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Objectives. The aim of this study was to analyze the possibility of using contact crystallization 
with evaporating refrigerants for the isolation of substances from their aqueous solutions using 
salts [KNO3, NaI, and (NH2)2CO] as extraction examples and sucrose. Isobutane was used as a 
refrigerant.
Methods. The analysis of the influence of the main technological parameters (i.e., solution’s 
cooling temperature, initial concentration, and compressed refrigerant vapor pressure) on the 
separation process and identification of its regularities was performed using mathematical 
dependencies previously developed by N.I. Gelperin and G.A. Nosov for each stage of the contact 
crystallization process. The authors studied the influence of these parameters on the yield of 
crystalline and liquid phases, refrigerant consumption, and compressor power.
Results. The study showed that the use of evaporating refrigerants can significantly intensify the 
process of separating the mixture and spent refrigerant from the resulting crystalline suspension. 
This occurs owing to the evaporation of the liquid refrigerant that is in contact with the solution, 
which is accompanied by intense cooling. This process can be carried out at the temperature 
difference between the refrigerant and crystallizing mixture in the range of 0.5–1.0°C. 
Conclusions. Contact crystallization with evaporating refrigerants can be successfully applied 
to separate various substances from aqueous solutions. An important advantage of this process 
is the relatively low refrigerant consumption because heat removal from the solution is carried out 
as a result of changes in the aggregate state of the refrigerant. The use of contact crystallization 
can also considerably simplify the equipment.
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Контактная кристаллизация веществ из растворов 
с применением испаряющегося хладагента
Г.А. Носов, М.Е. Уваров@

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

Цели. Статья анализирует возможность применения контактной кристаллизации с 
использованием испаряющихся хладагентов для выделения веществ из их водных раство-
ров на примере извлечения некоторых солей (KNO3, NaI, (NH2)2CO) и сахарозы. В качестве 
хладагента использован изобутан.
Методы. Изучение влияния основных технологических параметров – температуры ох-
лаждения раствора, его исходной концентрации и давления сжатых паров хладагента – 
на ход рассматриваемого процесса разделения, а также выявление закономерностей его 
протекания проводилось с помощью выведенных ранее Н.И. Гельпериным и Г.А. Носовым 
математических зависимостей для каждой стадии процесса контактной кристаллиза-
ции. Авторы исследовали влияние указанных параметров на выход кристаллической и 
жидкой фаз, расход хладагента и мощность компрессора. 
Результаты. Установлено, что применение испаряющихся хладагентов позволяет су-
щественно интенсифицировать процесс кристаллизации и облегчает отделение отра-
ботанного хладагента от образующейся кристаллической суспензии. Это обусловлено 
тем, что при контакте жидкого хладагента с раствором происходит его испарение, ко-
торое сопровождается интенсивным охлаждением раствора. Установлено, что такой 
процесс может осуществляться при разности температур хладагента и кристаллизу-
ющейся смеси порядка 0.5–1.0 °C. 
Выводы. Контактная кристаллизация с использованием испаряющихся хладагентов 
может быть успешно применена для выделения различных веществ из водных раство-
ров. Важным преимуществом проведения подобного процесса является относительно не-
большой расход хладагента, поскольку отвод теплоты из раствора осуществляется в 
результате изменения агрегатного состояния хладагента. Использование контактной 
кристаллизации позволяет также значительно упростить аппаратурное оформление 
процесса.

Ключевые слова: кристаллизация, контактное охлаждение, испаряющиеся хладагенты, 
водные растворы

Для цитирования:  Носов Г.А., Уваров М.Е. Контактная кристаллизация веществ из растворов с применением 
хладагента. Тонкие хими ческие технологии. 2020;15(5):7-15. https://doi.org/10.32362/2410-6593-2020-15-5-7-15

INTRODUCTION

It is known that crystallization process is 
widely used to isolate substances from various 
solutions, purify substances from impurities by their 
recrystallization, and concentrate dilute solutions 
by freezing solvents [1–4]. The application of this 
process is not limited to the chemical industry. 
Crystallization is also used with great success 
in the food, pharmaceutical, petrochemical, and 

construction industry, and also in the production of 
radio electronics [5–13]. In most cases, this process 
is performed by cooling the solutions and melts. 
Evaporation, vacuum evaporation crystallization, 
and crystallization with salting-out agents are less 
commonly used. 

In the case of crystallization by cooling, devices 
equipped with various cooling elements (e.g., jackets, 
coils, tubes, and hollow disks) are usually used. Heat 
removal from the crystallizing substance occurs 

НАУЧНАЯ СТАТЬЯ
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through the heat transfer walls of the above-mentioned 
devices [14]. Crystallization process is sometimes 
carried out by the direct contact of solutions with 
refrigerants [2, 4, 15, 16].

One of the significant advantages of the latter 
process is the absence of heat transfer surfaces 
to remove heat flux. This greatly simplifies the 
design of the apparatus and also removes the issue 
of encrustation. The possibility of achieving a 
more extended interphase surface, in contrast to 
the conventional contactless method of fractional 
crystallization, should be also attributed to the 
advantages of this process. Mixing of mass flows 
in a contact crystallizer is usually quite intensive. 
Carrying out the crystallization in this manner allows 
the process to occur at a relatively low-temperature 
difference between the incoming and crystallizing 
mixture refrigerant (approximately 0.5–2.0°C). This 
makes it possible not to be limited to expensive steel 
when choosing structural materials for crystallizers 
and to manufacture such devices from materials with 
low thermal conductivity (e.g., polymers, glass, and 
ceramics). In general, all of these advantages lower 
capital expenditures and operating costs.

When choosing a contact crystallization method, 
one should take into account the possibility of 
contamination of the target product with a refrigerant, 
which is a significant disadvantage of this process [2, 4]. 
Considering this, the stage of separating the spent 
refrigerant from the crystalline phase is necessary for 
this process.

It should be noted that various types of refrigerants 
can be used in the process of contact crystallization, 
differing from each other in thermophysical 
properties and state of aggregation. Chilled liquids, 
liquefied and nonliquefied gases can be used. The 
refrigerants entering the crystallizer upon contact 
with the crystallizing mixture pass into a gaseous 
state (evaporate) [2]. Contact crystallization can also 
be carried out by mixing the initial mixture (solution) 
with a highly supercooled solvent [17].

The contact crystallization process can occur 
both in continuous and dispersed phases. [2, 4, 16]. 
In this case, liquid refrigerants that do not mix with 
the original solution are used. The dispersion of 
cooled solution in the form of drops in the mass flow 
of the refrigerant forms a dispersed phase. When the 
refrigerant is dispersed in the crystallizing solution, 
the phase becomes continuous. Depending on the task 
that contact crystallization process needs to solve, it 
can be implemented in a batch or continuous mode. 
When choosing the contact crystallization method, 
it should be taken into account that with a small 
difference in the densities of the refrigerant, mother 
liquor, and crystalline phase, difficulties often arise 

in separating the resulting suspension, which can lead 
to contamination of the separation products with a 
refrigerant.

The use of gaseous refrigerants greatly facilitates 
their separation from suspensions. However, currently, 
they are rarely used in the industry because of their 
high consumption due to their low heat capacity.

The prospect of the industrial application of 
evaporating refrigerants in crystallization processes 
continues to be relevant. On one hand, they can 
significantly intensify the crystallization process 
because a significant amount of heat is absorbed 
during their evaporation, and on the other hand, 
there are no problems in separating the resulting 
refrigerant vapor from the suspension. Currently, this 
crystallization process is used mainly for desalination 
of water by freezing and concentrating dilute aqueous 
solutions [2, 5, 16]. This article presents the results 
of studies on contact crystallization concerning the 
isolation of potassium nitrate, carbamide, sodium 
iodide, and sucrose from their aqueous solutions.

DESCRIPTION OF THE CRYSTALLIZATION 
PROCESS INSTALLATION

A schematic diagram of the contact crystallization 
unit is shown in Fig. 1. Here the crystallizer Сryst 
(crystallization stage) continuously receives the initial 
solution in the amount F with the concentration of the 
dissolved substance хF at the temperature tF, which 
gradually cools down to the temperature tfr below the 
point of its saturation. As a result, a crystalline phase 
of the target product is formed in solution. Liquid 
refrigerant, which is supplied to the crystallizer in the 
amount of GR, is in contact with the cooled solution. 
This leads to gradual evaporation of the refrigerant, 
followed by cooling of the solution in the crystallizer. 
The suspension formed in the crystallizer consists of 
the crystalline phase C of the composition хС and the 
mother liquor М of the composition хМ. Further, the 
C+М suspension is sent to Sep filtration (separation 
stage), where the crystalline phase is extracted in the 
amount of S from the mother liquor L. Of note, the 
suspension can be separated both by filtration and 
centrifugation [18].

In the process under consideration, a vapor 
compression refrigeration unit is used, in the circuit 
of which the GR refrigerant circulates. In this case, 
crystallizer Сryst, which is continuously supplied 
with liquid refrigerant, is the evaporator of the 
refrigeration unit. The vapors of the GR refrigerant, 
which are in a saturated state, are removed from the 
crystallizer and then they enter the Com compressor 
to compress them from pressure р1 to pressure р2. 
In this case, the temperature of the compressible 
vapors increases from Θ1 to Θ2, and the heat content 
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Fig. 1. Schematic diagram of contact crystallization with an evaporating refrigerant 
for the extraction of substances from aqueous solutions.

increases from i1 to i2. The change in the parameters 
of the refrigerant in the pressure–enthalpy diagram 
is shown in Fig. 2. In this diagram, the arrow 1–2 
corresponds to the process of compressing the 
refrigerant by the compressor from pressure р1 to 
р2. Then, the compressed vapor of the GR refrigerant 
enters the condenser of the Cond refrigeration unit, 
where it is cooled by the GW water stream. In this 
case, the heat content of the refrigerant decreases 
from i2 to i3 (arrow 2–3). A conventional shell and 
tube heat exchanger can be used as a condenser. 
Before supplying refrigerant to the crystallizer, 
it is necessary to reduce its pressure. Thus, it in 
condensed form passes through the throttle valve Th, 
which reduces the refrigerant pressure from р2 to р1. 
Then, the refrigerant returns to the crystallization 
stage Cryst in a liquid state. In the state diagram of 
the refrigerant, the arrow 3–4 shows the change in 
the parameters of the GR flow when it is throttled. 
Of note, the throttling enthalpy remains constant i3 = i4 
The arrow 4–1 corresponds to the evaporation of 
refrigerant at pressure р1. In this case, the enthalpy of 
the refrigerant increases from i4 to i1.

CALCULATION METHODS

To calculate the yield of the crystalline and liquid 
phases when carrying out the considered separation 
process, the same dependencies can be used as in 
the usual crystallization process. Thus, the yield of 
the crystalline phase can be established using the 
dependence [2]

Fig. 2. Changes in the parameters of the refrigerant 
in the p–i state diagram during contact crystallization.

                                                             (1)

where хС and хМ are the concentrations of solute in the 
crystalline phase С and mother liquor M.

The heat balance equation for the crystallization 
stage Cryst has the form

FcFtF + Crsub + GRi4 = CcCtfr + МсМtfr + GRi1                       (2)

where cC and сМ are the heat capacities of the 
crystalline phase of substance C and mother liquor 
М; rsub is the heat of crystallization of the substance; i4 
and i1 are the enthalpies of the refrigerant at the inlet 
and outlet of the crystallizer.
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Using equation (2), it is possible to determine the 
amount of removed heat Qcool and the flow rate of the 
refrigerant GR at the crystallization stage Cryst:

Qcool = GR(i1 – i2) = FcFtF + С (rsub – cСtfr) – МсМtfr               (3)

GR =         (4)

The amount of removed heat energy Qcond from the 
condensing compressed heat carrier in the condenser 
Cond can be determined using the dependence

Qcond = GR(i2 – i3)                                                           (5)

where i2 and i3 are enthalpies of the refrigerant at the 
inlet and outlet of the condenser.

The power consumed by the turbocharger for the 
compression of refrigerant vapors from pressure р1 to 
pressure р2 is determined [19]

Nreal =                                                         (6)

where ηA and ηM are the adiabatic and mechanical 
efficiency coefficients of the compressor. 

RESULTS AND DISCUSSION

The considered crystallization process was 
analyzed using the separation of KNO3, (NH2)2CO, 
NaI, and sucrose from their aqueous solutions as 
an example. All of these substances do not form 
crystalline hydrates during crystallization. In the 
diagrams of their equilibrium with water, there are 
eutectic points, the parameters of which are provided 
in the table. 

The separation process of the abovementioned 
binary systems was performed using isobutane as 
a refrigerant. The vapor pressure of isobutane after 
throttling was р1 = 1 atm, and their compression in the 
compressor was carried out in the range up to р2 = 2–5 atm 

depending on the cooling temperature of the solutions 
in the crystallizer tfr.

As a result of the analysis, it was determined that 
cooling the solution to lower temperatures tfr at the 
constant concentration of the initial solution xF led to 
a regular increase in the yield of the crystalline phase 
of the isolated substance and to a corresponding 
decrease in the yield of the mother liquor (Fig. 3).

Of note, a change in the yield of the crystalline 
phase, in turn, affects the amount of heat released. 
Thus, a decrease in the solution cooling temperature 
tfr, and, consequently, an increase in the yield of 
crystals leads to the corresponding increase in the 
amount of released thermal energy Qcool (Fig. 4a) and 
an increase in the consumption of GR refrigerant 
for the crystallization process (Fig. 4b). The power 
of compressor Nreal, which is used to compress the 
vapor of the intermediate heat carrier, also increases 
(Fig. 5a) as well as the amount of heat Qcond, which is 
removed during the condensation of the compressed 
heat carrier vapor in the condenser of the installation 
(Fig. 5b).

The efficiency of the considered separation 
process greatly depends on the concentration of 
the initial solution хF. Its increase leads to a regular 
increase in the yield of the crystalline phase С (Fig. 3) 
and the amount of heat Qcool, which is removed at the 
crystallization stage (Fig. 4). The flow rate of the 
refrigerant GR and the compressor capacity Nreal also 
increases (Fig. 5).

The analysis also showed that in addition to the 
fractionation temperature tfr and concentration хF, 
the refrigerant flow rate GR and compressor power 
Nreal are greatly affected by pressure р2, to which the 
refrigerant vapor is compressed in the compressor. It 
is characteristic that during the separation of dilute 
solutions, the value of GR slightly decreases with 
an increase in pressure р2, and when fractionating 
concentrated solutions, it slightly increases (Fig. 6a); 
the compressor power always increases with an 
increase in р2 (Fig. 6b).

Refrigerant consumption GR and compressor 
power Nreal can also depend on the physicochemical 
and thermophysical properties of crystallizing 
substances and their aqueous solutions [17]. Thus, for 
example, at the same yield of the crystalline phase for 

Parameters of the eutectic point for some binary systems

System xF, wt % tF, °C

KNO3–H2O 11 −2

(NH2)2CO–H2O 32 −12

NaI–H2O 47 −32

C12H22O11–H2O 63 −14
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a

a

b

b

Fig. 3. Influence of the cooling temperature tfr on the yield of the crystal phase (a) and mother solution (b) 
(system (NH2)2CO–H2O; p2 = 2 atm): (1) xF = 40% (NH2)2CO; (2) xF = 45%; (3) xF = 50%; (4) xF = 55%.

Fig. 4. Dependence of the amount of heat removed from the crystallizer (a) and the refrigerant flow rate (b) 
on the fractionation temperature (KNO3–H2O system; p2 = 2 atm): (1) xF = 20% KNO3; (2) xF = 30%; (3) xF = 40%; (4) xF = 50%.

NaI, the energy consumption for performing contact 
crystallization is 1.5–2.0 times higher than that for 
the crystallization of sucrose.

CONCLUSIONS

The analysis of data from previous studies and 
our research showed that contact crystallization using 
evaporating refrigerants can be successfully applied 
to isolate various substances from their aqueous 

solutions. It is especially advantageous to use it 
when the crystallization process is carried out at low 
temperatures. When using it, interfacial heat transfer 
is considerably intensified, and the instrumentation 
of the separation process is simplified.
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a b

a b

Fig. 5. Dependence of the compressor power consumption (a) and the amount of heat removed during the 
condensation of refrigerant vapor (b) on the fractionation temperature (system (NH2)2CO–H2O; p2 = 2 atm): 

(1) xF = 40% (NH2)2CO; (2) xF = 45%; (3) xF = 50%; (4) xF = 55%.

Fig. 6. Dependence of the refrigerant flow (a) and compressor power (b) on the refrigerant pressure
 at the compressor outlet (NaI–H2O system; tfr = −28°C): (1) xF = 60% NaI; (2) xF = 63%; (3) xF = 66%; (4) xF = 69%.

Key
Cryst – crystallizer;
Sep – filter (separation);
Com – turbocharger;
Th – throttle valve;
Cond – refrigerant condenser;
F – mass flow of the initial solution;
С – output of the crystal phase;
М – output of the stock solution;
S – mass flow of the extracted crystal phase;
L – mass flow of the removed uterus;
GR – refrigerant consumption;
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Synthesis and reactions of alkenyl-gem-dichlorocyclopropanes 
obtained from piperylene
Airat I. Musin1, Yulianna G. Borisova2,@, Gul’nаra Z. Raskil’dina2, Ruslan U. Rabaev2, 
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Russia
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Objectives. This study aims to obtain alkenyl-gem-dichlorocyclopropanes from piperylene. The 
products are then subjected to thermocatalytic isomerization and hydrogenation.
Methods. To determine the qualitative and quantitative composition of the reaction crudes, the 
following analytical methods were used: gas-liquid chromatography using the Crystal 2000 
hardware complex, mass spectrometry using a Chromatec-Crystal 5000M device with the NIST 
2012 database, and nuclear magnetic resonance (NMR) spectroscopy using a Bruker AM-500 
device at operating frequencies of 500 and 125 MHz.
Results. Alkenyl-gem-dichlorocyclopropanes were synthesized in the presence of triethylbenzyl 
ammonium chloride as catalyst. Their isomerization and hydrogenation gave the corresponding 
gem-dichlorocyclopentene and isomers of alkyl-gem-dichlorocyclopropanes. The structure of  
synthesized substances were analyzed by gas-liquid chromatography, mass spectrometry, and 
NMR spectroscopy.
Conclusions. The results show that formation of four isomeric substituted gem-
dichlorocyclopropanes occurs in high yield during incomplete dichlorocyclopropanation of 
piperylene. The thermocatalytic isomerization of substituted gem-dichlorocyclopropanes in the 
presence of SAPO-34 zeolite leads to the formation of one product, i.e., gem-dichlorocyclopentene, 
and hydrogenation of substituted gem-dichlorocyclopropanes in the presence of Pd/C catalyst 
gives three isomeric alkyl-gem-dichlorocyclopropanes.

