynamic 
vacuum conditions (at 10−2 mm Hg), compound I was 
stable up to a temperature of 250°C, after which it 
began to decompose, resulting in a sharp decrease in 
pressure up to 10−1 mm Hg. However, as the temperature 
increased to 270°C, the pressure became stabilized at 
10−2 mm Hg.

Experimental and theoretical values of mass loss 
are given in Table 2.

Ключевые слова: трифторацетатные комплексы, щелочноземельные металлы, 
кристаллическая структура, ИК-спектроскопия, термические свойства, фторид 
кальция

Для цитирования: Васильева А.А., Глазунова Т.Ю., Терещенко Д.С., Лермонтова Э.Х. Трифторацетат кальция: новый 
структурный тип. Тонкие химические технологии. 2021;16(4):352–362. https://doi.org/10.32362/2410-6593-2021-16-4-352-362
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Table 1. Assignment of the peaks of the IR spectrum of the compound I Ca2(CF3COO)4·8CF3COOH

Wavenumber, cm−1 Assignment Notes/references

3683 υ(OH) –

3419.5 υ(O–H…O) 3431 [12]

3226.3 υ(O–H…O) –

1677.7 υas(COO) 1660 [11]

1469.3 υs(COO) 1444 [11]

1215.2 υs(CF3) 1210 [11]

1145.9 υas(CF3) 1142 [11]

867.33 υ(C–C)
υ(C–O)

850 [11]

801.35 CF3 symmetric stretch 800 [11]

729.95 δ(COO)
(C–CO2 in-planebend)

728 [11]

606.41 δs(CF3) 605 [11]

522.09 δas(CF3) 520 [11]

450.08 δ(CСF3)
(C–CF3 planerock)

υ(Са–O), 430 [12]

Fig. 1. IR absorption spectrum of the compound I Ca2(CF3COO)4·8CF3COOH.

Table 2. Experimental and theoretical mass loss 
values for the formation of CaF2 from compound I 

Ca2(CF3COO)4·8CF3COOH

Compound Δmexper., % Δmtheor., %

Ca2(CF3COO)4·8CF3COOH
89.26 89.20

CaF2

X-ray phase analysis of the decomposition 
products of the sample Ca2(CF3COO)4·8CF3COOH 
was performed on the STOE STADI IP device (Stoe, 
Germany) (Ge (111) monochromator, Cu Ka1). In 
addition, measurement and indexing of radiographs 
were carried out by the STOE WinXPow and Powder2 
software package1.

1 STOE WinXPow, Jana, 2006; Powder2, Laboratory of 
Inorganic Crystallochemistry, MSU by Oleynikov Peter, 1998.
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The product of thermal decomposition is a cubic 
modification of calcium fluoride CaF2 (a = 5.4626 Å, 
Z = 4, space group Fm3m). The X-ray diffraction 
pattern is shown in Fig. 2, where the peaks were 
indicated according to the data of the powder data 
bank2 [00-077-2093], with the results of indexing 
presented in Table 3.

The relatively large half-width of the peaks on 
the radiograph indirectly indicated the formation of 
calcium fluoride, characterized by small particle size.

For the X-ray analysis, Ca2(CF3COO)4·8CF3COOH 
crystals were selected under a layer of vaseline oil in 
a Meiji Techno EMZ-8TRD polarization microscope 
(Japan) and were quickly (in less than 1 min) 
transferred to a diffractometer, where a stream of 
dry nitrogen gas was used to cool them. The analysis 
was carried out in an automatic diffractometer, Bruker 

Fig. 2. Radiograph of the decomposition product of compound I Ca2(CF3COO)4·8CF3COOH. 
The assignment was made with the powder database [00-077-2093].

Table 3. CaF2 indexing results

Cubic F-centered cell parameters: a = 5.471(2), Volume = 163.8(2), F(5) = 17.1(0.0488, 6) M(5) = 114.6(4.62, 6)

