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Abstract. An emerging area of chemistry called «green chemistry» is revolutionising how environmental and sustaina-
bility issues related to chemical synthesis and processes are handled. A key tactic for improving sustainability in the chemi-
cal sector is green chemistry. Recent developments in green chemistry have concentrated on environmentally friendly
synthesis and processes, such as the effective and clean transformation of renewable raw materials, the development of
novel reactions and techniques, the use of eco-friendly solvents and alternative energy sources, process intensification,
and cutting-edge environmental technologies. These developments are promoting sustainability in the chemical sector and
lowering the environmental effect of chemical operations.

Keywords: green chemistry; sustainable synthesis; catalysis; sustainability.

Introduction

The discipline of green chemistry has emerged as a source of hope in a time when environmental concerns
are on the rise and there is a pressing need for sustainable solutions. It is evidence of humanity’s commitment
to balancing ecological stewardship and chemical innovation. Green chemistry aims to transform how we per-
ceive and use chemistry by reducing its negative effects on the natural world and public health [1]. This article
explores the amasing developments in green chemistry, paying close attention to sustainable synthesis methods
and processes that are starting to change the face of contemporary chemistry. Traditional chemical processes
have a long history of unintended ecological effects, such as the production of hazardous waste, the use up of
precious resources, and the discharge of pollutants into the environment. Green chemistry, in contrast, embodies
a set of guiding principles intended to lessen these negative impacts. It places a focus on the development and
application of chemical processes that prioritise effectiveness, safety, and environmental stewardship while
also providing creative and economical answers to urgent global concerns [2]. Fundamentally, green chemis-
try emphasises the value of atom economy, a concept that aims to use all reactants as effectively as possible
while minimising by-products or waste. Instead of relying on non-renewable fossil fuels, it promotes the use
of sustainable energy sources and renewable feedstocks. In addition, green chemistry promotes the creation of
catalytic processes that can greatly improve reaction selectivity and efficiency while using less severe reaction
conditions and harmful chemicals. Green chemistry’s dedication to the logical selection of solvents is one of
its distinguishing characteristics. Traditional chemical processes frequently use dangerous solvents that are
flammable and unstable, endangering both human health and the environment [3]. The aim of green chemistry
is to replace or utilise less of these solvents. Green chemistry has expanded more recently, incorporating novel
synthetic techniques, environmentally friendly reaction conditions, and process intensification techniques. These
advancements have broad ramifications for a variety of industries, including agriculture, materials science,
pharmaceuticals, and more. Researchers and businesses have started to open up new doors for sustainable
innovation and product creation by incorporating the concepts of green chemistry [4].

With insights into the game-changing potential of sustainable synthesis techniques and processes, this review
seeks to give a thorough exploration of these recent developments in green chemistry. Through case studies
and illustrative examples, we will explore the crucial factors that characterise the development of the sector,
such as catalyst design, solvent choice, renewable feedstocks, process intensification, and sustainable reaction
conditions [5]. The aim of this article is to explore the advancement of green chemistry in solvent choice and
processes and this review also throw light on the difficulties that lie ahead as well as the potential for a day
when green chemistry will play a constantly expanding role in creating a more resilient and sustainable world.

Green chemistry: principles and core ideas

With a focus on efficiency, safety, and sustainability, the field of green chemistry seeks to create chemical
products and processes with the least possible negative impact on the environment. Green chemistry depends
on a number of fundamental ideas and principles to accomplish these objectives, such as the economy of the
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atoms, the use of renewable feedstocks, the reduction of waste, and safety and toxicity considerations [6]. Let’s
go over each of these guidelines in more detail.

1. Biological feedstocks. The utilisation of renewable feedstocks, or raw materials generated from sustainable
sources, is encouraged by green chemistry. Natural processes can renew these feedstocks, which do not deplete
as quickly as fossil resources do [7]. Biomass (plant-based materials), bio-based chemicals, and agricultural
waste are a few examples of renewable feedstocks. These resources can offset or lessen dependency on non-re-
newable resources. Green chemistry helps to lower greenhouse gas emissions, prevent resource depletion, and
promote a more sustainable and circular economy by employing renewable feedstocks [8].

2. Minimising waste. Green chemistry’s guiding premise is minimising waste. It seeks to minimise or stop
the production of wastes during chemical reactions.

Waste reduction tactics include things like:

a) choosing reactions with a high atom economy;

b) using catalysis to boost the selectivity and efficiency of reactions;

¢) chemical and material recycling and reuse;

d) creating procedures that generate less or less hazardous waste.

Green chemistry helps to conserve resources by minimising waste, which also lessens the environmental
impact of garbage disposal [9].

3. Considerations for security and toxicity. In green chemistry, safety and toxicity concerns are of utmost
importance. It highlights the necessity of developing chemicals and procedures that put environmental and hu-
man safety first. Green chemistry aims to recognise and reduce any risks connected to chemical substances and
processes. It encourages the use of procedures and chemicals that are intrinsically safer. Designing chemicals
that are less toxic to ecosystems and living things is known as toxicity reduction. This includes reducing the
use of risky drugs, preventing the production of toxic byproducts, and creating safer substitutes. To make sure
that new products and processes adhere to strict safety standards, green chemistry includes safety evaluations,
toxicity testing, and risk management [10].

Catalysis in green chemistry

In order to increase the efficiency and sustainability of chemical processes, catalysis is a crucial component
of green chemistry. This section discusses new developments in catalytic processes, such as organocatalysis,
enzyme catalysis, and the use of metal-organic frameworks (MOFs) as catalysts, as well as the significance
of catalysis in sustainable synthesis. In addition, case studies that highlight catalytic advancements in green
chemistry will be covered.

Role of catalysis in sustainable synthesis. In order to change conventional chemical processes into ones
that are more efficient and ecologically friendly, catalysis plays a crucial part in sustainable synthesis. Through
catalysis, chemical reactions can be hastened while requiring less energy, being more selective, and producing
fewer unwanted by-products [11]. These advantages closely follow the sustainability and green chemistry tenets.
Here is a detailed explanation of how catalysis functions in sustainable synthesis.

1. Efficiency in energy. The ability of catalysis to lower the activation energy necessary for a chemical reac-
tion to proceed is one of its main benefits. As a result, reactions can occur at lower pressures and temperatures,
which ultimately results in a decrease in energy use.

2. Milder reaction conditions. Milder reaction conditions are frequently used in sustainable synthesis,
which not only saves energy but also lowers the greenhouse gas emissions linked to the high temperature
processes [12].

3. Better selectivity. In nature, catalysts are highly selective, boosting just certain reactions and routes while
limiting adverse effects. As it decreases the creation of undesirable byproducts, this selectivity is essential for
sustained synthesis. Catalysts help chemists produce higher yields of desired products while producing less
waste by directing reaction routes.

4. Atom economy. A key idea in sustainable synthesis is the atom economy. The percentage of reactant atoms
that make up the finished product is quantified. Green chemistry is characterised by high atom economy. Because
they effectively utilise reactant atoms, catalytic reactions frequently display great atom economy, reducing the
production of waste or unreacted starting reagents [13].

5. Reduced hazardous reagents. The goal of sustainable synthesis is to employ fewer dangerous chemicals,
which can be harmful to the environment and human health. Catalysts frequently allow the employment of
reagents that are kinder and less harmful. Chemical processes that use catalysts instead of risky chemicals are
safer and more environmentally friendly.

6. Waste minimisation. The reduction of waste produced during chemical operations is emphasised by green
chemistry principles. By encouraging more effective reactions and minimising the need for extra chemicals,
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catalysts make this possible. Garbage minimisation lowers costs and labour connected with garbage disposal
as well as the influence on the environment [14].

7. Resource conservation. The conservation of resources is intimately related to sustainable synthesis.
Catalysis makes it possible to use raw materials more effectively, which is essential for protecting finite resour-
ces. Catalysis contributes to the sustainable use of resources and lessens the environmental impact of resource
extraction by increasing reaction efficiency.

8. Green product development. Catalyst use can result in the creation of products that are more sustainable
and environmentally friendly. Catalysts, for instance, might make it possible to create biodegradable polymers
or cleaner-burning fuels. Through the course of their lives, these green products have less of an influence on
the environment.

9. Support for renewable feedstocks. Catalytic processes can be created to use renewable feedstocks like
CO, or chemicals produced from biomass. As a result, there is less dependency on fossil fuels and a circular
economy is being developed [15].

10. Innovation and versatility. Innovation in sustainable synthesis is still being driven by catalytic advance-
ments. New catalysts and innovative catalytic methods are constantly being developed by researchers. Catalysis
is a useful tool for sustainability in a variety of industries because it is versatile in addressing a wide range of
chemical transformations, from organic synthesis to industrial processes.

Recent advancements in catalytic processes. Consider the following catalytic processes.

1. Organocatalysis. The efficiency and selectivity of chemical reactions have significantly improved as a result
of recent developments in catalytic processes. Organocatalysis, which uses tiny organic molecules as catalysts,
is one area of catalysis that has shown significant recent progress. The following are a few recent advances in
organocatalysis:

a) the use of cofactor mimics in organocatalysis and biocatalysis has been the subject of recent research.
Cofactors are chemicals that help enzymes catalyse processes, and by using mimics of these compounds,
organocatalyst activity can be increased;

b) the immobilisation of organocatalysts is a recent advancement in organocatalysis. Catalysts can be made
more stable and usable through immobilisation, which also makes it easier to separate them from reaction
by-products as shown in fig. 1 [16]. The use of a single polysaccharide supports to immobilise multiple enzymes
was investigated [16]. In this study, sodium alginate and glutaraldehyde-activated chitosan were used to assess their
potential for immobilising three enzymes at once, namely an a.-amylase, protease and pectinase, as highlighted in
fig. 1. This is a useful example that highlights the potential for developing new super-biocatalysts, where a single
material performs multiple biocatalytic functions. This might be, for example, to debitter, de-haze and reduce
protein levels of a liquid in a single operation;

c) research has also been conducted on the creation of new organocatalytic systems. The potential of nume-
rous organocatalysts, including chiral secondary amines, thioureas, chiral phosphoric acids, and squaramides,
to catalyse diverse processes has been studied. Organocatalytic glycosylations have made recent strides as well.
In these processes, glycosidic linkages are created, which are crucial for the production of carbohydrates and
glycoconjugates. In these processes, catalysts such as Bransted acids, thioureas, and squaramides have been
employed [17].

Super-biocatalysts
l ..“ oﬁ .o“

Fig. 1. Immobilisation studies using three enzymes
to make super-biocatalysts.

Source: [16]

2. Enzyme catalysis. The process of accelerating a chemical reaction by a biological molecule called an enzy-
me is known as enzyme catalysis. Expanding the toolbox for enzyme immobilisation, employing modified en-
zymes for extensive bio-remediation, and increasing the efficiency and sustainability of industrial processes

6



OpurnHajibHble CTATHH
Original Papers

have been the main recent breakthroughs in enzyme catalysis. Enzymes are increasingly employed as industrial
biocatalysts due to their benefits over conventional chemical processes in terms of sustainability and process
efficiency. Researchers are investigating methods for creating better biocatalysts for use in industrial applica-
tions. Enzyme immobilisation is a method for enhancing the stability and reusability of enzymes in industrial
operations. Recent advancements in enzyme immobilisation use hydrogels, magnetic particles, and nanoma-
terials. As a long-term solution for wastewater treatment, enzyme-based catalytic remediation techniques are
being investigated. The use of modified enzymes as catalysts for extensive bio-remediation efforts, showcasing
the potential of biocatalytic systems in addressing environmental challenges and enhancing the sustainability
of wastewater treatment processes. Energy and information metabolism depends heavily on enzyme catalysis,
and most enzymes’ catalytic activity depends on their cofactors [18].

3. MOFs as catalysts. The term MOF refers to a family of porous materials made up of metal ions or clusters
linked by organic ligands. They have received a lot of attention recently due to prospective uses as heterogeneous
catalysts in green chemistry. MOFs are desirable for catalytic processes due to a number of their favourable
characteristics:

a) high surface area (MOFs frequently possess an extraordinarily high surface area, which offers a lot of
active sites for catalytic reactions; increased catalytic activity is made possible by this characteristic [19]);

b) tunable pore structure (MOFs can be made with precisely shaped and sized pores that can accommodate
a range of reactant molecules and aid substrate selectivity);

c) versatility (MOFs can include a variety of metal ions and organic ligands, enabling the customisation of
their catalytic characteristics to fit certain processes);

d) stability (a lot of MOFs have strong stability in a wide range of circumstances, such as high temperatures
and abrasive chemical environments, which makes them appropriate for catalysis);

e) recyclability (MOFs are easily recovered and repurposed, minimising the environmental impact of catalyst
waste [20]).

Catalytic innovations in green chemistry. Consider the following case studies demonstrating catalytic
innovations in green chemistry.

1. Photocatalysis based on MOFs for CO, reduction. In order to facilitate the photocatalytic conversion of
CO, to useful compounds, such as formic acid or methane, utilising sunlight, MOFs with integrated catalytic
centers have been produced. This green chemistry strategy tries to reduce CO, emissions while also creating
useful compounds. A structured environment for effective CO, adsorption and activation is provided by MOFs.

2. MOFs for sustainable hydrogen production. MOFs have been looked into as potential photocatalysts or
electrocatalysts for the production of hydrogen gas from water. Because they can employ renewable energy
sources (like solar or wind) to power the water-splitting reaction and generate clean hydrogen fuel, MOF-based
catalysts are appealing [21].

3. MOFs for catalytic water purification. MOFs have been investigated for use in water filtration systems
where they function as catalysts to break down organic contaminants and remove heavy metals from sewage.
By using a sustainable strategy, water treatment procedures have less of an impact on the environment and
require fewer chemical additives.

4. Green chemistry and MOFs in pharmaceutical synthesis. MOFs have been used as catalysts for environ-
mentally friendly and effective chemical processes in the manufacture of pharmaceuticals. For instance, MOFs
have been utilised to synthesise pharmacological intermediates, resulting in less waste, better selectivity, and
a smaller environmental effect than conventional techniques.

5. MOFs for sustainable gas separation and storage. Carbon capture and storage applications, among others,
have used MOFs with adjusted pore diameters and affinities for particular gases for gas storage and separation.
These MOFs can selectively absorb and release gases like CO,, making carbon capture and storage more en-
vironmentally and energy-friendly [22].

6. MOF-catalysed green oxidation reactions. For various oxidation reactions, such as the selective oxidation
of alcohols to aldehydes or ketones, MOFs have been investigated as heterogeneous catalysts. In these reactions,
the use of MOFs as catalysts replaces the requirement for risky or expensive oxidising chemicals, resulting in
safer, more sustainable operations. In a variety of applications related to green chemistry, MOFs exhibit their
adaptability and potential. They play a crucial role in the search for more environmentally friendly chemical
processes because of their capacity to improve catalytic efficiency, selectivity, and sustainability while tackling
important energy and environmental concerns. As MOF-based catalysis research develops, it has the potential
to help solve some of the most pressing problems in green and sustainable chemistry.

7. Green catalyst synthesis. Atorvastatin side chain process is a great example of using bioengineering and
enzymes for selective transformations as shown in fig. 2 [23].
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Green catalysts

OH OH O

OH

CH,
Hydroxynitrile S-S
(substrate) @ f % r’ g

Biocatalysts Regioselective reaction Atorvastatin

Fig. 2. Green catalyst synthesis of atorvastatin

Solvent selection and design

Most industrial and home uses need the use of solvents, yet doing so raises serious environmental issues. The
effects of solvent losses and emissions motivate efforts to reduce or fully prevent them. The sustainability of
a chemical production process can be significantly increased by choosing the right solvent for the job. Without
proper consideration of the unique circumstances in which solvents are to be employed on an industrial scale,
even at the research stage, the search for less-impactful solvents is ineffective. More significant than inherent
«greennessy are broader sustainability problems, namely the utilisation of non-fossil sources of organic carbon in
solvent manufacturing. To lessen the usage of the most dangerous solvents, a number of general-purpose solvent
selection recommendations have been released (as shown in fig. 3) [24]. Although virtually all solvent tools are
indicative of a more limited range of requirements characterising worker health and safety paired with environ-
mental release difficulties, the absence of sustainability factors utilised in solvent selection guidelines suggests
otherwise. In order to pick solvents in the future with higher sophistication and in accordance with a sustainable
supply chain, further research is required in the areas of application-specific tools and life cycle assessments.

Green design
Conventional method Green method

Prochiral starting
material

o O

88 % selectivity

¥

with only
40 % yield

50
O 0,
Requires several ., OH
crystallisation ) w\
B 3

Solvent removal ABT-546

and extraction

4

96 % yield

Fig. 3. Green design process for the synthesis of ABT-546.
Source: [25]

The applicability and acceptability of solvents — indeed, any volatile compound — are now more likely to be
discussed at the discovery stage due to rising regulatory, customer, and user expectations, increased competitive
pressure, and other factors. In fact, as laboratory programmes are developed, such variables are increasingly
taken into account, frequently taking into account the notions of sustainable technology. Solvents have a con-
siderable negative impact on sustainability, hence attempts are being made to reduce their use and find new,
more sustainable solvents. The sustainability of a chemical production process can be significantly increased by
choosing the right solvents for the job as shown in fig. 4. Without taking into account the unique circumstances
of how solvents will be utilised on an industrial scale, the quest for less harmful solvents is ineffective. More
significant than inherent «greenness» are broader sustainability issues, including the utilisation of non-fossil
sources of organic carbon in solvent production [26].
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Fig. 4. Examples of solvent.
Source: [26]

Sustainable synthesis strategies

For chemical synthesis processes to have less of an environmental impact, sustainable synthesis methodo-
logies are crucial. Here are a few techniques for sustainable synthesis.

1. Principles of green chemistry. The 12 tenets of green chemistry as shown in fig. 5 seek to limit the harm
that chemical synthesis processes do to the environment. A few of these ideas are preventive, atom economy,
less risky chemical syntheses, safer chemical design, and safer solvents and auxiliaries [27].

2. Alternative procedures and shorter routes. A synthesis can be made more sustainable by using a different
reaction design, a different process, or a shorter path. The likelihood of the reaction producing less waste, re-
quiring fewer chemicals, and requiring less energy increases with the number of stages.

3. Utilisation of artificial intelligence and machine learning. Before the experiment even begins, predictive
approaches like artificial intelligence and machine learning can be used to develop more environmentally friendly
routes and procedures and increase the likelihood of success.
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Fig. 5. Principles of green chemistry.
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4. Cleaner procedures. The development of cleaner procedures as alternatives to conventional chemical
synthesis and transformations has been facilitated by advances in green chemistry [28].

5. Adaptive design. The goal of sustainable design is to completely remove or reduce the negative effects
on the environment and human health through careful designs. Chemical synthesis procedures can be made
more sustainable by using this idea.

6. Scalable manufacturing. Recent studies have concentrated on the scalable, sustainable manufacturing of nano-
carbons from biomass. To make other chemical synthesis procedures more sustainable, same strategy can be applied.

For chemical synthesis processes to have less of an environmental impact, sustainable synthesis methodo-
logies are crucial. Chemical synthesis processes can be made more sustainable by employing green chemistry
concepts, quicker routes and alternative methods, artificial intelligence and machine learning, cleaner processes,
sustainable design, and scalable production, to name a few tactics [29].

Sustainable reaction conditions

Energy-efficient alternatives. There are the following energy-efficient alternatives.

1. Microwave-assisted reactions. A possible environmentally friendly method to create nanomaterials and
nanocomposites is microwave-assisted reactions. An oscillating microwave electromagnetic field interacts with
polarisable molecules or ions to cause microwave heating of homogenous liquids. Microwaves lack the ne-
cessary energy to directly activate or break chemical bonds. Heat must first be created from microwave energy.
Due to microwave flash-heating’s effectiveness, reaction times have been drastically shortened from days and
hours to minutes and seconds. At room temperature, it has been demonstrated that microwave-assisted reactions
improve reaction efficiency. When using microwave heating to change organic matter, less energy is used than
when using traditional heating [30]. Photocatalysed processes have also made use of microwave assistance.
By simultaneously exposing the metal-oxide photocatalyst TiO, to UV light and microwave radiation in reac-
tions occurring during wastewater treatment, the microwave effect in photocatalysed reactions was established.
It was established that the microwave effect in photocatalysed reactions increases the lifetime and utilisation
efficiency of electrons generated by UV light in the photocatalyst. The rate of electron transfer is accelerated
by the electromagnetic wave effects in a TiO, photocatalysed process by reducing the recombination of exci-
ted electrons with photogenerated holes [31].