Keywords: alkenyl-gem-dichlorocyclopropane, isomerization, hydrogenation, SAPO-34 zeolite, 
Pd/C catalyst
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НАУЧНАЯ СТАТЬЯ

Синтез и реакции алкенил-гем-дихлорциклопропанов 
на основе пиперилена
А.И. Мусин1, Ю.Г. Борисова2,@, Г.З. Раскильдина2, Р.У. Рабаев2, Р.Р. Даминев1, 
С.С. Злотский2

1Уфимский государственный нефтяной технический университет, филиал в г. Стерлитамак, 
Стерлитамак, 453118 Россия
2Уфимский государственный нефтяной технический университет, Уфа, 450064 Россия
@Автор для переписки, e-mail: yulianna_borisova@mail.ru

Цели. Получить алкенил-гем-дихлорциклопропаны на основе пиперилена, провести их 
термокаталитическую изомеризацию и гидрирование.
Методы. Для определения качественного и количественного состава реакционных масс 
использованы следующие методы анализа: газожидкостная хроматография (на аппарат-
но-программном комплексе «Кристалл 2000»), хроматомасс-спектрометрия (на приборе 
«Хроматэк-Кристалл 5000М» с базой NIST 2012) и спектроскопия ядерного магнитного 
резонанса (ЯМР) (на приборе «Bruker AM-500» с рабочими частотами 500 и 125 МГц).
Результаты. Алкенил-гем-дихлорциклопропаны синтезированы в присутствии катали-
затора триэтилбензиламмоний хлористый. Дальнейшей их изомеризацией и восстановле-
нием получены соответствующие гем-дихлорциклопентен и изомеры алкил-гем-дихлорци-
клопропанов. Строение синтезированных веществ проанализировано и доказано методами 
газожидкостной хроматографии, масс-спектрометрии и ЯМР-спектроскопии. 
Выводы. Установлено, что неполное дихлорциклопропанирование пиперилена проте-
кает количественно с образованием четырех изомерных замещенных гем-дихлорцикло-
пропанов, при термокаталитической изомеризации которых в присутствии цеолита 
SAPO-34 происходит образование одного продукта – гем-дихлорциклопентена, а при их 
восстановлении с помощью катализатора Pd/C наблюдается образование трех изомер-
ных алкил-гем-дихлорциклопропанов.

Ключевые слова: алкенил-гем-дихлорциклопропаны, изомеризация, гидрирование, 
SAPO-34, Pd/C

Для цитирования: Мусин А.И., Борисова Ю.Г., Раскильдина Г.З., Рабаев Р.У., Даминев Р.Р., Злотский С.С. 
Синтез и реакции алкенил-гем-дихлорциклопропанов на основе пиперилена. Тонкие химические технологии. 
2020;15(5):16-26. https://doi.org/10.32362/2410-6593-2020-15-5-16-25

INTRODUCTION

Substituted three-membered carbocycles, in 
particular, gem-dichlorocyclopropanes, are widely 
used in the chemistry of natural and medicinal 
substances [1–8]. The most effective route for the 
synthesis of gem-dihalocyclopropanes is based 
on the [2 + 1]-cycloaddition of dichlorocarbenes 
at multiple bonds [9–18]. Following this method, 
from industrial dienes such as divinyl, isoprene, and 
2,3-dimethyl-butadiene, the corresponding alkenyl-
gem-dichlorocyclopropanes are obtained, which 
are used in fine organic synthesis [19, 20]. In this 
context, the purpose of this study is to perform the 

dichlorocarbenation of piperylene as a large-tonnage 
diene and to conduct a series of conversions of the 
corresponding alkenyl-gem-dichlorocyclopropanes.

MATERIALS AND METHODS

Analysis of the reaction crudes was performed using 
gas-liquid chromatography on the hardware-software 
complex Crystal 2000, NPF Meta-khrom, Russia. Mass 
spectra were obtained using a Chromatec-Crystal 5000M 
instrument (Chromatec, Russia) with the NIST 2012 
database (National Institute of Standards and Technology, 
USA). 1H and 13C nuclear magnetic resonance (NMR) 
spectra were recorded on a Bruker AM-500 spectrometer 
(Bruker Corporation, USA) at operating frequencies 

https://doi.org/10.32362/2410-6593-2020-15-5-16-25
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of 500 and 125 MHz, respectively, using CDCl3 as 
solvent. Chemical shifts are reported in δ (ppm) 
relative to tetramethylsilane as internal standard. 
Spin–spin coupling constants (J) are given in Hz.

Substituted vinyl-gem-dichlorocyclopropanes 
2а,b and 3а,b were obtained following a reported 
procedure [19], using chloroform, 50% alkali 
solution, and triethylbenzylammonium chloride as an 
interphase catalyst.

1 ,1 -D ich loro -2 - ( (1 -Z ) -prop-1 -en -1 -y l ) - 
cyclopropane (2а). Colorless liquid. Yield (2 + 3): 
95%, Тboil = 48–50°С (35 mm Hg). 1Н NMR spectrum 
(CDCl3), δ (ppm), J (Hz): 1.20 d (1Н, СHа, J = 5.3), 1.72 
d (1Н, СHb J = 5.3), 1.75 t (3Н, СН3, J = 3.1), 2.38–2.43 
m (1Н, СH), 5.15 t (1Н, СН, J = 6), 5.20–5.25 m (1Н, 
СН). 13C NMR (CDCl3), δC (ppm): 14.39 (CH3), 27.42 
(СН2), 28.72 (СH), 61.09 (С), 126.11 (СH), 128.97 
(СH). Mass spectrum, m/e (Irel, %): 150/152/154 (≤3) 
[M+], 135/137/139 (≤5), 115/117 (44/12), 99/101 (22/8), 
79/100, 77/65.

1 ,1 -Dich loro -2 - ( (1 -E ) -prop-1 -en-1 -y l ) - 
cyclopropane (2b). Colorless liquid. Yield (2 + 3): 95%, 
Тboil = 48–50°С (35 mm Hg). 1Н NMR (CDCl3), δ (ppm), 
J (Hz): 1.20 d (1Н, СHа, J = 5.3), 1.72 d (1Н, СHb, 
J = 5.3), 1.75 t (3Н, СН3, J = 3.1), 2.08–2.12 m (1Н, 
СH), 5.28–5.35 m (1Н, СН), 5.37 d (1Н, СН, J = 13.7). 
13C NMR (CDCl3), δC (ppm): 18.03 (CH3), 28.39 (СH), 
27.69 (СН2), 61.09 (С), 126.63 (СH), 130.12 (СH). 
Mass spectrum, m/e (Irel, %): 150/152/154 (≤4) [M+], 
135/137.139 (≤5), 115/117 (42/12), 99/101 (20/10), 
79/100, 77/72.

cis-1,1-Dichloro-2-vinyl-3-methylcyclopropane 
(3a). Colorless liquid. Yield (2 + 3): 95%, Тboil = 48–50°С 
(35 mm Hg). 1Н NMR (CDCl3), δ (ppm), J (Hz): 1.42 s 
(1Н, СН),  1.35 t (3Н, СН3, J = 7.8),  2.20–2.30 m 
(1Н, СH), 5.45–5.60 m (2Н, СН2),  5.75 dd (1Н, СН, 
J = 10, 13). 13C NMR (CDCl3), δC (ppm): 9.68 (CH3), 
31.90 (СH), 35.91 (СН), 61.09 (С), 120.11 (СH2), 
134.32 (СH). Mass spectrum, m/e (Irel, %): 150/152/154 
(≤4) [M+], 135/137/139 (≤5), 115/117 (36/12), 99/101 
(20/8), 79/100, 77/70.

t r a n s - 1 , 1 - D i c h l o r o - 2 - v i n y l - 3 - m e t h y l -
cyclopropane (3b). Colorless liquid. Yield (2 + 3): 95%, 
Тboil = 48–50°С (35 mm Hg). 1Н NMR (CDCl3), δ (ppm), 
J (Hz): 1.11 d (1Н, СН, J = 10), 1.52 t (3Н, СН3, 
J = 6.8), 2.20–2.30 m (1Н, СH), 5.45–5.60 m (2Н, СН2), 
5.75 dd (1Н, СН, J = 10, 13). 13C NMR  (CDCl3), 
δC (ppm): 9.68 (CH3), 33.15 (СH), 40.19 (СН), 61.09 
(С), 118.29 (СH2), 134.32 (СH). Mass spectrum, m/e 
(Irel, %): 150/152/154 (≤8) [M+], 135/137/139 (≤8), 
115/117 (46/26), 99/101 (22/10), 79/100, 77/72.

Isomerization was conducted in a fixed-bed flow-
through unit in a reactor with a volume of 15 cm3, at 
atmospheric pressure, and at a temperature ranging 

from 130 to 280°C. SAPO-34 zeolite (made in China) 
was used as a catalyst, which was activated in 
a flow of hydrogen at 550°C for 5 h before use. 
Raw materials (50 mL of a mixture of vinyl-gem-
dichlorocyclopropane : decane in a 1 : 2 volume 
ratio) were supplied using a pump. The product of 
the catalysis was dried with freshly calcined calcium 
chloride and evaporated under a weak vacuum after 
filtering off the salt to give 4.

4,4-Dichloro-3-methylcyclopentene (4). Colorless 
liquid. Yield: 94%, Тboil = 57°С (35 mm Hg). 1Н NMR 
(CDCl3), δ (ppm), J (Hz): 1.35 t (3Н, СН3, J = 7.0), 
2.53 d (1Н, СНа, J = 3.9), 2.85 t (1Н, СНb, J = 3.6), 
5.56 t (1Н, СН, J = 6), 5.88 d (1Н, СН, J = 5.9). 
13C NMR (CDCl3), δC (ppm): 14.99 (СН3), 53.22 (СН2), 
62.68 (СН2), 81.16 (С), 124.92 (СН=), 141.06 (С=). 
Mass spectrum, m/e (Irel, %): (150/152/154)/35/16/5 
[M+], (115/117)/(100/34), (77/79)/(89/55), 51/27.

For hydrogenation, palladium on carbon (Pd/C), 
granular, TU 2170-300-29131036-971, was used as a 
catalyst. The catalyst was ground in a mortar before use, 
sieved, and stored in a box in an extractor. A calculated 
amount of Pd/C catalyst, which was finely ground in a 
mortar and weighed on an analytical balance, was loaded 
into the reactor (Fig. 1). A solution containing a mixture 
of dichlorocyclopropanes 2а,b and 3а,b in ethyl- 
acetate (20 mL) with a mass concentration of 50 g/L was 
added. From hydrogen generator 6, buffer tank 7 was 
filled with hydrogen by opening valve 1 and closing 
valve 2. Valve 1 was then closed, and valves 2–4 were 
open, while maintaining mixing device 11 turned off 
and vessel 10 completely filled with liquid. Thus, the 
system was purged with hydrogen. Then, valves 4 and 3 
were sequentially closed, and with valve 5 open, cylindrical 
vessel 8 was filled with hydrogen from the buffer tank to the 
lower mark, creating a slight excess pressure of the water 
column from pressure reservoir 9. Then, valve 2 was closed, 
valve 3 was open, and the stirring device was turned on, 
setting the preset mixing speed. The progress of the reaction 
was monitored by determining the volume of absorbed 
hydrogen. The experiment was continued until a noticeable 
decrease in the rate of hydrogen absorption was observed.

After hydrogenation, the following products were 
obtained:

1,1-Dichloro-2-propylcyclopropane (5). Colorless 
liquid. Yield (5 + 6):  95%, Тboil = 54°С (35 mm Hg). 
1Н NMR (CDCl3),  δ (ppm), J (Hz): 0.95  t (3Н, СH3,
J = 7), 1.20–1.25 m (6Н, 3 СH2), 1.36–1.55 m (1Н, СH). 
13C NMR (CDCl3), δC (ppm): 15.03 (CH3), 23.99 (СH2), 
27.06 (СН2), 31.09 (СН2), 38.44 (СH), 65.44 (С). 
Mass spectrum, m/e (Irel, %): 152/154/156 (7) [M+], 
123/49, 110/66, 75/5, 87/37, 51/100.

1 Information about the catalyst is available on the 
manufacturer’s website https://www.kazanorgsintez.ru.
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Schematic representation of the installation for hydrogenation at atmospheric pressure. Valves (1–5), hydrogen generator (6), 
buffer tank (7), cylindrical vessel (8), pressure tank (9), hydrogenation reactor (10), stirring device (11). 

Scheme 1. Carbenation of piperylene 1a,b.

cis-1,1-Dichloro-2-methyl-3-ethylcyclopropane 
(6а). Colorless liquid. Yield (5 + 6): 95%, Тboil = 54°С 
(35 mm Hg). 1Н NMR (CDCl3), δ (ppm), J (Hz): 0.90 d 
(1Н, 1 СH, J = 7), 1.02 t (3Н, СH3, J = 5), 1.45 t (3Н, 
СH3, J = 3), 1.61–1.66 m (1Н, СH), 1.78–1.83 m (2Н, 
СН2). 

13C NMR (CDCl3), δC (ppm): 10.55 (CH3), 14.09 
(CH3), 19.44 (СH2), 32.94 (СН), 34.01 (СН), 67.55 
(С). Mass spectrum, m/e (Irel, %): 152/154/156 (9) [M+], 
123/59, 110/30, 75/15, 87/67, 51/100.

trans-1,1-Dichloro-2-methyl-3-ethylcyclopropane 
(6b). Colorless liquid. Yield (5 + 6): 95%, Тboil = 54°С 
(35 mm Hg). 1Н NMR (CDCl3), δ (ppm), J (Hz): 1.05–1.15 m 
(1Н, СH), 1.02 t (3Н, СH3, J = 5), 1.45 t (3Н, СH3, 
J = 3), 1.61–1.66 m (1Н, СH), 1.78–1.83 m (2Н, СН2). 
13C NMR (CDCl3), δC (ppm): 11.01 (CH3), 15.88 (CH3), 
19.44 (СH2), 34.71 (СН), 41.39 (СН), 67.67 (С). Mass 
spectrum, m/e (Irel, %): 152/154/156 (7) [M+], 123/49, 
110/66, 75/5, 87/37, 51/100.

RESULTS AND DISCUSSION

At the initial stage of the dichlorocarbenation of 
commercial piperylene (cis-1a : trans-1b = 1 : 4), which 
was performed according to the Makoshi method [21], 
carbenes attach to nonequivalent terminal and internal 
double C=C bonds at different rates, leading to the 
formation of a mixture of propenyl derivatives 2а,b and 
vinyl derivatives 3а,b in a ratio of 1 : 3, respectively 
(Scheme 1). This is due to the fact that the methyl 
substituent located in the α-position activates the double 
bond with respect to the electron-withdrawing :СCl2 
carbene. Note that the 2,2-disubstituted double bond in 
isoprene is one order of magnitude more active than the 
unsubstituted one [19].

The observed ratio of stereoisomers 2а : 2b = 1 : 4 
coincides with the content of cis- and trans forms in the 
initial diene 1а,b. The addition of dichlorocarbene to the 
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substituted double bond proceeds nonstereoselectively, 
and isomers 3а,b  are formed in similar amounts 
(3а : 3b = 1 : 1.5).

Next, the thermocatalytic isomerization (Scheme 2) 
of the obtained alkenyl-gem-dichlorocyclopropanes 
2а,b and 3а,b was performed at 230°C according to a 
previously described method [22] using commercially 
available SAPO-34 zeolite as a catalyst [23].

4,4-Dichloro-3-methylcyclopentene 4 was obtained 
in a yield of more than 90% as a result of the opening 
of the three-membered carbocycles at the C1–C3 
bonds on the catalyst. No products resulting from the 
cleavage of the C2–C3 bonds were detected.

Hydrogenation (Scheme 3) of alkenyl-gem-
dichlorocyclopropanes 2а,b and 3а,b was conducted 
using commercial Pd/C catalyst [24, 25] at a temperature 
of 22–24°С and atmospheric pressure for 3.5–4 h.

Under these conditions, a mixture of propyl-
gem-dichlorocyclopropane 5, cis-2-methyl-3-ethyl-
gem-dichlorocyclopropane 6а, and trans-2-methyl-
3-ethyl-gem-dichlorocyclopropane 6b was obtained 

quantitatively. The ratio of the latter compounds 
corresponds to the starting content in the initial mixture 
of vinyl derivatives (6a : 6b = 3a : 3b = 1 : 1.5).

The method of competitive kinetics [26] 
(maximum conversion of 30%) was used to determine 
the relative reactivity of propenyl 2а,b and vinyl 
derivatives 3а,b in the hydrogenation reaction. 
Under the studied conditions2, judging by the 
rate of accumulation of products 5 and 6а,b, vinyl 
derivatives 3а,b are two times more active than 
propenyl derivatives 2а,b.

The composition of the obtained products 
2а,b, 3а,b, 5, 6а,b, and the isolated compound 4 
was established by NMR spectroscopy and gas 
chromatography–mass spectrometry.

The 1H NMR spectrum of the mixture of 
carbenation products 2а,b and 3а,b shows the 
presence of signals of multiple bonds of protons at С4 
and С5 carbon atoms. For molecule 2а, the proton at 
the С4 carbon atom gives rise to a triplet at 5.15 ppm 
(3J = 6 Hz), and that at the С5 carbon atom affords a 

Scheme 2. Isomerization of alkenyl-gem-dichlorocyclopropanes 2a,b and 3a,b.

Scheme 3. Reduction of alkenyl-gem-dichlorocyclopropanes 2а,b and 3а,b.

2 The starting ratio 2а,b : 3а,b = 1 : 3.
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multiplet in the range 5.20–5.25 ppm, which is typical 
for the cis-isomer. Meanwhile, for the trans-2b isomer, 
the signal of the proton at the С4 carbon atom appears 
at 5.28–5.35 ppm, and the proton at С5 resonates as a 
doublet at 5.37 ppm (3J = 13.7 Hz), which confirms 
the trans-configuration of the double bond. In a 
mixture of compounds 3а and 3b, analogous signals 
of protons at С4 and С5 appear as doublet of doublets 
at 5.75 ppm (3J = 10 and 13 Hz) and a multiplet at 
5.45–5.60 ppm. The protons of the cyclopropane ring 
at the C2 the carbon atom for the cis-2a and trans-2b 
isomers appear as two identical doublets at 1.20 ppm 
(2J = 5.3 Hz) and 1.72 ppm (2J = 5.3 Hz). A similar 
proton signal at the C2 carbon atom of molecules 
3а and 3b affords a multiplet at 2.20–2.30 ppm. 
The proton at the С3 carbon atom for compound 3а 
appears as a singlet at 1.42 ppm, which indicates 
its cis-arrangement, whereas it is high-field shifted 
to 1.11 ppm and appears as a doublet (3J = 10 Hz) 
for compound 3b, which is typical for the trans-
configuration of the proton.

In the 1H NMR spectrum of a mixture of 
hydrogenation products 5 and 6a,b, the presence of 
propyl-gem-dichlorocyclopropane 5 is evidenced by 
a triplet signal of the methyl group in the high-field 
region at 0.95 ppm (3J = 7 Hz) and a multiplet for 
two methylene groups of the propyl fragment in the 
range 1.20–1.25 ppm. The geometric isomers 6а,b are 
characterized by the presence of signals attributable 
to the proton at the С3 carbon atom conjugated with 
the ethyl group. Thus, for cis-1,1-dichloro-2-methyl-
3-ethylcyclopropane 6а, the proton at the С3 carbon 
atom of cyclopropane gives rise to a doublet in the 
high-field region at 0.90 ppm (3J = 7 Hz), and for 
trans-1,1-dichloro-2-methyl-3-ethylcyclopropane 
6b, a similar signal appears as a multiplet in the lower 
region at 1.05–1.10 ppm.

In the 13C NMR spectra of the mixture of alkenyl-
gem-dichlorocyclopropanes 2а,b and 3а,b, the most 
representative feature is the C1 signal of the carbon 
atom at 61.09 ppm. For the cis-2а isomer, the С4 
and С5 carbon atoms of the double bond resonate at 
126.11 and 128.97 ppm, respectively, whereas for the 

trans-2b isomer they appear in lower field, at 126.63 
and 130.12 ppm, respectively. For compound 3а, the 
presence of high-field signals for the С2 and С3 carbon 
atoms of the cyclopropane ring (31.90 and 35.91 ppm) 
confirms the cis-configuration, whereas the signals at 
lower field for С2 and С3 (33.15 and 40.19 ppm) of 
molecule 3b are indicative of the trans-configuration 
of this isomer.