No. 2θ(obs) D(obs) Q(obs) I/Io h k l Q(calc) ΔQ

1 28.364 3.1440 1011.66 100 1 1 1 1002.25 9.41

2 46.998 1.9319 2679.36 98 2 2 0 2672.68 6.68

3 55.685 1.6493 3676.21 27 3 1 1 3674.93 1.28

4 68.524 1.3683 5341.18 8 4 0 0 5345.35 −4.17

5 75.708 1.2553 6346.07 6 3 3 1 6347.60 −1.53

SMART APEX II, Bruker  AXS  GmbH  (Germany)  at 
a   temperature   of   100K   using   MoKα  radiation 
(λ = 0.71073 Å, graphite monochromator). Absorp
tion was calculated by measuring the intensities of 
equivalent reflections [13]. The structures were 
solved by the direct method and refined by the full-
matrix anisotropic least-squares method in F2 for 
all non-hydrogen atoms (SHELXTL-Plus [14]). 
The hydrogen atoms were placed in the calculated 
positions and refined using the “riding” scheme. The 
crystallographic data, the experimental details, and 
the Ca2(CF3COO)4·8CF3COOH structure refinement 
data are given in Table 4. Tables of atomic coordinates, 
bond lengths, valence and torsion angles, and 
anisotropic temperature parameters for the compound I 
are available in the Cambridge Structural Data Bank,3 
with the deposit number CCDC 2081186.

2 ICDD PDF-2 (Database), International Centre for Diffraction Data, Newtown Square, PA, USA. № 00-077-2093.
3 The Cambridge Crystallographic Data Center, www.ccdc.cam.ac.ukn. Accessed April 30, 2021. 

http://www.ccdc.cam.ac.ukn
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RESULTS AND DISCUSSION

The reviewed literature allowed us to establish the 
relationship between the synthesis conditions (the ratio 
of solvent and trifluoroacetic acid) and the cation size on 
the structure of the resulting trifluoroacetate complexes 
of alkaline-earth metals.

With an excess of a donor solvent, such as water, 
mononuclear tetraaquacomplexes were formed. Thus, 
for magnesium, island structures Mg(CF3COO)2·(H2O)4 
were previously obtained, in which the trifluoroacetate 
anion is a monodentate ligand with a magnesium 
coordination number (c.n.) of 6 [2].

In the absence of a donor solvent, trifluoro-
acetic acid exhibited a bridging function. For example, 
in the presence of tetrahydrofuran (THF), the forma
tion of chain-bounded Ca2(CF3COO)4·(THF)4 dimers 
with the help of trifluoroacetate groups (c.n. Ca = 6) [12].

In the absence of trifluoroacetic acid, the 
trifluoroacetate anion was either a tri- or tetradentate. 
CF3-group fluorine atoms can complete the metal 
environment, shown by the example of crystal structures 
of polymer trifluoroacetate obtained from calcium 
(Ca3(CF3COO)6·(H2O)4, c.n. Ca = 6) [15] and strontium 
(Sr3(CF3COO)6·(THF), c.n. Sr = 8–9) [16].

Table 4. Crystallographic data for Ca2(CF3COO)4·8CF3COOH

Parameter Value

Empirical formula C24H8Ca2F36O24

Formula weight 1444.46

Crystal size, mm 0.30 × 0.25 × 0.21

Syngonia Monoclinic

Space group P21

a, Å 10.0193(5)

b, Å 15.2612(7)

c, Å 16.3342(8)

α, ° 90

β, ° 106.106(2)

γ, ° 90

V, Å3 2399.6(2)

Z 2

ρcalc, g/cm3 1.999

μ(MoKα), mm−1 0.458

F(000) 1416

Interval of θ, ° 2.533–25.717

Intervals of indexes
−12 ≤ h ≤ 12
−19 ≤ k ≤ 17
−20 ≤ l ≤ 17

Total reflections 17553

Independent reflections 8795 (Rint = 0.1084)

Number of parameters 783

R1 for I > 2σ(I) 0.0607

wR2 (all data) 0.0862

Q factor according to F2 (GOF) 1.045

Δρmin/Δρmax, e/Å3 −0.500/0.608
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In the complete absence of a donor solvent, 
the synthesis between a trifluoroacetic acid and 
excess alkaline-earth metal carbonates as precursors 
lead to the formation of strontium trifluoroacetate 
Sr(CF3COO)2 and barium Ba(CF3COO)2, in which the 
trifluoroacetic acid anion was bridged and tridentate [17].

The synthesis in excess trifluoroacetic acid also 
lead to the manifestation of bridge functions by the 
trifluoroacetate anion. The primary factor responsible 
for forming the crystal structure is the size of the 
metal ion—the complexing agent. For small-sized 
ions such as magnesium, infinite chains were obtained 
[Md(CF3COO)2(CF3COOH)2]n [2], c.n. Mg = 6.