2. Photochemical reactions. Another efficient alternative is photochemical processes. They are chemical pro-
cesses that light triggers. They may be used to create complicated compounds in a single step and are frequently
utilised in organic synthesis. Since almost two decades ago, microwave-enhanced photochemical processes have
been studied. It was established that the microwave effect in photocatalysed reactions increases the lifetime and
utilisation efficiency of electrons generated by UV light in the photocatalyst. Chemical reactions can be carried
out with less energy by using energy-efficient alternatives like microwave-assisted reactions and photochemical
reactions. At room temperature, it has been demonstrated that microwave-assisted reactions increase reaction
efficiency, and microwave heating uses less energy than traditional heating for organic transformations. Organic
synthesis frequently employs photochemical processes, which can be used to manufacture complex compounds
in a single step [32].
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Minimising resource consumption. There are some ways to minimise resource consumption.

1. Water-saving techniques. Utilising water wisely in order to use it less is known as water conservation.
Water conservation is crucial since clean, fresh water is a scarce resource that is also expensive. Using wa-
ter-saving methods can help you save money and divert fewer resources from our rivers, bays, and estuaries,
which promotes environmental sustainability. Toilets, washing machines, showers, baths, faucets, and leaks
use the most water in the home.

Some water-saving methods that can be utilised to reduce resource use include the ones listed below [33]:

a) put a brick in the water tank of your toilet. An average of 20 gallons of water are flushed down the toilet
each day. If you don’t have a high-efficiency toilet, consider adding something to your tank, like a block, that
will help move some of that water;

b) use proper plant watering techniques. To ensure that the water lasts and does not instantly evaporate in
the sun, water your lawn or garden in the early morning or late at night;

¢) fix a leak. Small domestic leaks can result in daily water losses of several litres. Therefore, every march
during fix a leak week, WaterSense advises Americans to inspect their plumbing fixtures and irrigation systems;

d) install water-saving equipment. Products with the WaterSense logo not only conserve water but also cut
down on energy costs. For example, installing faucet aerators.

2. Energy-efficient processes. Processes that use less energy are another approach to reduce resource con-
sumption. The circular economy of water is a strategy that can be used in a variety of industries, such as do-
mestic consumption with water-saving dishwashers or wellness showers that combine water and air bubbles;
agricultural use with precise irrigation or crops that use less water; or industrial use with water-saving processes
like solar water heating systems that don’t require steam. Some energy-effective techniques that can be utilised
to reduce resource usage include the ones listed below:

a) utilise energy-saving appliances (water-using appliances that are electricity STAR® rated can help con-
serve both water and electricity);

b) utilise solar water heating techniques without the use of steam;

¢) upgrade to energy-saving fixtures (upgrading to water-saving fixtures is the best method to conserve water).

Resource consumption must be kept to a minimum for sustainable growth. It is possible to cut back on
wasteful water and energy use by using energy- and water-saving methods. These methods enable us to save
costs, safeguard the environment, and ensure that our natural resources are utilised effectively [34].

Case studies showcasing sustainable reaction conditions. This case study illustrates how gains in sustai-
nability can be made in pharmaceutical production through the use of continuous manufacturing. Waste, energy
utilisation, and the use of hazardous materials can all be decreased by continuous manufacturing. Additionally,
it helps speed up production time and enhances product quality. This case study investigates the application
of Bayesian optimisation as a sustainable technique for early-stage process development in the context of
Cu-catalysed C—N coupling of sterically hindered pyrazines. By analysing a limited number of tests, Baye-
sian optimisation may effectively explore large reaction spaces and forecast high-yielding reaction situations.
By reducing the number of trials needed, this strategy can conserve time, energy, and resources. This case study
shows how green engineering may be used in industrial processes to decrease risk, cut waste, and increase
efficiency in the production of chemicals [35]. The case study investigates how reactive distillation is used to
make methyl acetate. Reactive distillation can manage challenging separations, increase selectivity, use less
energy, consume less waste and raw materials, prevent contamination, and avoid separate reactants. Utilising
this strategy can lessen how damaging chemical manufacturing is to the environment.

Process intensification

The idea of «process intensification» entails enhancing chemical processes by boosting productivity, cutting
waste, and limiting environmental effect. Reactors with continuous flow and microreactors are two essential
technologies for process intensification [36].

Reactors that operate continuously, as opposed to batch reactors that operate in batches, are known as con-
tinuous flow reactors. They have a number of benefits, including as enhanced heat and mass transport, improved
reaction condition control, and decreased waste. Catalysis, organic synthesis, polymerisation, and other chemical
processes can all be carried out in continuous flow reactors.

Small-scale reactors, or microreactors, provide a number of advantages over conventional reactors, such as
enhanced heat and mass transfer, enhanced reaction state control, and decreased waste. They can be used for
a variety of chemical reactions, such as organic synthesis, polymerisation, and catalysis, and are frequently built
of glass or metal. Nanomaterials, biobased compounds, and fuels can be created in microreactors. To reach high
conversion rates, they can also be applied in multi-reactor configurations. Microreactors and continuous flow
reactors can both be extensively automated, increasing efficiency and lowering the need for manual interven-
tion [37]. The use of highly automated industrial flow reactors in fine chemicals and the pharmaceutical industries
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has increased. In recent years, microreactor technology has drawn a lot of interest as an essential instrument for
process intensification through shrinking. Process intensification is a crucial idea in chemical engineering that
entails enhancing chemical processes by boosting productivity, cutting waste, and lowering the negative effects
on the environment. The two main technologies utilised in process intensification are continuous flow reactors
and microreactors, both of which have many advantages over conventional reactors. Both technologies have
the potential to be highly automated, increasing efficiency and lowering the demand for manual involvement.
Process intensification in industry can be seen in the use of continuous flow reactors for the production of fine
chemicals like flavours and fragrances, microreactors for the production of nanomaterials, biobased chemicals,
and fuels, and continuous flow reactors for the synthesis of active pharmaceutical ingredients (APIs) in the
pharmaceutical industry [38]. Some examples of process intensification in industry are given below.

1. Continuous flow reactors. Continuous flow reactors are used in the pharmaceutical industry for the syn-
thesis of APIs. They are also used in the production of fine chemicals, such as flavours and fragrances.

2. Microreactors. Microreactors are used in the production of nanomaterials, biobased chemicals, and fuels.
They are also used in the pharmaceutical industry for the synthesis of APIs.

3. Static mixers. Static mixers are used in the chemical industry for mixing and reacting fluids. They are
a significant improvement over mechanical agitation due to their lower energy costs and uncomplicated design
with no moving parts. The petrochemical sector currently employs more than 150 reactive distillation units,
the majority of which were built within the last 30 years. MTBE manufacture, acetate synthesis (methyl, ethyl,
and butyl), hydrolysis reactions, and many more processes are examples of applications. Reactive distillation’s
intensification effort reduces capital costs and (or) energy consumption by 20—-80 % [16].

4. Monolithic reactors. In the chemical industry, monolithic reactors are used to create delicate compounds
like tastes and scents.

5. Compact (microchannel) process units. In the chemical industry, compact (microchannel) process units
are used to produce fine compounds, such as tastes and perfumes.

6. Distillation using a divided wall column. In the chemical industry, distillation using a divided wall column
is used to separate azeotropic mixtures. The synthesis of fine compounds, such as tastes and perfumes, is done
in the chemical industry using ultrasonic and microwave equipment.

7. Reverse flow reactors. In the chemical industry, reverse flow reactors are used to produce fine compounds
such as flavours and scents.

Process intensification is a field of study that tries to boost production effectiveness through radically im-
proved manufacturing and processing. Continuous flow reactors, microreactors, static mixers, monolithic reac-
tors, compact (microchannel) process units, divided wall column distillation, ultrasonic and microwave units,
and reverse flow reactors are a few examples of process intensification in the industrial setting [39].

Automation and digital technologies in green chemistry

Green chemistry, which strives to lessen the impact of chemical processes on the environment, is becoming
more and more dependent on automation and digital technologies. The following are some applications of
automation and digital technology in green chemistry.

1. Digitalisation. By facilitating the fusion of traditional chemistry and sustainability, digitalisation is revo-
lutionising the chemical sector. It is being utilised to speed up the achievement of sustainability objectives and
cut down on resource and energy use. Data on manufacturing and emission control are also being collected
digitally, which can assist businesses in lessening their environmental impact [40].

2. Automated and robotic flow. Chemical synthesis is being digitalised using automated and robotic flow,
which can help to cut waste and increase effectiveness. In this technology, flow platforms are used to connect
hardware and digital chemicals while algorithms are used to look for chemical interactions.

3. Nature-inspired technologies. New, environmentally friendly materials and chemicals are being develo-
ped using nature-inspired technologies. These technologies are founded on green chemistry concepts, which
emphasise the use of alternative feedstocks, environmentally friendly reaction conditions, and the development
of molecules that are naturally safer and less harmful [41].

Green chemistry employs automation and digital technologies to lessen the effects of chemical operations
on the environment. While automated and robotic flow is being utilised to digitise chemical synthesis, digita-
lisation is being used to merge traditional chemistry and sustainability. Environmentally friendly chemicals are
being created with the use of technology inspired by nature.

Applications of green chemistry across industries

Pharmaceuticals and drug synthesis. Pharmaceuticals and drug production are essential for enhancing
healthcare and treating a range of illnesses. Using green chemistry concepts, it is possible to create chemical
products and processes that are socially responsible, economically viable, and environmentally sustainable.
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Applying green chemistry concepts to pharmaceutical and drug synthesis can offer a number of advantages,
such as lowering the waste produced during medication production and improving the safety of pharmaceutical
goods. Particularly in the synthesis of pharmaceuticals and medication development, green chemistry ideas and
practices are increasingly being used in the pharmaceutical business. The following are some of the major uses
and advantages of green chemistry in this industry.

1. Choosing eco-friendly solvents. Compared to dangerous or less secure solvents, water is frequently the
most effective and ecologically benign solvent for generating high yields in drug production. As a result, less
harmful compounds are used and the synthesis process has a less negative impact on the environment [42].

2. Alternative reaction media. Green chemistry promotes the use of alternative reaction media that can
increase the effectiveness and sustainability of drug production, such as ionic liquids or supercritical fluids.

3. Resource effectiveness in synthesis methods. Green chemistry attempts to make the most of the effective
use of resources, such as energy and raw materials, in the synthesis of pharmaceuticals [41].

4. Reduced environmental impact of medication development. Green chemistry principles can be used at
every stage of a pharmaceutical product’s lifetime, from formulation to manufacturing to packaging. This
includes the design of API. This all-encompassing strategy reduces risks and environmental damage while en-
hancing the drug’s overall sustainability. Despite the fact that the implementation of green chemistry principles
may initially be seen as a barrier for the pharmaceutical industry, businesses are now realising the long-term
cost savings and efficiency gains it delivers.

Materials science and sustainable materials. In order to create sustainable products and procedures with
a less environmental impact, materials science can use green chemistry principles. With the intention of reducing
resource use, waste production, and harmful emissions, sustainable materials are developed and produced [25].
Green chemistry has several significant applications in this industry, as well as several advantages.

1. Renewable raw materials. A major goal of green chemistry in materials science is the effective and envi-
ronmentally friendly conversion of renewable raw materials into usable chemicals and fuels. This lessens the
need for fossil fuels and lessens how much material manufacturing affects the environment.

2. Customising atomic characteristics. Materials science and chemistry are utilised to make artificial mate-
rials by either customising the atomic properties of a specific material or by using living organisms, like yeast,
to make green chemicals. The creation of environmentally benign and sustainable materials is made possible
by this method [43].

Agriculture and agrochemicals. Agriculture and the creation of agrochemicals are increasingly utilising
green chemistry principles and techniques. The following are some of the major uses and advantages of green
chemistry in this industry.

1. Using fewer dangerous chemicals. Green chemistry attempts to use fewer dangerous chemicals in agricul-
ture and agrochemicals, reducing their effects on the environment and human health. This includes the creation
of insecticides and fertilisers that are safer and more environmentally friendly [44].

2. Resource efficiency. Green chemistry encourages the effective use of resources, such as energy and water,
in agriculture and the production of agrochemicals. This lessens trash generation and the negative effects of
these operations on the environment.

3. Renewable raw materials. One of the main focuses of green chemistry in agriculture is the utilisation of
renewable raw resources, such as biomass. This reduces reliance on fossil fuels and lessens the negative effects
of agrochemical production on the environment [45].

4. Compound design for environmental friendliness. Compounds are designed using green chemistry con-
cepts to be as ecologically friendly as possible, minimising their effects on human health, wildlife, and the
environment. This strategy is essential for the creation of sustainable agrochemicals.

5. Pest management. Integrated pest management is the employment of a variety of pest control approaches,
such as biological control, crop rotation, and the use of pheromones. Green chemistry principles are employed
in integrated pest management [46].

Chemical manufacturing and industrial processes. Green chemistry ideas and methods are increasingly
used in commercial and industrial chemical production. Some of the most important uses and advantages of
green chemistry in this industry are given below.

1. Reduction on the use of dangerous substances. Green chemistry attempts to create chemical products and
processes that cut down on, if not completely eliminate, the use or creation of dangerous compounds. By stopping
pollution at the molecular level, this contributes to safeguarding both human health and the environment [47].

2. Utilisation of resources wisely. Green chemistry encourages the wise use of resources in industrial and
chemical manufacturing, including energy and raw materials. This lessens waste generation and the environ-
mental effect of these activities.

3. Renewable feedstocks. One of the main goals of green chemistry in chemical production is the use of
renewable feedstocks, such as biomass. This lessens the need for fossil fuels and lessens how much chemical
production affects the environment.
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4. Catalytic processes. Catalytic processes, which can improve chemical reaction efficiency and lessen the de-
mand for stoichiometric reagents, are emphasised in green chemistry. This lessens trash generation and the
environmental impact of chemical production [48].

Energy and renewable energy technologies. The field of energy and renewable energy technologies is
seeing an increase in the use of green chemistry ideas and practices. The following are some of the major uses
and advantages of green chemistry in this industry.

1. Energy storage. The creation of efficient and sustainable energy storage technology, such batteries and supercapa-
citors, uses green chemistry. These technologies are essential for making use of renewable energy sources efficiently [49].

2. Renewable feedstocks. Green chemistry advocates the use of biomass and other renewable feedstocks in
the synthesis of chemicals and energy. This lessens the need for fossil fuels and lessens the negative effects of
energy production on the environment.

3.Renewable energy. Green chemistry has a role to play in the creation of innovative materials for applica-
tions involving renewable energy. The field of energy and renewable energy technologies is seeing an increase
in the use of green chemistry ideas and practices [50].

Future prospects of green chemistry

Green chemistry has bright future possibilities thanks to growing interest and use in many different industries.
The efficient and clean conversion of renewable raw materials into functional chemicals and fuels is made possible
by green chemistry, which is playing a significant part in this process [51]. This lessens the need for fossil fuels
and lessens how much chemical production affects the environment. Green, low-carbon, and recycling-friendly
technologies will reinvent energy and chemicals in the future. The rational design of catalytic routes is based
on green chemistry concepts, which can increase the effectiveness and sustainability of energy and chemical
production. Green chemistry is spreading across a variety of industries, with interest rising in both academic and
professional contexts. This growth is being prompted by the demand for more ecologically friendly and sustainable
solutions across a number of industries, including materials science, pharmaceuticals, agriculture, and energy.
Major firms in the chemical sector are concentrating on R & D to create green chemicals and technology. In the
market for green chemicals, businesses like Koninklijke DSM N. V., Mitsubishi Chemical Holdings Corporation,
GFBiochemicals Ltd., and Evonik Industries AG are constantly innovating their goods and technology [52].

The role of green chemistry in a sustainable future. Several examples of green chemistry’s contribution
to a sustainable future are given below.

1. Hazardous substance reduction. The goal of green chemistry is to create chemical processes and products
with minimal or no use of hazardous materials. By lowering the possibility of negative impacts, this strategy
contributes to the protection of human health and the environment [53].

2. Saving resources. Sustainability of resource use is promoted through green chemistry, which uses renewa-
ble feedstocks and more effective production methods to save and conserve resources like water and energy. This
aids in developing a more environmentally and economically stable use of natural resources over the long run.

3. Reducing waste. Atom economy and the utilisation of renewable feedstocks are two green chemistry
principles that help to cut down on waste in chemical processes. This not only aids in resource conservation
but also lessens the negative environmental effects of garbage disposal [54].

4. Creating safer chemicals and materials. Green chemistry is concerned with creating chemicals and ma-
terials that are both safer for the environment and people. This includes the creation of more environmentally
friendly manufacturing techniques for pharmaceuticals, fine chemicals, commodity chemicals, and polymers
as well as the use of cleaner solvents and auxiliaries [55].

5. Enabling clean and energy-efficient processes. Green chemistry encourages the development of chemical
processes and technologies that are both clean and energy-efficient, both of which are necessary for accom-
plishing sustainable development objectives [56].

6. Waste valorisation. Looking to the future, there is still a great need for the transition from a traditional linear
flow of materials in a «take-make-use-dispose» economy to a greener, circular economy. We need to rethink how
to close the loops of production chains. In particular, there is a good example when the spent coagulation bath
of the new green hydrocellulose fibers production process is used as a mineral fertiliser and being mixed with
hydrolysed lignin (by-product of the bioethanol production) can be used as an organo-mineral fertiliser [57].