The 13C NMR spectra of a mixture of alkyl derivatives 
5 and 6a,b are characterized by the signals ascribed to the 
C1 carbon atoms in the range of 65–67 ppm. The signal of 
the methyl group of 1,1-dichloro-2-propylcyclopropane 
5 appears at 15.03 ppm, whereas those of molecules 
6а,b are high-field shifted to 10.55 and 11.01 ppm, 
respectively. For compound 6a, the presence of signals 
of the С2 and С3 carbons of the cyclopropane ring at 
32.94 and 34.01 ppm confirms the cis-configuration. For 
molecule 3b, the signals of С2 and С3 atoms appear at 
lower field (34.71 and 41.39 ppm), indicating the trans 
configuration of this isomer.

Several pathways can be proposed for the 
dissociative ionization of a mixture of gem-
dichlorocyclopropanes 2a,b and 3a,b. Thus, the 
molecule decomposes into a dichlorocyclopropane 
fragment and the substituent or the molecule loses 
chlorine atoms while the main carbon skeleton is 
preserved.

The table shows the values of fission ion mass 
m and the relative intensity of ion peaks е, (% of the 
maximum) for compounds 2а,b and 3а,b.

The dissociative ionization of gem-
dichlorocyclopropanes 6 and 7a,b and alkenyl-
gem-dichlorocyclopropanes 2a,b and 3a,b, can 
proceed as follows: the molecule decomposes into a 
dichlorocyclopropane fragment and a substituent R; 
alternatively, the molecule loses chlorine atoms while 
preserving the carbon skeleton.

CONCLUSIONS

The  dichlorocarbenation  of   piperylene by  the  Makoshi 
method proceeds quantitatively yielding a mixture of cis-, 
trans-1,1-dichloro-2-(prop-1-en-1-yl)cyclopropanes and 

Values of fission ion mass m and relative intensity of ion peaks e (% of maximum) 
for compounds 2а,b and 3а,b

Compound
m/e (%)

M+
150/152/154 79 77 115/117 99/101 135/137/139

2a ≤3

100

65 44/12 22/8 ≤5

2b ≤4 72 42/12 20/10
≤5

3a ≤4 70 36/12 20/8

3b ≤8 72 46/26 22/10 ≤8
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cis-, trans-1,1-dichloro-2-vinyl-3-methylcyclopropanes. 
Hydrogenation of the obtained isomeric alkenyl-gem-
dichlorocyclopropanes over a palladium catalyst (Pd/C) 
gives 1,1-dichloro-2-propylcyclopropane and cis-, trans-
1,1-dichloro-2-methyl-3-ethylcyclopropanes. Cis-,  trans-
1,1-dichloro-2-(prop-1-en-1-yl)cyclopropanes and cis-, 
trans-1,1-dichloro-2-vinyl-3-methylcyclopropanes are 
converted via thermocatalytic isomerization in the presence 
of SAPO-34 zeolite to 4,4-dichloro-3-methylcyclopentene 
in a yield of more than 90%.
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Synthesis and biological activity of N-phosphonacetyl-L-aspartate’s 
structural analogs N-(α-dietoxyphosphorylcyclopropylcarbonyl)-
amino acids
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Leonid V. Kovalenko
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Objectives. With the development and improvement of new delivery systems for substances of 
various natures, organophosphorus compounds with an antimetabolic mechanism of action have 
become relevant again. A few examples of them are organophosphorus analogs of carboxylic acids, 
such as N-phosphonacetyl-L-aspartate (PALA) and N-phosphonacetyl-L-isoasparagine, both of 
which are bio-rationally developed analogs of the transition state of carbamoylaspartate in the 
biosynthesis of pyrimidine bases, which is catalyzed by the enzyme aspartate transcarbamoylase 
(ATCase). Despite their high activity, these compounds have not found widespread use as 
anticancer agents due to a large number of side-effects and low bioavailability. Given the 
emerging opportunities for the delivery of phosphate and phosphonate derivatives into target 
cells, obtaining more effective analogs of PALA seems to be an interesting and promising research 
objective. The goal of the present study was thus to synthesize and study the biological activities 
of novel PALA analogs that are derivatives of phosphonacetic acid.
Methods. For directed work within the framework of the study, we used the molecular docking 
method, which allowed us to simulate the binding of N-(α-diethoxyphosphorylcyclopropylcarbonyl)-
substituted amino acids to ATCase. The target compounds were synthesized using classical 
methods of organic synthesis. The obtained compounds’ cytotoxicity was probed in relation to cell 
lines of human breast cancer (MDA-MB-231), skin cancer (A-375), and glioblastoma (U-87 MG).
Results. The synthesis of eight novel N-(α-diethoxyphosphorylcyclopropylcarbonyl)-substituted 
amino acids was carried out. A few of the synthesized derivatives were tested for anticancer 
activity, but none displayed significant cytotoxicity.
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НАУЧНАЯ СТАТЬЯ

Conclusions. N-(α-diethoxyphosphorylcyclopropylcarbonyl)-substituted amino acids are synthetically 
available analogs of PALA, a compound capable of strong interaction with ATCase. However, the 
compounds synthesized in this work did not display any pronounced anticancer properties. 
One of the reasons for the observed low activity may be the presence of ether groups in the 
phosphonate building block.
Keywords: phosphonocarboxylic acids, N-phosphonacetyl-L-aspartate (PALA), aspartate 
transcarbamylase (ATCase), α-diethoxyphosphonacetic acid, α-diethoxyphosphorylcyclopropyl-
carboxylic acid, N-(α-diethoxyphosphorylcyclopropylcarbonyl)amino acids.
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Синтез и биологическая активность N-(α-диэтоксифосфорил-
циклопропилкарбонил)аминокислот – структурных аналогов 
N-фосфонацетил-L-аспартата
И.С. Кузьмин@, Д.Ю. Юрьев, Г.А. Топорков, А.В. Калистратова, Л.В. Коваленко

Российский химико-технологический университет им. Д.И. Менделеева, Москва, 
125047 Россия
@ Автор для переписки, e-mail: kyzka06@mail.ru

Цели. С развитием и совершенствованием новых систем доставки для веществ различ-
ного характера, вновь приобретают актуальность фосфорорганические соединения с ан-
тиметаболитным механизмом действия. К ним можно отнести, например, фосфорор-
ганические аналоги карбоновых кислот, такие как N-фосфонацетил-L-аспартат (PALA) 
и N-фосфонацетил-L-изоаспарагин, являющиеся биорационально разработанными ана-
логами переходного состояния карбамоиласпартата в реакции биосинтеза пиримидино-
вых оснований, которая катализируется ферментом аспартат-транскарбамоилазой 
(ATCase). Несмотря на высокую активность эти соединения не нашли широкого примене-
ния из-за большого количества побочных эффектов и низкой биодоступности. С учетом 
открывающихся возможностей по доставке фосфатных и фосфонатных производных в 
клетки-мишени, получение более эффективных аналогов PALA кажется интересной и 
перспективной задачей. Поэтому целью данной работы являлись синтез и исследование 
биологической активности новых производных фосфонуксусной кислоты – N-(α-диэтокси-
фосфорилциклопропилкарбонил)-замещенных аминокислот – аналогов N-фосфоноаце-
тил-L-аспартата (PALA). 
Методы. Для направленной работы в рамках исследования применяли метод молеку-
лярного докинга, который позволяет смоделировать связывание N-(α-диэтоксифосфо-
рилциклопропилкарбонил)-замещенных аминокислот с аспартат-транскарбамоилазой. 
Целевые соединения были синтезированы с использованием классических методов орга-
нического синтеза. Исследование цитотоксичности проводили по отношению к клеточ-
ным  линиям  рака  молочной железы человека (MDA-MB-231), рака кожи (А-375) и глио-
бластомы (U-87 MG). 
Результаты. В рамках работы был осуществлен синтез восьми новых N-(α-диэтокси-
фосфорилциклопропилкарбонил)-замещенных аминокислот. Исследование ряда синтези-
рованных производных на противораковую активность не выявило значимого проявления 
цитотоксичности. 
Выводы. N-(α-диэтоксифосфорилциклопропилкарбонил)-замещенные аминокислоты 
представляют собой синтетически доступные аналоги PALA, способные к более сильно-
му взаимодействию с ATCase. Тем не менее синтезированные в данной работе соединения 
не проявили выраженных противораковых свойств. Одной из причин низкой активности 
может быть наличие эфирных групп в фосфонатном структурном элементе.
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Ключевые слова: фосфонкарбоновые кислоты, N-фосфонацетил-L-аспартат (PALA), 
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INTRODUCTION

Antineoplastic drugs with an antimetabolic 
mechanism of activity have become established 
in the practice of oncological disease treatment. 
Although these drugs differ in structure, intracellular 
metabolism, and mechanism of cytotoxic action, 
all of them, in one way or another, are analogs of 
natural metabolites, and they are able to compete 
with these metabolites, both with respect to transport 
pathways into the cell and participation in key 
enzymatic processes. Antimetabolites of nucleic acid 
biosynthesis are especially relevant for the treatment 
of oncological diseases.

A promising anticancer drug identified in the 1980s 
was N-phosphonacetyl-L-aspartate (PALA) 1, which 
was developed as a result of the bio-rational approach 
(Fig. 1). In fact, the anticancer activity of PALA is 
based on its structural similarity with the transition 
state of carbamoyl aspartate, which is involved in the 
biosynthesis of pyrimidine bases catalyzed by aspartate 
transcarbamoylase (ATCase) [1–4].

PALA showed high activity against solid 
tumors and passed two phases of clinical trials 

[5, 6]. Unfortunately, as is true for many other 
organophosphorus compounds, the high in vitro 
activity of PALA was not reproduced in vivo due 
to the low bioavailability of this compound and 
the large number of side-effects associated with its 
administration [7, 8]. Therefore, the synthesis of new 
derivatives of phosphonacetic acid with potential 
anticancer activity and improved pharmacological 
properties is of high research interest.

Known derivatives of phosphonacetic acid, which 
are structural analogs of PALA, include compounds 
2–4, whose structures are reported in Fig. 2. These 
compounds have a lower total charge and improved 
pharmacological properties than PALA, but they also 
display significantly lower activity than the mentioned 
species [9].

Considering the structural similarity of the PALA 
to the intermediate of carbamoylaspartate biosynthesis, 
we assumed that the key significance to increase the 
biological activity of phosphonacetic acid derivatives 
was the value of the optimal P–C bond angle, 
which will ensure the stability of the conformation 
most favorable for the formation of a complex with 
the active center of the enzyme. Additionally, we 

Fig. 1. Structural similarity between N-phosphonacetyl-L-aspartate 
and the intermediate of carbamoylaspartate biosynthesis.



Ivan S. Kuzmin, Danil Yu. Yuriev, Grigorii A. Toporkov, et al.

29
Тонкие химические технологии = Fine Chemical Technologies. 2020;15(5):26-35

Fig. 2. Structural formulas of N-phosphonacetyl-L-aspartate analogs.

considered a pronounced hydrophobic fragment in 
the structure of a molecule due to the presence of 
a “hydrophobic pocket” in the ATCase structure, 
which will increase the strength of the binding 
between enzyme and the substrate. These objectives 
may be achieved introducing bulky substituents on 
the carbon atom of the phosphonoacetate skeleton. 
Cyclopropanyl-substituted phosphonacetic acids 
are interesting from the standpoint of synthetic 
accessibility, variation of the P–C bond angle, and 
the content of the hydrophobic fragments. In fact, the 
synthesis and investigation of the anticancer activity 
of this family of compounds were carried out within 
the framework of the present study.

MATERIALS AND METHODS

Chromato-mass spectrometric analyses were 
conducted on a Thermo Fisher Scientific Surveyor 
MSQ (Thermo Fisher Scientific, USA) with a 
Phenomenex Onyx Monoliythic C18 25 × 4.6 mm 
high performance liquid chromatography column 
(Phenomenex, USA). A two-component mixture of a 0.1% 
solution of formic acid and acetonitrile (solvent–100% 
dimethyl sulfoxide (DMSO), gradient elution, flow rate 
= 1.5 mL/min, temperature = 25°C, type of ionization 
used at atmospheric pressure: electrospray) was used 
as mobile phase. Nuclear magnetic resonance (NMR) 
1H spectra were recorded on a Varian MercuryPlus 
400 instrument (Varian, USA) (CDCl3, DMSO-d6, 
tetramethylsilane as internal standard). Melting 
points were determined on a Stuart SMP20 apparatus 
(Stuart, UK). For thin layer chromatography, we 
used Merck Thin Layer Chromatography Silica gel 
60 F254 aluminum plates (size 10 × 20 cm) (Merck, 
Germany). For column chromatography, we used 
Merck silica gel 60 with a particle size of 0.015 mm 
to 0.040 mm. A CEM DU 9369 microwave reactor 
(CEM Corporation, USA) was used to carry out 
reactions under microwave irradiation.

DMSO was distilled over calcium hydride before 
use; dibromoethane was distilled under reduced 
pressure; the amino acids used were not pre-purified; 
triethylamine was distilled over KOH; triethyl 
phosphite was not pre-purified; extraction solvents 
were used without any prior treatment.

EXPERIMENTAL

Preparation of triethyl ester of phosphonoacetic 
acid (5).

In a septum-equipped 10-mL test tube suitable 
for use in a microwave reactor were placed 3.32 g 
(0.02 mol) of triethyl phosphite and 2.45 g (0.02 mol) of 
the ethyl ester of α-chloroacetic acid. The reaction was 
carried out under 250-W-power microwave irradiation 
and a temperature of 170°C for 1 h. The isolation of the 
final product was conducted by vacuum distillation on 
an oil pump with a yield of 3.85 g (86%). Tboil = 110°C 
(0.1 mm Hg). 1H NMR spectrum (400 MHz, DMSO-d6): 
δ (ppm) 4.07 (dq, J = 15.1, 7.1 Hz, 6H), 3.10 (d, J = 21.4 Hz, 
2H), 1.22 (dt, J = 18.4, 7.1 Hz, 9H).

Preparation of α-diethoxyphosphorylcyclopropane
carboxylic acid ethyl ester (6).

In a 500-mL flat-bottom flask were mixed together 
15 g (0.067 mol) of crushed KOH and 100 mL of 
freshly distilled DMSO. Under stirring, to the resulting 
suspension were added dropwise in succession 7.48 g 
(0.03 mol) of diethoxyphosphonoacetic acid ethyl ester 
and 25.19 g (0.268 mol) of dibromoethane. Another 170 mL 
of DMSO were then added to the reaction mixture. The 
resulting suspension was stirred at room temperature 
for 72 h. In order to separate the reaction products from 
DMSO, 200 mL of water were added to the reaction 
mixture, and an extraction was performed using diethyl 
ether (three consecutive extractions, with 100 mL of 
solvent at a time) and then chloroform (two consecutive 
extractions, with 100 mL of solvent at a time). The 
resulting organic phases were dried over Na2SO4, filtered 
off, combined, and concentrated on a rotary evaporator. 
The final product was isolated by vacuum distillation on 
an oil pump with a yield of 5.60 g (67%) . Tboil = 110–115°C 
(0.1 mm Hg). 1H NMR spectrum (400 MHz, DMSO-d6): 
δ (ppm) 4.16–3.96 (m, 6H), 1.38–1.27 (m, 1H), 1.21 
(dt, J = 16.0, 7.1 Hz, 1H). 

Preparation of α-diethoxyphosphorylcyclopropane
carboxylic acid (7).

In a 500-mL flat-bottom flask, 20.573 g (0.08 mol) 
of diethoxyphosphorylcyclopropanecarboxylic acid 
ethyl ester and 140 mL of 1N (0.14 mol) aqueous KOH 
solution were added. The mixture thus obtained was 
stirred for 30 min at room temperature, and it was then 
acidified with a 20% H2SO4 to reach a pH of about 2 
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(controlled by litmus paper). The mixture was then 
stirred at room temperature for an additional 30 min. In 
order to isolate the target compound, an extraction with 
chloroform (four consecutive extractions, with 50 mL of 
solvent at a time) was performed. The resulting organic 
phases were dried over Na2SO4, filtered off, combined, 
and concentrated on a rotary evaporator. The product 
was purified by recrystallization from diethyl ether with 
the addition of hexane. White hygroscopic crystals with 
a yellowish tint weighing 10.7 g were thus obtained, for 
a reaction yield of 60%. The product’s melting point was 
85–87°C. 1H NMR spectrum (300 MHz, DMSO): 
δ (ppm) 4.16 (dq, J = 14.2, 7.1 Hz, 4H), 1.45–1.38 (m, 
4H), 1.35 (t, J = 7.0 Hz, 6H).

Preparation of α-diethoxyphosphorylcyclopropane -
carboxylic acid chloride.

In a 25-mL flask were placed 5 g (0.023 mol) of 
α-diethoxy phosphorylcyclopropanecarboxylic acid and 
7 mL (0.23 mol) of SOCl2. The mixture thus obtained was 
heated under stirring at 50°C for 1 h until gas evolution 
from the reaction mixture ceased; subsequently, excess 
SOCl2 was distilled off in a water-jet pump vacuum. The 
resulting acid chloride was immediately added to the 
acylation reaction without preliminary purification.

Procedure for the synthesis of α-diethoxyphosphoryl-
cyclopropanecarboxylic acid amides 8–11.

In a 100-mL three-neck flask equipped with a 
thermometer, a dropping funnel, and a reflux condenser 
comprising a calcium chloride tube, were placed 0.014 mol 
of dry amino acid ethyl or methyl ester hydrochloride, 
after it had been ground it in a porcelain dish. About 30 mL 
of chloroform was then added to the reaction flask, and 
0.04 mol of triethylamine were added under stirring using 
a pipette. The reaction mixture was cooled to 0°C in a 
bath with ice and salt and stirred for 0.5 h. Afterwards, 
0.014 mol of α-diethoxyphosphorylcyclopropanecarbox
ylic acid chloride were added using a dropping funnel, 
while not allowing the temperature of the mixture to 
rise above 5°C. After adding the entire amount of acid 
chloride, the mixture was stirred for another 0.5 h at 
room temperature. The solvent of the reaction mixture 
was then evaporated on a rotary evaporator, and to the 
residue were added 100 mL of ethyl acetate; the mixture 
thus obtained was stirred for 10 min at room temperature, 
and the triethylamine hydrochloride was filtered off. The 
solvent of the resulting filtrate was again evaporated on a rotary 
evaporator. A viscous yellow-orange liquid was obtained. The 
product was purified by column chromatography on silica gel 
using ethyl acetate as eluent. A viscous liquid characterized by 
a bright yellow color was obtained.

N-(α-diethoxyphosphorylcyclopropylcarbonyl)-
glycine ethyl ester (8), 3.18 g (74%) yield. 

1H NMR spectrum (400 MHz, DMSO-d6): δ (ppm) 
8.04 (t, J = 5.5 Hz, 1H), 4.20–4.04 (m, 6H), 3.94 (d, J = 5.7 Hz, 
2H), 1.29 (t, J = 7.1 Hz, 9H), 1.26–1.13 (m, 4H).

Liquid chromatography–mass spectrometry (LC–MS) 
data, m/z (I, %): exp. 308.062 [MH]+, 100%; calc. 308.29 
[MH]+.

N-(α-diethoxyphosphorylcyclopropylcarbonyl)-
aspartic acid dimethyl ester (11), 3.88 g (76%) 
yield. 1H NMR spectrum (400 MHz, DMSO-d6): δ (ppm) 
8.19 (d, J = 7.9 Hz, 1H), 4.74 (dt, J = 7.9, 5.5 Hz, 1H), 4.08 
(dq, J = 11.3, 7.1 Hz, 4H), 3.64 (d, J = 14.3 Hz, 6H), 2.93–2.74 
(m, 2H), 1.30–1.22 (m, 6H), 1.22–1.06 (m, 4H).