In this work, the synthesis was carried out in a 
trifluoroacetic acid medium that acted as the reagent 
and solvent, making it possible to stabilize a new 
structural type of acidic calcium trifluoroacetate 
Ca2(CF3COO)4·8CF3COOH (c.n. Ca = 8). Dimeric 
molecules formed the resulting structure, which is 
island and coordination saturated (c.n. Ca = 8).

Previously, such a method of metal atoms 
coordination and the type of crystal structure was 
not described for trifluoroacetate complexes. Of 
all the known carboxylates, such coordination was 
represented by a single example of a strontium salt of 
dimethylbutanoic acid and several rare-earth elements 
with dimethylbutanoic and pivalic acids [18].

Description of the crystal structure of 
Ca2(CF3COO)4·8CF3COOH

The structure of compound I contains two 
independent crystallographic calcium atoms 
connected by four trifluoroacetate bidentate groups 
(Fig. 3). The coordination environment of each 
calcium atom is formed by four oxygen atoms of 
the bridge trifluoroacetate groups and four carbonyl 
oxygen atoms of trifluoroacetic acid molecules, 
producing a coordination polyhedron in the form 
of a quadrangular antiprism (Fig. 4). Thus, the 
structure of compound I is constructed from dimers 

Fig. 3. Fragment of the crystal structure 
of Ca2(CF3COO)4·8CF3COOH.

Fig. 4. The surrounding of calcium atoms in the crystal 
structure of Ca2(CF3COO)4·8CF3COOH 

is a quadrilateral antiprism.

Fig. 5. The arrangement of molecules in the structure 
of Ca2(CF3COO)4·8CF3COOH along the a-axis.

Ca2(CF3COO)4·8CF3COOH. Eight trifluoroacetic 
acid molecules formed eight intramolecular 
hydrogen bonds between the hydrogen atoms of the 
trifluoroacetic acids and the oxygen atoms of the 
bridged trifluoroacetate groups (Fig. 3).

The molecules in the structure are held together 
by Van der Waals interactions and are arranged in a 
staggered order (Fig. 5).

The Ca–O bond lengths and O–Ca–O angles 
are presented in Table 5. The distances between 
the calcium and the oxygen atoms of the bidentate 
trifluoroacetate groups (the average value: 2.456 Å) 
are less than between the calcium atoms and the 
carbonyl oxygen atoms of the trifluoroacetic acid 
molecules (2.462 Å). When the O atoms are oxygen 
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Table 5. The lengths of the Ca–O bonds and O–Ca–O angles in the structure of Ca2(CF3COO)4·8CF3COOH

Bond Length of the bond, Å

Ca–O14CF3COO 2.471 (5)

Ca–O11CF3COO 2.434 (5)

Ca–O15CF3COO 2.466 (5)

Ca–O17CF3COO 2.454 (5)

Ca–O4CF3COOH 2.448 (5)

Ca–O6CF3COOH 2.473 (5)

Ca–O10CF3COOH 2.481 (5)

Ca–O2CF3COOH 2.447 (5)

Angle Value, °

O14CF3COO –Ca–O11CF3COO 76.736 (2)

O14CF3COO –Ca–O15CF3COO 78.782 (2)

O11CF3COO –Ca–O15CF3COO 125.976 (2)

O14CF3COO –Ca–O17CF3COO 123.747 (2)

O11CF3COO –Ca–O17CF3COO 78.965 (2)

O15CF3COO –Ca–O17CF3COO 76.054 (2)

O4CF3COOH –Ca–O6CF3COOH 70.925 (2)

O4CF3COOH –Ca–O10CF3COOH 69.345 (2)

O4CF3COOH –Ca–O2CF3COOH 110.010 (2)

O6CF3COOH –Ca–O10CF3COOH 111.356 (2)

O6CF3COOH –Ca–O2CF3COOH 74.716 (2)

O10CF3COOH –Ca–O2CF3COOH 69.676 (2)

atoms of trifluoroacetic acid molecules, the O–Ca–O 
angles are smaller than in the case of oxygen atoms of 
bidentate trifluoroacetate groups.

Length relations of Ca–O of 0.1–0.2 Å exceeded 
the length relations of Ca–O in the previously 
described structures of Ca2(CF3COO)4·(TGF)4 [12] 
and Ca3(CF3COO)6·(H2O)4 [15], which is associated 
with an increase in c.n. of calcium from 6 [12, 15] to 8 
(compound I). This correlates with the interpretation 
of the absorption bands of the IR spectrum of 
compound I.