Conclusions

The developments in green chemistry, particularly in the area of sustainable synthesis and processes, represent
a profound and paradigm-shifting change in the way we view and practice chemistry. These advancements are a reac-
tion to today’s most urgent problems, such as resource depletion, environmental degradation, and public health
issues. We have moved toward a more responsible and environmentally aware future thanks to the fundamentals
of green chemistry, which put sustainability, safety, and efficiency first. The significant decrease in environmental
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impact caused by chemical processes is one of the main accomplishments of green chemistry. Green chemistry has
aided in the development of cleaner and more environmentally friendly industrial processes by adding eco-friendly
solvents, reducing waste production, and improving reaction routes. Green chemistry has numerous applications
in a wide range of fields, including medicine, materials research, agriculture, and energy production. In the phar-
maceutical industry, the creation of safer and more effective medication synthesis techniques not only assures
patients’ health and wellbeing, but also fits with pharmaceutical companies’ ethical obligation to put environmental
and human safety first. In materials science, the discovery of sustainable materials opens up new opportunities for
environmentally responsible building, packaging, and product design. The materials business may considerably
lower its carbon footprint and advance a circular economy by utilising renewable feedstocks, recyclable parts, and
non-toxic additives. Green chemistry has also sparked innovation in energy generation and storage, enabling the
creation of more effective and eco-friendly technology. In order to reduce the negative effects that energy-related
processes have on the environment, it is essential to use green solvents, sustainable catalysts, and energy-efficient
synthesis methods. It’s important to recognise that the path to a sustainable chemical industry is one that is still
being travelled. There are still obstacles to overcome, such as the need for further research, funding, and education
to promote the concepts of green chemistry. Furthermore, in order to ensure that green chemistry is widely and
uniformly used, regulatory frameworks and international cooperation are crucial.
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AACOPBIINA ITOBEPXHOCTHO-AKTUBHBIX BEIIIECTB
HA CMOAUCTO-ACOAABTEHOBBIX ACCOILIMATAX
B HEOTAHBIX AUCITEPCHBIX CMCTEMAX

H. B. AKOBEI[", H. I1. KPYTBKO", O. B. IVKILA", T. ®. KY3HEI[OBA"

YUnemumym obweii u neopeanuuecroti xumuu HAH Benapycu,
yi. Cypeanosa, 9/1, 220072, 2. Munck, berapyce

Annomauyus. B pe3ynbrare npoBeIeHHBIX (PH3HKO-XUMHYECKUX UCCIIEIOBAHUH C HCTIOIb30BaHHeM MeTooB MK-criekT-
POCKOIIMH, peHTICHO(ITYOPECIIEHTHON CIIEKTPOMETPHH, TOHKOCIIOWHOM XpoMarorpaduu 1 2JIEeMEHTHOTO aHAJIN3a U3y YCHBI
COCTaB M CTPYKTYpa CMOJIUCTO-ac(haJIbTEHOBBIX BEIIECTB. MeTO/10M HU3KOTEMIIepaTypHOH aicOpPOIINH — IecOpOLIH a30Ta
OIIPE/IEIICHO BIMSIHNE TIOBEPXHOCTHO-aKTHBHBIX BEIIECTB KATHOHHOM M HEHOHOTEHHOH IIPHPO/IBI HAa TEKCTYpPHBIE CBOHCTBA
CMOJIUCTO-ac(haIbTEHOBBIX ACCOIMATOB, OIICHEHBI X yAEIbHAs MOBEPXHOCTh, FHEpreTHUecKas KoHcTaHTa Cypr, 00beM
Y CPEeJTHUH IMaMeTp NOp. YCTaHOBJICHO, YTO M3MEPEHHBIC H30TEPMbI HU3KOTEMIIEPATyPHOM a1copOIMy — IecopOLuu a3ora
o0paznamMu Moan(UIMPOBAHHBIX CMOJIMCTO-aC(alIbTEHOBBIX BEIIECTB SIBISIOTCS CIOKHON KOMOMHAIMEH N30TepM (H3H-
yeckoi copoumu TuIoB V u IV, npucymmx MakpoMe30rnoprcTsiM Marepuanam. J{iist cMoncTo-acaibTeHOBBIX BEIECTB
Ha0JIoaeTcsl yMEHbILICHHE YICTbHOH IIOBEPXHOCTH, 00beMa MOp, JHEPreTHUeCKON KOHCTAHThI Cypp, YTO YKa3bIBACT HA POCT
ruApo(hOOHOCTH UX TIOBEPXHOCTH BCIEACTBHE a/ICOPOIMOHHOTO B3aMMO/ICHCTBHSA C HOBEPXHOCTHO-aKTHBHBIM BEIIIECTBOM.
BbIsiBIIeHO, 4TO HAMOOIBIIMH MOTUPUIUPYIOMNI 3G PEKT MPOSBIAETCS B IPUCYTCTBUN HEHOHOTCHHOTO TOBEPXHOCTHO-
AKTHBHOTO BEIllECTBA dTHIICHANAMUHTETPa0KC(3TOKCHIIAT-OIOK-NIPOIIOKCHIIAT)TeTpoa. Pe3ybrarsl HU3KOTeMIepaTypHOii
ajicopOuy — ecopOIMy a30Ta KOPPEIUPYIOT ¢ JaHHBIMH, MOJTYYSHHBIMHU B XO/I€ M3YUYCHUS KallMJUIIPHBIX CBOMCTB I0-
BEPXHOCTH CMOJIMCTO-ac(alIbTCHOBBIX BEIIECTB MIPH X CMAUUBAHUH H-TEKCAHOM.
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ADSORPTION OF SURFACTANTS
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Abstract. As a result of physical and chemical studies using the methods of IR spectroscopy, X-ray fluorescence spec-
trometry, thin layer chromatography and elemental analysis, the composition and structure of resin-asphaltene substances
were studied. By the method of low-temperature adsorption — desorption of nitrogen, the influence of surfactants of ca-
tionic and non-ionic nature on the textural properties of resin-asphaltene associates was determined, their specific surface
area, energy constant Cypr, volume and average pore diameter were estimated. It has been established that the measured
isotherms of low-temperature adsorption — desorption of nitrogen by samples of modified resin-asphaltene substances are
a complex combination of physical sorption isotherms of types V and IV, inherent in macromesoporous materials. For
resin-asphaltene substances, a decrease in the specific surface area, pore volume and energy constant Cypy is observed,
which indicates an increase in the hydrophobicity of their surface due to adsorption interaction with the surfactant. It was
revealed that the greatest modifying effect is manifested in the presence of the non-ionic surfactant ethylenediamine
tetrabis(ethoxylate-block-propoxylate)tetrol. The results of low-temperature adsorption — desorption of nitrogen corre-
late with the data obtained by studying of the capillary properties of the surface of resin-asphaltene substances when they
are wetted with n-hexane.

Keywords: resin-asphaltene substances; surfactants; nitrogen low-temperature adsorption — desorption; specific sur-
face area; texture.

BBenenue

Tsoxerble He(TAHBIE QUCIEPCUH OTHOCST K T€TEPOreHHBIM CHCTEMAaM, CBOMCTBA KOTOPBIX 3aBUCST HE TOJIBKO OT
KOMITOHEHTHOTO COCTaBa, HO ¥ OT pa3Mepa YacTHIl, XapaKTepa B3auMOJICHCTBHS TUCTIEPCHBIX 00pa30BaHUN MEKITY
c000ii, THTEHCUBHOCTH ¥ BEJIMYMHBI BHEIIHUX Bo3AeHCTBUA [ 1]. CTpyKTYypoOOpas3yroIiMH 3JIEMEHTaMHU B TAKHX
cHCTEeMaXx SIBISIIOTCS cMonucTo-acansreHoBble BeuiectBa (CAB). /s HuX Hanbosnee XxapakTepHbl OOMEHHBIE,
JIUTIONb-TUTIOJIbHBIE B3aUMOJCHCTBUS M BOIOPOIHBIE CBSI3H, BCJICIICTBUE YETO MOJICKYIIbI aC(ajIbTeHOB 00pa3yIoT
ctoiikne accorarel. CAB MOTYT HaXoUThCS B HEPTSIHON cHCTEME B MOJICKYIISIPHOM, KOJUTOWTHO-AMCIIEPCHOM
COCTOSIHUHM, & B HEKOTOPBIX CITy4asix B BHJIE CAMOCTOSITEIbHON Makpodasbl. Acconuars! ac(halbTeHOB 00pa3yoT
OCHOBY JTUCTIEPCHOH (pa3bl B TSKEIIBIX HEPTSHBIX TUCIIEPCUSIX, OHU OKPYKEHBI aJCOPOLIMOHHO-COJILBATHBIMH CMO-
JCTBIMH 000J10uKamu [ 1]. AcanbTeHsl SBISIOTCS HanOoJIee BBICOKOMOJICKYIIPHBIMHU COCTABIIAIOIINME HE(TH,
HEpacTBOPUMBIMU B ajKaHax U HukioankaHax Cs—C,. OHM NpeACcTaBIsAIoT co00i TBEpAbIe, XPYIIKHE BEIIECTBA
TEMHO-KOPHYHEBOTO HIIM YEPHOTO I{BETA, HE IUIABSIIAECS 03 pasIokeHms . B cocTase ac(ansTeHOB KOHICHTPH-
pyeTcs OCHOBHOE KOJTMUECTBO T€TEPOATOMHBIX COETMHEHUH, B TOM YHCIIE CEPO-, a30T- U KUCIOPOJICOIepKAaIIIe
BerecTBa. Cepa BXOAUT B COCTaB Pa3IMuHOTO THIIA THOIOB (MEPKANTaHOB), THO3(HUPOB (Cynb(HUIOB), AUCYIb(HU-
JI0B, THO()EHOB 1 MX POU3BOAHBIX. A30THCTBIC COCIMHEHHS IPECTaBICHbI IPEUMYIIECTBEHHO IUKINYECKUMHI
BEILECTBAMH OCHOBHOI'O U HEHTPAJIBHOTO XapakTepa. AHAIN3 KUCIOPOJACOACPIKALLMX COSANHEHUI I10Ka3aJl, YTO
OCHOBHBIMH M3 HUX SIBJISIFOTCS KAPOOHOBBIC KUCIIOTHI, (PEHOJIbI, KETOHBI, CIIOXKHBIE 3(UpPbI, (ypaHOBBIC TPOU3-
BOJHBIE, CITUPTHI, JJAKTOHBI U aMU bl KUCIIOT [1]. 3HaunTenpHasd yacTh METAJUIOOPTaHNYECKUX COEIMHEHNH Ha-
XOAATCS B BUJIE METAJUIONOPGHUPHHOBBIX KOMIUIEKCOB U BBIIEIISIOTCS U3 HUX BMecTe ¢ CAB. Meramnoconepxa-
LM COCMHEHNUS 110 CBOEH XMMUYECKOH MPUPOAE — 3TO COJIM METAJUIOB C BELIECTBAMH KHUCJIIOTHOTO XapakTepa,
3NIEMEHTOOPTaHNYECKUE COCTMHEHUS], TIONMINTaHHbIE KOMIUIEKCHI MJIH TT-KOMIUIEKCHI C apOMaTHYECKUMH JINO0
reTepoopraHniecKuMu coennHeHusMu [2]. Hammune B CAB peakiMOHHOCIOCOOHBIX IIGHTPOB, B KA4€CTBE KOTO-
PBIX BBICTYIAIOT AJIKUIIBHBIE 3aMECTUTENH, QYHKIMOHATIBHBIE IPYIIIbI, CBOOOTHBIE paIiKajbl U He3aMELICHHbIE,
IIPOCTPAHCTBEHHO JIOCTYITHBIE MOJIOXKEHHUS APEHOBBIX, [IMKJIOAIKAHOBBIX U I'€TEPOLMKINYECKUX (PparMeHToB,
00yCITOBIIBAET WX XUMHUUYECKYI0 aKTMBHOCTh. K ocHOBHBIM peakisiM CAB oTHOCAT cynbhupoBaHue, OKUCIe-
HUe, THJIPUPOBAaHUE, TAJIOTEHUPOBAHNE, XJIOPMETIIIMPOBAHNE M KOHJIEHCAINIO [3], YTO TO3BOJISIET B pe3yJyibTare
XMMHMYECKHX TpeBpalleHui nomy4dars Ha ocHoBe CAB MoHUTHI 1 yriepoauble aacopoentsl [2]. Kunernueckue,
COPOLIMOHHBIE U CEIEKTUBHBIE CBOWCTBA MMPOMBILUICHHBIX aICOPOCHTOB YIy4LIaloTcs IpH Jodasiennu 8—13 %
CMOJIMCTO-ac(halIbTeHOBBIX KOHIIEHTPATOB. [lomydeHHbIe ancopOeHTHI MOXKHO HCTIONB30BaTh KaK PEKyIepaluoH-

'Mazapun P. 3. TeopeTnueckne 0CHOBbI XHMHUYCCKHX MPOIECCOB mepepaboTkn HedTH : yuel. mocoGue. M. : KTV, 2008. 280 c.
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HBIE YIJIH JUTS CEJIEKTUBHOTO BBIAETICHNS OJIaropoTHBIX METAJIIIOB M3 MHOTOKOMITOHEHTHBIX MOJIMMETAIITNYECKUX
PacTBOPOB TSIKEJIBIX METAIIJIOB, @ TAKXKE [T OYHCTKH CTOUHBIX BOJ] OT MBIIIbsKa [4—7].

B cBsi31 ¢ BBIIEN3TI0KEHHBIM H3y4Y€HHE MPOLIECCOB aJCOPOIMHU ITPU PACCMOTPEHUH HEPTSHBIX AUCTIEPCHH,
cogepxamux CAB, npexncrasiser HaydHbI nHTepec. [Ipu 3TOM B JIMTEpaType MOYKHO BBIIEIHUTDH ABA AKTY-
aJIbHBIX HarpasJieHus uccienoBanuil. IlepBoe HanpaBieHne kacaercst aacopounu acalbTeHOB HAa TBEPIBIX
TTOBEPXHOCTSAX PA3TMIHON XUMHUECKOH mpuponbl. Tak, B padote [§] ¢ HCTIOIB30BaHUEM H30TEPM aICOPOITNT
W3y4YeHO B3aMMO/IeiCTBHE ac(haIbTEeHOB C MOBEPXHOCTAMH KBapIia M aKTHBUPOBAHHOTO YTJIsl. YCTAHOBJIEHO, YTO
MOCIICAHUN siBIIsieTcs Oonee 3 (HeKTUBHBIM aicopOeHTOM. [laHHBIH (haKT O0BSICHICTCS XUMUYECKOH IPUPOI0i
AKTUBUPOBAHHOTO YIVIsI, CXOXKEH ¢ XMMUYECKOH mpupoaoil achansreHos. [Ipu sToM Habmoganack MyJabTH-
CcIIOiHas azcopOLus, KOTopast corlacyercsi ¢ paHee 0OHapyKeHHOH TeHICHIUeH ac(albTeHOB K arperupoBa-
Huto [8]. ABropsl pa6ot [9; 10], u3yuas agcopOuuto acaabTeHOB U CMOJI, YCTAHOBMJIM, YTO HA HEOpraHuve-
ckoM cyoctpare (97 % Si0,) achanbTeHbl pa3HOTO MPOUCXOKACHHS MOTYT NPOSIBISITH KaK MYJIBTHCIOHHYO0, TaK
¥ TIPOCTYIO JICHTMIOPOBCKYIO acopOrwio [9], mpuuem aecopOouns acaibTeHOB ¢ TIOBEPXHOCTH KBapIia O4eHb
MeJJIeHHasl, TI0ATOMY €0 peHeoperatot [10].

BTtopoe nanpaBieHne ucciaenoBaHUil CBSI3aHO C U3yUYEHHEM MOBEPXHOCTHO-aKTHBHBIX BemiecTB (ITAB),
BBE/ICHHBIX B AUCIEPCHYIO CHCTEMY JUISl PETYJIMPOBAHUS B HEH psifia MeK(a3HBIX MPOLECCOB, PACIIONOKEHHSI
acgarbTeHOB, U3MEHEHUSI Pa3MEPOB MX arperaroB M KOJUIOMJHOH cTa0uiIbHOCTH cucTeMsl [ 1]. Tak, mpu nzyue-
HUM asicoponmu okcndTrrpoanHoro [TAB (Brij-93) u acdansreHoB Ha Mexk(ha3HON TOBEPXHOCTH KUIKOCTD —
KHUJKOCTb ITOTy4eHbI U30TepMbl Tuna Jlenrmiopa u @pyMkuHa. YCTaHOBIIEHO, YTO ac(aibTeHbl aACOPOUpPYIOTCS
MPaKTUIECKA HEOOPAaTUMO (KOJIMUECTBO AECOPOMPOBAHHEIX ac(PabTEHOB cocTaBisieT <2 %), B TO BpeMs Kak
ITAB necopOupytorcs u3 kcmiona cuibHee (0k010 20 %) B CBSI3H ¢ MOHUINCIIEPCHOCTHIO aCOPOMPOBAHHBIX
arperaroB ¢ pa3HbIMH SHeprusiMu afacopOuu [11].

CornacHo nuTepaTypHbIM AaHHbIM [1AB u3 amonsipHON opraHM4YecKoil cpepl ancopOMpyroTcsi Ha TBEp-
J0H moBepxHoCTH crabee u MezsienHee, ueM [1AB u3 BomHo# dasbl. [lonokuTensHo 3apsskeHHbIE UITH HEHTpaib-
Hble IpyHIbl 00paTHbIX MuLes1 [IAB OyayT pacnonararbest Ha HyKJI€O(QHUIbHBIX Y4aCTKaX MaJIONOJSIPHBIX YaCTHI]
JICTIEpCHON (ha3bl, a YIIIEBOAOPOIHBIE XBOCTHI OyyT HampaBlieHbl B MacisHyto ¢azy [12; 13]. B crepudeckn
CTaOMJIM3UPOBAHHBIX KOJUIOMIHBIX CUCTEMAaX CHJIbI OTTAJIKHBAHMs BO3HUKAIOT B PE3Y/IbTAaTe B3aUMOJCHCTBUSA
aJICOPOMPOBAHHBIX M PACTBOPEHHBIX TIOJIMMEPHBIX IETICH WITN COJTbBATUPOBAHHBIX YITICBOIOPOIAHBIX PAIUKAIOB
mortekyit [TAB, ancopOupoBaHHBIX Ha YaCTHIIAX AUCTIEPCHOM (a3bl. [IOKpBIThIE 3aIIUTHBIMU 000JI0UKAMU YaCTUIIBI
MOTYT OBITh CTAaOMIM3UPOBAHBI Oarofaps «TEMIOBOM MenTru3aumy (OpOyHOBCKOMY IBIKCHHUIO yacTHil). M3o-
TepMbl afcopoun [TAB 13 yrieBoqopoJHbIX pacTBOPOB OOBIYHO HMEIOT JICHT MIOPOBCKHIA XapaKTep MIH MOXOKH
Ha N30TePMbl OMHAPHBIX CUCTEM. BhIIIe KpUTHYECKOM KOHLIIEHTPALMK MULIEIUI000pa30BaHUsI OHU UIMEIOT BUJT U30-
TepM ancopormu bpynayapa, Ommera u Temnepa (b3T), aTo MOXHO 00BICHUTH MHUIICIUTAIPHOM afcopOrtueit [ 14].

B nannoii paboTe 0CHOBHOE BHUMaHHE Y/IEIEHO TPOBEICHHUIO UCCIIETOBAHMN 110 BEIOOPY 3(h(heKTHBHBIX MO-
nrdukaropoB nmoBepxHocTH 1 cTpoeHus CAB, KOTOpEIE SIBISIFOTCS OCHOBHOM CTPYKTYPHOH STUHUTICH TSHKEITBIX
HeQTAHBIX aucnepcuid. [ToiasipHOCTh QYHKIMOHAIBHBIX TPYII, MOABHKHOCTH U THOKOCTH pparmentoB [TAB
MTO3BOJISIFOT UM MPOHHUKATh B MEXIIJIOCKOCTHOE MPOCTPAHCTBO aCCOLMATOB ac(anbTeHOB ¢ OAHOBPEMEHHOM
ajicopOLuMeil Ha UX TTOBEPXHOCTH, IIPH 3TOM KOHTAKThl MEKAY YacTULAMU ac(alIbTEeHOB B accolMaTax ociad-
JISIFOTCS, YTO IPUBOAUT K 00Pa30BaHUIO COJIbBATUPOBAHHBIX aCCOLMATOB MEHBIIETO pa3Mepa MM AUHUIHBIX
MakpoMmoJekyi1. CiienoBaresbHo, B pe3ynbTare agcopounonHoro moguduuuposanus [IAB creness pa3Butoctu
nmoBepxHOCTH CAB MOXXET MEHSTHCSI.

Lenbto nanHOM pabOTHI SBISIETCS M3yUYeHUE cocTaBa U cTpyKTypbl CAB, a Takke ycTaHOBIICHHE BIHSHUS
xunkopaznoi agcopoumu [1AB paznnunoit xumuueckoit npuposs! Ha acconuarax CAB Ha TekcTypHBIE CBOM-
CTBa BBIJCJICHHOHN U3 HEPTSHOW AUCTIEPCHOM CUCTEMBI CMOJIMCTO-Ac(haIbTEHOBOM (ha3bl.

MarepuaJibl 1 METOAbI HCCJIETOBAHUS

B xome paboThl ncmonk3oBay mopomrkoodpasueie oopasiel CAB, nogydeHHbIe CONBBEHTHBIM METOZIOM
Tomese [2; 3] u3 HedrsHoro 6uryma reb-tina (Mapka BHK-90/30), kotopsrii cormacao TOCT 9548-20237
XapaKTepU3yeTCs CICAYIOMUMU IMapaMeTpaMu; TEMIIEPaTypoi pa3MATdeHUS 10 KOJbITy U mapy 80—95 °C, Tem-
neparypoii xpynkocta He Boiie —10 °C, remneparypoit Benbimku He Huke 240 °C. Mcnons3yemsblii 0uTyMm npen-
CTaBJsieT co00 0NMeoPUIbHYIO KOJUIOWAHYIO CHCTEMY, T/Ie acCOLUUaThl ac(halbTeHOB 00pa3yroT TUCTIEPCHYIO
(hazy, OKpyKEHHYIO aJICOPOIIMOHHO-COIBBATHBIMH CMOJHUCTBIMHU 000JIOUKAMU, IIPH 3TOM OHH paclpe/ieIeHbI
B YIJIEBOIOPOIHOM TMCIEPCHOHHOM cpefie. OT KIIacCHIeCKNX KOJUTOMTHBIX CUCTEM JIFCIIEpCHAst CHCTeMa OnTyMa
OTJINYAETCSI TEM, UTO ee AucnepcHas daza GopMupyeTcst U3 MOJIEKYI, TOJTOOHBIX MOJIEKYIaM AUCICPCHOHHOM
Cpellbl, T03TOMY TIPH ITPOBEACHUH KOATYJISIIMU U BBIICJIICHUH TUCTIEPCHOM (Da3bl MOTyYaeTcst TPYAHOPA3ACTUMBIH
xomruiekc CAB. OOpa3irer HedTenmpoayKTa Ipy IepeMeTiBaHIH B TEKydIeM COCTOSTHIH 1 Temreparype 170 °C

IOCT 9548-2023. Butymbl He(TsHbIE KpoBebHbIe. TexHudeckne yciosus. M. : Poc. nH-T cranmaprusammn, 2023. 12 c.
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Moaudurmposanu [TAB (konnenTpanus 1 mac. %) KaTHOHHON M HEMOHOT'EHHOM MPHUPOJIBI C PA3HBIM COJEpIKa-
HUEM OKCHITHIMPOoBaHHBIX (OD) rpymm (tadm. 1). [TAB ancopOoupoBaick Ha accolupoBaHHbIX yactuiax CAB
B OPraHUYECKOM JIUCIIEPCUOHHON cpeJie HePTSHOM qrcnepcuy (HACBHIIIEHHBIX M apOMAaTHIECKUX YIIIEBOIOPO/IAX ).