LC–MS data, m/z (I, %): exp. 366.108 [MH]+, 100%; 
calc. 366.13 [MH]+.

N-(α-diethoxyphosphorylcyclopropylcarbonyl)-
methionine ethyl ester (9), 3.38 g (77%) yield. 
1H NMR spectrum (400 MHz, CDCl3): δ (ppm) 8.05 (d, 
J = 7.5 Hz, 1H), 4.67 (td, J = 7.4, 4.9 Hz, 1H), 4.17 (m, 
4H), 3.74 (s, 3H), 2.58–2.46 (m, 2H), 2.17 (tt, J = 14.2, 
6.3 Hz, 1H), 2.08 (s, 3H), 2.06–1.95 (m, 1H), 1.51–1.42 
(m, 2H), 1.35 (q, J = 7.3 Hz, 6H), 1.31–1.22 (m, 2H).

LC–MS data, m/z (I, %): exp. 354.336 [MH]+, 100%; 
calc. 354.38 [MH]+.

N-(α-diethoxyphosphorylcyclopropylcarbonyl)-
γ-aminobutyric acid methyl ester (10), 3.77 g 
(84%) yield. 1H NMR spectrum (400 MHz, DMSO-d6): 
δ (ppm) 7.71 (t, J = 5.5 Hz, 1H), 4.21–3.98 (m, 4H), 3.62 
(s, 3H), 3.16 (q, J = 6.5 Hz, 2H), 2.42–2.29 (m, 2H), 1.70 (p, 
J = 7.1 Hz, 2H), 1.28 (t, J = 7.0 Hz, 6H), 1.24–1.01 (m, 4H).
Hydrolysis of the esters of N-(α-diethoxyphosphorylcyclo-

propylcarbonyl)amino acids 12–15. 
6.51 mmol of the ester of the N-(α-diethoxyphosphoryl-

cyclopropylcarbonyl) amino acid was placed in a 50-mL 
flat-bottom flask; 7.9 mmol of KOH in the form of a 
1 M solution were then added to the mixture under 
stirring. Stirring was carried out for another 24 h at 
room temperature. The potassium salt solution was then 
acidified with 20% HCl to reach a pH of about 3, and 
it was then stirred for 30 min at room temperature. At 
the end of the reaction, the solvent was removed by 
evaporation on a rotary evaporator. 50 mL of isopropyl 
alcohol were added to the resulting mixture, and the 
thus-formed precipitate was separated. The filtrate 
was concentrated on a rotary evaporator and cooled 
in a freezer until the desired product was observed to 
precipitate in crystalline form.

N-(α-diethoxyphosphorylcyclopropylcarbonyl)-
glycine  (12),  1.27 g (70%) yield.  Melting point: 
75–77°C. 1H NMR spectrum (400 MHz, DMSO-d6): 
δ (ppm) 7.94 (t, J = 5.5 Hz, 1H), 4.19–4.01 (m, 4H), 3.83 (d, 
J = 5.5 Hz, 2H), 1.24 (t, J = 7.0 Hz, 6H), 1.22–1.00 (m, 4H).

LC–MS data, m/z (I, %): exp. 279.97 [MH]+, 100%; 
calc. 280.24 [MH]+.

N-(α-diethoxyphosphorylcyclopropylcarbonyl)-
aspartic acid (15), 1.18 g (54%) yield. 1H NMR spectrum 
(400 MHz, DMSO-d6): δ (ppm) 8.32 (s, 1H), 8.13 (d, J = 7.8 Hz, 
1H), 4.58 (dt, J = 7.9, 5.0 Hz, 1H), 4.12–4.02 (m, 4H), 2.82–2.63 
(m, 2H), 1.29–1.21 (m, 6H), 1.21–1.13 (m, 4H).
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LC–MS data, m/z (I, %): exp. 338.111 [MH]+, 100%; 
calc. 338.27 [MH]+.

N-(α-diethoxyphosphorylcyclopropylcarbonyl)-
methionine (13), 1.56 g (68%) yield. 1H NMR spectrum 
(400 MHz, CDCl3): δ (ppm) 8.00 (d, J = 7.3 Hz, 1H), 4.65 
(td, J = 7.2, 5.1 Hz, 1H), 4.17 (p, J = 5.7 Hz, 4H), 2.72–2.48 
(m, 2H), 2.30–2.15 (m, 1H), 2.08 (s, 3H), 2.07–1.95 (m, 
1H), 1.56–1.40 (m, 2H), 1.38–1.31 (m, 6H) 1.31–1.22 (m, 2H).

LC–MS data, m/z (I, %): exp. 354.336 [MH]+, 100%; 
calc. 354.38 [MH]+.

N-(α-diethoxyphosphorylcyclopropylcarbonyl)-
γ-aminobutyric acid (14), 1.28 g (64%) yield. 
1H NMR spectrum (400 MHz, CDCl3): δ (ppm) 9.14 (s, 
1H), 7.70 (t, J = 5.7 Hz, 1H), 4.14 (dt, J = 8.2, 7.0 Hz, 4H), 
3.32 (q, J = 6.6 Hz, 2H), 2.36 (t, J = 7.3 Hz, 2H), 1.85 (h, 
J = 7.5 Hz, 2H), 1.54–1.39 (m, 2H), 1.32 (t, J = 7.1 Hz, 6H), 
1.28–1.15 (m, 2H).

LC–MS data, m/z (I, %): exp. 308.059 [MH]+, 100%; 
calc. 308.29 [MH]+.

RESULTS AND DISCUSSION

In order to design a structure acceptable for 
binding to ATCase (Protein Data Bank code 5G1N1), 
we applied a molecular modeling method using the 
AutoDock Vina 1.1.2 program [10]. The optimization 
of geometric parameters was carried out using the 
molecular mechanics functionality in the Chimera 
1.13.1 program2. Docking calculations made it 
possible to show that АТСase has a hydrophobic 
“pocket” where derivatives of phosphonacetic acid 
with cyclic substituents at the carbon atom can be 
incorporated with high probability (Fig. 3). Based on 
this method, it was also shown that the substitution 
of an amino acid residue in АТСase affects the value 

1 https://www.rcsb.org/structure/5G1N (Accessed July 01, 2020).
2 UCSF Chimera 1.13.1. 2018. Available from https://www.cgl.ucsf.edu/chimera/ (Accessed July 20, 2020).

a b
Fig. 3a. An N-phosphonacetyl-L-aspartate molecule 

in the active site of aspartate transcarbomoylase (X-ray 
diffraction data; image obtained using 

the Chimera software).

Fig. 3b. An N-(α-dihydroxyphosphorylcyclopropyl-
carbonyl) aspartic acid molecule in the active site of 

aspartate transcarbomoylase (conformation modeled with 
Autodock; image obtained with the Chimera software).

of the substrate–enzyme binding constant. Therefore, 
we conducted a series of experiments to obtain target 
N-(α-diethoxyphosphorylcyclopropylcarbonyl)-substituted 
amino acids with various amino acid residues.

The preparation of N-(α-diethoxyphosphoryl-
cyclopropylcarbonyl)amino acid esters was carried 
out according to the scheme reported in Fig. 4. 
α-Diethoxy phosphorylcyclopropanecarboxylic acid 
7 was obtained implementing a multi-stage synthesis 
whereby triethyl phosphite and ethyl chloroacetate 
were used as initial substrates; in fact, as a result of 
the Arbuzov reaction conducted under microwave 
irradiation conditions, the triethyl phosphonoacetic 
acid 5 was obtained [11, 12].

Taking into account the presence of an active 
methylene group in the structure of phosphonacetic 
acid and its derivatives, we obtained the complete 
ethyl ester of α-diethoxyphosphorylcyclopropane-
carboxylic acid 6 as a result of an interphase alkylation 
reaction with 1,2-dibromoethane of phosphonoacetic 
acid triester, in the presence of dimethyl sulfoxide 
and potassium hydroxide. The complete ester of 
α-diethoxy phosphorylcyclopropanecarboxylic acid 
was then subjected to hydrolysis in an alkaline medium 
over the carboxyl component, which proceeded with 
the formation of α-diethoxyphosphorylcyclopropane-
carboxylic acid 7 [13, 14].

The final stage of the synthetic procedure was 
the reaction of α-diethoxyphosphorylcyclopropane-
carboxylic acid 7 with a number of amino acid esters: 
the esters of glycine and methionine, as well as the 
methyl esters of aspartic acid and γ-aminobutyric acid. 
The reaction was carried out through the preparation 
of the corresponding α-diethoxyphosphoryl-
cyclopropanecarboxylic acid chloride, which 
was used further without preliminary isolation 
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and purification. Carrying out the reaction under 
cooling to 0ºC in dry chloroform in the presence of 
triethylamine, which is used as a base and an acceptor 
of hydrogen chloride, enabled us to obtain esters of 
N-(α-diethoxyphosphoryl cyclopropylcarbonyl)-
substituted amino acids 8–11 in good yield.

The esters thus synthesized were converted into 
acids by alkaline hydrolysis of the carboxyl end of 
the compound (compounds 12–15).

Note that in Fig. 5 are reported the compounds 
synthesized implementing the developed scheme, 
along with the corresponding yields for the last stage 
of the procedure.

Compounds 12–15 synthesized by us were tested 
for cytotoxicity toward cell lines of human breast 
cancer (MDA-MB-231, Fig. 6), skin cancer (A-375, 
Fig. 7), and glioblastoma (U-87 MG, Fig. 8), 
according to the method described in reference [15].

Cell viability was assessed via a test that is 
used to assess the metabolic activity of cells (the 
MTT test), based on colorimetric measurements of 
control and test solutions, which were preincubated 
in CO2 environment with the addition of the MTT 
solution (3-(4,5-dimethylthiazole bromide)-2-yl)-
2,5-diphenyltetrazolium). Nicotinamide adenine 

dinucleotide phosphate-H-dependent cellular 
oxidoreductase enzymes of living cells are able to 
reduce MTT to the corresponding formazan, which 
is characterized by a purple coloration. Subsequently, 
the optical density of the resulting solutions was 
estimated at 594 nm and 620 nm wavelengths. The 
results of these tests are reported in Figs. 6–8.

The absence of the expected biological 
activity of the test compounds may be due to the 
presence of ether groups at the phosphorus atom 
of phosphonate group [16]. Thus, one of the main 
directions of further research is the synthesis of N-(α-
dihydroxyphosphoryl cyclopropylcarbonyl)amino 
acids and verification of their biological activity.

CONCLUSIONS

The results of PALA studies and molecular 
docking of cyclopropanated analogs of phosphonacetic 
acid indicate that N-(α-dihydroxyphosphorylcyclo-
propylcarbonyl)-substituted amino acids have a high 
potential as anticancer agents. However, the absence 
of cytotoxicity of the synthesized compounds toward 
the cancer cell lines used in the present study did 
not match the expected results; the observed low 

Fig. 4. General scheme for the synthesis of N-(α-diethoxyphosphorylcyclopropylcarbonyl)amino acids.

Fig. 5. A series of obtained N-(α-diethoxyphosphorylcyclopropylcarbonyl)amino acids, with their respective yields.
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Fig. 6. Cell survival at various concentrations 
of the compounds under study 

as measured in cytotoxicity tests run against human breast 
cancer cell lines.

Fig. 7. Cell survival at various concentrations 
of the compounds under study 

as measured in cytotoxicity tests run against human skin 
cancer cell lines.

Fig. 8. Cell survival at various concentrations of the 
compounds under study measured in cytotoxicity tests run 

against human glioblastoma cell lines.

bioactivity may be due to the presence of ester groups 
in the phosphonate component of N-(α-diethoxyphosphoryl-
cyclopropylcarbonyl)amino acids.
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ХИМИЯ И ТЕХНОЛОГИЯ ЛЕКАРСТВЕННЫХ ПРЕПАРАТОВ
И БИОЛОГИЧЕСКИ АКТИВНЫХ СОЕДИНЕНИЙ

Cationic amphiphiles based on malonic acid amides 
as transfection mediators
Nadezhda A. Romanova, Ulyana A. Budanova@, Yury L. Sebyakin

MIREA – Russian Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies), 
Moscow, 119571 Russia
@Corresponding author, e-mail: c-221@yandex.ru

Objectives. The aim of this work is to synthesize cationic amphiphiles based on malonic 
acid amides. The target compounds should contain saturated and unsaturated alkyl chains 
in the hydrophobic portion, and one or two positive charges in the polar head as created by 
ethylenediamine and amino acid L-ornithine. For such cationic amphiphiles, we determined 
physicochemical properties and transfection efficiency of liposomes based on them.
Methods. The initial compound in the synthesis is diethylmalonate. We used C-alkylation to 
add the first hydrophobic chain (with octylbromide, dodecylbromide, or octadecylbromide). 
N-oleylamine was used as the second hydrophobic chain, which was attached at the carboxyl 
group of the malonic acid via amide bond formation. The polar head was represented by 
ethylenediamine, which was then attached at the second carboxyl group of the malonic acid. 
Further, L-ornithine was attached to ethylenediamine to produce cationic lipids with two positive 
charges in the head group. The structures of the compounds were characterized by infrared 
spectroscopy, nuclear magnetic resonance spectroscopy, and elemental analysis. Particle size 
distribution was evaluated by photon correlation spectroscopy. The luciferase test was used to 
determine transfection efficiency using HeLa cells.
Results. We have developed a synthesis scheme to produce new cationic amphiphiles with an 
asymmetric hydrophobic part. The obtained liposomal particles are approximately 120 nm in size 
and have a relatively high zeta potential of 29–30 mV.
Conclusions. The size of these liposomes allows them to penetrate into cells, which makes 
it possible to use these compositions for transfection. The high zeta potential shows that the 
particles are stable. Our results demonstrate that the transfection efficiency of our liposomes 
(mixed with cholesterol) is comparable to a commercial formulation. Cationic amphiphiles based 
on malonic acid amides have great potential for liposome development for transfection.
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Катионные амфифилы на основе амидов малоновой кислоты 
в качестве медиаторов трансфекции
Н.А. Романова, У.А. Буданова@, Ю.Л. Себякин

МИРЭА – Российский технологический университет (Институт тонких химических технологий 
имени М.В. Ломоносова), Москва, 119571 Россия
@ Автор для переписки, e-mail: c-221@yandex.ru

Цели. Задача данной работы заключалась в получении катионных амфифилов, являющих-
ся амидами малоновой кислоты. Целевые амфифилы должны содержать насыщенную и 
ненасыщенную алкильные цепи в гидрофобном блоке, а также один или два положитель-
ных заряда в полярной головной части за счет этилендиамина и аминокислоты L-орни-
тина. Для таких катионных амфифилов должны быть определены физико-химические 
свойства и трансфекционная активность липосомальных композиций на их основе.
Методы. Исходным соединением в синтезе был диэтиловый эфир малоновой кисло-
ты. С ним проводили реакцию С-алкилирования для присоединения первой гидрофобной 
цепи (с использованием октилбромида, додецилбромида и октадецилбромида). В каче-
стве второй гидрофобной цепи использовали N-олеиламин, который присоединяли по 
карбоксильной группе малоновой кислоты путем образования амидной связи. Полярная 
головная группа была представлена этилендиамином, который присоединяли по остав-
шейся карбоксильной группе малоновой кислоты. Далее к этилендиамину присоединя-
ли L-орнитин для получения катионных липидов с двумя положительными зарядами 
в головной группе. Структуры соединений характеризовали с помощью инфракрасной 
спектроскопии, спектроскопии ядерного магнитного резонанса и элементного анализа. 
Методом фотонно-корреляционной спектроскопии оценивали распределение частиц по 
размерам. С помощью люциферазного теста определяли эффективность трансфек-
ции на клеточной линии HeLa.
Результаты. Разработана схема синтеза новых катионных амифифилов с несимме-
тричным гидрофобным блоком. Полученные на их основе липосомальные частицы имеют 
размер около 120 нм и обладают достаточно высоким дзета-потенциалом (29–30 мВ).
Выводы. Размер полученных липосом позволяет им проникать в клетки, что делает 
возможным использование таких композиций для трансфекции. Высокий дзета-потен-
циал свидетельствует об их стабильности. Наши результаты показали, что эффек-
тивность трансфекции полученными липосомами в смеси с холестерином сопоставима 
с коммерческим препаратом. Катионные амфифилы на основе амидов малоновой кисло-
ты являются перспективными для разработки трансфекционных липосомальных ком-
позиций на их основе.

Ключевые слова: катионные липиды, амиды малоновой кислоты, катионные липосомы, 
трансфекционная активность, направленная доставка, катионные амфифилы

Для цитирования: Романова Н.А., Буданова У.А., Себякин Ю.Л. Катионные амфифилы на основе амидов 
малоновой кислоты в качестве медиаторов трансфекции. Тонкие химические технологии. 2020;15(5):36-45. 
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INTRODUCTION

Gene therapy is a promising approach for 
many genetic disease treatments, which introduces 
missing genes or replaces defective genes with healthy 
ones [1]. Since the early stages of the development 
of the concept of gene therapy in medicine, effective 
methods of transferring nucleic acids to cells have 
been proposed [2]. These methods provide the 
delivery of polynucleotides to biological tissue 
or cells—the so-called gene transfection. Due to 
nuclease degradation, “pure” DNA or RNA cannot 
penetrate the cell membrane without using physical 
methods such as injections or “gene guns,” so carriers 
able to transport DNA through the bloodstream and 
effectively release genetic material near the cell 
nucleus are needed [3].

Polynucleotide delivery systems are divided into 
two main classes: viral and non-viral vectors [4–5]. 
Despite high transfection efficiencies, viral systems 
have disadvantages as they can cause immune 
responses to a greater or lesser extent [6].

Nucleic acid carrier systems based on cationic 
lipids are a promising pharmaceutical tool for gene 
therapy strategy implementation [7]. Unlike viral 
systems, these complexes do not have immunogenic 
potential or size restrictions of delivered genetic 
fragments [8]. However, cationic lipids, as well as 
other non-viral vectors such as polymers and peptides, 
exhibit low transfection efficiency and pronounced 
toxicity [9].

During the development of optimal transfection 
systems, new lipids are constantly being synthesized 
and studied. To increase the rate of transfection, the 
structures of cationic lipids are changed, the ratios 
with uncharged auxiliary lipids are changed, and 
varying amounts of DNA are added [10–12]. In 
this regard, it is important to study the physical and 
chemical properties of lipids to better understand the 
structure-efficiency relationship for gene transfer [7]. 
Therefore, numerous studies with multidisciplinary 
approaches are needed [13].

The advantage of cationic lipids is that they 
can be constructed in accordance with the “modular 
principle”—it is possible to perform structural 
changes separately in the head group, the linker, and 
the lipophilic region [11, 14, 15]. The structure of the 
hydrophobic domain determines the phase transition 
temperature and bilayer fluidity, which further affects 
the liposome stability, protection of DNA from 
nucleases, endosomal output, release of DNA from 
the lipoplex, and penetration into the nucleus [3, 16]. 
Oleic unsaturated chains promote endosomal release 
by increasing the membrane fluidity of transfection 
complexes [17]. The effectiveness of transfection 

of cationic lipids is also affected by asymmetry [3]. 
In addition, multivalent lipids are more active than 
monovalent lipids [11].