CONCLUSIONS

We have obtained a previously unknown calcium 
complex with trifluoroacetic acid whose composition 
can be represented as Ca2(CF3COO)4∙8CF3COOH. 
The crystal island structure is a dimeric molecule 
whose calcium atoms are linked in dimers by four 
trifluoroacetate groups. The complex was characterized 
by X-ray diffraction and IR spectroscopy. The 
crystallografic data of the complex was deposited in the 

Cambridge Structural Data Bank with deposit number 
CCDC 2081186. Although the compound has a molecular 
structure, thermal decomposition lead to calcium fluoride 
formation characterized by a small particle size, which 
may further determine its application.
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ХИМИЯ И ТЕХНОЛОГИЯ НЕОРГАНИЧЕСКИХ МАТЕРИАЛОВ

CHEMISTRY AND TECHNOLOGY OF INORGANIC MATERIALS

Use of a 4-circle goniometer for neutron and X-ray 
diffractometer in the study of single crystals
Viktor A. Sarin

MIREA – Russian Technological University, Moscow, 119454 Russia
Correspondence author, e-mail: vic.fet@yandex.ru

Abstract

Objectives. This study described the 4-circle goniometer Syntex P1N and its possible applications 
in X-ray and neutron structure analysis of single crystals.
Methods. The 4-circle goniometer Syntex P1N, due to its high-precision mechanical characteristics 
and individual components from domestic equipment (sets of DRON type X-ray diffractometers), 
formed the basis for developing an instrument complex for X-ray and neutron-structure studies.
Results. The neutron diffractometer was upgraded based on the Syntex P1N goniometer. 
Therefore, the 10BF3-based end neutron counter, included in the diffractometer kit, was 
replaced by the 3He-based domestic side counter, SNM-16. Such a significant reduction in the 
linear dimensions of the detector allowed us to expand the range of measured angles of 2θ 
from 90° to 140° and increase the accuracy of the measured interplanar distances accordingly. 
The goniometer was adjusted relative to the primary neutron beam by placing it on a specially 
designed plate. Highly accurate measured parameters of the unit cell and the intensity of 
the reflexes were achieved by optimizing the installation geometry and the protection of the 
goniometer and detector. Based on the Syntex P1N goniometer, an instrument complex for 
X-ray diffraction studies has also been developed. Both the developed X-ray and the upgraded 
neutronography facilities were used to perform experiments to measure the unit cell parameters, 
the coordinates of atoms, and the parameters of their thermal vibrations on several crystals of 
domestic synthetic samples: diamond C, silicon Si, halite, or rock salt NaCl, and corundum α-Al2O3. 
An excellent correlation was achieved by comparing the data obtained with the corresponding 
chemical crystals’ parameters and reference samples recommended by the International Union 
of Crystallographers.
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Conclusions. This paper described a neutron installation and a Syntex P1N neutron diffractometer 
for the study of single crystals. Based on the latter, an instrument complex for X-ray diffraction 
studies has also been developed. Experiments on standard samples have shown a high level of 
accuracy in measuring the lattice parameters, the coordinates of atoms, and the parameters of 
their thermal vibrations on both the X-ray and neutron diffractometers.
Keywords: install neutron diffraction, neutron diffraction, crystal lattice parameters, a goniometer, 
standard samples, the coordinates of atoms, thermal vibrations
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Использование 4-х кружного гониометра для нейтронного 
и рентгеновского дифрактометра при исследовании 
монокристаллов
В.А. Сарин

НИИ Материалов твердотельной электроники, МИРЭА – Российский технологический 
университет, Москва, 105275 Россия
@Автор для переписки, e-mail: vic.fet@yandex.ru