Ta6numa 1
Hcnonb3yemblie as uccaenopanuii [IAB
Table 1
Surfactants used for research
XHUMHYeCKOe Ha3BaHUE Coxparentoe dopmyna
o0o3Ha4YeHHne
AJKUITAMHUTONMUIA30TIOTHAMIH AUITA [(CH,),—NH],—[(CH,),—NH],—H
l
N
| )
N
Mertun-6uc-(0ae0UIITHI )-2-THAPOKCH- OYAC 0
STHIIAMMOHHHAMETOCYIb(paT Il
CH,—CH,—O0—C—C,,H;;
HO—CH,—CH,—N —CH, CH,0S0;
CHz—CHz—O—ﬁ—C”H33
O
YeTBepTHUHAS aMMOHHEBAs COJb OI2Ab CH
N-OKTaae I IUMETHII THIIAMMOHU - ’
Opomuna
CisHy—N—CH; | Br
CH,
AJKAUIMOHOAMAIIIONAITHIICHITOTHAMIH bemm-M
KUPHBIX KUCIIOT ParicoBOrO Macia CHy— ﬁ_NH (CH,),—NH—(CH,), X NH,
o
OKCHATWIINPOBaHHBIN aIKUIIMAMUH (02)-A1A R—HN—C,H,—NH—(C,H,0),—H
R=C,H,;—C\(H;;, n=3-6
OKCHATHUIIMPOBAHHBII Oy THIIOBBIH 3GuUp (03)-BOKC R—0—(C,H,0),—C,H,
KOKOCOBOTI'O JKUPHOTI'O CIIUPTa R = C12H25 _ C18H37 n=10
DTUICHINaMUHTETPAOUC(ITOKCHIIAT- (0OD2-0OID)-20A R R
OJIOK-TIPOITOKCHIIAT)TETPO N—CH,—CH,—N
R 4 N R
R =(C,H,0),(C;H,0),H, n =16, m =19

O6pa3sipbl BeIIENEHHBIX TopoikoodpasHbix CAB npocenBanyu yepes cuto ¢ 1uamerpom oteepeTrii 0,7 Mu,
BBICYIIMBaJIH NpH TeMieparype 105 °C u XpaHUIu B 9KCHKATOPE.

['pynmnoBoit xumuueckuii coctaB CAB 13 ncxonHoro HeTenpoayKTa Onpeesisiii METOI0M TOHKOCIOHHON
xpomarorpadun Ha o6opynoBanuu latroscan MK-6S ¢ miiaMeHHO-HOHU3aUOHHBIM AeTeKTopoM (latron Labo-
ratories, Inc., SInonus).

OnemenTHbli anann3 CAB npoBoauim Ha yHUBEpCaTbHOM dnieMeHTHOM aHam3arope VarioMICRO CHNS (Ele-
mentar Analysensysteme, I'epMaHust), IpUMEHsIE METOZ BBICOKOTEMIIEPATypHOIO MUPOIM3a 00pa3LoB ¢ Mpeod-
pa3oBaHHEM JIEMEHTOB B ra3000pa3Hble MPOAYKTHI U OCIEAYIOIIUM IETEKTUPOBaHUEM I10 TEIIONPOBOAHOCTH
Ha CTaHJapTHOM JETEKTOpeE.

Jli onpenienenus coctaBa M KomdecTBa MUKpoaieMeHToB B CAB Takske HCIoIb30Balid METOJ] PEHTTEHO-
¢yopectieHTHOH criekTpomeTpun Ha pubdope Bruker S8 Tiger (Iepmanus).
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Wzyuenne pynkmmonansabix rpymn CAB nposonmmm metonom MK-cnektpockonuu npu Temmeparype 20 °C
B JIMANa30He BOMHOBBIX urcen 450—4000 cM ' ¢ paspenrernem 4 cv ' Ha MK-criekrpomerpe M2000 ¢ mpeobpa-
3oBaresieM Pypwe (Midac Corporation, CILA).

VYrienbHy 0 TOBEPXHOCTh M IOPHUCTOCTh 00pa3noB CAB mccnenoBamm MetogoM Hu3KoTemireparypHoit (77 K)
azIcopOITiy — IeCOPOITMH a30Ta Ha aHAIM3ATOPE TIOMIAIN MOBepXHOCTH U TopuctocTit ASAP 2020 MP (Mic-
romeritics, CIIIA). 3HaueHus yaenbHOM MOBEpXHOCTH (Appy) paccuutsiBanu meronoM BOT, oovem nop (V)
orpezensui no ['ypBuuy u3 1ecopOIMOHHOI BETBU H30TEPMBI, CPEITHUI TUAMET] ITOP BIYUCIIUTH IO (hopMyJie

4V

D=
Aggr 3
u octatouHoM jgasienuu 133,3 - 107 Ila.

[15]. Iepen ananu3oM 0Opa3iibl HAXOJAWIUCH B BakyyMe B TeueHue 1 4 mpu temneparype 100 °C

Pe3ynbrarhl 1 HX 00CyK/IeHHE

CocraB CAB, u3BieueHHBIX 13 HEMOIU(UITMPOBAHHON HEPTSIHOM AUCTIEPCHON CUCTEMBI, TPOAHATN3UPOBAH
C MCIOJIb30BaHUEM (PU3MKO-XHMHUUECKUX METOOB UCCIIEIOBAHUM, PE3yIbTaThl HPUBEICHBI B TAa0MI. 2.

Tabnuma 2
Pesyabrarnl pU3HKO-XMMHYECKUX MCCIeJ0BAHUMI
cocraBa oopasua CAB
Table 2

Results of physical and chemical studies of the composition
of the resin-asphaltene substance (RAS) sample

Kommnonent Conepxanue

Onpedenenue 2pynnogoeo XuMuiecko20 cOCmasa
AcdanbTeHsl 65,23 mac. %
CMOIIBI 34,77 mac. %
DnemeHmublil aHaIu3

C 71,33 mac. %
H 7,00 mac. %
N 2,68 mac. %
S 2,77 mac. %
O 16,22 mac. %
bpymmo-gopmyna CeoHg N,SO,
Penmeenognyopecyenmmuulii ananus
I'erepoaromel 22,0 %
W3 nux:
Ca 10,0 %
S 3,71 %
Mg 0,937 %
Fe 0,417 %
Si 0,364 %
\Y% 0,205 %
K 0,178 %
Ni 931 ppm
Al 761 ppm
Ru 605 ppm
Cl 584 ppm
Mo 540 ppm
Zn 268 ppm
Sr 202 ppm
Ti 178 ppm
Mn 147 ppm
Cu 69,5 ppm
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Mertonom UK-criekTpockonuu ycTanoBineHo, 4to ajsi CAB HaOmomaioTcest XapakTepruCcTHIECKHE TTOJIOCHI MTOo-
rommenns (puc. 1) ¢ BomHoBbIME urcmamu 803; 877 i 3042 cM ', KOTOPBIE COOTBETCTBYIOT Ae(hOPMAITHOHHBIM
BHEIUIOCKOCTHBIM Koste0aHusM Tpynnsl = C—H, npucymymM KobliaM B apOMaTHYeCKUX COSAMHEHUSX. 210-
Ka3aTebCTBOM HAIIMYHS [TOIHKOHICHCHPOBAHHOTO SIpa B MOJIEKYIaX ac(haIbTeHOB CITYXKHUT monoca 1596 cv !
KOTOpasi TPEeICTaBIsIeT BaJCHTHbIE Kojebanus, oTBeyaroliye 3a cea3n —C=C— B apOMATHYECKOM KOJ]LHG
IIpucyrcreue aqu)aTquCKHx LIEMTOYEK @HKcnpyeTcsI 110 nedpopmaronnsv (728; 1374 u 1454 cM ') i Banent-
HBIM (2850 12921 cM ') KonmeGaHusIM rpyII —CHy;u— CH —. s nccnenyembix CAB oOHapy KeHBI TOIOCH
MIOTJIOMICHUS C BOJTHOBBIMU unciiamMu 1027 u 1699 cM ! , KOTOpbI€ CBUJIETEIIbCTBYIOT O HAJIMYUHU T€TEPOATOMOB
S 1 O u XxapakTepHu3yIOT BaJIeHTHBIE KOJIeOaHHs cyan)OKcnz[Hon (—S=0) u xkapbonmnsHOI (— C=0) rpynn
COOTBETCTBEHHO. AToMBI S U O, BEpOSITHO, MPHUCYTCTBYIOT B cTpykType CAB Kak B BHJEe QYHKIIMOHAIBHBIX
rpymn B nepudepuitHbIX 3aMECTHTEIISIX, TaK ¥ B BUJIE COCAMHUTEIHHBIX MOCTHKOB B JTU- U TPUMEPHBIX MOJIe-
KyJlaX yIaKOBOK, TOCTPOCHHBIX U3 YIIIEPOIHBIX aTOMOB [16].

A
85r

80
751
70
65
60

[ponyckanue, %

551

50

45 1 1 1 1 1 1 1 1
4000 3000 2000 1000

—1
BomHoBoe qucio, CM

Y

Puc. 1. UK-criextp obpasna nopomkoodpazusix CAB
Fig. 1. IR spectrum of powdered RAS sample

Hcxons u3 pe3ynbTaroB aHaiu3a coctasa 1 cTpyKTypbl CAB (cM. Tabu. 2 u puc. 1), MOXKHO MPEAON0KHTS,
YTO OHHU 00JIaIAI0T HEOTHOPOIHON 10 XUMHUYECKOMY COCTaBY TOBEPXHOCTBIO M MOJIEKYJIbI HccienyeMbix [IAB
MOTYT B3aUMOJICHCTBOBAaThH C aKTMBHBIMH COCTABIISIIOIIMMH NOIsIpHO# uactu CAB (rugpokcu-, aMMHO-, IMUHO-
1 MEPKaNTOrpyninaMu) U MeTaJlJlaMH.

Ha puc. 2 n300paskeHbl H30TepMbl HU3KOTEMIIEPATypHOI aicopOLun — necopOimu azora oopaszuamu CAB B ko-
OpAMHATaX OTHOCHTETLHBIX JaBJICHUIA apa a30Ta U cCOpOMPOBAHHOTO KOJIMUECTBA a30Ta B pacyeTe Ha 1 T Macchl
copbenTa (CM’/r), IPUBEICHHOTO K HOpMANbHBIM ycioBusM (STP). Bee m3vMepeHHbIe n30TepMbl HeobpaTumbl. Ha-
OiromaeMble TUCTEPE3UCHBIC ETIIN TPYAHO HACHTU(HULUPYEMBI M HE CBA3aHbI C ONPE/IeTICHHBIM TUIIOM OPUCTON
cTpyKTypsl. [To mpu3HaKky HaMMUMs KanWUIAPHO-KOHIEHCAIIMOHHOTO FMCTEPE3Kca U OUEHb MaJIbIM 3HAaYEHUSIM
YACTBHBIX XapaKTEPUCTUK MOPUCTOCTH 00pa3LoB (Tadi. 3) 30TepMbl MOTYT OBITh OTHECEHBI K THOPUIAHOMY
(V + V) tuny uzotepM pusndeckoii CopOLrH, NPUCYILIEMY MaKPOME30IIOPUCTHIM aficopoenTam [15].

OOBIYHO BCe U30TEpMBI, BeIpaxkaeMble ypaBHeHueM bOT, nmpeacrasisiioT coboil KprBble, UMEIOLIHE Mepe-
ru0, BOTHYTBIH K OCH OTHOCHUTEINIbHBIX AAaBJICHUH, eciin sHepreTuueckas koncranra Cypr > 2. [Ipu aTOM TOUKa
nepernoda, CoracHO HIKENPUBEJCHHOMY YPaBHEHUIO, OJIM3Ka K TOYKE MOHOCIIOMHOTO 3aI0HEHNUS 110 TEOPUHU
BOT, Ho He obs3aTenbHO coBnagaet ¢ Hell. [lapamerp Cypr paccuuthiBaeTcs o ypaBHenuto bOT:

E| — E;j=RTInCygr, 1)
re £, — sHeprus aIcopOLuu IIepBoro CIIOst a30Ta Ha IIOBEPXHOCTH aicOpOCHTa; £y, — SHEPrHs aicopOLHH OCIIe-
JLYIOLIHX CJIOCB 30Ta HIIM MOJISIPHASI TCIUIOTA KOHICHCALMH a301a; £, — Ej;, — 9uCTasi TEIIoTa ancopouuu asora.

[Tapamerp Cypr HE SABIAETCS KOJIMYECTBEHHOM MEPOM SHTAJIBIMK afcopOLnu, HO AaeT NPeICTaBICHUE 00
9HEPIUu B3auMOIEHCTBUS alcopOeHT — aacopbar. PacueTs! 10Ka3bIBAIOT, YTO TOJIBKO IPU OJHOM 3HAYCHUHU
Cper =9 Touka neperuda CoBIaAaeT ¢ TOUKOW MOHOCIOMHOTO 3anonHeHus. OpHako npu 9 < Cypr < 00 ancopo-
Ms B TOUKE Iepernda MpeBbllIaeT MOHOCIONHOE 3anonHeHue Ha 15 %, a npu Cypr < 9 1aHHBIE BEJIMYUHEI
pacxonstcs Bce Oonee u Oonee, npuodperas npu Cypr < 2 XapakTepHble ocodeHHOoCTH n30TepM Tuna Il nnn V
o UIOITAK, xorma m3orepMudecKkiue KpUBbIE BRITYKJIBI K OCH OTHOCHTEIBHBIX AaBICHUN U B OONACTH ACi-
CTBUTEJIbHBIX BEJIMUMH P/Pj He UMEIOT Touek neperuda. [Ipu 3ToM pacuer yznenbHON MOBEPXHOCTH 110 METOLY
BOT ne moxet nmpowsBonuthes [15].
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Puc. 2. VI30TepMbl HU3KOTEMIIEpaTypHOIl agcopbuun — necopduun azora odpasuamu CAB:
1 — ucxonusiii obpasery CAB; 2-8 — CAB, momudunmposanusie pasnunyasivu [IAB
(2 - AUIIA, 3 -DYAC, 4 - OIDAB, 5 — bemwm-M, 6 — (02)-AZ1A, 7 — (02)-BOKC, § — (03-0OI1)-5/1A)
Fig. 2. Isotherms of low-temperature adsorption — desorption of nitrogen
by RAS samples: 7 — initial RAS sample; 2—-8 — RAS modified by various surfactants
(2—-AIPA, 3-ECHAS, 4 - ODEAB, 5 — Belem-M, 6 — (OE)-ADA, 7 — (OE)-BECS, 8§ — (OE-OP)-EDA)
Tabnuua 3
TexctypHble cBoiicTBa 006pa3uos CAB
Table 3
Textural properties of RAS samples
Jannpie BOT c .
OGpasen DHepreTHueckas | YieIbHas MoBepxXHocTh, | OObeM mop, V- 10%, em™/r pen/:([)fgn%piﬁdep
KkoHCTaHTa, Cypy Aggp, M T
CAB 5 16 1,4 3,6
CAB + AUTIA 2 13 2,4 7,6
CAB + DUAC 6 11 0,7 2,5
CAB + O/15AB 7 7 0,6 33
CAB + bemm-M 2 11 0,7 2,5
CAB + (03)-AA 6 10 1,7 6,6
CAB + (032)-b2KC 4 10 0,7 2,8
CAB+ (0O2-0OIN)-21A 8 6 0,2 1,3

W3 ypaBHenus (1) B mepBoM NpUOIMKEHUN MOKHO JIOIMYCTHUTh, 4TO napameTp Cgpr, Oyaydn CBS3aHHBIM
C DHepruei B3auMOJICHCTBHSI a30Ta ¢ IOBEPXHOCTHIO 00pa3iia, MO3BOJISIET CPABHUBATH TIOJISIPHOCTH MOBEPX-
HOCTEH CXOKUX MOAUGHUUHMPOBaHHBIX MarepuanoB. Tak, ecin 3HaueHne Cppp = 100 xapakrepHo 111 THAPO-
(WIBHON TUIPOKCUIMPOBAHHON OBEPXHOCTH, TO 3Ha4eHUS Cypr < 20 npucyum ruipooOHON TOBEPXHOCTH,
HanpuMep, ¢ MPUBUTHIMU rUApopoOHbIME LersiMu [TAB nnn o6paboTanHON PH BEICOKMX TeMIIEpaTypax.

IMToBepxHOCTH Beex uccnenyembix 06pas3noB CAB runpodobua. YmenbieHue 3Hauenus napamerpa Cypp 0T 8
110 2 B Ta0I. 3 03Ha4aeT pocT rupohoOHOCTH MOBEPXHOCTU COOTBETCTBYIOIIMX 00pa31oB. MI3MeHeH e moisip-
HOCTHU, COIIPOBOXKJIAEMOE CHUKEHHUEM JHEepreTudeckoil KoHCTaHTbl Cppr, IOApa3yMeBaeT 00pa3oBaHUE He-
KOTOPBIX HOBBIX HU3KOMOJIIPHBIX IEHTPOB. AHAJIN3 XapaKTepa M3MEHEHUsI SHEPTeTHIECKO KOHCTaHTbI Cypp I10-
3BOJISICT JIOTIOJTHUTEIIHHO CJIENAaTh €IIle OTHO BAYKHOE 3aKIIFOUSHHE O TOM, YTO TUCTIEPCHOCTH 00Pa3I0B HECKOIBLKO
yBeIMUMBaeTcs ¢ nageHneM napamerpa Cgpr. Takoe n3MeHeHne TEeKCTYpHBIX cBOicTB 00pa3uoB CAB cBs3a-
HO C OCOOCHHOCTSIMH M Pa3IMIuAIMHU TUAPO(OOHBIX CBOUCTB MOAU(PUIIUPOBAHHON MTOBEPXHOCTH YACTHII.

BrisiBiieHHBIC (haKThl JOKA3bIBAIOT, 4TO HccienyeMbie [IAB ajgcopOupyroTcst Ha MOBEPXHOCTH aCCOIUATOB
CAB, noareep:kaas TeM caMbIM PE3YJIbTaThl NCCIENOBAHNHN KaMMIUISIPHBIX CBOMCTB 00pasnoB CAB mpu nx
cMaunBaHUU H-TekcaHoM [17]. AxacopOmus ITAB nmpuBoauT K yMEHBIIEHHUIO KOHCTAHT KAMMJUTSIPHOCTH JTSI
o0pasnoB CAB, momudunmpoanssix [IAB, Mo cpaBHEHUIO ¢ KOHCTAaHTOM KaMMJUIAPHOCTH U KOHTPOJIBHO-
ro oopasma (puc. 3).
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CAB 4,66
CAB + AUTTIA
CAB + DUAC

CAB + O[IDAB
CAB + bemam-M
CAB + (0D)-AJA 4,32
CAB + (03)-B3KC 4,5

CAB + (03-OIT)-DIA

5

Puc. 3. Koncrantsl kanwusipHocTH 1uist oopasios CAB, ¢ - 10’8, cM
Fig. 3. Capillarity constants for RAS samples, ¢ - 10°%, cm®

Kanvutsiper MmomuduninpoBanubix CAB yacTHYHO 3aMOIHSIOTCS, UX PAJYC U KOIIMYECTBO YMEHBIIAKOTCS,
YTO 3aTPYIHSIET POJIBMKEHHE H-TeKcaHa. HecMOTpst Ha CIOXKHOCTH C BBISIBJICHHEM OJIHO3HAYHBIX 3aBUCUMOCTEH
Ha puc. 3 U B Ta0J. 3 U3-3a OrpaHUYCHHI UCTIONB3YEMbIX METOI0B, YCTAHOBJICH HAMOOJBIIHNA MOAU(PHIIUPYIO-
i a3 dext HemonorenHoro [AB, a umenno (02-OI1)-D/1A, Ha kanwsipHbIe cBOMCcTBa 00pa3noB CAB, uto
COOTBETCTBYET CAMOMY BBICOKOMY 3HAYEHHIO YHEPreTHUeCKOW KOHCTaHThl Cpypp M CAMBIM HU3KUM Y/IEJIbHBIM
XapaKTEePUCTHKAM IUIOIIAIN TOBEPXHOCTH M 00beMa Mop 00pasloB B PSIY UCCIIENYEMBIX IIOBEPXHOCTHO-AK-
TUBHBIX MOAH(DUKATOPOB.