A promising class of cationic lipids is malonic 
acid diamides [13]. Malonic acid-based cationic lipids 
were first described in the literature (as nucleic acid 
carriers) about 10 years ago. Malonic acid diethyl 
ether is the central building block of synthesis. The 
chemical properties of malonic acid make it possible 
to attach alkyl chains via acyl functions in the form 
of amides or esters [11]. Malonic acid diamides 
with two long hydrophobic alkyl chains and a polar 
head group, used as a new class of non-viral gene-
transferring agent, have shown high transfection 
efficiency and moderate toxicity. In addition, amide 
bonds showed better hydrolytic stability than ester 
bonds. It was shown that an increase in the cationic 
head group by combining with two lysine molecules, 
rather than just one, leads to an increased transfection 
efficiency [10, 15]. Thus, the characterization of the 
biocompatibility of effective lipid compositions and 
the study of therapeutic concepts for the medical 
use of highly effective cationic lipids derived from 
malonic acid are an urgent task [11].

The aim of this work is to obtain cationic 
amphiphiles based on malonic acid amides 
containing saturated and unsaturated alkyl chains in 
a hydrophobic block (scheme 1), as well as one or 
two positive charges in the polar head region created 
by ethylenediamine and L-ornithine, and study the 
properties and transfection activities of the liposomal 
compositions based on them.

MATERIALS AND METHODS

General method
All chemicals and reagents were used without 

pretreatment: diethylmalonate, ethylenediamine, octyl-
bromide, dodecylbromide, octadecylbromide (all—
Acros Organics, Belgium), N-oleylamine (Sigma-
Aldrich, USA), di-tert-butyl dicarbonate (Вос2O) 
(Sigma-Aldrich, USA), L-ornithine monohydrochloride 
(L-Orn*HCl) (Acros Organics, Belgium), N,N’-
dicyclohexylcarbodiimide (DCC) (Sigma-Aldrich, 
USA), 1-hydroxybenzotriazole (HOBT) (Sigma-Aldrich, 
USA), potassium hydroxide (CHIMMED, Russia), 
sodium sulfate anhydrous (CHIMMED, Russia), and 
trifluoroacetic acid (TFA) (Biochem, Russia).

1H NMR nuclear magnetic resonance spectra 
were recorded in deuterated chloroform using a 
Bruker WM-400 pulsed NMR spectrometer (Bruker, 
Germany) with an operating frequency of 400 MHz. 
The internal standard is hexamethyldisiloxane. 
Infrared spectra were recorded on an EQUINOX 
55 (Bruker, Germany) Fourier transform-infrared 
spectrometer. Elemental analysis was performed using 
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Scheme 1. Malonic acid amides.

a CHNS analyzer FLASH EA 1112 (Thermo Finnigan 
Italia S.p.A, Italia). Thin-layer chromatography (TLC) 
was performed on Sorbfil plates (IMID, Russia), and 
column chromatography was performed on silica gel 
with a size of 0.040–0.063 mm (Merck, Germany). 
To detect spots in TLC, heating over the flame 
of an alcohol lamp was used. To detect substances 
containing amino groups, a 5% solution of ninhydrin 
was used, followed by heating to 50°C.

EXPERIMENTAL

Mono-N-tert-butoxicarbonylethylenediamine 
(1). 8.01 g (133.5 mmol) of 1,2-ethylenediamine was 
dissolved in dioxane in an inert argon atmosphere, 
and a solution of 3.78 g (17.34 mmol) Boc2O in 
dioxane was added dropwise for 3 h. The mixture 
was stirred at room temperature for 24 h. The solvent 

was distilled in a vacuum, and the remaining solid 
was dissolved in water. The product was isolated by 
dichloromethane extraction (3 × 50 mL). The product 
yield was 2.18 g (78.5%).

IR spectrum (νmax, cm−1): 3355 (NH), 2978, 2934 
(CH2), 1693 (C=O, “I amide band”), 1526 (NH, “II 
amide band”), 1392, 1367, 1278, 1253 (C–O), 1173 
(C–N), 1045 (CH2), 966 (CH3).

Diethyl ether of octylmalonic acid (2a). 0.49 g 
(20.42 mmol) sodium hydride was gradually added 
to a solution of diethylmalonate 3 g (18.75 mmol) in 
anhydrous tetrahydrofuran and mixed for 1 h at room 
temperature. After that, a solution of 3.29 g (17.05 mmol) of 
octylbromide in anhydrous tetrahydrofuran was added 
to the protonated diethylmalonate drop by drop and 
mixed for 24 h. The solvent was distilled on a rotary 
evaporator. Ice water was added to the reaction mass, 
the products were extracted with ethyl acetate, dried 
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with sodium sulfate, and the solvent was distilled on 
a rotary evaporator. We obtained 4.23 g (82.9%) of 
the product.

1H NMR spectrum of compound 2а (СDCl3, δ, 
ppm): 0.86 (t, 3Н, –СН3), 1.27 (m, 18Н, –СН2СН3, 
–ОСН2СН3), 1.89 (m, 2Н, –СНСН2–), 3.35 (t, 1Н, 
–СН–), 4.18 (m, 4Н, –ОСН2СН3).

Diethyl ether of dodecylmalonic acid (2b). 
Similarly, from 3 g (18.75 mmol) of diethylmalonate, 
0.49 g (20.42 mmol) of sodium hydride, and 4.24 g 
(17.03 mmol) of dodecylbromide. The product yield 
was 5.16 g (83.9%).

1H NMR spectrum of compound 2b  (СDCl3, 
δ, ppm): 0.87 (t, 3Н, –СН3), 1.28 (m, 26Н, –СН2СН3, 
–ОСН2СН3), 1.78 (m, 2Н, –СНСН2–), 3.30 (t, 1Н, 
–СН–), 4.20 (m, 4Н, –ОСН2СН3).

Diethyl ether of octadecylmalonic acid (2c). 
Similarly: from 2 g (12.50 mmol) of diethylmalonate, 
0.33 g (13.75 mmol) of sodium hydride and 3.79 g 
(11.37 mmol) of octadecylbromide. The product yield 
was 3.91 g (83.5%).

1H NMR spectrum of compound 2c (СDCl3, 
δ, ppm): 0.90 (t, 3Н, –СН3), 1.27 (m, 38Н, –СН2СН3, 
–ОСН2СН3), 1.84 (m, 2Н, –СНСН2–),  3.37 (t, 1Н, 
–СН–), 4.21 (m, 4Н, –ОСН2СН3).

Monoethyl ether of octylmalonic acid (3a). To a 
solution of 8.37 g (30.77 mmol) of compound 2a in 
ethanol, a solution of 2.07 g (36.96 mmol) KOH in 
ethanol was added dropwise for 1 h. Then the mixture 
was mixed for 3 h and left overnight without stirring. 
After that, ethanol was distilled to half the volume 
and the solution was acidified with an equimolar 
amount of 0.1 M hydrochloric acid. The target 
compound was extracted with ethyl acetate, dried 
with sodium sulfate, and the solvent was distilled on a 
rotary evaporator. The product was extracted by flash 
chromatography with hexane elution, then by a 15 : 1 
chloroform : methanol system. We obtained 3.69 g 
(49.2%) of the product.

1H NMR spectrum of compound 3а (СDCl3, 
δ, ppm): 0.86 (t, 3Н, –СН3), 1.28 (m, 15Н, –СН2СН3, 
–ОСН2СН3), 1.89 (m, 2Н, –СНСН2–),  3.37 (t, 1Н, 
–СН–), 4.19 (m, 2Н, –ОСН2СН3).

Monoethyl ether of dodecylmalonic acid (3b). 
Similarly: of the 7.83 g (23.87 mmol) compound 2b 
and 1.6 g (28.57 mmol) KON. The product yield was 
2.9 g (33.6%).

1H NMR spectrum of compound 3b  (СDCl3, 
δ, ppm): 0.87 (t, 3Н, –СН3), 1.24 (m, 23Н, –СН2СН3, 
–ОСН2СН3), 1.70 (m, 2Н, –СНСН2–),  3.20 (t, 1Н, 
–СН–), 4.16 (m, 2Н, –ОСН2СН3).

Monoethyl ether of octadecylmalonic acid (3c). 
Similarly: from 7.02 g (17.04 mmol) of compound 2c 
and 1.15 g (20.54 mmol) KOH. The product yield was 
2.6 g (39.8%).

1H NMR spectrum of compound 3c (СDCl3, 
δ, ppm): 0.88 (t, 3Н, –СН3), 1.28 (m, 33Н, –СН2СН3, 
–ОСН2СН3), 1.91 (m, 2Н, –СНCH2СН2–), 3.38 (t, 
1Н, –СН–), 3.72 (m, 2Н, –СНCH2–), 4.18 (m, 2Н, 
–ОСН2СН3).

Ethyl ester of 2-{[(9Z)-octadec-9-enoylamino]-
carbonyl}decanoic acid (4a). To a solution of 217.9 mg 
(0.89 mmol) of compound 3a in anhydrous methylene 
chloride at 0℃, 241 mg (1.79 mmol) HOBT and a 
solution of 368 mg (1.79 mmol) DCC were added with 
stirring. After that, 287 mg (1.07 mmol) of oleylamine 
in anhydrous dichloromethane was added to the 
solution. The mixture was kept for 2 h when cooled 
and left for a day while stirring at room temperature, 
and then the precipitate was filtered out. The solvent 
was distilled on a rotary evaporator. The product 
was isolated by column chromatography in a 40 : 1 
tetrachloromethane : methanol system. We obtained 
299 mg (68.0%) of the product.

1H NMR spectrum of compound 4а (СDCl3, 
δ, ppm): 0.86 (t, 6Н, 2СН3), 1.26 (m, 37Н, –СН2СН3, 
–ОСН2СН3), 1.47 (m, 2Н, –NHСН2СН2–), 1.84 (m, 
2Н, –СНСН2–), 1.97 (m, 4Н, –СН2СН=СНСН2–), 
3.23  (m, 3Н, –СН–, –СН2NHСО–),  4.18 (m, 2Н, 
–ОСН2СН3), 5.35 (m, 2Н, –СН=СН–), 6.55 (m, 1Н, 
–NН–).

Ethyl ether of 2-{[(9Z)-octadec-9-enoylamino]-
carbonyl}tetradecanoic acid (4b). Similarly: from 
182 mg (0.61 mmol) of compound 3b, 164 mg (1.21 mmol) 
of 1-hydroxybenzotriazole, 251 mg (1.22 mmol) of 
N,N’-dicyclohexylcarbodiimide, and 195 mg (0.73 mmol) 
of oleylamine. The product yield was 226 mg (67.5%).

1H NMR spectrum of compound 4b  (СDCl3, 
δ, ppm): 0.87 (t, 6Н, 2СН3), 1.26 (m, 45Н, –СН2СН3, 
–ОСН2СН3), 1.48 (m, 2Н, –NHСН2СН2–), 1.86 (m, 
2Н, –СНСН2–), 1.99 (m, 4Н, –СН2СН=СНСН2–), 
3.23  (m, 3Н, –СН–, –СН2NHСО–),  4.18 (m, 2Н,
–ОСН2СН3), 5.34 (m, 2Н, –СН=СН–), 6.58 (m, 1Н, 
–NН–).

Ethyl ether of 2-{[(9Z)-octadec-9-enoylamino]-
carbonyl}eicosanic acid (4c). Similarly: of the 190 mg 
(0.49 mmol) compound 3c, 134 mg (0.99 mmol) 
HOBT, 204 mg (0.99 mmol) DCC, and 159 mg (0.59 mmol) 
oleylamine. The product yield was 205 mg (65.5%).

1H NMR spectrum of compound 4с (СDCl3, 
δ, ppm): 0.87 (t, 6Н, 2СН3), 1.27 (m, 57Н, –СН2СН3, 
–ОСН2СН3), 1.49 (m, 2Н, –NHСН2СН2–), 1.83 (m, 
2Н, –СНСН2–), 2.00 (m, 4Н, –СН2СН=СНСН2–), 
3.23 (m, 3Н, –СН–, –СН2NHСО–),  4.18 (m, 2Н, 
–ОСН2СН3), 5.34 (m, 2Н, –СН=СН–), 6.57 (m, 1Н, 
–NН–).

2-{[(9Z)-octadec-9-enoylamino]carbonyl}-
decanoic acid (5a). To a solution of 277 mg (0.56 mmol) 
of compound 4a in ethanol, a solution of 63 mg 
(1.13 mmol) KOH in ethanol was added dropwise 
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for one hour. Then the solution was mixed at boiling 
conditions for eight hours. After that, ethanol was 
distilled to half the volume and the reaction mass 
was acidified with an equimolar amount of 0.1 M 
hydrochloric acid. The compound was extracted 
with ethyl acetate, dried with sodium sulfate, and 
the solvent was distilled on a rotary evaporator. We 
obtained 245 mg (94.0%) of the product.

1H NMR spectrum of compound 5a (СDCl3, 
δ, ppm): 0.87 (t, 6Н, 2СН3), 1.27 (m, 34Н, –СН2СН3), 
1.47 (m, 2Н, –NHСН2СН2–), 1.94 (m, 6Н, –СНСН2–, 
–СН2СН=СНСН2–), 3.19 (t, 1Н, –СН–), 3.30 (m, 2H, 
–СН2NHСО–), 5.34 (m, 2Н, –СН=СН–), 6.43 (m, 
1Н, –NН–).

2-{[(9Z)-octadec-9-enoylamino]carbonyl}-
tetradecanoic acid (5b). Similarly: of 200 mg (0.36 mmol) 
compound 4b and 40 mg (0.71 mmol) KON. The 
product yield was 153 mg (81.8%).

1H NMR spectrum of compound 5b  (СDCl3, 
δ, ppm): 0.90 (t, 6Н, 2СН3), 1.27 (m, 42Н, –СН2СН3), 
1.53 (m 2Н, –NHСН2СН2–), 1.95 (m, 6Н, –СНСН2–, 
–СН2СН=СНСН2–), 3.15 (t, 1Н, –Н–), 3.31 (m, 2H, 
–СН2NHСО–), 5.35 (m, 2Н, –СН=СН–), 6.26 (m, 
1Н, –NН–).

2-{[(9Z)-octadec-9-enoylamino]carbonyl}-
eicosanic acid (5c). Similarly: of the 190 mg (0.30 mmol) 
compound 4c and 34 mg (0.61 mmol) KON. The 
product yield was 170 mg (93.6%).

1H NMR spectrum of compound 5c (СDCl3, 
δ, ppm): 0.88 (t, 6Н, 2СН3), 1.27 (m, 54Н, –СН2СН3), 
1.53 (m, 2Н, –NHСН2СН2–), 2.01 (m, 6Н, –СНСН2–, 
–СН2СН=СНСН2–), 3.16 (t, 1Н, –СН–), 3.30 (m, 2H, 
–СН2NHСО–), 5.35 (m, 2Н, –СН=СН–), 6.33 (m, 
1Н, –NН–).

The diamide N-2-[(N-tert-butoxycarbonyl)-
amino]ethyl-2-octyl-N’-[(9Z)-octadec-9-enoyl]-
propane (6a). To a solution of 255 mg (0.55 mmol) 
of compound 5a in anhydrous methylene chloride 
at 0℃, 149 mg (1.1 mmol) HOBT and a solution 
of 226 mg (1.1 mmol) DCC were added with 
stirring. Then 105 mg (0.66 mmol) of Boc-protected 
ethylenediamine in anhydrous dichloromethane was 
added to the solution. The mixture was kept for 2 h 
at 0ºC and then stirred for 24 h at room temperature. 
The precipitate was then filtered out. The solvent 
was distilled on a rotary evaporator. The product 
was isolated by column chromatography in the 40 : 1 
tetrachloromethane : methanol system. We obtained 
259 mg (77.8%) of the product.

1H NMR spectrum of compound 6a (СDCl3, 
δ, ppm): 0.88 (t, 6Н, 2СН3), 1.23 (m, 34Н, –СН2СН3), 
1.45 (m, 11Н, 3CH3, –NHСН2СН2–), 1.65 (m, 2Н, 
–СНСН2–), 1.95 (m, 4Н, –СН2СН=СНСН2–), 2.95 (t, 
1Н, –СН–), 3.25 (m, 4Н, –OCNHCH2–СН2NHСО–), 
3.43 (m, 2Н, –СН2NHСО–), 5.01 (m, 1H, –NH–), 

5.37 (m, 2Н, –СН=СН–), 6.82 (m, 1Н, –NН–), 7.28 
(m, 1H, –NH–).

The diamide N-2-[(N-tert-butoxycarbonyl)-
amino]ethyl-2-dodecyl-N’-[(9Z)-octadec-9-enoyl]-
propane (6b). Similarly: of 66 mg (0.13 mmol) 
compound 5b, 35 mg (0.26 mmol) HOBT, 53 mg 
(0.26 mmol) DCC, and 26 mg (0.16 mmol) Boc-
protected ethylenediamine. The product yield was 
55.1 mg (65.6%).

1H NMR spectrum of compound 6b  (СDCl3, 
δ, ppm): 0.87 (t, 6Н, 2СН3), 1.16 (m, 42Н, –СН2СН3), 
1.43 (с, 9Н, 3CH3),1.63 (m, 2Н, –NHСН2СН2–), 1.81 
(m, 2Н, –СНСН2–), 1.99 (m, 4Н, –СН2СН=СНСН2–), 
2.94 (t, 1Н, –СН–), 3.24 (m, 4Н, –OCNHCH2–СН2NHСО–), 
3.43 (m, 2Н, –СН2NHСО–), 5.00 (m, 1H, –NH–), 
5.34 (m, 2Н, –СН=СН–), 6.81 (m, 1Н, –NН–), 7.26 
(m, 1H, –NH–).

The diamide N-2-[(N-tert-butoxycarbonyl)-
amino]ethyl-2-octadecyl-N’-[(9Z)-octadec-9-enoyl]-
propane (6c). Similarly: of 160 mg (0.26 mmol) 
compound 5c, 71 mg (0.53 mmol) HOBT, 109 mg 
(0.53 mmol) DCC, and 51 mg (0.32 mmol) Boc-
protected ethylenediamine. The product yield was 
179.8 mg (90.8%).

1H NMR spectrum of compound 6c (СDCl3, 
δ, ppm): 0.87 (t, 6Н, 2СН3), 1.20 (m, 54Н, –СН2СН3), 
1.43 (с, 9Н, 3CH3),1.60 (m, 2Н, –NHСН2СН2–), 1.72 
(m, 2Н, –СНСН2–), 1.95 (m, 4Н, –СН2СН=СНСН2–), 
2.93 (t, 1Н, –СН–), 3.23 (m, 4Н, –OCNHCH2–СН2NHСО–), 
3.42 (m, 2Н, –СН2NHСО–), 4.98 (m, 1H, –NH–), 
5.32 (m, 2Н, –СН=СН–), 6.76 (m, 1Н, –NН–), 7.21 
(m, 1H, –NH–).

Diamide N-(2-aminoethyl)-2-octyl-N’-[(9Z)-
octadec-9-enoyl]propane (7a). To 248 mg (0.41 mmol) 
of compound 6a, 70 mg (6.14 mmol) of TFA was 
added in 3 mL of methylene chloride, and stirred for 
3 h at 0°C. Then the reaction mass was washed with 
a 10% solution of sodium bicarbonate and water. The 
organic residue was dried with sodium sulfate, and 
the solvent was distilled in a vacuum. We obtained 
201.8 mg (97.5%) of the product.

Diamide N-(2-aminoethyl)-2-dodecyl-N’-[(9Z)-
octadec-9-enoyl]propane (7b). Similarly: from 135 mg 
(0.20 mmol) of compound 6b and 35 mg (3.07 mmol) 
of TFA. The product yield was 110.4 mg (96.0%).