Аннотация 

Цели. Модернизировать нейтронный дифрактометр с помощью 4-х кружного гониоме-
тра «Синтекс Р1N» и оценить особенности его применения при проведении рентгено-
структурного и нейтроноструктурного анализа монокристаллов с возможностью ис-
пользования для этих целей аналогичных гониометров.
Методы. 4-х кружный гониометр «Синтекс Р1N» и отдельные узлы российского оборудо-
вания из комплектов рентгеновских дифрактометров типа ДРОН легли в основу разра-
ботки приборного комплекса для рентгеноструктурных и нейтроноструктурных иссле-
дований.
Результаты. На основе гониометра «Синтекс Р1N» была выполнена модернизация ней-
тронного дифрактометра. Входивший в комплект дифрактометра торцевой нейтрон-
ный счетчик на основе 10BF3 был заменен российским боковым счетчиком СНМ-16 на осно-
ве 3He. Существенное уменьшение линейных размеров детектора позволило расширить 
диапазон измеряемых углов по 2θ с 90° до 140° и, соответственно, повысить точность 
измеряемых межплоскостных расстояний. Благодаря оптимизации геометрии установ-
ки и защиты гониометра и детектора, была достигнута высокая точность измеряемых 
параметров элементарной ячейки и интенсивностей рефлексов. На основе гониометра 
«Синтекс Р1N» был также разработан приборный комплекс для рентгеноструктурных 
исследований. Как на разработанной рентгеновской, так и на модернизированной ней-
тронографической установках были осуществлены эксперименты по измерению пара-
метров элементарной ячейки, координат атомов и параметров их тепловых колебаний 
на ряде кристаллов: алмаз С, кремний Si, галит NaCl, корунд α-Al2O3. Сравнение полу-
ченных данных с соответствующими параметрами кристаллов химических веществ и 
стандартных образцов, рекомендуемых Международным союзом кристаллографов, пока-
зало очень хорошее совпадение. 
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Выводы. В настоящей работе дается описание нейтронографической установки и ней-
тронного дифрактометра «Синтекс P1N» для исследования монокристаллов. На основе 
последнего разработан приборный комплекс для рентгеноструктурных исследований. 
Эксперименты на стандартных образцах показали высокий уровень точности измере-
ний параметров решетки, координат атомов и параметров их тепловых колебаний как 
на рентгеновском, так и на нейтронном дифрактометрах.

Ключевые слова: нейтронографическая установка, нейтронный дифрактометр, 
кристалл, параметры решетки, гониометр, стандартные образцы, координаты ато-
мов, тепловые колебания

Для цитирования: Сарин В.А. Использование 4-х кружного гониометра для нейтронного и рентгеновского дифракто-
метра при исследовании монокристаллов. Тонкие химические технологии. 2021;16(4):363–371.  https://doi.org/10.32362/2410-
6593-2021-16-4-363-371

INTRODUCTION

In experimental neutron studies at pre-reactor 
research facilities, it is sometimes necessary to use 
the same equipment on different devices, including 
those not necessarily located in the reactor hall. 
Such a situation, for example, occurs during annual 
maintenance or prolonged reactor shutdown. The 
need for complex equipment usage is usually due to 
the uniqueness of the neutronographic installation.

EXPERIMENTAL

The neutron diffractometer Syntex P1N (Syntex, 
USA) used for carrying out neutron-structure 
experiments was included in the neutronography 
unit for the study of single crystals located on the 
horizontal channel of the VVR-c nuclear reactor 
(the water-water reactor, target, was manufactured in 
N.A. Dollezhal Order of Lenin Research and Design 
Institute of Power Engineering, Moscow, USSR) 
in the Branch of L.A. Karpov Research Institute of 
Physics and Chemistry. By design and function, the 
neutron diffractometer is analogous to the X-ray 
diffractometer.

For the diffractometer location in the reactor 
hall, a geometric scheme of the neutronographic 
installation (from the primary neutron beam to the 
crystal monochromator to the secondary neutron beam 
and finally to the sample) was implemented (Fig. 1), 
where the secondary neutron beam is oriented relative 
to the primary beam at an angle of 90° [1].

Based on the function of the diffractometer and 
the fact that no X-ray source was available, the X-ray 

detector was replaced with a neutron detector. The 
diffractometerʼs goniometer was placed in a special 
housing protected from the background reactor 
radiation. The housing walls were double-welded 
steel sheets, with the cavities between the walls 
filled with water-diluted boric acid. The selected 
installation geometry and the diffractometerʼs 
goniometer placement increased the area of 
diffraction reflections, and consequently, the 
experiment time, making it possible to use standard 
X-ray programs to clarify the diffraction reflection 
position in the reciprocal space.  