3aKjoueHune

B pesynwrare mpoBeneHHBIX (HHU3UKO-XUMHYECKUX HCCIICAOBAHUHN C MCIONb30BaHueM MeTonoB MK-crekT-
POCKOIUH, PEHTTEHOMIIYOPECIIEHTHON CIEKTPOMETPUH, TOHKOCIOHHOW XpomaTorpaduu, 3IIEMEHTHOTO aHaIn3a
Y HI3KOTEMIIEpaTypHOU aIcOPOIIH — JeCOPOITH a30Ta U3YUEHBI cOCTaB U cTpykTypa CAB, a Takke TeKCTypHBIC
CBOMCTBA BBIJICJICHHON U3 OMTyMa B BHJIE TIOPOIIIKA CMOJIMCTO-ac(habTeHOBOM COCTaBIISIIONICH HE(TSIHOM nc-
nepcHoii cuctemsl. st 06pa3noB CAB onpeneneHs! ynenbHas IOBEPXHOCTh, dHepreTuueckas kKoHcTanTa Cypr,
00beM ¥ CpeHHI JUaMeTp TOp. YCTAHOBJICHO, YTO M30TEPMBI aJICOPOIIMU — JlecopOInu a3oTa odpasinamu
CAB sBISIIOTCS CIIOKHOM KOMOMHAIMEH u3oTepM pusrueckoit copOiuu TuroB V u IV, npucymux Makpome-
30IIOPHUCTHIM aJICOPOCHTAM C OYCHb HU3KUM 3HAYCHUEM YICIHHON MOBEPXHOCTH U MaJlOW YHEPTreTHYECKON
KOHCTAaHTOU Cppp, KOTOPBIE CBUIETEIBCTBYIOT O ruIpodoOHOM xapakrepe nosepxHoctu CAB. OOHapyxeH
HanOobIINi MonupuIMpyromui s3¢pdext Henonorennoro [TAB, takoro kak (O3-OIN)-D/1A, Ha ruapodo0-
HOCTb IMOBEPXHOCTH U AUCTIEPCHOCTH acconnaroB CAB, 4To MoATBEpk/I€HO pe3ynbTaTaMi OIIEHKH TEKCTYPHBIX
CBOWCTB BBIJICJICHHOW M3 OUTyMa CMOJHUCTO-ac(aabTeHOBON (ha3bl METOJIaMH HU3KOTEMIIEPATYPHOH aacopo-
MU — 1ecOpOIIMH a30Ta ¥ CMAauyUBaHUS IOBEPXHOCTH H-TEKCAHOM.
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TITOANMEPUBALINA KAPBA3OACOAEPKAIIINX
MOHOMEPOB CTUPOABHOI'O THUITA
I1O MEXAHN3MY OBPATUMOMU ITIEPEAAYN LTEIIN

I K. BEJIOYCOBY, JI. C. BOPOBBEB", A. A. BAHTYCEHOK?", C. B. KOCTIOK"-?

YHayuno-uccredosamensciuii uncmumym gusuro-xumuyeckux npobnem BI'Y,
yi. Jlenunepaockas, 14, 220006, e. Munck, Berapyco
2)Eejzopyccmul 2ocyoapemeennblil yHusepcumem, np. Hezasucumocmu, 4, 220030, . Munck, Berapyce

Annomayusa. Pazpaborana naunuupyomas cucrema aiusi RAFT-nonmumepu3zanun kap6asoncoepkamnx MOHO-
MEpPOB CTHPOIHHOTO THITA B IIMPOKOM AHana3zoHe MoNeKyspHbIX Macc (3000—36 000 r/moms). [IpemiokeHHBII TTOAX0T
TTO3BOJIIII TIOTYYHTH KapOazoicoaepiKaIine MOJIMMEPEI CO CPEIHEUNCIOBON MONEKysipHO Maccoit 1o 20000 r/mMoms
B KOHTPOJINPYEMOM PEKUME (CTETIeHb MOMUAMCIEPCHOCTH <1,5). YcTaHOBIEHBI 3aKOHOMEPHOCTH BIUSHUS JIOHOPHBIX
3amecTuTelel B kap0a3oie, a TaKkKe PacHoNoKEHHUs KapOa30JIbHOH IPYIIBI B CTHPOJIE HA aKTUBHOCTh MOHOMEpPA B IPO-
Heccax paauKaIbHON MOIMMEepU3aiy. DKCIIepIMEHTAIbHbIE JaHHbIE TOKA3aJIH XOPOIIYIO CXOAUMOCTh C TEOPETHYECKUMHU
TIPE/ICTABICHUSIMU U PACUETHBIMH MOZAEISIMH. [loTydeHHBIE TOMMEpPbI XapaKTepr3yIoTCsi OOJIBIINMHI 3HAYCHUSIMU SHEPT X
BBICIIICH 3aHTON MOJIEKYISIPHOI opOuTai (10 —5,25 3B), 4To Henaet ux nepcrneKTHBHBIME MaTepPHAIAMU JIJISI HCTIOTBb30BaHHS
B CBETOANOAHON MTPOMBIIIIICHHOCTH.

Knioueswle cnosa: panukanbHas ouMMepu3anus; kapbaszoconepkaiue nojumepsl; RAFT; oprannveckue cCBETOAUOIbI.

Fbnazooaprnocme. PaboTa BBIIONHEHA B paMKaX TOCYAAPCTBEHHOM MPOrpaMMBbl HAyYHBIX HCCIICIOBAHHI «XHUMHYCCKHE
TIPOIIECCHI, peareHThI i TEXHOIOTHH, OMOPerysTopsl 1 Onooprxummsh» (3amanue 2.1.01.03, Ne roc. peructpammm 20210512).
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POLYMERYSATION
OF CARBAZOLE-CONTAINING STYRENE-TYPE
MONOMERS VIA RAFT MECHANISM
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Abstract. An initiating system for the RAFT polymerisation of carbazole-containing styrene-type monomers in a wide range
of molecular weights (3000-36 000 g/mol) has been developed. The proposed approach allowed to obtain carbazole-containing
polymers with number average molecular weight up to 20 000 g/mol in a controlled fashion (degree of polydispersity <1.5). The
relationship between the nature of donor substituents in carbazole, as well as the location of the carbazole moiety in the styrene
and the activity of the corresponding monomer in radical polymerisation was studied. Experimental data gave good agreement
with theoretical concepts and calculation models. The resulting polymers were characterised by high energy values of the hi-
ghest occupied molecular orbital (up to —5.25 eV), which makes them promising materials for application in the LED industry.

Keywords: radical polymerisation; carbazole-containing polymers; RAFT; organic LEDs.
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BBenenune

Ha ceropnsinmii jenp kapOa3oncoaepikaiye IoIuMepsl MPEACTABISIOT OOJbIIONH HHTEPEC B Pa3HBIX Ha-
MIPABJICHUSIX HAYKHU U TEXHUKH, YTO O0YCIIOBJIEHO PSAJIOM UX OTIIMYUTEIbHBIX CBOMCTB, TAKUX KaK BBICOKas (M1
COCJIMHEHHI OPraHUYeCKOW MPHPOJIbI) AMEKTPO- U (POTOMPOBOJAUMOCTD, a TAK)KE WHTCHCUBHAS (IIyopeciieH-
us B ONMKHEM yIIbTpaduoaeToBoM nuamnasone [1; 2]. [TommMepsl, comeprkaine B CBOSH CTPYKType kKapOa3on
(xax B Buzte 00KOBO# rpymiibl [3—14], Tak 1 B cocTaBe OCHOBHOM 1ien [ 15—18]), akTHBHO UCTIONB3YIOTCS B Ka-
yecTBe QoTopedpakunoHHbIX Marepuasos [19; 20], npu nmpou3BoAcTBE COIHEUHBIX Oarapelt [21; 22] u T. 1.
OnHako I1aBHOM 00JacThIO MPUMEHEHHUS JaHHBIX COCAMHEHHH B HACTOSIIEE BPEMsI SIBIISICTCSI CBETOAMOIHAS
MIPOMBIIIIEHHOCTH. 3/1eCh Kap0a3oicoeprKaliye MoJIuMephl HCTIONB3YIOTCS B POJIM MATPHIL TSI SMUCCHOHHBIX
CJIOEB TIOJIMMEPHBIX CBETO/IMO/IOB, BHIITOIHSISI OYEHb BAXKHYIO (DYHKIIMIO 110 YMEHBIICHUIO JI0JIW MOJICKYJ OMHUT-
Tepa B LEJSIX IPEAOTBPAILCHHUS KOHLIEHTPALIMOHHOTO raleHus (payopecleHInn, KOTOpoe CHUXKAeT G PeKTrB-
HOCTb U SIPKOCTb CBETOMONOB [23-25].

Hawubonee pacripoctpaneHHBIM Kap0a301coaepKaliuM HOJIMMEPOM, IPUMEHSIEMBIM B Ka4€CTBE MAaTPULIbI BbI-
cOK0d((HEeKTUBHBIX CBETOJMOOB C KPACHBIM U 3€JIEHBIM CBEUCHHUEM, sIBIIsieTCsl onu(9-BuHmikapbaszon) [26; 27].
OnHaxo TaHHBIH MaTepua o0IaaeT psAOM HEI0OCTaTKOB, B YaCTHOCTH HU3KOW SHEPTUEH TPUTUIETHOTO COCTOSI-
HUS, CKIIOHHOCTBIO K 00pa30BaHUIO SKCHMEPOB, YTO CTUMYIIUPYET HCCIIe0BaTeNeli Ha TOMCK HOBBIX Kap0azo-
COIIEPIKAIIIHX MTOIUMEPOB IIJIS CO3MAHHUS BRICOKOA(P(GEKTUBHBIX CBETOTUOOB (B TOM JHCIIE C CHHUM CBEUCHHUEM),
a Taxke Ha pa3paboTKy KaTaTUTHUECKUX CHCTEM JIJIS TOTy9IeHHUs TAKUX Marepraiion [28; 29].

B nocnennee necstuneTre MHTEHCUBHO MPOBOIATCS UCCICIOBAHMS 110 CHHTE3Y HOBBIX KapOa3oicoaepxa-
LIMX TIOJIMMEPOB C XOPOILEH TepMUUECKOH U MOP(OIOrHIecKkol CTaOMILHOCTBIO HAa OCHOBE KapOa3zoscoep-
JKAIUX MPOU3BOIHBIX ctupoa [8; 30]. OqHako OOJMBIIMHCTBO Pa3padOTaHHBIX HA JJAHHBIH MOMEHT KaTaIUTH-
YECKUX CHCTEM 00ECTIEYNBAIOT CHHTE3 TOJIMMEPOB C HEKOHTPOIUPYEMON MOJIEKYIISIPHOW MacCOi M IIUPOKUM
MOJIEKYJISIPHO-MACCOBBIM PACIPEAEICHUEM, YTO BO MHOTUX CIIy4asix HE II03BOJISIET OJIyYaTh MaTepHabl ¢ HE00-
XOIUMBIMA (POTOPU3NIECCKIMH 1 MEXaHMUECKHMH CBOWCTBaMU [7-9].

[onumepuzaus ¢ oOpaTuMoii iepeadeii Henu o MexaHu3My npucoenunenus — pparmenranuu (RAFT)
SIBJIIETCS] OTHOCUTEIBHO MTPOCTOMN B HCTIOJIB30BaHUU U IAET BO3MOKHOCTH KOHTPOJIMPYEMO CHHTE3UPOBATh LK -
poKHi psizt monuMepoB paznnuHoro tuna [31; 32]. Kpome Toro, JaHHbBIN METO/] O3BOJISIET M30€kKaTh 3arps3He-
HUS TIOJY9YaeMOTO BBICOKOMOJIEKYJISIPHOTO COEIMHEHHS IEPEXOAHBIMHI METAJUIaMH (B OTIIMYHUE OT PaInKaIbHON
TTOJIMMEPHU3AIHHN ¢ TIepeHocoM aroma) [31].

B cBs31 ¢ BBIIEH3I0KEHHBIM LIEIbI0 HACTOSILEH CTAaThU SBIAETCS pa3padoTKa MHUIUHUPYIOIEH CHCTEMbI
JUIsl IPOBEACHUS PaIKaIbHON MOJMMEpH3aLui Kap0a3oscoiepKallix MOHOMEPOB CTUPOJILHOIO THIIA B KOH-
TposiupyeMoM pexume o mexanuzmy RAFT, a Takxke uHTepnpeTaius nojry4eHHbIX PE3YIbTaToOB ¢ TOMOIIBIO
KBaHTOBO-XMMHUYECKUX PacUETOB.

27



Kypnaa Besopycckoro rocyiapcrseHHOro ynusepeurera. Xumus. 2024;2:26-35
Journal of the Belarusian State University. Chemistry. 2024;2:26-35

MaTepnanbl U METOAbI HCCJICAOBAHUSA

APproH OuYHIIAIM ¢ TOMOIIBI0 ipubdopa Tumna [, mpeaHasHaueHHOTo JJIst TOHKOM OYMCTKH HHEPTHBIX Ta30B
OT Pa3IMYHBIX IPUMECEH 1 COJIePIKAILETr0 KOJOHKH C aKTHBUPOBAHHOM OKHCHIO AMIOMUHHUS MapKu A-1, HUKeIb-
XpoMoBbIM KaTanuzaTopoM Mapku TX MBJ[ Ne 1641 C-54, cunteTnueckumu reonuramu mapok NaA u NaX.

PeaktuBbl. 2-(lonenuitnokapOboHaTTHOWI)-2-MEeTHIIIIPOITHOHOBY0 kucaoTy (IMII) curTesnpoBanu B co-
OTBETCTBUU ¢ onyOnuKkoBaHHOW MeTtonukon [33]. [lukinorekcanoH kBamudukammm «x. 4.» (AO «9xoc-1», Poc-
cus) cymunn Hag CaH,, a 3aTem neperonsiu Hax cBeskeid nopuueit CaH, npu nonmwxkenHom pasienuu (2,7 xlla).
J171s1 BBICXK/ICHUS M TIEPEOCKACHUSI TIOTMMEPOB HUCTIONB30BAIIN PACTBOPUTEIH (STAHOI, METaHOIT, XJI0po(opM)
KBaJTU(PUKALINH «X. 4.». CHHTE3 Kap0a30JicoepiKaIMX MOHOMEPOB CTUPOJbHOTO THIa (M1 — M3) ocyiiecTsis-
JI B COOTBETCTBUH C OMYyOJIMKOBAaHHBIMH METOANKAMH Ha OCHOBE KPOCC-COYeTaHus 110 byxBasby — XapTBHTY,
KaTaJu3UupyeMOro KOMIUIEKCaMu Pd° [30; 34].

RAFT-nonumepuszanus. [lommmeprzanmio kapOasoncoaeprKamnmx MOHOMEPOB POBOFIIHA B aTMOC(Epe CyXoro
aprona B peaktope lllnenka. Bee umkne peakTiBbI BHOCHIIM B PEAKTOP € TIOMOIIBIO 103aTOPa B HETPEPHIBHOM
TOKE aproHa. B THmIIHOM mpoiiecce MoIMMepH3aIiii K pacTBopy, coaepskariemy 0,3 MMmons MoHoMepa u 60,7 MKIT
LUKJIOTeKCaHOHA, TocienoBarebHo no0asisuim 91,1 Mk pactBopa JIMII B nukinorekcanone (0,05 mornb/in)
u 151,8 M1 pactBopa azooucuzo0ytuponutpmia (ABH) B ukiorexcanone (0,01 Moiib/i1) (KOHIIEHTpALUSI TAHHBIX
PacTBOPOB BapbUPOBANIACh B 3aBUCHMOCTH OT HEOOXOMMOTO COOTHOLIEHNSI MOHOMepa u nHunuaropa ([M],/[1],):
0,05 1 0,01 monb/1 coorBercTBeHHO Mtst [M],/[1], = 40, 20,0 1 4,0 mmons/a st [M],/[1], = 100, 4,0 1 0,8 MMonb/n
st [M],/[1], = 500). ITocne Tpex IUKIOB 3aMOPO3KHU B )KUAKOM a30T€ — OTKAYKHU ra3a — OTTAUBAHUS C 3aI10JIHE-
HUEM aproHOM MOJIMMEPHU3AIIUIO 3aITyCKaJli, OIyCKasi peakTop B 3apaHee Harperyro 70 70 °C mMacsHyto 0aHto,
OCHAIIICHHYIO TepMOCTaTOM. B oTBeZieHHOE BpeMsi OTOMpPAIH aJuKBOTHI 0OBEMOM ~75 MKI U BBICAXKIAIN UX
B U30BITOK 3TaHONA. BrinaBiuii B ocaiok MoauMep OTACISUIN OT pacTBOpa ¢ OMOIIBIO HEeHTPH(yrupoBaHus
U JeKaHTalMH, MocJe Yero cymmi ero B Bakyyme (270 Ila) npu remneparype 50 °C. Ilepen ananuszom mo-
auMepsl aBaxkabl nepeocaxaanu u3 1 ma CHCL, B 10 mut meranona. KonBepcuio nonumepa ycraHaBIuBaaIn
TPaBUMETPHYECKH.

AHnanu3 nonumepos. CpenseuuciioByto (M,) U cpeJHEMAcCOBYIO (M, ) MOJIEKY/ISIpHBIE MAcChl, a TAKKE
CTENEHb NONUANCTIEPCHOCTH (P) CHHTE3MPOBAHHBIX OJIMMEPOB OIPEACIISIII METOJIOM IeJIbIIPOHHKAIOIIEH Xpo-
marorpaduu (I'TIX) na npudope Ultimate-3000 (7hermo Scientific Dionex, [ epmanust), KOTOpbIi ObLT cHAOXEH
npeaxononkort PLgel Guard (Agilent Technologies, CILIA) pazmepom 7,5 x 50 MM ¢ HOMHHAJIBHBIM pa3MepoM
gactul 5 MkM U kosoHKoi PLgel MIXED-C (Agilent Technologies) pazmepom 7,5 x 300 MM ¢ HOMHHAITBHBIM
pa3MepoM YacTHUIl 5 MKM, TEpMOCTaTHPOBaHHBIME Tpu Temrieparype 30 °C, u nByms nerekropamu — mudde-
PEHIIMAIBLHBIM pe(pPaKTOMETPOM H JIETEKTOPOM Ha OCHOBE JIMOJHOM MaTpHIibl. B kauecTBe pacTBOpHUTEINS HC-
MOJIL30BAJIH TETParuaApodypaH co CKOPOCThIO AmoupoBanus 1 mi/muH npu Temreparype 30 °C. MosnekyssipHo-
MAacCCOBbIE XapaKTepUCTHKHU (M, 1 D) nonumepos paccuuTbiBaiu B nporpamme Chromeleon (epcus 7.0; Thermo
Scientific Dionex) IO KpUBBIM 3TIOMPOBAHHS, OCHOBHIBASICh HA KAIMOPOBOYHBIX 3aBHCUMOCTSIX, TIOTYYEHHBIX
C IPUMEHEHUEM MOJTUCTUPOIBbHBIX cTaHAapToB ¢ P < 1,05. Cnekrpsl AMP 'H MOJIUMEPOB PETUCTPUPOBATIH U3
ux pactsopos B CDCI, pu remneparype 25 °C na npudope Bruker AC-500 (I'epmanus) ¢ gactoroii 500 MI'L,
KaJHOPOBAHHOM I10 TETPAMETUIICHIIAHY U OCTaTKaM CUTHAJIA PACTBOPUTEIIS.