Diamide N-(2-aminoethyl)-2-octadecyl-N’-[(9Z)-
octadec-9-enoyl]propane (7c). Similarly: from 169 mg 
(0.23 mmol) of compound 6c and 39 mg (3.42 mmol) 
of TFA. The product yield was 142.6 mg (97.0%).

Diamide N’-2-[(2,5-di(N-tert-butoxycarbonyl)-
amino-1-oxopentyl)amino]ethyl-2-octyl-N-[(9Z)-
octadec-9-enoyl]propane (8a). To a 250 mg (0.49 mmol) 
solution of compound 7a in anhydrous methylene 
chloride at 0℃, 133 mg (0.99 mmol) HOBT and a 
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203 mg (0.99 mmol) DCC solution were added during 
mixing. Then 196 mg (0.59 mmol) of Boc-protected 
ornithine in anhydrous dichloromethane was added 
to the solution. The mixture was kept for 2 h when 
cooled and stirred for 24 h at room temperature, 
and the precipitate was filtered out. The solvent was 
distilled on a rotary evaporator. The product was 
isolated by column chromatography in the 40 : 1 
tetrachloromethane : methanol system. We obtained 
219 mg (54.1%) of the product.

1H NMR spectrum of compound 8a (СDCl3, 
δ, ppm): 0.85 (t, 6Н, 2СН3), 1.21 (m, 34Н, –СН2СН3), 
1.43 (s, 18Н, 6CH3), 1.54 (m, 2H, –NHСН2СН2–), 
1.69 (m, 4Н, –CHCH2CH2CH2NHCO–), 1.93 (m, 
6Н,  –СНСН2–,  –СН2СН=СНСН2–), 3.08 (m, 2H, 
–CH2NHCO), 3.20 (m, 3Н, –СН–, –СН2NHСО–), 
3.46 (m, 5Н, –СН–, –OCNHCH2–СН2NHСО–), 4.10 
(m, 1H, –NH–), 4.89 (m, 1H, –NH–), 5.23 (m, 1Н, –NН–), 
5.33 (m, 2Н, –СН=СН–), 6.96 (m, 1H, –NH–), 7.37 
(m, 1H, –NH–).

Diamide N’-2-[(2,5-di(N-tert-butoxycarbonyl)-
amino-1-oxopentyl)amino]ethyl-2-dodecyl-N-
[(9Z)-octadec-9-enoyl]propane (8b). Similarly: of 
141 mg (0.25 mmol) compound 7b, 68 mg (0.5 mmol) 
HOBT, 103 mg (0.5 mmol) DCC, and 100 mg (0.3 mmol) 
Boc-protected ornithine. The product yield was 166 mg 
(75.5%).

1H NMR spectrum of compound 8b  (СDCl3, 
δ, ppm): 0.87 (t, 6Н, 2СН3), 1.24 (m, 42Н, –СН2СН3), 
1.43 (s, 18Н, 6CH3), 1.54 (m, 2H, –NHСН2СН2–), 
1.69 (m, 4Н, –CHCH2CH2CH2NHCO–), 1.92 (m, 
6Н, –СНСН2–, –СН2СН=СНСН2–), 3.06 (m, 2H, 
–CH2NHCO), 3.19 (m, 3Н, –СН–, –СН2NHСО–), 
3.44 (m, 5Н, –СН–, –OCNHCH2–СН2NHСО–), 
4.10 (m, 1H, –NH–), 4.87 (m, 1H, –NH–), 5.20 (m, 
1Н, –NН–), 5.33 (m, 2Н, –СН=СН–), 6.94 (m, 1H, 
–NH–), 7.36 (m, 1H, –NH–).

Diamide N’-2-[(2,5-di(N-tert-butoxycarbonyl)-
amino-1-oxopentyl)amino]ethyl-2-octadecyl-N-
[(9Z)-octadec-9-enoyl]propane (8c). Similarly: of 
the 159 mg (0.25 mmol) compound 7c, 66 mg (0.49 mmol) 
HOBT, 101 mg (0.49 mmol) DCC, and 97 mg 
(0.29 mmol) Boc-protected ornithine. The product 
yield was 158.8 mg (67.3%).

1H NMR spectrum of compound 8c (СDCl3, 
δ, ppm): 0.87 (t, 6Н, 2СН3), 1.20 (m, 54Н, –СН2СН3), 
1.46 (s, 18Н, 6CH3), 1.59 (m, 2H, –NHСН2СН2–), 
1.70 (m, 4Н, –CHCH2CH2CH2NHCO–), 1.92 (m, 
6Н,  –СНСН2–,  –СН2СН=СНСН2–), 3.07 (m, 2H, 
–CH2NHCO), 3.26 (m, 3Н, –СН–, –СН2NHСО–), 
3.45 (m, 5Н, –СН–, –OCNHCH2–СН2NHСО–), 4.15 
(m, 1H, –NH–), 4.88 (m, 1H, –NH–), 5.25 (m, 1Н, 
–NН–), 5.33 (m, 2Н, –СН=СН–), 6.94 (m, 1H, –NH–), 
7.38 (m, 1H, –NH–).

Diamide N’-2-[(2,5-diamino-1-oxopentyl)amino]-
ethyl-2-octyl-N-[(9Z)-octadec-9-enoyl]propane 
(9a). To 5 mL of a 208 mg (0.25 mmol) solution of 
compound 8a in methylene chloride, 1.59 g (13.95 mmol) 
of TFA in 1 mL of methylene chloride was added and 
stirred for three hours at 0°C. The solvent and excess 
acid were distilled on a vacuum rotary evaporator. We 
obtained 213 mg (99.1%) of the product. Found, %: 
C 56.19; H 8.25; N 7.95. C40H73N5O7F6. Calculated, %: 
C 56.54; H 8.60; N 8.25.

Diamide N’-2-[(2,5-diamino-1-oxopentyl)amino]-
ethyl-2-dodecyl-N-[(9Z)-octadec-9-enoyl]propane 
(9b). Similarly: from 64 mg (0.07 mmol) of compound 
8b and 915 mg (8.03 mmol) of TFA. The product yield 
was 65 mg (98.5%). Found, %: C 57.89; H 8.43; N 7.83. 
C44H81N5O7F6. Calculated, %: C 58.34; H 8.95; N 7.74.

Diamide N’-2-[(2,5-diamino-1-oxopentyl)amino]-
ethyl-2-octadecyl-N-[(9Z)-octadec-9-enoyl]-
propane (9c). Similarly: from 58 mg (0.06 mmol) 
of compound 8c and 1.1 g (9.65 mmol) of TFA. 
The product yield was 59 mg (98.3%). Found, %: C 
60.32; H 9.14; N 6.82. C50H93N5O7F6. Calculated, %: 
C 60.67; H 9.40; N 7.08.

Preparation of liposomal dispersions
Two types of liposomes were obtained: from pure 

cationic lipid and from a mixture of cationic lipid 
and cholesterol in a ratio of 7 : 3. Four milligrams 
of each type of lipid composition were dissolved in 
chloroform. The solvent was distilled on a vacuum 
rotary evaporator to form a thin lipid film. The 
resulting films were dried in vacuum for three hours 
and then hydrated with 2 mL of distilled water at 
room temperature. The hydrated films were shaken 
and processed in an ultrasonic bath (2 × 30 min) at 
40°C. The particle size distribution was estimated 
using photon correlation spectroscopy, which is based 
on the principles of dynamic light scattering, using a 
Photocor Compact-Z particle size analyzer (Russia).

Plasmid DNA transfection
Cells were planted in a tablet in the amount 

of 7 × 105 cells per well in 300 µL of full DMEM 
culture medium and incubated for 24 h at 37°C in a 
CO2 incubator until a monolayer was reached the day 
before transfection. A dispersion of the transfection 
agent with a total volume of 80 µL, consisting of 
1.177 µL of pGL3 plasmid and 9 µL of liposomal 
dispersion, was prepared in a serum-free OPTIMEM 
medium (ratio N : P = 16 : 1). The commercial 
transfection agent Lipofectamine 2000 (Thermo 
Fisher Scientific, USA) was used as a positive 
control. A “naked” plasmid was used as a negative 
control. The prepared mixtures were kept for 20 min 
at room temperature and applied to a monolayer 
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of cells in wells. The cells were incubated at 37℃ 
in a CO2 incubator for 24 h, and then activity was 
determined using a luciferase test.

Luciferase test
The test was performed using the Luciferase 

Assay System (Promega Corporation, USA) 
commercial Suite. To do this, growth medium was 
removed from the wells and then 70 µL of Glo Lysis 
Buffer, 1X (Promega Corporation, USA) was added. 
The cells were maintained at 37°C for 15 min in a CO2 
incubator to achieve complete lysis. Then they were 
taken from the bottom of the cells and transferred to 
Eppendorf plastic tubes (Germany). To precipitate 
cellular debris, the resulting lysate was centrifuged 
for three minutes at 10000 rpm. A 50 µL aliquot of the 
supernatant was selected, and a luciferase substrate 
was added in a ratio of 1 : 1. The transfection 
efficiency was assessed by the luminescence level on 
a GloMax 20/20 Luminometer (USA).

RESULTS AND DISCUSSION

In this work, malonic acid amides were 
synthesized (Scheme 1), where the initial compound 
in the synthesis was malonic acid diethyl ether. 
The mobility of the α-methylene hydrogen link 
and its increased acidity in the molecule enable the 
C-alkylation reaction, which result in the attachment 
of the first hydrophobic chain. For this purpose, 
С8Н17Br, С12Н25Br, and С18Н37Br bromides were 
used, thereby obtaining three corresponding cationic 
lipids that differ in hydrophobic block length.

The asymmetry effect and presence of 
unsaturated higher fatty acid residues in the 
hydrophobic block on the efficiency of transfection 
is known from literature [3]. Therefore, as the second 
hydrophobic chain, N-oleylamine was used, which 
was attached to the carboxyl group of malonic acid 
by forming an amide bond. The polar head group was 
first represented by ethylenediamine, which was then 
attached to the remaining carboxyl group of malonic 
acid by forming an amide bond. Then the natural 
amino acid L-ornithine was added to ethylenediamine 
to produce cationic lipids with two positive charges 
in the head group.

The physicochemical properties of the obtained 
one- and two-component liposomal dispersions 
(cationic lipid and a mixture of cationic lipid and 
cholesterol in a ratio of 7 : 3) were studied, and 
the particle sizes, zeta potentials, and transfection 
efficiencies were determined. The particle sizes 
were practically unchanged when cholesterol was 
added to the lipid and were within 100 nm, which is 

necessary for effective transfection (Fig. 1). The zeta 
potentials of the compositions were 29–30 mV. The 
values of this parameter at the level of 30 mV refer 
to the stability of the obtained particles, that is, their 
stability in relation to aggregation [18].

Fig. 1. Size distribution of dispersion particles 
based on compound 7b.

Transfection effectiveness of the obtained 
liposomes was studied on the HeLa cell line 
(cervical cancer cells) by assessing the level of 
luminescence in the cell supernatants of the studied 
samples after delivery of the pGL3 plasmid encoding 
the luciferase gene. A commercially available 
transfection agent Lipofectamine 2000 was used as 
a positive control and a “naked” plasmid was used 
as a negative control. It was found that sample 7b, 
in which cholesterol was added to the cationic lipid, 
showed a good result, almost reaching the level of 
transfection activity of Lipofectamine 2000 (Fig. 2).
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Fig. 2. Transfection efficiency for obtained liposomes.

CONCLUSIONS

A synthesis scheme was developed and new cationic 
amphiphiles with an asymmetric hydrophobic block 
were generated. Liposomal dispersions were formed, and 
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СИНТЕЗ И ПЕРЕРАБОТКА ПОЛИМЕРОВ 
И КОМПОЗИТОВ НА ИХ ОСНОВЕ

SYNTHESIS AND PROCESSING OF POLYMERS
AND POLYMERIC COMPOSITES

Influence of iron ore concentrate (magnetite) on the kinetics 
of butadiene–styrene rubber-based blend curing in the presence 
of different accelerators
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Anna N. Kovaleva

MIREA – Russian Technological University, Moscow, 119454 Russia
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Objectives. To investigate the possibility of using a cheaper ingredient, such as magnetite, in 
the synthesis of rubber compounds based on butadiene–styrene rubber by examining its effect 
on the process of sulfuric vulcanization of butadiene–styrene rubber in the presence of various 
accelerators.
Methods. The influence of magnetite on the vulcanization kinetics was studied using an Alpha 
Technologies PRPA 2000 rotorless rheometer. Thermogravimetric analysis (TGA) and differential 
scanning calorimetry (DSC) were performed using a Mettler Toledo TGA/DSC 2 device to evaluate 
the effect of magnetite on the butadiene–styrene rubber-based vulcanizates’ oxidation.
Results. Magnetite was found to affect the kinetics of SBR-1500 butadiene–styrene rubber 
sulfuric vulcanization in the presence of thiazole-type accelerators (2-MBT, 2-MBS); in contrast, 
magnetite was inactive in the case of diphenylguanidine, sulfenamide T, and tetramethylthiuram 
disulfide. The obtained TGA/DSC data showed that magnetite has no significant effect on the 
butadiene–styrene rubber-based vulcanizates’ oxidation and thermal destruction.
Conclusions. The obtained data confirmed magnetite’s capability to act as a butadiene–styrene 
rubber sulfuric vulcanization activator in the presence of various accelerators. The most significant 
effect was observed in the presence of thiazole-type accelerators.

Keywords: iron ore concentrate, magnetite, butadiene–styrene rubber, vulcanization activator, 
kinetics of curing, thermogravimetric analysis, differential scanning calorimetry
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НАУЧНАЯ СТАТЬЯ

Влияние железорудного концентрата (магнетита) на кинетику 
вулканизации резиновых смесей на основе бутадиен-стирольного 
каучука в присутствии различных ускорителей
А.А. Хачатуров@, Е.Э. Потапов, С.В. Резниченко, А.Н. Ковалева

МИРЭА – Российский технологический университет, Москва, 119454 Россия
@Автор для переписки, e-mail: xa4aram@mail.ru

Цели. Изучить возможность применения в рецептурах резиновых смесей на основе бута-
диен-стирольного каучука более дешевого ингредиента – магнетита путем оценки его 
влияния на процесс серной вулканизации бутадиен-стирольного каучука в присутствии 
различных ускорителей.
Методы. Влияние магнетита на кинетику вулканизации исследовали с помощью без-
роторного реометра AlphaTechnologies PRPA 2000. Методами термогравиметрического 
анализа (ТГА) и дифференциально-сканирующей калориметрии (ДСК) оценили влияние 
магнетита на процесс окисления вулканизатов на основе бутадиен-стирольного каучука 
на приборе Mettler Toledo TGA/DSC 2.
Результаты. Показано, что магнетит влияет на кинетику серной вулканиза-
ции бутадиен-стирольного каучука SBR-1500 в присутствии ускорителей тиазолово-
го ряда (дибензотиазолдисульфид, 2-меркаптобензотиазол), в то время как в случае с 
1,3-дифенил гуанидином, сульфенамидом Т (N-трет-бутил-2-бензтиазолсульфенамид) и ти-
урамом (тетраметилтиурамдисульфид) магнетит малоактивен. Данные, полученные с 
ТГА/ДСК, демонстрируют, что магнетит незначительно влияет на окисление, а также 
на термодеструкцию вулканизатов на основе бутадиен-стирольного каучука.
Выводы. Исследовано влияние магнетита на кинетику процесса серной вулканизации 
бутадиен-стирольного каучука в присутствии различных ускорителей. Наибольший эф-
фект наблюдается в присутствии ускорителей тиазолового ряда.

Ключевые слова: железорудный концентрат, магнетит, бутадиен-стирольный ка-
учук, активатор вулканизации, кинетика вулканизации, термогравиметрический 
анализ, дифференциально-сканирующая калориметрия

Для цитирования: Хачатуров А.А., Потапов Е.Э., Резниченко С.В., Ковалева А.Н. Влияние железорудного 
концентрата (магнетита) на кинетику вулканизации резиновых смесей на основе бутадиен-стирольного каучука в 
присутствии различных ускорителей. Тонкие химические технологии. 2020;15(5):46-53. 
https://doi.org/10.32362/2410-6593-2020-15-5-46-53

INTRODUCTION

The choice of ingredients for synthesizing 
various rubber compounds is critical in the 
production of serial elastomeric products. When 
developing a new elastomeric compound, three main 
ingredient characteristics must be considered during 
compounding—the properties, manufacturability, 
and price of the elastomeric material [1]. These 
three characteristics are crucial in the manufacturing 
sector because certain ingredients can significantly 
enhance the vulcanization parameters and properties 
of the final product. However, such products are 
unaffordable in the market as their costs increase 
exponentially. Thus, the chemical analysts face 

the challenge of a) improving product quality, b) 
attributing it a set of new properties, c) reducing the 
concentration of expensive system ingredients, d) 
lowering the synthesis cost without compromising 
the technological characteristics of the mixtures, and 
e) reducing the operational properties of the finished 
product. Therefore, the search for new rubber 
compound ingredients is an urgent task [2–5].

In previous works [6, 7], the effect of magnetite 
on the kinetics of butadiene–styrene rubber SKS-30 
ARK vulcanization in the absence of zinc oxide was 
studied. Therein, magnetite acted as an activator of 
sulfur vulcanization. However, the characteristics of the 
vulcanizates obtained with its use are slightly inferior to 
the properties of standard rubbers.
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MATERIALS AND METHODS

The primary objective of this work is to study 
the kinetics of black-extended elastomeric material 
vulcanization based on SBR-1500 butadiene–styrene 
rubber in the presence of the classic vulcanizing 
group and with other sulfur vulcanization accelerators 
to investigate the potential use of magnetite in the 
composition of sulfuric vulcanizing systems as an active 
component that enhances vulcanization parameters of 
rubber compounds. In addition, the effect of different 
magnetite contents on the aging process of elastomeric 
material was examined by studying the nature of the 
variation in the thermogrvimetric analysis (TGA) 
curves and differential scanning calorimetry (DSC) of 
SBR-1500-based vulcanizates.

Herein, we used iron ore concentrate containing more 
than 69.5% mass fraction of iron, TU 0712-030-001186803-99 
(Lebedinsky Mining and Processing Plant, Russia).

The dispersion of the iron ore concentrate powder 
was investigated using an Analysette 22 MicroTec Plus 
laser diffractometer manufactured by Fritsch GmbH, 
Germany.

RESULTS AND DISCUSSION

The particle size distribution (Fig. 1) is unimodal 
(from 0.1 to 100 μm). The maximum differential 
distribution dQ of the volume fraction of particles falls 
on ~20-μm-sized particles. The integral dependence of 
the volume fraction Q of particles on the size shows 
that 50% and 90% of the iron ore concentrate particles 
are less than 15 and 40 μm in size, respectively.

Figure 2 shows the X-ray diffractogram of 
the iron ore concentrate powder obtained on an 

Fig. 1. Differential dQ (1) and integral Q (2) curves 
of iron ore concentrate powder particle distribution 

(obtained using Analysette 22 MicroTec Plus, 
Fritsch GmbH, Germany).

HZG-4 X-ray diffractometer (Helmholtz-Zentrum 
Geesthacht, Germany) (Ni filter): CuKα = 1.54051 Å 
on a diffracted beam in the step-by-step mode with 
a pulse acquisition time of 10 s and a step value of 
0.02° in the angular range of 2Θ = 2°–80°.