Fig. 1. Layout of the neutron diffractometric installation 
(cross-section at the level of the horizontal channel 

of the reactor) [1]. 
1 – reactor channel; 2, 4, 7 – collimators; 

3, 6 – monochromator crystals; 5 – goniometer of the 
Syntex P1N diffractometer.
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The reactor hall neutrons background in the 
“house”  decreased sharply, resulting in several 
pulses per minute, making it possible to replace 
the heavy protection of the neutron detector with 
a thin layer of cadmium that protects the detector 
from gamma radiation. Later, the 10BF3-based end 
neutron counter, included in the diffractometer kit, 
was replaced by a Russian 3He-based side counter. 
The measured 2θ angles range expanded from 90° to 
140° with a corrsponding increase in the accuracy of 
the measured interplanar distances due to significant 
reductions in the linear dimensions of the detector. 
In addition, the goniometer was aligned relative to 
the primary neutron beam by was placing it on a 
specially designed plate. In real-world applications, 
it is common practice to use the unit cell parameters 
of a crystal previously studied by X-ray diffraction 
in neutron diffractometers installed directly in 
the reactor hall with heavy detector protection 
from background neutrons, having a small range 
of measured 2θ angles, due to the low accuracy of 
determining interplanar distances and angles between 
the crystallographic axes of the crystal. However, by 
optimizing the installation geometry and goniometer 
and detector protections, accurately measured 
unit cell parameters and intensity of reflexes were 
achieved in the designed neutron diffractometer. 
In particular, an elementary cellʼs parameters were 
successfully determined only from neutron data by 
selecting a spatial group (sp. gr.), deciphering it using 
the “direct method,” and refining the crystal structure 
of unknown crystals.

At the same time, to ensure the diffractometerʼs 
accuracy, it was required to understand its fundamental 
characteristics by benchmarking it against crystals 
recommended by the commission of the International 

Union of Crystallographers and used in international 
practice [2]. Such experiments on measuring the 
parameters of the unit cell were carried out on several 
crystals of Russian synthetic samples: diamond C, 
silicon Si, halite, or rock salt NaCl, and corundum 
α-Al2O3. A comparison between the obtained 
results and the unit cell parameters of crystals of 
chemicals and standard samples recommended by the 
International Union of Crystallographers showed an 
excellent correlation (Table 1).

In the experiments under consideration, the 
axes parameters and the angles between the axes 
were refined while studying highly symmetric 
crystals. In this case, the crystals were considered 
triclinic. Therefore, the symmetry relations were not 
superimposed, and the values of the parameters of 
the equivalent axes were not averaged. The results 
obtained in Table 1 and a comparison of the parameter 
values for each of the axes and the angles between the 
axes further confirmed the accuracy of determining 
these parameters using the goniometer of the Syntex 
P1N diffractometer. Furthermore, in the measurements 
taken from the same batch of quartz samples on the 
developed Syntex P1N neutron diffractometer and 
the same type of X-ray diffractometer, a very good 
agreement between the results of determining the 
structural parameters of single quartz crystals was 
achieved [4].

These results further justified with a 
crystallogfafic viewpoint the need to design a new 
X-ray instrument complex based on the Syntex P1N 
neutron diffractometer and consist of a goniometer, a 
counting rack, a control computer, and a Russian X-ray 
equipment taken from a DRON type diffractometer 
configuration and including a high-voltage power 
source, an X-ray tube with a molybdenum anode, and 

Table 1. Comparison of the unit cell parameters of crystals measured on a neutron diffractometer 
Syntex P1N on synthetic samples with their standard values

Substance a, Å b, Å c, Å α, ° β, ° γ, °

Diamond, С
Adopted in [3]

3.566(2)
3.568

3.568(2)
= a

3.565(2)
= a

89.98(4)
90.00

89.98(4)
90.00

89.98(4)
90.00

Silicon, Si
Standard SRM* 640c

5.431(2)
5.4312(1)

5.430 (2)
= a

5.431(2)
= a

90.02(2)
90.00

89.99(2)
90.00

90.01(2)
90.00

Halite, NaCl
Adopted in [3]

5.639(2)
5.640

5.638(2)
= a

5.638(2)
= a

89.98(3)
90.00

90.03(3)
90.00

90.02(3)
90.00

Corundum, α-Al2O3
Standard SRM 674

4.759(1)
4.7589(1)

4.760(1)
= a

12.991(4)
12.9917(7)

90.02(2)
90.00

89.99(2)
90.00

119.99(2)
120.00

* SRM – standard reference material.
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a desktop for a goniometer. Based on the experiment 
results performed using the Syntex P1N neutron 
diffractometer of this neutronographic installation and 
the X-ray instrument complex, an installation with a 
HUBER 511/424 goniometer was manufactured and 
put into operation (Fig. 2).

Fig. 2. HUBER 511/424 goniometer with vertical “side” 
detector in the “house.”