Luknngeckyto BOJIBTaMIIEPOMETPHIO TIPOBOMIIH C TIOMOILBIO MOTEHIIMOCTaTa — rajbBaHocTata pAutolab
type Il (Metrohm Autolab, Hunepnanapl). B skcriepuMeHTe UCIIOIB30BAIA TPEXAIEKTPOIHYIO SUEHKY, CO-
CTOSIYIO U3 CTEKJIOBHIHOTO YIIEPOIHOTO pabouero snekTpona, Ag/Ag" cpaBHUTENLHOTO 3IEKTPOIA U TLIa-
THHOBOH MPOBOJIOKH B KA4ECTBE BCIIOMOTATENLHOTO 31eKTpoaa. M3mepenne mposommmm B cyxom 0,1 Momb/m
pactBope Bu,N(PF,) B nuxnopmerane (coib CIyKUT JONOJHUTEIbHBIM JIEKTPOJIUTOM) B aTMOC(epe aproHa
co cKopocThiO ckaHa 50 MB/c. M3amepenus kainOpoBaii OTHOCUTEIBHO (hePPOIICHUEBON OKUCIIUTEIIBHO-BOC-
cranoButenbHOU cuctembl (Fe/Fc®), BRICTyaBIIEH BHEIIHUM CTAHAAPTOM.

Pe3yabrarbl 1 UX 00Cy:K1eHHE

PanukanbHas monmuMmepu3anus TpexX UCCIEAyeMbIX Kap0a3olicoepKaiux MOHOMEPOB IMPOBOINIACH C HC-
rosib3oBarreM JIMII B kauecTBe arenta nepenaun meny 1 AIBH B kauecTBe nauimaropa (puc. 1).

Jtst mokazaTenbCTBa MPOTEKAHKS KOHTPOIHMPYEMOU PaIuKaIbHON TOTMMEpHU3aIlid MOHOMEpoB M1 — M3
HpolLecc MPOBOAWIN NPH pa3HbIX cooTHommeHusx [M]y/[I], (40, 100 u 500). Kak Bugno u3 puc. 2, rpaduxu
KHHETUYECKUX 3aBUCUMOCTEH MEPBOTO MOPSIKA ABISIOTCS THHECHHBIMU TSI TPEX MOHOMEPOB U MPOXOJIAT Yepe3
Hayvaji0 KOOPAUHAT, YTO CBUACTEIBCTBYET O MOCTOSIHHOW KOHLEHTPAIIMU aKTUBHBIX LIEHTPOB POCTA BO BpEMs
BCEro IpoIiecca nmoimmepusanui. KoHCTaHTBI CKOPOCTH POCTa LEMNH, pACCYMTAHHBIEC KaAK TAHTEHC YIJIa HAKJIOHA
COOTBETCTBYIOIIMX 3aBUCUMOCTEHN [IEPBOT0 NOPSAKA, Ul PAIUKAIBHOM [TOJIMMEpU3alud MOHOMEPOB M 1— M3
IIpU pa3HbIX cooTHoweHUsAX [M],/[I], npusenens! B Tad. 1.
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Puc. 1. Cxema RAFT-nonmumepusanmu kap6a3oicoaepkanx MOHOMEPOB CTHPOIbHOTO THIta M1— M3
Ha uHUIMUpYIolei cucreme JJMIT/ABH
Fig. 1. The scheme of RAFT polymerisation of carbazole-containing styrene-type monomers M1—-M3
using DMP/AIBN initiating system
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Puc. 2. T'padukn KHHETHYECKUX 3aBUCHMOCTEH IIEPBOTO TTOPsIIKa
st RAFT-nonumepuszanuu MmoromepoB M1 — M3 Ha nannmupytromieii cucteme JMIT/AUBH
npu temneparype 70 °C B ukiorekcaHone npu cootHomenuu [M],/[1], = 40
Fig. 2. Graphs of first-order kinetic dependencies for RAFT polymerisation of monomers M1—-M3
using DMP/AIBN initiating system at a temperature of 70 °C
in cyclohexanone at the ratio [M],/[I], = 40

Tabnuma 1

KoncranTsl ckopocTn pocra uen, k,, 1ist RAFT-nosmvepunsanun monomepos M1-M3
NIpH pa3Ju4HbIX cooTHomenusx [M],/[1],

Table 1

Rate constants, k,, for propagation of RAFT polymerisation
of monomers M1—Ma3 at different [M],/[I], ratios

kp, y'!
Mouomep
[M]y/[1], = 40 [M],/[1], = 100 [M],/[1], = 500
M1 2,02-10" 8,78 - 1072 4741072
M2 514-10" 1,82-107" 1,47 - 107"
M3 2,06 - 1072 1,46 - 1072 9,50-107

IIpumeuanue. Yenosus nonumepusanuu: 7' =70 °C; pacTBOPUTEIIb — HUKIOIEKCAHOH;
[AMII],/[AUBH], = 3; [M], = 1 mons/m; [1], = [AMII], + 2[AUBH],.
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Kak BuiHO M3 Ta0m. 1, s KaXKI0TO0 MOHOMEpPa CKOPOCTh TIOIMMEPHU3AIHHN TTaJaeT C POCTOM COOTHOIIICHUH
[M],/[I]y, uTO CBsI3aHO C yMEHBIIEHHEM KOHIIEHTPALIUX aKTUBHBIX LIEHTPOB B cucTeMe. [Jisi cpaBHEHUs c1oco0-
HOCTH MOHOMepOB M1 — M3 k nonmmepu3ayy B UCCIESIOBAaHHON CHCTEME PACCMOTPHM CKOPOCTH MX MTOJTHMeE-
pH3alK IPU OAUHAKOBBIX cooTHOMEHUIX [M],/[I],. Tak, qist Bcex u3yueHHsIx cootHomenuit [M],/[I], getko
MIPOCTIEKMNBACTCS, YTO aKTUBHOCTh MOHOMEPOB YMeHbIaeTcs B psiy M2 > M1 > M3. JlanHoe HaOmoneHne
MOXET OBITh OOBSICHEHO € TOUKU 3PEHUS] TEPMOJUHAMHUUECKON CTAOMIBHOCTH PAJUKAIIOB, COOTBETCTBYIOLINX
KapOa3zosconepxamM MoHoMepaM. Hanmnuue B cTpykrype MoHoMepa M2 IByX METOKCHIIBHBIX TPYIII MTO3BO-
JIeT 1€J0KAJIN30BaTh CIIMHOBYIO MJIOTHOCTh B COOTBETCTBYIOLIEM pajiKalle JTydllle, 4eM s MoHoMepa M1,
Jieniasi TakoW pajirkan oonee crabMIbHBIM. B cirydae ¢ MoHOMepoM M3 3,6-auMeTokcHKkapOa3oIbHas rpyrmna
HaXOIUTCSI B Mema-TOJI0KEHUN CTUPOJIA, OTYET0 CTAOMIM3ALUsI COOTBETCTBYIOIIETO palKaa Yepe3 Me3oMep-
HBIH AP GEKT 3,6-TMMETOKCHKapOa30ILHON IPYIIIBI IENIAeTCS HEBO3MOXKHOM. TakuM 00pa3oM, IMeeM CHIDKEHHE
CTaOUIIBHOCTH COOTBETCTBYIOLIMX paaukanoB (puc. 3, P, uP, ) B psagy M2 > M1 > M3, 4ro BIMsEeT Ha CKOPOCTD
uX o0pa3oBaHMs Ha CTaJUU (pparMeHTaluy U3 «CISIIero» Makpopaaukaita B xoae RAFT-noauMepusanuu:
B COOTBETCTBUHU ¢ IpuHIHIOM bemna — DBanca — [lomstan [35; 36] CKOPOCTH JAHHOTO TIPOIIeCcCa YBEIINMIH-
BAeTCsl BMECTE C TEPMOAMHAMUYECKON CTa0MIBHOCTHIO MPOAYKTOB PEAKIUH (B HALIIEM CIIy4yae paJuKajioB pocTa
(P,uP,)). Kak u3BecTHO U3 IUTEpaTypHBIX UCTOUHUKOB [37], cTaaus parMeHTaluy SBISeTCs IUMUTUpYIOLIEit
st Beeir RAFT-monmmmepu3aruy, T. €. OnpenenseT CKOPpOCTh MPoIiecca B eJIOM, YTO U OTPAKEHO B JAHHBIX,
MOJTY4YEHHBIX B HACTOSILEM UCCIICAOBAHUY.
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Puc. 3. Mexanm3m RAFT-nonmumepuzannu
(I" — pagukan; M — monowmep; P}, P, — pacTyiiye noaumepHsie Lenu;
Int — uHTEepMETMAT («CIIAIIMIA MaKpOpaIuKa);
Alk — ”HAKTHBHBIN aJKUIBHBIN (parMeHT;
k,q — KOHCTaHTa MIPUCOEUHEHUS; k;; — KOHCTaHTa (h)parMeHTaINN)
Fig. 3. RAFT polymerisation mechanism
(I" — radical; M — monomer; P;, P, — growing polymer chains;
Int — intermediate (dormant macroradical);
Alk — inactive alkyl group;
k,q — addition constant; kg — fragmentation constant)

Jis1 060CHOBaHUS BBIIICHU3IIOKEHHOTO YTBEPKACHUS OblIa MPOBEIcHa CEpUsi KBAHTOBO-XUMHUYECKHX pac-
4yeroB. Tak, ¢ ucnonb3oBaHueM ypoBHs Teopun 6-31G(d,p)/uB3LYP cmonenipoBanbl KOHIEBbIE ()parMEHTHI
pacTymmx nenei as kaxaoro u3 momamepos (111 —113) B miensax ananm3a aeIoKaan3aiiy CIHHOBOH MIIOTHOCTH
Ha KOHIIEBBIX MOHOMEPHBIX 3BeHbX (puc. 4). [lodydeHnble B pe3ynabrarTe pacdera JaHHbBIE TIOATBEPANIH HAIlle
MIPENINOJIOKEHUE: CIIMHOBAS IJIOTHOCTH Ha LIEHTPE pocTa yBenunuusaercs B psaay 112 < I11 < 13, uro cBuaeTens-
CTBYeT 00 YXY/IICHUH JICJIOKaIU3aIK PaiiKaja B TOM Py U, KaK CICICTBUE, YMEHBIIICHUN CTaOUIIBHOCTH
MaKpOpPaIUKaJIOB, 3TO U MPUBOINT K 3aMEJICHUIO TTOJIMMEPHU3AIIHH.

[Tomumo TepMomuHAMUYECKOTO (haKTOpa, CUIHLHOE CHIDKEHHE CKOPOCTH TOMMEPHU3AIUH MPH TIePexo/ie
K MOHOMepY M3 MOKeT ObITh 00BSICHEHO KHHETHYECKAM (DAKTOPOM: HATTMUUE TAKOTO 00 BEMHOTO 3aMECTHTEIS,
KaK JMMETOKCUKap0a30Jl, B Mema-TOJI0KEHUH CTUPOJIa 3HAYUTEIBHO 3aTPYIHICT JOCTYII K [ICHTPY POCTa, YTO
1 00yCIIOBIIMBAaET MEHBITYI0 aKTUBHOCTH MOHOMepa M3 B TpoIriecce TOMOITOJIMMEPH3AITHH.

30



OpurnHajibHble CTATHH
Original Papers

I11 12 I13
CII = 0,676 CIT = 0,669 CIT = 0,698
¥ 4 Y

Puc. 4. CTpyKTypBsl KOHIIEBBIX 3B€HbEB PACTyIIuX 1emneil noaumepos [11—113,
ONTHMH3HMPOBAHHBIX C HCIIOJIb30BaHNEM ypoBHs Teopun 6-31G(d,p)/uB3LYP
(CII — crimroBas mwrotHocts (NBO) Ha nienTpe pocta)

Fig. 4. Structures of growing polymer chain (IT1—1I13) ending units,
optimised by 6-31G(d,p)/uB3LYP theory level
(CII — spin density (NBO) on growth centre)

Jlanee ObUTH H3y9eHBI MOJIEKYIISIPHO-MACCOBBIC XapaKTEPUCTHKH TTOTyIEHHBIX TTOIUMEPOB. Bo Bcex ombITax
M, (I'TIX) n3meHsnach cuMOaTHO TEOPETUUECKOM M,: pociia ¢ yBeIMYeHHEM KOHBEPCUU MOHOMEPA U C yBeInYe-
HueM cootHomenus [M],/[I],. 3nauenune M, (I'TIX) nonmumepos I11 —TI13 pacter npsmMo NponopuroHaIbHO KOH-
BEPCUHM MOHOMEPOB B ONBITAX ¢ cooTHoueHueM [M],/[1], =40, uTo cBuaeTENbCTBYET 00 OTCYTCTBUU IPOLIECCOB
niepeadi Lemu B JaHHBIX SKCIepuMeHTax (taom. 2, puc. 5). Habmonaemoe otkinonenue 3Hadenuit M, (I'TIX)
OT TEOPETUYECKOH MPSMO, pACCUNTAHHOW U3 MPEIONIOKEHUS, YTO AP (PEKTUBHOCTh UHUIIMUPOBAHUS PaBHA
100 %, cBsi3aHO ¢ pa3HUIICH B THAPOAMHAMUIECKUX 00bEMaX UCCIIETyEMbIX MTOJIMMEPOB U MOTUCTHPOIIA, KOTO-
pbIii ucnonb3oBaics B kauecTse cranaaptoB At I'TIX [30]. ITonyuennsie nonumepst (M, (I'TIX) < 8000 r/monb)
00a1amy HU3KOM MOTUANCIIEPCHOCTEHIO (P < 1,4), 9TO CBUAECTENHCTBYET O MPOTEKAHUU KOHTPOIUPYEMOH pa-
JIUKATBHOH MouMepu3anud MoHoMepoB M 1 — M3 Ha naHHOM nHHIIMUpYOLIeH cucteme. OHAKO yBEIIMYCHHE
coorHomenust [M],/[I], npuBonuT k cHmkeHHUIO cTeneHu KoHTpoius. Tak, mpu [M],/[I], = 100 mis moHo-
MepoB M1 u M2, comepkamux KapOa3oNbHBIA 3aMECTHTENb B napa-TIONOKCHUH, IMTHEHHOCTh 3aBUCHMOCTH
M, (I'TIX) — xouBepcusa MoHOMepa coxpansercs (D < 1,5, M, (I'TIX) <20 000 r/mMonb), Torga Kak Aas MOHO-
Mepa M3 Habirogaercs 3arudaromasics 3aBUCUMOCTB, a TAK)KE YBEIMYSHUE onuauciepcHocTH (P = 1,9 yepes
48 1), yka3pIBarolIye Ha IpOTeKaHue npoueccos nepenauu nenu. [lepexoxn x [M],/[1], = 500 mpuBoanT K OTKIIO-
HEHMIO OT JinHelHoctu 3asucumoct M, (I'TIX) — koHBepcus MOHOMEpa y:xe 11 Bcex MoHoMepoB (M1— M3),
B TO BpeMs KaK MOIMIUCIEPCHOCTh CUHTe3upyeMbIx nonumepos (M, (I'TIX) < 36000 r/mons) npuHUMAaeT
3Hauenus ot 1,6 1o 2,3.

Tabnuma 2
MoJieKy JISIpHO-MacCOBbIe XapaKTePHCTHKH
RAFT-nonmmmepusanuu monomepos M1—-M3
Table 2
Molecular weight characteristics
of RAFT polymerisation of monomers M1-M3
[M],/[1], =40 [M],/[1], =100 [M],/[I], = 500
Mouomep
L D L D L D

M1 + <13 + <1.,5 — <1,9

M2 + <1,3 + <1,5 - <22

M3 + <1,4 - <1,9 - <23

[Ipumeuanus: 1. Yenosus nonumepusanuu: 7' = 70 °C; pacTBopUTEIb — LU-
kiorekcanon; [JAMIT],/[AWBH], = 3; [M], = 1 mons/i; [I], = [AMII], + 2[AUBH],,.
2. CumBoin L — munelinocts 3aBucuMoctu M, (I'TIX) — koHBepcHst MOHOMEpA; 3HAK «ILTIOCY
0003HaYaeT HAJIMIUE JIMHEHHOCTH B TAHHOM IIPOLIECCE MOIMMEPH3AINH, 3HAK «MUHYC» —
€€ OTCYTCTBHE.
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Puc. 5. I'paduxnu 3aBucumoctu M, (I'TIX) u D or KOHBEepcUH MOHOMEpa
it RAFT-nonmnvepuszanmn Mmonomepa M1 Ha naMmmmpyromeit cucreme IMIT/AMBH
npu Temreparype 70 °C B HUKIOreKCaHOHE PH Pa3JIMYHbIX COOTHOMEHUX [M],/[I],.
Venosus nonumepusanun: [M1], = 1 mons/n; [IMIT],/[AUBH], = 3;
[1], = [AMII], + 2[AUBH],. IIpsiMble TMHUU COOTBETCTBYIOT TE€OpETHUUECKOM M,

Fig. 5. Graphs of M, (SEC) and & on monomer conversion dependencies
for RAFT polymerisation of monomer M1 using DMP/AIBN initiating system
at a temperature of 70 °C in cyclohexanone at different [M],/[I], ratios.
Polymerisation conditions: [M1], = 1 mol/L; [DMP],/[AIBN], = 3;

[1], = [DMP], + 2[AIBN],. The straight lines correspond to the theoretical M,

Takum 00pa3oM, Ha OCHOBE IOJYUYEHHBIX JAHHBIX MOXKHO 3aKJIFOYUTh, YTO CTEIICHb KOHTPOJIS HaJl MOJIe-
KYJSIPHO-MaCCOBBIM paclpeelieHHeM B M3y4aeMbIX Iporueccax (CM. Tabi. 2) yBeIUUYUBACTCs BMECTE CO CTa-
OMIIBHOCTBIO COOTBETCTBYIOIIMX MaKpOPaIUKaIOB (CM. pUC. 4) B CBS3H C YMCHBIICHUEM aKTUBHOCTH JaHHBIX
4acTHUI[ B TOOOYHBIX Mpolieccax (B TOM YHMCIIC peaklusiX HeoOparumMoro oOpbiBa U riepenauu tenu). Kpome toro,
OTYETJIMBO IPOCIIECKUBACTCS TEHACHIMS K CHIDKEHUIO CTEIIEHH KOHTPOJIS IPH pocTe cooTHowenus [M],/[1],.
JlarHO€E HAOMIONIEHNE MOXKET OBITh OOBSICHEHO CTEPUIECKAMH NMPEMSATCTBUAMH, BOSHUKAIOIINMH C yBETTHUESHHEM
KOJIMYECTBA 3BEHHEB B ITOJUMEPHOM IIETIH U 3aTPYIHSIONUMHE JOCTYII MOJIEKYJ MOHOMEpa K IIEHTPY POCTa, YTO
MIPUBOJIUT K YBEIUYCHUIO BEPOSTHOCTHU MPOTEKAHUS ITOOOYHBIX MIPOIIECCOB MO0 MAaKPOPaAUKaIy.

Hanee CTpyKTYpbl CHHTE3UPOBaHHBIX moauMepoB [11— 13 Obun MccnenoBaHbl METOJJOM CHEKTPOCKOIINT
SIMP 'H (puc. 6). CreKTpbl 3THX TPeX TOTMMEPOB IEMOHCTPHPOBAIN CUIHAJIBI, COOTBETCTBYIOIIHE Kapba-
30JIbHBIM TpymIaM, B auamazone 6,0—8,2 M. a. Cpemu HUX cUTHaIBI a1 momumepos 112 u 113 (&, i', k', K",
i", k") cABUHYTHI B CHIIBHOE TT0JIe Ha ~0,5 M. JI. OTHOCUTENFHO aHAJIOTUIHBIX CUTHAIOB it iommepa 11 (4, i,
J, k), 94TO CBsI3aHO C JOHOPHBIM 3(PPEKTOM METOKCHIIBHBIX TPYIII, MPUCYTCTBYIOIINUX B CTPYKTYypax MOJIUME-
pos I12 u [13. Curnanbsl pOTOHOB METOKCHIIBHBIX TPYII JUIs1 TUX MOTUMEPOB ( j', ;) HaxXoasATCsS B HHTEpBasie
3,5-3,9 M. a. Curnansl ipu 2,0-2,5 M. 1. (e, €, ") u 1,5-2,0 M. 1. (f, /', /") COOTBETCTBYIOT METHHOBBIM U Me-
TUJICHOBBIM IIPOTOHAM OCHOBHOM IIeTd. [[jst BceX Tpex MccieyeMbIX MTOIUMEPOB CUTHAIBI METHIIBHBIX TPYTIIT
OCTaTKoB mHUIMAropa (g, g', g") u arenTa nepexaqn nenu (a, a', a") nadmomamuced mpu 0,8—0,9 M. 1. Metuie-
HOBBIE TIPOTOHBI JOACTIMIBLHON TPYIIBI faBanu curaaisl mpu 1,1-1,3 M. 1. (b, b, b"), a Takxke 3,29 m. 1. (d),
B TO BpeMs KaK CHTHAJIBI ¢, ¢, ¢”, d', d" He Morm ObITb OOHAPYKEHBI U3-33 TOTO, YTO OHHM HEPEKPHIBAIOTCS
C CUTHaJIaMU IIPOTOHOB OCHOBHOM LIETIH WM METOKCHUJIBHBIX TPYIIIL.