The iron ore concentrate used was magnetite, 
as evidenced by diffraction reflections at 2Θ values 
of ~36°, ~57°, and ~63°. The resulting spectrum is 
consistent with that obtained from the international 
database of diffraction standards, the Crystallography 
Open Database1. In the angular range of 2Θ = 16°–26°, 
an amorphous halo and diffraction reflections 
characteristic of quartz can be observed at 2Θ = ~27° 
and ~41° [8]. Silicon dioxide content determined 
from the diffraction patterns via semiquantitative 
analysis (using the Match! software package, 
CRYSTAL IMPACT GbR, Germany)2 is about 5–6%.

1 Crystallography Open Database. 
URL: http://www.crystallography.net.
2  URL: http://www.crystalimpact.com/match/Default.htm

Fig. 2. Diffraction pattern of iron ore concentrate obtained 
from the Lebedinsky Mining and Processing Plant: 

(1) Fe3O4 phase; (2) SiO2 phase.

The rubber compounds were prepared in a 
Brabender laboratory rubber mixer (Brabender 
GmbH & Co KG, Germany) at a chamber temperature 
of T = 60℃ and an angular speed of rotor rotation, 
ω = 60–63 rpm, with the total mixing time being t < 10 min. 
The mixing was performed in two stages. In the first 
stage, SBR-1500 butadiene–styrene rubber, zinc 
oxide (ZnO), stearic acid, and fillers—magnetite, 
carbon black (CB) N339, or their mixtures having 
various compositions—were introduced; then, the 
mixture was cooled. In the second stage, the curing 
system was introduced, and the resulting mixtures 
were finalized on rollers.

The amount of magnetite in the mixtures based 
on SBR-1500 varied in the range of 0, 25, and 50 per 
hundreds of rubber (phr) at a constant concentration 
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of CB N339: 50 phr (see Table 1). In the case of altax 
(2-MBS) and sulfenamide T (TBBS), a formulation 
corresponding to GOST 15627-791 and GOST ISO 
2322-20132 was used. For the remaining accelerators, 
TBBS accelerators were replaced with an equimolar 
amount of tetramethylthiuram disulfide (TMTD), 
diphenylguanidine (DPG), and captax (2-MBT) 
accelerators in accordance with ISO 2322:2009. In 
the case of mixtures containing DPG and 2-MBT as 
accelerators, the accelerator content was increased to 
3.0 phr because at lower concentrations (vulcanization 
temperature TV = 160℃, process duration τ = 60 min) the 
torque in the time curve did not reach the vulcanization 
plateau.

Vulcanization parameters were determined 
using an RPA 2000 rotorless rheometer (Alpha 
Technologies, USA). Rheometric curves were plotted 
at a temperature of TV = 160℃ for τ = 60 min.

TGA/DSC studies were performed on samples based 
on SBR-1500 manufactured according to ISO 2322:2009, 
with a constant total filler content of 50 phr. The dosage 
of magnetite was increased from 0 to 50 phr in 
increments of 10 phr, and the dosage of CB N339 
was decreased in the same order. Measurements were 
conducted on a TGA/DSC 2 device (Mettler Toledo, 
USA) in an atmosphere of nitrogen and oxygen in the 
temperature range of 25–250℃, at a heating rate of 
10 ℃/min.

3 GOST 15927-79. State Standard. Synthetic rubbers butadiene-methylstyrene СКМС-30 АРК and butadiene-styrene СКС-30 
АРК. Specifications. Moscow: IPK Izd. Stand.; 2003.
4 GOST ISO 2322-2013. State Standard. Styrene-butadiene rubber (SBR) of emulsion- and solution-polymerized types. Evaluation 
methods. Moscow: Standartinform; 2014.

Table 1. Formulations of elastomeric mixtures 
based on butadiene–styrene rubber SBR-1500 and magnetite with different accelerators

Component
Component content, phr

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

SBR-1500 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

ZnO 3.00 3.00 3.00 5.00 5.00 5.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00

Sulfur 1.75 1.75 1.75 2.00 2.00 2.00 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75

Stearic acid 1.00 1.00 1.00 1.50 1.50 1.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

TBBS 1.00 1.00 1.00 – – – – – – – – – – – –

2-MBS – – – 3.00 3.00 3.00 – – – – – – – – –

TMTD – – – – – – 1.00 1.00 1.00 – – – – – –

DPG – – – – – – – – – 3.00 3.00 3.00 – – –

2-MBT – – – – – – – – – – – – 3.00 3.00 3.00

CBN339 50.0 50.0 50.0 40.0 40.0 40.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0

Magnetite 0.0 25.0 50.0 0.0 25.0 50.0 0.0 25.0 50.0 0.0 25.0 50.0 0.0 25.0 50.0

The following parameters were determined 
based on the kinetic curves—optimal vulcanization 
time (tʹ90), scorch time(tS1), minimum (ML), and 
maximum (MH) torque. Table 2 shows the dependence 
of these parameters on magnetite content in rubber 
compounds based on SBR-1500.

Different magnetite contents influence the 
time taken to reach the vulcanization optimum and 
scorch time as well as the minimum and maximum 
torque in the presence of different accelerators. The 
time taken to reach the vulcanization optimum tʹ90 
decreases at TV = 160℃ in the presence of the TBBS, 
2-MBS, DPG, and 2-MBT accelerators as magnetite 
content increases. In addition, the maximum effect 
manifested in the case of 2-MBT (tʹ90 decreases 
from 36 to 19 min upon the introduction of 50 phr 
of magnetite). In the case of TMTD, variation in 
magnetite content has practically no effect on the 
time taken to achieve optimum vulcanization. The 
scorch time in the presence of the TBBS and 2-MBT 
accelerators decreases with increasing magnetite 
concentration. In the case of DPG and TMTD, as the 
magnetite content varies, the dependence of the 
vulcanization time passes through a maximum, and 
in the case of 2-MBS, through a minimum. Notably, 
the change in the absolute value of scorch time is 
not significant in all cases. The maximum torque in 
the presence of all accelerators increases linearly 



Influence of iron ore concentrate (magnetite) on the kinetics of butadiene–styrene rubber-based blend curing ...

50
Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(5):46-53

Table 2. Dependence of vulcanization characteristics on magnetite concentration in black-extended 
mixtures based on SBR-1500 in the presence of various accelerators

Accelerator 
type

Accelerator 
content, phr

CB N339 
content, phr

Magnetite 
content, phr

Vulcanization characteristics

tʹ90, min tS1, min ML, dyn·m MH, dyn·m

TBBS

1.00 50.0 0.0 15.84 5.32 2.8 22.41

1.00 50.0 25.0 14.88 4.81 2.74 24.63

1.00 50.0 50.0 12.54 4.55 3.42 26.31

2-MBS

3.00 40.0 0.0 14.62 2.5 1.87 19.65

3.00 40.0 25.0 12.54 2.06 2.06 21.22

3.00 40.0 50.0 11.59 2.41 2.4 23.41

TMTD

1.00 50.0 0.0 6.85 1.1 2.95 29.63

1.00 50.0 25.0 6.26 1.26 3.16 31.67

1.00 50.0 50.0 6.57 1.28 3.58 34.69

DPG

3.00 50.0 0.0 32.86 2.45 2.58 18.73

3.00 50.0 25.0 31.93 2.71 2.64 19.48

3.00 50.0 50.0 31.23 2.49 2.82 20.07

2-MBT

3.00 50.0 0.0 36.29 1.83 2.7 16.99

3.00 50.0 25.0 23.97 1.33 2.93 20.69

3.00 50.0 50.0 19.22 1.3 2.98 23.09

(at different speeds) with increasing magnetite 
content, with a constant content of CB (see Table 2).

According to the above data, magnetite activates 
the sulfur vulcanization process. The maximum effect 
of magnetite introduction is observed in the presence 
of thiazole-type accelerators; this suggests that Fe+2 
and Fe+3 ions on the surface of magnetite particles 
catalytically accelerate disulfide bond decomposition 
(scheme) through a mechanism similar to radical 
polymerization initiation by redox systems based 
on iron(II) and iron(III) salts [9, 10]. The radicals 
formed by the decomposition of accelerator disulfide 
bonds subsequently activate the sulfur vulcanization 
process. 

Thermograms of TGA vulcanizates (Figs. 3 
and 4) under nitrogen atmosphere show that when 
the magnetite is introduced into the rubber mixture 
based on SBR-1500 in an amount equivalent to the 
concentration of CB N339 in the standard mixture 
(50 phr), less weight loss occurred than in the 
case of samples containing only CB N339, in the 
entire temperature range. A similar effect occurred 
in an oxygen atmosphere, wherein the curves 
are characterized by an increase in mass in the 
temperature range up to 100℃. This is most likely 
due to the accumulation of oxidation products.

Scheme. Supposed interaction between magnetite particles 
and butadiene–styrene rubber macromolecules 

in the presence of accelerators containing disulfide bonds.

The DSC data presented in Fig. 5 (in an inert 
medium of N2) indicates that magnetite practically 
does not accelerate the thermal decomposition 
(endothermic process) of the vulcanizates. Slight 
differences were observed only in the temperature 
range above 150℃.

Similar results were obtained when studying the 
processes of thermal oxidative degradation in an O2 
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medium (Fig. 6). In this case, the thermal oxidation of 
the vulcanizates begins at 190–220℃. An exothermic 
peak appears in the temperature range of 210–230℃, 
and shifts to lower temperatures as the magnetite 
concentration increases. No significant activating 
effect of magnetite is observed in these processes.

However, as stated in [11], iron cations of 
variable valency in the polymer phase accelerate 
oxidative processes several times. This is true only in 
cases wherein iron salts are at least partially dissolved 
in the polymer phase. In the case of magnetite, 
iron cations of variable valency capable of causing 
oxidation are available only on the particle surfaces. 
This considerably complicates the oxidative process’ 
catalysis.

Fig. 3. TGA patterns for vulcanizates based on SBR-1500 
with different magnetite and CB N339 (in nitrogen atmosphere) 

contents: (1) 50 phr of N339 + 0 phr of magnetite; 
(2) 30 phr of N339 + 20 phr of magnetite; 
(3) 10 phr of N339 + 40 phr of magnetite; 

and (4) 0 phr of N339 + 50 phr of magnetite.

Fig. 5. DSC pattern for vulcanizates based on SBR-1500 
with different magnetite and CB N339 (in nitrogen atmosphere) 

contents: (1) 50 phr of N339 + 0 phr of magnetite; 
(2) 30 phr of N339 + 20 phr of magnetite; 
(3) 10 phr of N339 + 40 phr of magnetite; 

and (4) 0 phr of N339 + 50 phr of magnetite.

Fig. 4. TGA patterns for vulcanizates based on SBR-1500 
with different magnetite and CB N339 (in oxygen atmosphere) 

contents: (1) 50 phr of N339 + 0 phr of magnetite; 
(2) 30 phr of N339 + 20 phr of magnetite; 
(3) 10 phr of N339 + 40 phr of magnetite; 

and (4) 0 phr of N339 + 50 phr of magnetite.

Fig. 6. DSC pattern for vulcanizates based on SBR-1500 
with different magnetite and CB N339 (in oxygen atmosphere) 

contents: (1) 50 phr of N339 + 0 phr of magnetite;
 (2) 30 phr of N339 + 20 phr of magnetite; 
(3) 10 phr of N339 + 40 phr of magnetite; 

and (4) 0 phr of N339 + 50 phr of magnetite.

CONCLUSIONS

The above data confirm the capability of 
magnetite to act as an active agent in the process of 
sulfuric vulcanization of butadiene–styrene rubber in 
the presence of various accelerators. Herein, the most 
significant effect of magnetite, as an active component 
of the vulcanizing system, manifested in the presence 
of thiazole-type accelerators (2-MBS and 2-MBT). In 
addition, the presence of magnetite in SBR-1500-based 
vulcanizates practically did not affect the oxidation 
process in the operating temperature range of most 
elastomeric products.
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Determining the phase stability of luminescent materials 
based on the solid solutions of oxyorthosilicates 
(Lu1−xLnx)[(SiO4)0.5O0.5], where Ln = La−Yb
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Objectives. This study aimed to predict the limits of substitution and stability of luminescent 
materials based on low-temperature modifications of solid solutions (spatial group P21/c) with 
lutetium oxyorthosilicates (Lu1−xLnx)[(SiO4)0.5O0.5], where Ln represents the rare-earth elements 
(REEs) of the La–Yb series.
Methods. The V.S. Urusov’s crystal energy theory of isomorphous substitutions and a 
crystallochemical approach in the regular solid solution approximation were used to calculate the 
energies of the mixing (interaction parameters) of the solid solutions.
Results. Using the V.S. Urusov’s theory, we calculated the energies of mixing (interaction 
parameters) in the systems under study. The dependences of the decomposition temperatures 
of solid solutions on the REE number and composition (x) were obtained and used to create 
a diagram of the thermodynamic stability of the solid solutions, allowing us to predict the 
substitution limits depending on the temperature or determine the decomposition temperature 
using the given substitution limits. 
Conclusions. The results of the study can be useful when choosing the ratio of components in 
matrices (host materials) and the amount of the activator (dopant) in the new luminescent, laser, 
and other materials based on low-temperature modifications of solid solutions of “mixed” REE 
oxyorthosilicates (Lu1−xLnx)[(SiO4)0.5O0.5].
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НАУЧНАЯ СТАТЬЯ

Определение фазовой стабильности люминесцентных 
материалов на основе твердых растворов 
оксиортосиликатов (Lu1–xLnx)[(SiO4)0.5O0.5], где Ln = La–Yb
Е.И. Гетьман1, Ю.А. Олексий1, С.В. Радио1,@, Л.И. Арданова2

1Донецкий национальный университет им. Васыля Стуса, Винница, 21021 Украина
2Государственный университет Миннесоты, Манкейто, Миннесота, 56001, США 
@Автор для переписки, e-mail: radio@donnu.edu.ua

Цели. Целью работы явилось прогнозирование пределов замещения и стабильности люми-
несцентных материалов на основе низкотемпературных модификаций твердых растворов 
(пространственная группа Р21/с) на основе оксиортосиликата лютеция (Lu1–xLnx)[(SiO4)0.5O0.5], 
где Ln – редкоземельный элемент серии La–Yb.
Методы. Для расчета энергий смешения (параметров взаимодействия) для твердых раство-
ров была использована теория изоморфной смесимости В.С. Урусова и кристаллохимический 
подход в приближении регулярного твердого раствора.
Результаты. Получены зависимости температур распада твердых растворов от поряд-
кового номера редкоземельных элементов и состава, которые использованы для построения 
диаграмм термодинамической устойчивости твердых растворов, что позволило прогнози-
ровать пределы замещения в зависимости от температуры или определять температуру 
распада на основе заданных пределов замещения.
Выводы. Результаты исследования могут быть полезны при выборе соотношения компо-
нентов в матрице («хозяине») и количества активатора (допанта) в новых люминесцентных, 
лазерных и других материалах на основе низкотемпературных модификаций твердых рас-
творов «смешанных» оксиортосиликатов редкоземельных элементов (Lu1–xLnx)[(SiO4)0.5O0.5].

Ключевые слова: оксиортосиликат; редкоземельные элементы; изоморфное заме-
щение; твердый раствор; энергия смешения

Для цитирования: Get’man E.I., Oleksii Yu.A., Radio S.V., Ardanova L.I. Determining the phase stability of luminescent 
materials based on the solid solutions of oxyorthosilicates (Lu1−xLnx)[(SiO4)0.5O0.5], where Ln = La−Yb. Tonk. Khim. Tekhnol. = 
Fine Chem. Technol. 2020;15(5):54-62. https://doi.org/10.32362/2410-6593-2020-15-5-54-62

INTRODUCTION

Oxyorthosilicates of rare-earth elements (REEs), 
Ln[(SiO4)0.5O0.5], and solid solutions (Lu1−xLnx)[(SiO4)0.5O0.5] 
have attracted the attention of researchers, as they can 
be applied as materials for producing luminophores 
[1, 2], scintillators [3–7], lasers [8], among other purposes. 
Initially, they were synthesized at a temperature of 1773 K, 
and then single crystals were grown by the Czochralski 
method, as they have significantly high melting 
points [4]. The oxyorthosilicates obtained under these 
conditions crystallize in the space groups P21/c (for the 
cerium subgroup) and in C2/c (for the yttrium subgroup) 
into a monoclinic crystal system [3–5]. Subsequently, 

the authors of [1] established that the oxyorthosilicates 
of the yttrium subgroup can also be obtained as a low-
temperature modification (1173–1273 K) of nanosized 
polycrystals (space group P21/c). In this case, they are 
isostructural crystals of the cerium subgroup.

The study of luminescent properties showed that 
the polycrystalline oxyorthosilicate Lu[(SiO4)0.5O0.5]:Ce 
had better spatial resolution and image sharpness than 
luminophore Gd2O2Si:Tb, which has been used in most 
medical imaging methods in the last decades [6]. This 
luminophore can be used in X-ray mammography 
for visualization in both radiographic cassettes 
and digital detectors. It has an excellent spectral 
compatibility with the currently used Si-based films 
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and photodiodes [7]. The luminescence intensity of a 
polycrystalline, nanosized lutetium oxyorthosilicate 
obtained by solution combustion synthesis (SCS) and 
excited by X-rays is significantly higher (64 ± 4) than 
those of gadolinium (36 ± 4) and yttrium (44.3 ± 1.5) 
oxyorthosilicates obtained by the same method, but 
it is slightly lower than those of Gd and Y single 
crystals (94 ± 13 and 97 ± 14 s−1 mg−1, respectively) 
synthesized by the Czochralski method [9].

Luminophores derived from lutetium oxy ortho-
silicate (Lu[(SiO4)0.5O0.5]) suffer from several drawbacks. 
First, they contain nearly 2.6% of the radioactive isotope 
176Lu, which undergoes beta decay and causes noise in 
scintillation devices. Second, lutetium is more expensive 
than other REEs [10].

These drawbacks can be minimized by using “mixed” 
oxyorthosilicates (Lu1−xLnx)[(SiO4)0.5O0.5], which contain 
not only lutetium but also other REEs [4, 9–12].

However, the physicochemical bases for the 
synthesis of “mixed” solid solutions—phase diagrams 
and, particularly, solubility regions of solutions based 
on REE oxyorthosilicates—have not been studied yet. 
The experimental determination of the solubility regions 
in a solid phase is an independent task, which requires 
special equipment expensive reagents, and long research 
periods.

Therefore, most researchers studying the 
luminescent properties of mixed REE oxyorthosilicates 
have to choose the composition of the matrices and 
activators either by analogy with similar systems or by 
trial and error.

Occasionally, researchers do not consider the fact 
that solid solutions synthesized at high temperatures 
are prone to decaying upon cooling and can change 
their phase compositions and properties. This can lead 
to the degradation of the materials that are based on 
these solutions in practical scenarios. Therefore, before 
synthesizing and studying the properties, one must 
evaluate the limits of isomorphous substitutions and 
stability of solid solutions in the corresponding systems 
both during their synthesis and intended use.

Accordingly, this study aims to predict the limits of 
substitution and stability of luminescent materials based 
on low-temperature modifications of solid solutions 
(spatial group P21/c) with lutetium oxyorthosilicates 
(Lu1−xLnx)[(SiO4)0.5O0.5], where Ln represents REEs.

METHODOLOGY OF CALCULATION AND 
INITIAL DATA

The calculations were performed within the 
framework of the V.S. Urusov’s crystal energy theory 
of isomorphous miscibility [13] in regular solid 
solution approximation for one gram-atom number 
of the substituting structural units in pseudobinary 
(Lu1−xLnx)[(SiO4)0.5O0.5] systems.