To check the operability and stability of such an 
X-ray instrument complex, control X-ray diffraction 
experiments were also carried out on single 
crystals of Si, NaCl, SiO2, etc. For comparison, the 
coordinates of atoms and the individual parameters 
of the thermal vibrations of the atoms, refining by 
least squares method, were taken. This was done as 
not only the value of R-factors obtained as a result 
of the refinement of the coordinates of atoms, but the 
individual factors of the thermal vibrations of atoms 
Bj characterize the accuracy of measurements of the 
intensities of the reflexes in the whole range of values 
of sinθ/λ. The results of refining the values of the 
isotropic thermal factors of the NaCl crystal atoms 

obtained in this study and their comparison with the 
data of [5] are shown in Table 2.

A somewhat more complex comparison was 
performed for single crystals of silicon and the α-SiO2 
piezoelectric. The quality of single silicon crystals 
considered in this study depended on the method of 
preparing the crystal for the experiment. Initially, the 
samples were taken from a batch of large crystals 
grown without dislocation. Cubes with rib sizes of 
10 and 2 mm were then cut out of large ingots for 
neutron and X-ray experiments and then rolled on an 
air gurney to prepare spherical samples with diameters 
of 6 and 0.3 mm. After running in, the crystals were 
polished to remove the disturbed top layer. Finally, 
several crystals were subjected to deformation by 
mechanical pressure treatment under a press. In 
neutronographic and X-ray experiments on a Syntex 
P1N neutron diffractometer and the X-ray complex, 
the Si atomʼs thermal vibration parameter values 
depend on the method of processing the single crystal 
before the experiment. The corresponding data are 
given in Table 3. This allows us to conclude that the 
absolute values of thermal corrections in diffraction 
experiments depend on the method of crystal growth, 
its quality, and the types of pre-processing. Therefore, 
it was pretty difficult to compare the thermal vibration 
parameters obtained by different authors on samples 
with different histories.

In [4], the coordinates of quartz atoms obtained 
in different laboratories were compared on the 
different but same types of goniometers in X-ray 
and neutronographic experiments. However, the 
parameters of thermal vibrations of atoms were not 
considered in [4]. In this paper, an attempt was made 
to evaluate these parameters, given by different 
authors, from the point of view of the experimentʼs 
reliability on the X-ray instrument complex under 
consideration. 

Table 2. Comparison of the parameters of individual isotropic thermal vibrations Bj for NaCl crystals obtained 
at T = 296 K in this study and [5]

Reference Ion х/а у/b z/c Bj, Å
2 Rw Nu

This study Na+ 0 0 0 1.77(1) 0.0088 50

This study Cl– 1/2 0 0 1.48(1) 0.0088 50

[5] Na+ 0 0 0 1.689(24) 0.022 55

[5] Cl– 1/2 0 0 1.357(17) 0.022 55

Note: Rw is a weighted confidence factor of the specified structure; Nu is the number of independent reflexes averaged over the 
intensities.
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Table 3. Values of the thermal parameter Bj of the Si atom depending on the type of processing of the single crystal

Si single crystal type of 
processing Diffraction method Bj, Å

2 Type of extinction Rw-factor

Running-in Neutronographic 0.17 Becker–Coppens 
(primary) 0.0165

Polishing after running-in  Neutronographic 0.10 Becker–Coppens 
(primary) 0.0185

Deformation X-ray 0.52 Becker–Coppens 
(secondary) 0.0153

Deformation Neutronographic 0.61 Becker–Coppens 
(secondary) 0.0079

The α-SiO2 crystals belong to the space group 
P3121 (right quartz). Samples for X-ray diffraction 
experiments on α-SiO2 crystals were prepared as 
follows. First, small cubes with an edge of 1.5–2 mm 
were cut from large quartz plates. Then the cubes 
were ground in an air gurney into spheres with a 
radius of ~0.15 mm to prepare samples for the X-ray 
experiment. The coordinates of the atoms in the 
α-SiO2 crystal structure refined after the experiment 
were compared with the data of [6], where the average 
values of the coordinates are given after analyzing 
the results of 18 precision works on the structure of 
α-SiO2 crystals.

Data on the comparison of coordinates are 
shown in Table 4. Plates of natural and synthetic 
single crystals of α-SiO2 for further processing and 
preparation for the experiment were provided by 
B.N. Kodess, Doctor of Sciences in Physics and 
Mathematics.