[TosryueHHbIe TOTUMEPHI TaKkKe ObUTH MPOAHAIN3UPOBAHBI C TOMOIIBIO IIMKJINYECKOH BOJIBTAMIIEPOMETPUN
B IMXJIOpMeTaHe. B pe3ynprare paccunTaHbl 3HAYEHUS UX SHEPTHH BBICIICH 3aHATONW MOJIEKYISIPHON OpOUTAIH:
—5,53 5B ms monmmmepa I11, 5,25 5B i monmmmepos 112 u 113, gto npeBrImaeT (B 0COOEHHOCTH y TIOJTUMEPOB
[12 u 113) 3HaueHwe JaHHOTO MapaMeTpa y KoMMmepueckoro nonu(9-suamnkap6aszona) (—5,8 aB) [27]. Jlanubiit
(bakT menaeT MoaydYeHHBIE MMOJIMMEPHI MEPCICKTUBHBIMU MaTepUaIaMH U CO3JIaHUS BBICOKOA(P(PEKTUBHBIX
OPraHUYECKUX CBETOIMOJIOB, TAK KaK MPUOIMKACT SHEPTHUIO CJI0s, U3TOTABINBAEMOTO M3 TAKOI'O MaTepuaa,
K DHEPrUM HauboJIee 4YacTo UCIIOIBb3YEMBIX CIIOEB, TPOBOAIIMNX IbIpku (—5,1 3B) [38].
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Puc. 6. Cuextpst SMP 'H nommepa I11 ¢ M, (I'TIX) = 7200 r/moms (a),
nonumepa I12 ¢ M, (T'TIX) = 8000 r/momns (6), monmumepa I13 ¢ M, (I'TIX) = 7200 r/moins (6)

Fig. 6. NMR 'H spectra of polymer IT1 with M, (SEC) = 7200 g/mol (a),
polymer I12 with M, (SEC) = 8000 g/mol (b), polymer I13 with M, (SEC) = 7200 g/mol (c)

3akjaueHmne

TaxuM 00pa3zom, ObLT IPEUIOKEH METO/] KOHTPOIMPYEMOH PaIMKaIbHOM MOJMMEPH3aIii KapOa30IbHbIX MOHO-
MEPOB CTUPOJILHOTO THIIA TI0 MEXaHU3My 0OpaTHMOil mepenavr nenu. J{aHHbIi ToIX01 MO3BOIWII TIOYyYHTh Ce-
puto kapbaszoncoaepxanux nommepos ¢ M, (I'TIX) 3000-20 000 r/monb B KOHTponupyeMoM pexume (D < 1,5),
a taxoke nonumepst ¢ M, (I'TIX) o 36 000 r/momnb ¢ 6o1ee MUPOKUM MOJIEKYISIPHO-MACCOBBIM pacIpeie/ieHHeM
(D <2,0). YcranoBneHo, 4To CTPYKTypa HCCIASAYEMBIX MOHOMEPOB (2 IMEHHO CIIOCOOHOCTD MX (DYHKIIMOHATBHBIX
IPyHI CTaOMIM3UPOBATh CIMHOBYIO TUIOTHOCTH B COOTBETCTBYIOIMX MaKpopaIrKaiax) HaupsIMyro OnpeaesseT
CKOpOCTb MOJIMMEPU3ALINK 1 CTETIEHb KOHTPOJIS HaJl MOJIEKYIISIPHO-MACCOBBIM pacHpesieieHeM B rnpoueccax RAFT-
nonuMepu3aniy Ha nauumpytomei cucreme AMIT/AVBH. IonydenHble monMMephl XapakTepru3yrOTCst OOTBIIUMEI
3HAYEHHUSIMH SHEPTHHU BBICILICH 3aHSITON MOJEKYJIIpHON opOuTanu (10 —5,25 5B), 4To fenaet ux nepcrneKTHBHBIMU
MaTtepuallaMi JUIsl CO3AaHMsl MATPUL] B SMACCHOHHBIX CIOSIX BBICOKOI(P(PEKTHBHBIX OPTraHMYECKUX CBETOANO/IOB.
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CHUHTE3 TETPABOACOAEPKAIIINX
XAOPIMAPUHOB U 3ITOKCHUAOB

0. B. TPHTOPBEBY, I0. M. FOPKOBA®, H. M. TPUTOPBEBA®, O. A. UBAIIIKEBHY"

])Haylmo-ucwzec)oeameﬂbcwﬁ uHcmumym Quzuxo-xumuieckux npooiem bBI'Y,
yn. Jlenunepaockas, 14, 220006, e. Munck, benapyce
2)HHcmumym MeXamuxku MemaiiononumepHolx cucmem um. B. A. benoeo HAH Benapycu,
yi. Kuposa, 32a, 246050, 2. I'omens, benapyco

Annomayus. YCTaHOBICHO, YTO yAOOHBIM METOAOM IOy UIEHUS TETPA30JICOACPIKAIINX SMOKCH/IOB SIBISICTCS AJIKHIIN-
poBanne NH-He3aMeleHHbIX TETPa30JIoB U 1-3aMelICHHbIX S-MEepKaIToOTeTPa30JI0B SIUXJIOPTUIPUHOM C TTOCIIEYOLIUM
JEruipoXJIOpHPOBaHUEM 00pa3yroIUXcs XJIOPTUIPHHOB. [Toka3zaHo, 4TO peakiys alIKIIMPOBaHUS ¢ BbIXofoM Oonee 90 %
MIPOTEKAET KaK B MIPUCYTCTBUHM OCHOBAaHHI B Ka4e€CTBE KAaTaJIM3aTOPa, TaK M B UX OTCYTCTBHE NPHU MCIOJIB30BAHUH U30bI-
TOYHOTO KOJIMYECTBa SNuXJIoprupuna. [Ipu 3Tom Ooee nperoYTuTe bHBIM B IIaHe 00pa30BaHMs TOOOYHBIX IPOYKTOB
U, KaK CJIEACTBHE, OYUCTKH IIETIEBBIX COCIMHEHNUH SIBISIETCS TPOBEACHIE ANKAINPOBAHNS STIMXIIOPTHIPHHOM B OTCYTCTBHE
OCHOBaHHI B KaUeCTBE KaTanu3aropa. TeTpa3onmIdoKCHAbl TAKXKe MOTYT ObITh MOJYyUYECHBI ITyTEM JBYCTAAUHHOTO MPO-
1iecca, BKJIIOYAIOIIEero CTa{iy T'HAPOKCHOPOMUPOBAHIS TETPA30JICOACPKAIIUX AJIKEHOB ¢ 00pa30BaHUEM IPOMEKY TOUHBIX
OpPOMTHIPUHOB M UX TOCIIENYIOLIETO JeTHIPOOPOMUPOBAHHS.

Knroueswie cnosa: MMPOU3BOAHBIC TCTPA30Jia; q)yHKI_[I/IOHaJII/BaLlI/IH; XJIOPrUuAPHHLBIL; SITIOKCUABI; CUHTE3.
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Abstract. The alkylation of NH-unsubstituted tetrazoles and 1-substituted 5-mercaptotetrazoles with epichlorohydrine
followed by dehydrochlorination of the resulting chlorohydrins was found to be a convenient method for the prepara-
tion of tetrazole-containing epoxides. Alkylation reaction was shown to proceed with a yield more than 90 %, both in the
presence of bases as a catalyst and without the catalytic action of bases using excess of epichlorohydrine. Alkylation with
epichlorohydrine in the absence of bases as a catalyst is more preferable in terms of formation of by-products and, as a con-
sequence, purification of target compounds. Tetrazolylepoxides can also be obtained by a two-step process involving hydro-
xybromination of tetrazole-containing alkenes to form intermediate bromohydrins and subsequent dehydrobromination
of latter.

Keywords: tetrazole derivatives; functionalisation; chlorohydrins; epoxides; synthesis.
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BBenenune

B nacrosiiee BpeMs CHHTETHUYECKAs XUMHS KaK T€TPa30JIoB, TaK M 3TOKCHJIOB aKTUBHO Pa3BUBAETCS, UTO
CBSI3aHO C MEPCIEKTUBAMHU NTPAKTHYECKOTO MCIIOIB30BAHUS ITUX OPraHUYECKHX COoequHEeHu. Tak, TeTpa3onbl
MIPUBJIEKAIOT BHUMAHUE UCCleoBaTesell 61aroaapst BO3MOKHOCTH WX TPUMEHEHHs B METUIIMHE, CEJTHCKOM XO-
3STUCTBE, PA3IMYHBIX OTPACIISX TEXHUKH. YHUKAJIbHBIE CBOMCTBA TETPA30JIbHOTO LUKJIA — TEPMOCTAOUIBHOCTD
IPY BBICOKOW YHEPTOEMKOCTH M BBICOKOM COJACpP)KaHHH a30Ta, CBOCOOpa3HbIe KUCIOTHO-OCHOBHBIE, KOMIIICK-
coobOpazyromtue, HOTOXUMHUUIECKHE, PapMaKoJOTHISCKUE U APYTHE 0COOCHHOCTH — MPEIOTPEICIISTIOT OOIBIIIOMN
UHTEpEC K MPOU3BOIHBIM TETPaA30J1a Kak MepCIeKTUBHBIM MHOTOIIeNeBbIM MaTtepraiaMm [1-9]. KonnuectBo Ha-
YYHBIX ITyOIUKAIMN, TOCBSIIEHHBIX CUHTE3y W MPUMEHEHHUIO MTPOU3BOJHBIX TETPa30Ia, B MOCIEAHNUE ECATH-
JeTusi ycToiunBo Bo3pactaeT. CoequHEHHs, COAepIKaIlle B CBOEM COCTAaBE MOKCUAHBIN (PparMeHT, sBISIOTCS
MOHOMEpaMH [T CO3/IaHUsl MOJIMMEPHBIX MaTepUaloB, KOTOpbIe Oiarojapsi CBOMM YHUKAJIbHBIM MEXaHu4de-
CKHM CBOWCTBaM, BBICOKOW aJre€3My KO MHOTUM OCHOBaHMSAM, & TAKXKE XOPOIIEH TEPMUIECKON U XUMHUYECKON
CTOMKOCTH MHTEHCHUBHO HMCIOJIB3YIOTCS Ha MPAaKTHKE (aApMHUPOBAHHBIE BOJOKHAMH MaTepHalibl, KJIEH OOILEro
Y CTICIIUAJIFHOTO Ha3HA4YeHUsI, BEICOKOA((EKTHBHBIE MTOKPHITHS, TEPMETHKH U JIp.). He Menee BaxxHbIe 001acTH
MPUMEHEHHUSI STIOKCUIOB — OPraHUYECKUM CUHTE3 U apar-au3aitd [10—15]. OnHako B 1OCTYHOM Hay4HO JIuUTe-
parype CBEAEHUS 0 XUMHUYECKUX COEIMHEHHUSX, COUETAIOIINX B CBOEH CTPYKType T€TPa30IbHbIN 1 STTOKCHUIHBIH
LIMKJIbl, OTPAaHUYEHBI JIUIIb HECKOJILKUMU npuMmepamiu [ 16—18]. B 1o sxe BpeMst TeTpazoncoaepKalinue SI0KCHIbL,
BKJIIOYAs! [TOJIMMEPBI HA UX OCHOBE, MOT'YT OBITh NIEPCIIEKTUBHBI JIsl TPAKTHYECKOTO UCIIONB30BaHUs, HAIIPUMeEp,
B KQ4E€CTBE BHICOKOIHEPI€THYECKHX CBSI3YIOLIMX, KJIEEB, IPEKYPCOPOB OMOIOrMUECKN aKTUBHBIX COSIMHEHUH U JIp.

B nponomkeHune Hammx McciaeJOBaHUM B 00JaCTH XUMHUM MPOU3BOAHBIX TeTpaszona [19—-27] nacrosimas
CTaThsl MOCBSIIIEHa Pa3pabOTKe METO/IOB TTOJTYYCHHUS pPaHEee HEM3BECTHBIX TETPA30JICOEPIKAIINX XIOPTUAPHHOB
U SMIOKCHJIOB.

MaTepna.mﬂ N METOAbI UCCJICAOBAHUSA

Cuextpsr SIMP peructpuposanu Ha ciektpomerpe Bruker Avance 500 (CIIA) npu pabounx dacTrorax
499,83 MI'u ('H) u 125,70 MI't (°C), B kauecTBe pacTBOpHUTENIEil HCIOMB30BAITH (CD;5),S0 u (CD4),CO.
UK-cniextpsl 3anucwiBany Ha pypbe-MK-criekrpomerpe Bruker Vertex 70 (CILIA) B anamna3oHe BOJTHOBBIX YHCEI
400-4000 cM . Jlast cuHTETHYECKHX TIeTTeit MPUMEHSIIN KOMMEPUYECKU JOCTYITHBIE PACTBOPUTEIH U PEAreHTHI
KBaJIM(UKAIIMK HE HIDKE «4.». VicxoaHble TeTpa3oibl — TeTpasoi (1a) [28], S-mpem-0ytunrerpason (1b) [29],
5-(mupun-2-un)terpason (1¢) [30], 5-(2-(rerpazon-1-mm)denmr)rerpazon (1d) [31], 5-(4'-metmun-[1,1'-1m-
(enmn|-2-unm)rerpason (1e) [32], 1-dpenmn-5-meprantorerpason (5) [33], 1-amumn-5-mepkanrorerpazon (7) [33],
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5-punmn-2-merunrerpason (11) [34], 1-ammnrerpazon (13) [35] — ObIIM CMHTE3UPOBAHBI 110 U3BECTHBIM Me-
TOJMKAM.

AaxununpoBanne NH-ne3amemeHHbIX TeTpa3oioB (1c — 1e) InuXJIOPruipuHOM B MPUCYTCTBUH 0C-
HoBanmii. K pactBopy 9,25 r (0,01 mo:p) snuxnopruapuna B 10 M1 alieToHa Mpu MepeMeIInBaHNH KareIbHO
no6asnsiot pactBop 0,01 mons NH-ne3ameniennoro terpaszona (1e — 1e) u 1,11 r (0,011 mons) TpusTHIaMUHa
B 10 M1 anteroHa. PeakIimoHHYI0 CMeCh MepeMeNInBaloT P KOMHATHOM TemnepaType B Teuenue 10 4 u yma-
puBator B Bakyyme. K ocrarky no6asisitor 5 mut H,O 1 3KcTparupyror NoslydeHHbI pacTBOp JUXJIOpMeETa-
HOM (3 x 10 MJ). DKCTpaKT MPOMBIBAIOT BOJOH, CymIaT HaJl Cyab(ParoM Maraus, QUIBTPYIOT U YIapUBaIOT
¢unsTpar B Bakyyme. CortacHo 1aHHBIM criekTpockonuu AMP nomydaror cmecu coefpHennit 2¢ — 2e, 3¢ — 3e
" 4¢ — 4e B BUAE O€IHO-KEATHIX BSI3KUX KUIKOCTEH.

CMmechb 1-xJ10p-3-(TeTpa3os-2-ui)nponan-2-oaa (2a) u 1-xsiop-3-(terpasoi-1-uia)nponan-2-oaa (3a).
Cwmecs 1,4 1 (0,02 monp) TeTpazona (1a) u 8,0 T (0,086 Mob) SMUXIOPTUAPUHA IEPEMEITHBAIOT TIPU KOMHATHOM
Temreparype B Tedenue 24 4. [To okoHuaHuM nporiecca H30bITOK SIUXJIOPTHPHUHA OTTOHSIOT B BAKyyMe TIpU
MUHHMabHOW Temneparype. K ocrarky no6asisiror 50 Mn Terparuapodypana, IepeMennBaoT U GUILTPY-
IOT MOJIyYEHHYI0 cMech. [locie ymapuanust ¢puibTpara B Bakyyme nonydarot 2,6 T (81 %) cMecu coeuHe-
Huli 2a ¥ 3a B Bujie OJ€IHO-KEITON BI3KOM KUAKOCTH. [1o I[aHHBIM criekrpockonuu SAMP, conepxanue B cMme-
cu 1-u3omepa cocrasinsier 60 %, 2-uzomepa — 40 % Cnextp SIMP 'H, 8, m. 1. ((CD3)2CO) 3,68-3,83 (M, 2H,
CH,, cmech uzomepos), 4,29-4,31 (m, 1H, CH, N! H30Mep) 4,47-4,52 (m, 1H, CH, N* -H30Mep) 4,624 93
(M, 2H, CH2, cMeCh H30MepoB), 4,98 (yrI. ¢, 1H, OH, N*-u3omep), 5, 14 (yir. ¢, 1H, OH, N'-u30mep), 8,73 (c, H,
CH,, N%-msomep), 9,12 (c, 1H, CH,, N'-momep). Criexrp SIMP °C, 8, m. 1.: 47.9, 48,1, 52,7, 57,5, 71,2,
71,3, 146,1, 154,8.

CMeCB 1-((5-mpem-0yTHi)TETPa30J1-2-11)-3-XJ10ponponan-2-oja (2b) u 1-((5-mpem-oyTui)rerpason-1-
wi)-3-xjaoponponan-2-oja (3b). Cmecs 1,0 (0,008 Monb) 5-mpem-Oytunterpazona (1b) u 6,0 v (0,06 Mmomn)
SMUXJIOPTUIPHUHA TIepeMenBaroT mpu Temrieparype 60 °C B euenune 10 1 (70 OITHOTO pacTBOpeHHUs S-mpem-0y-
TunTeTpasona). [1o okoHIaHUH MpoIiecca PeakIMOHHYI0 CMECh YITAPUBAIOT B BaKyyMe U moiry4datot 1,56 T (89 %)
cMmecH coenvHenuit 2b u 3b B Buze )KeJITOI/I Bsi3KO# kuaKocTH. CoziepkaHue B CMECH |-M30Mepa COCTaBIISIeT
28 %, 2 -m3oMepa — 72 %. Crexrp SIMP 'H, 8, m. 1. ((CD,),CO): 1,38 (c, 9H, t-Bu, N? -H30Mep) 1,50 (c, 9H,
-Bu, N! -1/130Mep) 3,69-3,89 (m, 2H, CH,Cl, cmech nzomepos), 4,44—4,49 (m, 1H, CH, N -momep), 4,54—4,60
(M, 1H, CH N'-m30mep), 4 ,68—4,82 (m, 2H CH,, cmecs uzomepos), 4,94 (1, 1H, OH, N2-m3omep), 5,02 (z, 1H,
OH, N'-u3omep). CneKIpH]\/[Pl3C 6, m. 11.: 30,6, 30,7, 30,8, 33,1, 48,3, 48,6, 53,5, 57,5, 71,4, 71,7, 163,5, 175,8.