To calculate the substitution limit (x) for a given 
decomposition temperature of a solid solution (Td) 
or to define a decomposition temperature for a given 
substitution limit in the approximation of regular 
solutions, we used the Becker equation [14] as follows:

− (1 − 2x)/ln[x/(1 − x)] = RTd/Qmix,                               (1)

where R denotes the universal gas constant and Qmix 
the mixing energy (or interaction parameter). Equation 1 
can be used in our case if the dimensional parameter 
of interatomic distances (the dimensional parameter is 
calculated using the values of the substitutable structural 
units or dimensions of the unit cells of the system 
components) does not exceed 0.1 [13, 15, 16]. In the 
systems under consideration, the value of the dimensional 
parameter, which is calculated using the volumes of unit 
cells as [δ = (  – )/ ], does not exceed 0.066 
(see the table); therefore, it is expedient to apply the 
Becker equation. We used the volumes of unit cells in 
our calculation because the literature data [1, 10, 17] 
(pertaining to the synthesis and investigation of the 
properties of nanoscale low-temperature modification 
of Lu[(SiO4)0.5O0.5]) did not contain the information on 
its structural data. The authors in [1], who described 
the low-temperature modifications of Ln[(SiO4)0.5O0.5], 
provided cell parameters only for the compounds of other 
REEs that belonged to the yttrium subgroup, and not 
for Lu[(SiO4)0.5O0.5]. Therefore, the volume of the low-
temperature modification of the Lu[(SiO4)0.5O0.5] unit cell 
(approximately 384 Å3) was determined by extrapolating 
the relationship between the volumes of low-temperature 
modifications of Ln[(SiO4)0.5O0.5] unit cells, provided in 
[1], and the ionic radii of REEs according to R. Shannon 
[18] (see Fig. 1).

In the regular solution approximation, the mixing 
energy can be determined by the enthalpy of mixing 
(ΔHmix) as Qmix = ΔHmix/(x1 × x2), where x1 and x2 denote 
the mole fractions of the solvent and dissolved substance, 
respectively. Thus, the main task while calculating the 
substitution limit for a given decomposition temperature 
of a solid solution or while determining the decomposition 
temperature for a given substitution limit is to estimate 
the enthalpy of mixing.

Normally, the enthalpy of mixing (ΔHmix) in 
Equation 2 proposed by V.S. Urusov [13, 15, 16] 
arises because of three factors: the difference among 
the sizes of the substituting structural units (ΔHδ), 
different degrees of ionicity of the chemical bonds 
between the system components (ΔHε), and the 
difference in their crystal structures (ΔHII–I denotes 
the enthalpy during the polymorphic transition from 
the structure of the substituting component to the 
structure of the substitutable component). One has 
the following:
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Energies of mixing and critical decomposition temperatures of solid solutions
 (Lu1−xLnx)[(SiO4)0.5O0.5]

Ln V, Å3 δ QR,
J/mol χLn ε Δε Qε,

J/mol
Qmix,
J/mol Tcr, K

La 465.2 0.06602 57428 1.327 0.724 0.019 585 58013 3460
Ce 455.2 0.05841 44947 1.348 0.720 0.015 365 45312 2700
Pr 445.1 0.05045 33528 1.374 0.716 0.011 196 33724 2010
Nd 439.3 0.04577 27719 1.382 0.714 0.009 131 27850 1660
Pm 431.9 0.03998 21058 1.391 0.712 0.007 79 21137 1260
Sm 424.4 0.03390 15134 1.410 0.708 0.003 15 15149 900
Eu 417.9 0.02860 10776 1.433 0.704 0.001 2 10778 640
Gd 414.0 0.02538 8484 1.386 0.712 0.007 79 8563 510
Tb 409.2 0.02141 5967 1.410 0.708 0.003 15 5982 360
Dy 404.0 0.01706 3834 1.426 0.706 0.001 2 3836 230
Ho 397.5 0.01158 1767 1.433 0.704 0.001 2 1769 100
Er 395.6 0.009961 1305 1.438 0.703 0.002 6 1311 80
Tm 389.7 0.004925 317 1.455 0.700 0.005 40 357 20
Yb 387.0 0.002600 85 1.479 0.695 0.010 162 247 10
Lu 384.0 – – 1.431 0.705 – – – –
Note: The volumes of the unit cells of cerium and promethium oxyorthosilicates are defined as the arithmetic mean of the 

volumes of the unit cells of lanthanum and praseodymium oxyorthosilicates, as well as of neodymium and samarium, respectively.

Fig. 1. Dependence of the volumes of the unit cells 
of low-temperature modifications of Ln[(SiO4)0.5O0.5] 

on the ionic radii of REE.

ΔHmix = ΔHδ + ΔHε + x2ΔHII–I = Сx1x2mnzmzxδ
2  + 

+ 1390x1x2mzmzxα(Δε)2/(2r) + x2ΔHII–I                                (2)

However, to the best of our knowledge, no data in 
the literature pertains to the enthalpies of polymorphic 
transitions ΔHII–I for the oxyorthosilicates of REEs. This 
equation can still be used for performing calculations in 
cases wherein the system components are isostructural 
(i.e., at ΔHII–I = 0) or wherein the amount of the 
dissolved substance is significantly low (at x1 ≈ 1 or at 
x2 << 1) [13, 15].

While performing calculations in systems with 
isostructural components, the ΔHmix value consists of two 

factors (see Equation 3): the difference in the sizes of the 
substituting structural units (ΔHδ), and different degrees 
of ionicity of the chemical bonds between the system 
components (ΔHε). One has the following:

ΔHmix = ΔHδ + ΔHε = Сx1x2mnzmzxδ
2 +

+ 1390x1x2mzmzxα(Δε)2/(2r), (kJ/mol)                               (3)

Therefore, the energy of mixing can also be 
determined as the sum of two factors as follows:

Qmix = Qδ + Qε = Сmnzmzxδ
2 + 1390mzmzxα(Δε)2/(2r)   (4)

In this equation, C denotes a constant equal to 
112.6 kJ and is calculated as C = 20(2Δχ + 1) [16] by 
using the electronegativity difference between cations 
and anions, Δχ [19–20] in a pseudobinary approximation. 
The term m denotes the number of formula units in the 
pseudobinary approximation, calculated per mole of a 
substitutable structural unit (1 + 0.5 + 0.5 = 2). The term 
n denotes the coordination number of a substitutable 
structural unit in the pseudobinary approximation of 
the structure (at the first cation position (n = 7), there 
are 6 SiO4

4– tetrahedra and one O2– ions; at the second 
position (n = 6), there are 3 SiO4

4– tetrahedra and three 
O2– ions; i.e., on average n = 6.5. The terms zm and 
zx denote the formal charges of the substitutable and 
common structural units of the components, respectively: 
zm = 3, as zx = 4 × 0.5 + 2 × 0.5 = 3. The term δ denotes 
a dimensional parameter, which is calculated for each 



58

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(5):54-62

Determining the phase stability of luminescent materials based on the solid solutions ...

system using the volumes of the unit cells, as shown in 
[1, 21]. The term α denotes a reduced Madelung constant 
equal to 1.9 and is calculated by the Hoppe’s formula 
[22] as follows: (α/n)2 + α = 1.81, where n = 6.5 is a 
coordination number in the pseudobinary approximation 
of the structure. The degrees of ionicity of the chemical 
bond ε were determined using the electronegativity 
difference (Δχ) between the REE anions and cations, as 
provided in [19]. The χ value of the SiO4

4– anion according 
to the recommendation provided in [20] was assumed to 
be equal to that of the oxide anion, i.e., 3.7 [19]. The 
term r denotes the average interatomic “cation–anion” 
distance in the pseudobinary approximation, and it was 
calculated for one of the previously studied structures 
of this structural type, i.e., Gd[(SiO4)0.5O0.5]. The 
“cation–tetrahedral anion” distances for two positions 
of gadolinium were considered as the sum of distances 
(Gd–O + Si–O) and the “cation–oxygen” distance (Gd–O), 
not bounded to silicon [21]. In the first position: 
the cation was surrounded by 6 SiO4

4– tetrahedral 
ions and 1 oxygen atom, and the average distance 
was [6 × (2.49 + 1.63) + 2.35]/7 = 3.86 Å. In the 
second position: the cation was surrounded by 3 SiO4

4– 

tetrahedral ions and 3 oxygen atoms, and the average 
distance was [3 × (2.39 + 1.63) + 3 × 2.30)]/6 = 3.15 Å. 
The average distance between the two positions of the 
cation was r = 3.5 Å.

RESULTS AND DISCUSSION

Some initial data and calculations results are 
presented in the table. From the table, it is evident that the 
values of size parameter (δ) do not exceed 0.1, with the 
maximum value being 0.066. Consequently, according to 
[13], the dependence of the decomposition temperatures of 
solid solutions on the system composition will be almost 
symmetric, and the Td values can be calculated using the 
Becker equation for regular solid solutions.

As the REE number increases, the contributions to 
the total energy of mixing QR consequently decreases, 
as explained by the decreasing difference in the size 
of the replacing structural units—REE ions. Their 
electronegativity values (χLn) vary non-monotonically 
unlike their ion radii: they grow with increase in the 
REE number in the La–Eu series, sharply decrease 
during the transition to Gd, and then again increase 
with increase in the REE number in the Gd–Yb series. 
The electronegativity of Lu, as in the case of Gd, is also 
significantly low. Such a change in the χLn of REEs leads 
to a situation wherein the differences in the degrees of 
ionicity of the chemical bonds vary within the range 
of 0.001–0.019 and do not significantly affect the total 
energy of mixing, which decreases with increase in the 
REE number. As recommended in [13], if Δε < 0.05, 
the contribution of ΔHε to the mixing energy can be 
neglected.

The critical decomposition temperatures Tcr of the 
solid solutions were calculated as Tcr = Qmix/2kN [13], 
where k denotes the Boltzmann constant and N the 
Avogadro number. As can be seen from the table and 
Fig. 2 (curve for x = 0.50), their Tcr values, as expected, 
decrease with increase in the REE number.

Using the values of the decomposition temperatures 
of solid solutions calculated by the Becker equation, we 
plotted the dependences of the decomposition temperature 
on the REE number (see Fig. 2) for the substitution limits 
х = 0.01, 0.03, 0.05, 0.1, and 0.2. These dependences 
can be used to define the substitution limit for lutetium, 
replaced by REE, based on the given temperature or to 
calculate the decomposition temperature by using the 
substitution limit [23–24]. In the first case, we must 
draw an isotherm from the given temperature to the 
intersection with the vertical line of this REE. From the 
point of the intersection, one can estimate the range of x 
values, within which the substitution limit is located. The 
substitution limit should be refined by interpolating the 
vertical segment between the decomposition temperature 
and REE number dependences, which are the closest to 
the intersection points. In the second case, the position 
of a point on the vertical line of given REE is determined 
by its composition, after which a horizontal line is drawn 
up to the intersection with the temperature axis. These 
problems can be solved more precisely by plotting the 
dependence of the decomposition temperature of the 
solid solution on the composition (x) for each system by 
using the Becker equation.

Fig. 2. Thermodynamic stabilities of the solid solutions 
of (Lu1−xLnx)[(SiO4)0.5O0.5 systems.

However, in contrast with the previously described 
systems [23–24], the component Lu[(SiO4)0.5O0.5], which 
serves as a basis for solid solution formation, undergoes a 
polymorphic transition from the P21/c space group to C2/c 
at 1173 K in the case of synthesis by the sol–gel method 
[1], or at 1273 K in the case of synthesis by SCS [10, 17]. 
This affects the phase relationships in the systems. At the 
synthesis temperature or operation temperature lower 
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than the temperature of the polymorphic transition of 
Lu[(SiO4)0.5O0.5], both the components in the systems 
are isostructural, and the results can be used both to 
select the ratio of components in solid solutions and the 
number of activators.

However, if the synthesis temperature or operating 
temperature exceeds the temperature of the polymorphic 
transition of Lu[(SiO4)0.5O0.5], a complete miscibility 
does not work, as the oxyorthosilicates of the cerium 
subgroup, unlike Lu[(SiO4)0.5O0.5], do not undergo a 
polymorphic transition to a structure with the C2/c 
space group, and the calculation results without regard 
to the enthalpy of polymorphic transition may be 
incorrect. Simultaneously, when choosing the amount 
of the activator to be introduced at low substitution 
rates (usually from a fraction of percent to several 
percent), the contribution of the enthalpy of polymorphic 
transition to the enthalpy of mixing will be negligible, 
and the calculation results in this case can be considered 
indubitable.

Noteworthily, when choosing the conditions for 
obtaining solid solutions, one should consider that the 
temperatures of the polymorphic transitions of REE 
oxyorthosilicates exceed the temperatures of their 
synthesis by the sol–gel method by only 50–75 K [1], 
thereby requiring highly accurate temperature regulation.

From the diagram, one can estimate the regions 
of thermodynamic stability of solid solutions. Thus, 
at T > Tcr (i.e., in the region above the curve for x = 0.50, 
see Fig. 2) the unbounded solid solutions, synthesized 
at temperatures below the polymorphic transition 
temperatures, are thermodynamically stable over the 
entire concentrations range, i.e., 0 < x < 1. However, 
in the region below the curve for x = 0.50 (T < Tcr), 
the unbounded solid solutions are thermodynamically 
unstable and can decay into phases with partial 
miscibility. Similarly, the solid solutions with x = 0.01, 
0.03, 0.05, 0.10, and 0.20 are thermodynamically stable 
in the regions above the curves but are unstable in the 
regions below them.

With decrease in the temperature, the structural 
units of a solid solution become less mobile owing to 
the decrease in the diffusion rate while the solubility 
regions become smaller [13]. This phenomenon 
proceeds until the diffusion rate becomes so low that 
the solubility regions practically stop decreasing, 
meaning that spontaneous hardening occurs and 
solid solutions become metastable. If we assume that 
the quenching temperature is close to the minimum 
temperature at which the components in the solid 
phase start interacting and thus forming a solid 
solution, then we can estimate the temperature of 
spontaneous hardening and the region of metastability 
in the system. REE oxyorthosilicates and solid 
solutions based on them are usually synthesized 

at temperatures ranging from 1773 K (using the 
conventional solid phase method with oxides of the 
corresponding elements as initial reagents [5]) to 
1173 K (using the sol–gel method [1]). The latter 
agrees with the Tammann’s rule, according to which 
the structural units during heating begin to interact 
in a mixture of solids at a temperature approximately 
50% of the melting point [25]. Below the Tammann 
temperature, the mobility of the structural units is 
so low that the formation or decomposition of the 
solid solutions does not occur. Considering that the 
melting points of REE oxyorthosilicates range from 
2170 K to 2320 K [26], one can assume that when 
solid solutions cool down to the temperature below 
~1173 K, the mobility of the structural units will be 
insufficient for the thermodynamically unstable solid 
solutions to decompose; i.e., the solid solutions will 
become metastable.

Therefore, in (Lu1−xLnx)[(SiO4)0.5O0.5] systems 
containing REEs from La to Nd, the solid solutions, 
which are thermodynamically stable at temperatures 
above the critical temperature (3460–1660 K, see the 
table and Fig. 2), become thermodynamically unstable 
and can decay when the temperature decreases within 
the range between Tcr and ~1173 K. This occurs if 
the diffusion rate and time are sufficient for the stable 
nuclei of a new phase to emerge and start growing. At 
temperatures below 1173 K, the solid solutions will not 
decay, meaning that spontaneous hardening occurs and 
the solid solutions become metastable.

In systems containing REEs from Sm to Yb, the 
critical decomposition temperatures (900–10 K) are 
significantly lower than the Tammann temperature; 
therefore, unbounded solid solutions do not decay upon 
cooling and are stable at temperatures higher than the 
critical temperatures and metastable at temperatures 
lower than the critical temperatures.

The difference between the critical temperature in a 
system with Pm (1260 K) and the spontaneous quenching 
temperature (~1173 K) is close to the calculation error 
(±100 K); therefore, it becomes difficult to predict the 
decomposition temperature of an unbounded solid 
solution in this system.

To the best of our knowledge, the literature contains 
no data pertaining to the energies of mixing and the limits 
of substitution of lutetium by REEs for solid solutions 
of REE oxyorthosilicates with partial miscibility of 
components. Therefore, it becomes difficult to assess the 
validity of the calculations performed. However, there 
are data on the compositions and temperatures during 
the synthesis of solid solutions (Lu1−xCex)[(SiO4)0.5O0.5], 
where x = 0.01 at 1273 K [27] and x = 0.02 at 1373 K 
[28]. The graphical dependence of the calculated 
decomposition temperatures of the solid solutions 
(Lu1−xCex)[(SiO4)0.5O0.5] on the mole fraction of Ce (see 



60

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(5):54-62

Determining the phase stability of luminescent materials based on the solid solutions ...

Fig. 3) shows that when x = 0.01 at 1273 K [27] or/and 
x = 0.02 at 1373 K [28], the calculation results do not 
contradict the experimental data. This means that these 
solid solutions are in the region of thermodynamic 
stability as predicted by us. Both the compositions of 
the (Lu1−xCex)[(SiO4)0.5O0.5] system, i.e., with x = 0.01 
and x = 0.02, synthesized at 1273 and 1373 K [27–28], 
are located in the regions of solid solutions, which, 
according to the calculation results, extend to x = 0.016 
and x = 0.023, respectively, at these temperatures.

CONCLUSIONS

A crystallochemical approach in the regular solution 
approximation was used to calculate the energies of mixing 
(interaction parameters) of solid solutions, which were 
based on the low-temperature modification of lutetium 
oxyorthosilicate Lu[(SiO4)0.5O0.5] and modified with REEs 
for compositions with x = 0.01, 0.03, 0.05, 0.10, 
0.20, and 0.5. With increase in the REE number, the 
calculated energies of mixing and the critical decomposition 
temperatures of the solid solutions decreased, as explained 
by the decrease in the REE ionic radii in the series 

Fig. 3. Fragment of the dependence of the calculated 
decomposition temperatures of the solid solutions 

in the (Lu1–xCex)[(SiO4)0.5O0.5] system on the mole fraction 
of Ce. Also presented are the experimental data 

for the compositions wherein x = 0.01 at 1273 K [26] 
and x = 0.02 at 1373 K [28].

from La to Yb. It was shown that the contribution of a 
system component to the energy of mixing, caused by the 
difference in the sizes of the substituting structural units, was 
significantly greater than the one caused by the differences 
in the degrees of ionicity of the chemical bonds in the 
components, and hence the latter could be neglected.

The  thermodynamic  stability  diagrams of 
(Lu1−xLnx)[(SiO4)0.5O0.5] systems were shown, allowing 
to estimate not only the stability of solid solutions in 
a wide range of compositions and temperatures, but 
also to determine the substitutions limits for a bounded 
series of solid solutions at a given decomposition 
temperature or calculate the decomposition 
temperature at a given substitution limit.

In (Lu1−xLnx)[(SiO4)0.5O0.5] systems containing 
REEs from La to Nd, the solid solutions, which are 
thermodynamically stable at temperatures above the 
critical decomposition temperatures 3460–1660 K, 
become thermodynamically unstable and can decay 
to form the bounded regions of solid solutions at 
temperatures between Tcr and ~1173 K. Below ~1173 K, 
they do not decay and are metastable.

In systems containing REEs from Sm to Yb, the 
critical decomposition temperatures (900–10 K) are 
significantly lower than ~1173 K; therefore, unbounded 
solid solutions do not decay upon cooling and remain 
stable at temperatures higher than the critical ones and 
metastable at temperatures lower than the critical ones.

The calculation results for the (Lu1−xCex)[(SiO4)0.5O0.5] 
system did not contradict with the experimental data 
obtained earlier by instrumental investigation methods 
for solid solutions wherein x = 0.01 at 1273 K and 
x = 0.02 at 1373 K [26–27]. This means that these solid 
solutions are located in the region of thermodynamic 
stability as predicted by us.
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