Table 4. Comparing the refined coordinates of atoms in the α-SiO2 crystal structure in this study 
and those recommended in [6]. Sp. gr. No. 152, P3121, right quartz

Reference a, Å c, Å Ion х/а у/b z/c

[6] 4.9130(1) 5.4047(1) Si4+ 0.5301(2) 0 1/3

[6] 4.9130(1) 5.4047(1) O2– 0.4139(5) 0.1466(4) 0.1188(3)

This studyn 4.913(1) 5.404(1) Si4+ 0.5302(2) 0 1/3

This studyn 4.913(1) 5.404(1) O2– 0.4131(4) 0.1458(4) 0.1192(3)

This studys 4.913(1) 5.404(1) Si4+ 0.5304(1) 0 1/3

This studys 4.913(1) 5.404(1) O2– 0.4131(3) 0.1463(3) 0.1189(2)

Note: The upper index “s” means the results obtained from synthetic crystals, and the upper index “n”—on natural crystals.

To analyze the values and compare thermal 
vibrations parameters of the atoms (Table 5), data 
from [7, 8] were used, in which the most reliable 
values of thermal vibrations parameters of atoms in 
the α-SiO2 crystal structure are given. The * means 
that the isotropic parameters, Bj were calculated in 
this study from the root-mean-square displacements 
of Uij atoms provided in the publication [9]. The ** 
means that the values of the isotropic root-mean-
square displacements of Uj atoms, provided in the 
publication [10], have been recalculated in this study 
and incorporated into the parameters of isotropic 
thermal vibrations Bj (Table 6).

Discrepancies in the parameters of thermal 
vibrations of atoms (Table 5), obtained by different 
authors, exceeded 3σ. Nevertheless, similar 
anisotropic thermal parameters of the ion oscillations 
were obtained for silicon as a heavier ion. The values 
for oxygen ions also correctly reflected the relations 
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Table 5. Comparing the parameters of isotropic thermal vibrations of atoms 
in α-SiO2 crystal structure

Reference Si4+, Bj, Å
2 Bj, O

2–, Å2 Rw Na /Nu

[7]с 0.50* 1.03* 0.020 383/369

[8]с 0.36** 0.80** 0.023 1324/279

This studyn 0.45(1) 0.85(4) 0.0205 1411/318

This studys 0.47(1) 0.88(2) 0.0180 1903/439

Note: see Note to Table 4.

Table 6. Comparing the parameters of anisotropic thermal vibrations of atoms 
in the structure of α-SiO2 crystal

Reference Ion B11 B22 B33 B12 B13 B23

[7]с Si4+ 0.549 0.428 0.485 1/2B22 0.006 2B13

[7]с O2– 1.219 0.873 0.892 0.693 0.238 0.362

This studyn Si4+ 0.536(9) 0.40(1) 0.439(9) 1/2B22 0.009(6) 2B13

This studys O2– 1.15(3) 0.66(3) 0.88(2) 0.49(2) 0.24(2) 0.12(2)

Note: see Note to Table 4.

Fig. 3. The crystal structure of α-SiO2. 
Viewed along the “c” axis. The image is constructed 

according to the data of this studys (Tables 3–6) 
using the Diamond graphic program.

of the thermal parameters for both ions. The crystal 
structure of α-SiO2 is shown in Fig. 3. It is not trivial 
to compare the parameters of thermal vibrations 
for structures obtained by different authors; since 
the quality of the studied single crystals may be 
different, the results of studies that are sensitive to the 
refinement of structural parameters will be different. 
Such work requires high experimental accuracy and 
appropriate data processing programs [9]. However, 
the thermal parameters obtained in this work for 
natural and synthetic quartz were similar, which may 
be due to experiments performed with sufficiently 
high accuracy, good quality of the initial, well 
prepared single-crystal samples for diffraction study, 
as well as the same tactics of parameter refinement in 
the crystallographic calculations.

The close agreements between the specified 
structural parameters obtained in the control 
experiments in this work compared to the generally 
accepted data published in the literature have validated 
the developed instrument complex for conducting 
X-ray experiments in the future within the framework 
of actual problems. 
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CONCLUSIONS

Based on the Syntex P1N goniometer, the 
neutron diffractometer was upgraded, and an 
instrument complex for X-ray diffraction studies 
was developed. Experiments on standard samples 
have shown a high level of accuracy in measuring 
the lattice parameters, coordinates of atoms, and 
parameters of their thermal vibrations on both X-ray 
and neutron diffractometers. 
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