CMeCL 1-xJ10p-3-(5-(MUpUAUH-2-IT) TeTPA30/1-2-WI)IPoNan-2-0Ja (2¢) u 1-x.110p-3 -(5- (HHpHZ]I/IH-Z-HJ'[)TeT-
pa3ou-1-ua)nponan-2-oiaa (3¢). Cmecsh 7,4 1 (0,08 mons) snuxnoprugapuna u 0,735 r (0,005 mons) 5-(miu-
pua-2-un)rerpasona (1¢) mepemennBaroT py KOMHATHOW TeMIieparype 10 00pa3oBaHUs TOMOTEHHOTO pacTBOpa
(oxomo 48 4). [1o okoHYaHMHU TIpoIiecca K peakKIIMOHHOM cMecH 100aBmstoT 50 M1 rekcaHa, MHTEHCUBHO Tiepe-
MemmBaroT B Tedenne 10 mun. Hwkuuil cioit otaenstoT u pactBopstoT B 10 Mt quxsiopmerana. [lomyueHHbIi
pacTBOp MPOMBIBAIOT BOJHBIM PACTBOPOM THApPOKapOOHATa HATPHsl, BOJOH, Cymar HaJ cyiab(paroM HaTpus,
(bUIBTPYIOT M YIIapUBAIOT PACTBOPUTENH B Bakyyme. B urore momygarot 0,91 1 (75 %) cmecu coenuueHuii 2¢
u 3¢ B BHIIE )KeHTOI/I Bs3KOM kuaKocTH. Comeprkanue B cmecu 1-m3omepa cocrasiser 40 %, 2- -M30MEpa — 60 %.
Crexrp SIMP 'H, 8, M. 1. ((CD3)2CO) 3,75-3,84 (M, 2H, CH,, cmech usomepos), 4,43—4,49 (m, 1H, CH, N? -M30MeD),
4,57-4,63 (m, 1H, CH, N'-u3omep), 4,90-5,01 (M 1H OH, cmecsh uzomepos), 5,11-5,24 (M, 2H, CH,, cmech
H30MepOB) 7,50—8,81 (m, 4H, Py). Criextp SIMP °C, 6 M. 1.0 48,2, 48,5, 52,9, 58 ,0, 71 4, 71,8, 124 2,126,3,
126,7, 127,6, 139, O 140,0, 146 7,148,9, 151,3, 151,9, 154,5, 166,5.

CMeCL 1-x.110p-3-(5-(4'-MeTm1-[1,1'-zmq)eﬂn.ﬂ]-2-I/m)TeTpasoﬂ-Z-nﬂ)nponaH-Z-ona (2e) u 1-xs0p-3-(5-
(4'-meTun-[1,1'-qudennn|-2-nn)rerpason-1-uia)nponan-2-oaa (3e). Cmecn 1,18 r (0,005 monp) 5-(4'-me-
tii-[1,1"-mudenwn|-2-mwr)rerpazona (1e) u 8,0 T (0,086 M0J1b) SMTUXIIOPTUIPUHA NTEPEMEITUBAIOT IIPH KOMHATHON
Temrieparype B Tedenue 24 4. [To okoHYaHUH Tpoliecca peaklMOHHYI0 CMECh YIIapHUBalOT B BakyyMe. OcTaTok
(BfI3KyIO JKEJITYIO KUAKOCTH) pacTBOpsAOT B 50 mut auxsiopmerana. [lomydeHHBIH pacTBOpP MPOMBIBAIOT BOJIOH,

5 % BOIHBIM PacCTBOPOM THAPOKapOOHATA HATPHSI, CHOBA BOIOMH, CylIaT HaJ/l CYIb(paToM MarHusi ¥ yrapuBaroT
B BakyyMme. B urore momyuator 1,5 t (91 %) cmecu COGIII/IHCHI/II/I 2e u 3e. ComepxaHnue B CMECH 1 -u30Mepa
coctasisieT 40 %, 2 -m3omepa — 60 %. Criexrp SIMP 'H, 8, m. 1. ((CD,),CO): 2,30 (c, 3H, CH;, N 2_momep),
2,32 (c,3H, CH;, N'-u30mep), 3 ,48-3,74 (M, 2H, CH,, cmechb uzomepos), 3,89-3,91 (M, 1H, OH, cmecs uzome-
poB), 4,03—4,09 (m, 1H, CH, N? -uzomep), 4,25—4, 31 (M 1H, CH, N'- H30Mep) 4,69-4,86 (M 2H, CH,, cmech
H30MepOB) 7,04-7,83 (M 8H, apun). Criexrp SIMP °C, 8, m. 11.: 22,0, 22,1, 47,9, 48,0, 51,8, 57,2, 71,0, 71,3,
128,4,129,1, 129,4, 130,4, 130,5, 130,8, 131,1, 131,9, 132,1, 132,5, 133,2, 133 4,157,2, 167 ,0.
1-XJ10p-3-((1-Q)eHmITeTpa3on-5-nﬂ)Tno)np0naH-2-0.11 (6). Memoo 1. K pactBopy 4,45 1 (0,025 Moib)
1-henmn-5-mepkanrorerpaszona (5) u 3,54 r (0,035 mons) TpudTHIaMuHa B 70 MIJT alleToHa IPU NIEpeMeInBa-
HUM KarenbHo 100aBisioT 3,24 1 (0,035 Momnb) snuxioprupruHa. PeakiimoHHy0 cMech IepeMEIHBaIOT TIPU
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KOMHATHOH TeMIieparype B TeueHue 5 4. [To okoHuaHUH mporiecca peakmoOHHYI0 CMECh YIIApUBAIOT B BAKyyMe
mpu temrieparype He Boime 50 °C. Octatok pacTBopstoT B 50 Mt xstopodopma, oTydeHHBIH pacTBOp po-
MBIBAIOT 5 % BOJTHBIM PACTBOPOM THIpOKapOOHaTa HATPHs, BOJIOH, CYIIaT HaJ CyIb(aToM Maraus, QUIBTPYIOT
U ynapuBaroT GuiabsrTpar B Bakyyme. [lomyuatot 6,4 T (95 %) coenunenust 6 B Buje OJ€THO-KENTON BS3KOM
KHUJIKOCTH C XapaKTEePHBIM «CEPHBIMY 3aIlaXOM.

Memoo 2. K 5,01 (0,054 Monp) 3nTuXI0pruiprHa Ipy epeMETNBaHUN 1 KOMHATHOW TeMITepaType MOpIHOoH-
HO no6asisttoT 1,78 (0,01 Mob) 1-pennn-5-mepkanrorerpaszona (5). PeakiimoHHyI0 cMech IepeMenIBatoT pH
KOMHATHOU Temrieparype B TeueHue 10 4 1 OTTOHSFOT H30BITOK SIIMXJIOPTUIpUHA B BakyyMe. K ocTarky 100aBisitoT
10 M1 TONTyONa ¥ CHOBa ymapuBatoT B BakyyMme. [Tomydator 2,7 r (99,8 %) coeqHeHHs 6 B BUie OneIHO-KeNnTon
BSI3KO# JKHIKOCTH C XapaKTEPHBIM «CepHbIMy» 3armaxom. Criektp SIMP 'H, &, m. 1. ((CD3)2CO) 3 ,51-3,80 (m, 4H,
2 - CH,), 4,24-4,30 (m, 1H, CH), 4,96 (1, 1H, OH), 7,64-7,70 (m, 5H, Ph). Cnextp SIMP °C, §, m. 1.: 38,9,
49,7,71,3,126,2, 131,8, 132,3, 135,7, 156,2.

1-((AJ‘IJ‘II/IJ'ITeTp330.11-5-I/IJI)TI/I0)-3-XJ10pl'lp0]IaH-2-0J1 (8). K 5,0 (0,054 Mo1B) SIIUXJIOPTUPHUHA TIPH TIEPE-
MENIMBAaHUH U KOMHATHOU TeMIiepaTtype mopiironHo 100asmsttoT 0,71 r (0,005 monb) 1-aimmi-5-MepkantoTeTpas3o-
na (7), He gorryckas mpeblieHus TeMieparypbl 30 °C. PeaknmmoHHy10 cCMeCh IepEMEITUBAIOT P KOMHATHON
TeMIIepaType B TeueHne 7 4 ¥ yIapuBaioT B BaKyyMe TP MUHUMAIBLHON Temneparype. K octarky go0aBistor
5 MJI TOTyOJia M CHOBA YIIAPHUBAIOT B BaKyyMe (U151 yIaJICHUST OCTATOUHOTO 3nnxnopmapHHa) ITomyqaror 1,036 T
(88 %) coemmuenus 8 B BH/IE KeNTOH Bsi3koit skumkocti. Criexrp SIMP 'H, 8, m. 1. ((CDy),S0O): 3,34-3,71 (M,
4H, 2 - CH,), 3,98—4,04 (m, 1H, CH), 4,98 (;[, 2H CH,), 5,10 (m, 1H, CH,), 5,30 (1, 1H, CH,), 5,75-5,82 (m, 1H,
OH), 5,93—6,01 (M, 1H, CH). Criextp SIMP °C, 8, m. 11.: 37,1, 48,0, 49,1, 68,5, 119,3, 130,5, 153,8.

1-Ammma-5- ((ORCMpaH-Z-I/IJIMeTI/IJ'I)THO)TeTp330.]1 (9). K mepememmBaemoii cmecu 1 03 l6T (0 004 4 Mo1B) co-
emunenus 7 u 70 mi terparuapodypana rpu remmneparype 0 °C noprmonso nob6asistor 1,2 1 (0,0214 Moins) Menko
pacTepToro TUAPOKCH/IA Kalusl. PeakiimoHHY 0 CMeCh TepEeMEIHBAIOT MIPH KOMHATHOM TeMIIeparype B TedeHHe
2 4, pUIBTPYIOT U yrapuBaroT Guusrpar B Bakyyme. K ocrarky mo0asisitor 50 M qUXIIopMeTaHa, opraHnyecKuit
CJIOW TIPOMBIBAIOT HACKHIIIICHHBIM PACTBOPOM XJIOPH/IA HATPHS, CYIIAT HAJl CYJIb(ATOM HATPHs U yNIapHBaiOT B Ba-
kyyme. IToryqaior 0,726 T (83 %) coennuenus 9 B Buie Gneano-xenroil xukoctr. Crekrp SMP 'H, 8, m. 1.
((CD4),C0): 2,70-2,81 (M, 2H, CH,), 3,31-3,34 (M, 1H, CH), 3,41-3,61 (m, 2H, CH,), 5,02 (z, 2H, CH) 5,19
(1, 1H, CH,), 5,34 (1, 1H, CH,), 5,996, 07 (v, 1H, CH). CHeKTpHMP B3O8, 1:37.2,48,6, 51,1, 51,7, 120,9,
132,3, 155,2.

CMeCL 2- u 1-(oxkcupaun-2-merui)rerpasosion (10a). K pactsopy 4,875 r (0,03 monb) cmecu 1-xmop-3-
(Terpazon-2-ui)ponan-2-oia (2a) u 1-xyop-3-(terpa3zos-1-un)nponas-2-ona (3a) B 200 mi Terparuapodypana
IpY [TepEMEIMBAHNN U KOMHATHOW TeMIIeparype MopIuoHHO J100aBisioT 8,4 T (0,15 MoIb) MenKo pacTepToro
THJIIPOKCHIA Kausl. PeakIMOHHYIO cMeCh IepeMeInBarOT IIPH KOMHATHOH TeMIieparype B TeueHue 3 4, (uiib-
TPYIOT U YIapuBaloT (pUIBTpaT B BaKyyMe MPH MUHUMAJIbHOMN TEMMNEpAType. [Momyuatort 3,18 1 (84 %) cmecu
H30MEpOB 10a B Bupe OenHo- )KeJ'ITOI/I xuakocrn. Criekrp SIMP 'H, 8, m. 1. ((CDy),CO): 2,62 (a1, 1H, CH,0,
N! -1/130Mep) 2,75 (an, 1H, CH,0, N-m3omep), 2,88-2,92 (m, 1H, CH 0, (omech uzomepos), 3,45-3,49 (M lH
CH,N' -HsoMep) 3,50-3,54 (M lH CH, NZ-I/I3OMep) 4,60 (mm, 1H CHZ,N -momep), 4,74 (a1, 1H CH,,N %_m30-
Mep), 4,96 (11}1, 1H, CHZ, N'-usomep), 5 07 (mm, 1H, CHZ, 2_momep), 8,77 (c, 1H, CHy,, N -u3omep), 9,13
(c, 1H, CHTZ, N! HsoMep) Criexrp SIMP °C, 8, m. 1.: N'-msomep — 46,8, 51,0, 51,5, 145,6; N*-m3omep — 46,7,
50,8, 56,8, 155,0.

CMeCB 5-(mpem-0yTiin)-2-(oKcUpaH-2-UIMETHII) TeTPa30J1a u S-(mpem-0yTi)-1-(okcupaH-2-uIMeTHI) Te-
Tpa3oaa (10b). Cmech 1,73 1 (0,008 Monb) 1-((5-mpem-0yTun)reTpazon-2-un)-3-xaopomnporan-2-oia (2b)
(72 %) u 1-((5-mpem-0ytun)rerpa3oi-1-ui)-3-xaopomnponan-2-oia (3b) (28 %) pacTBopsirot B 15 Mit arieToHa.
K momyuennomy pactBopy no6asinstot pactsop 0,48 r (0,012 momnb) ruapokeuia HaTpust B 1 M1 Bozibl. Peakiim-
OHHYIO CMECh ITEPEMEIITMBAIOT IPH KOMHATHOH TeMIiepaType B TedeHHe 2 4, GUIBTPYIOT U yIIapuBaroT QUIBTPAT
B BakyyMme. [lomyuaror 1,3 1 (90 %) ciexrpanbho uncToi cMecu n3omepos 10b B Buje cBeTII0-0paHkeBOi Mac-
nstHUCTOM KuaKocTH. ConmeprkaHue B cMecH 1-uzomepa cocrasmset 28 %, 2 -m3omepa — 72 %. Cnextp SIMP 'H,
3, M. 1. ((CDy),CO): 1,39 (c, 9H, #-Bu, N2-msomep), 1,49 (c, 9H, 7-Bu, N'-usomep), 2,72-2,75 (M, 1H, CH,0,
cMech u30MepoB), 2,87-2,90 (m, 1H, CH,O, cmecs uzomepos), 3,48-3,52 (M, 1H, CH, cMech 1/130Mep013) 4,57— 4 64
(M, 1H, CH,, cmech uzomepos), 4,91-4 98 (M, 1H, CH,, cmechb uzomepoB). Criektp SAMP °C, 8, m. 1. 30,3, 30,7,
30,8, 33,0, 33,1, 46,7, 50,8, 51,4, 52,5, 56,4, 56,6, 163,0, 176,2.

CMec1> 5-(4’-MeTnJ1-[1,1’ -zlmbe}m.n]-2-1/1.11)-1-(0KcnpaH-Z-nnMeTnﬂ)TeTpasona u 5-(4'-merma-[1,1'-
nugennn]-2-un)-2-(okcupan-2-uamernia)rerpasona (10e). K pacteopy 2,18 r (0,006 6 mons) cmecu 1-x10p-3-
(5-(4"-merun-[ 1,1'-qudennn|-2-nm)rerpazon-2-un)nponad-2-ona (2e) u 1-xmop-3-(5-(4'-metmn-[ 1,1’-mudennn]-
2-um)terpasodi-1-um)npomnan-2-oia (3e) B 30 M1 arieToHa pu epeMenImBaHuy KareabHo 100aBIsSIoT PacTBOP
0,4 r (0,01 momnp) runpoxcuna Harpus B 0,4 M1 Boabl. PeakiinoHHy0 cMech epeMenTuBatoT MPH KOMHATHOM
TeMIIepaType B TeUeHue 2 4, GUIBTPYIOT U YIIapUBAIOT QHUIBTPAT B BaKyyMe MpH TeMreparype He Bbitie 40 °C.
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K ocrarky n100aBustoT 5 MiT BOABI M 9KCTPATUPYIOT MMOMYYCHHBIA PACTBOP TUITHIIOBBIM 3dupom (3 x 20 mur).
DKCTpaKT cyliat HaJl Cyab(aToM HaTPHsl M yIapUBalOT pacTBOpHUTEINb B BakyyMe. [lomyuaror 1,73 1 (90 %) cme-
cu m3omepoB 10e B Bite Gi1eHO-KeTOi Bst3Koit skumkocth. Criextp SIMP 'H, 8, . 1. ((CD4),CO): 2,29 (c, 3H,
CH,;, NZ—I/I3OMep), 2,31 (c,3H, CH;, Nl—I/I3OMep), 2,36 (an, 1H, CH,0, NZ—I/I30Mep), 2,56 (an, 1H, CH,0, N'-u30-
mep), 2,65 (ax, 1H, CH,O, N*-m3omep), 2,79 (n1, 3H, CH,, N'-m3omep), 2,86-2,88 (M, 1H, CH, N*-u30mep),
3,34-3,37 (m, 1H, CH, Nl-I/I3OMep), 3,86 (nn, 1H, CH,, NZ—I/ISOMep), 4,01 (nn, 1H, CH,, N2—I/I30Mep), 4,68 (mn,
1H, CH,, N'-m30mep), 7,04-7,80 (M, 8H, Ar, cmech u3omepos). Crexrp SIMP °C, 8, m. 1. 22,0, 22,1, 46,5,
46,6, 50,5, 50,7, 51,0, 56,4, 124,6, 125,1, 128,4, 128,5, 129,1, 129,5, 130,4, 130,8, 131,1, 131,2, 131,9, 132,1,
132,2,132,3, 132,4, 132,5, 133,2, 133,4, 138,1, 138.3, 139,6, 139,8, 143,8, 144,0, 156,8, 167,2.

5-(Oxcupan-2-unmetui)-2-metmiarerpasod (12). K pacreopy 0,425 1 1 (0,003 83 mMoiib) S-BUHHI-2-METHII-
terpazona (11) B cmecu 20 mi Boasl u 10 Mt mpem-OyTaHona mpu KOMHATHON TeMIieparype HeOOIbIIIMH
nopiusiMu B Tedenue 5 mun go6asisitot 0,751 1 (0,004 22 monp) N-OpoMcykunHUMEIA. PeakiimonHyo cMech
nepeMentuBaroT pu temmeparype 40 °C B reuenue 1 4, 3aTem oxnaxaatot 10 5 °C, nobasisttor pacteop 0,46 T
(0,011 5 monp) TuapOKCHIA HATPHS B 5 MJT BOABI M repeMernBaroT emie 1 4. [lonydeHHslii pacTBOp IKCTparu-
pytot xsopodopmom (3 x 15 mir). OpraHudecKuii CI0H cymiaT HaJ| cyabharoM Maraus, GUIBTPYIOT U OTTOHSI-
10T xsopodopm B Bakyyme. [Tomyuator 0,248 51 (51,1 %) coenunenust 12 B BUJie CBETI0-OPaHIKEBOM BSI3KON
xuakoctu. Crnekrp AMP 1H, 8, M. 11. ((CD4),S0): 3,24-3,34 (M, 2H, CH,), 4,24-4,25 (1, 1H, CH), 4,36 (c, 3H,
CH,). Criextp SIMP °C, 8, m. 11.: 39,5 (CH,), 43,5 (CH,), 47,3 (CH), 162,9 (Tz).

JnokcuaupoBanue 1-amauiarerpasoa (13). B cmecu, cocrosiueit u3z 20 M mpem-0yranona u 40 M1 BOIbl,
pactBopsitoT 1 1 (0,009 Monp) 1-ammunrerpasona. K momydennomy pactBopy mpodasisirot 2,08 r (0,012 Moib)
N-6pomcyknuHnMuaa. Peakimonnyro cMech nepeMennBaioT npu temmeparype 60 °C B Teuenue 2 4, 3aTeM
oxyaxkaarot 10 5 °C, nobasisttot pactBop 1,08 r (0,027 Mois) ruapokcuna HaTpus B 10 M1 BOIBI U IIEpEMEIIIBa-
1ot emge 1 u. [To okoHYaHUM Mporecca peakMOHHYI0 CMECh IKCTPAarupyroT Xjaopopopmom (3 x 20 Mi1), IKCTPaKT
CyImIar HaJ cyabhaToM Maraus, QHIBTPYIOT U yIIapuBaroT GIIIETpaT B Bakyyme. [lomydator 0,98 r cBeTmo-kenToi
KHUJKOCTH, KOTOpasi COTIacHO TaHHBIM criekTpockonuu AMP coxepxut 75 % 1-(okcupaH-2-MIMETHI)TETpa3o-
na (14) u 25 % ucxomnoro 1-ammrerpasona (13). Ciextp SIMP 'H, 8, m. . ((CDy),S0O): 2,60-2,61 (M, 1H,
CH,0), 2,85-2,86 (M, 1H, CH,0), 3,43-3,46 (m, 1H, CHO), 4,50-4,54 (M, 1H, CH,), 4,87-4,91 (M, 1H, CH,),
9,41 (c, 1H, HC, )". Criexrp SIMP 1°C, 8, m. 1.: 44,9, 49,1, 49,4, 144,3%.

apoM

Pe3yabTarhl 1 HX 00Cy:KIeHHE

W3BecTHO, 4TO YIOOHBIM U IMUPOKO HCIOIB3YEMbIM B OPraHHYECKONH XUMHH CIIOCOOOM (OPMHPOBAHUS
AMOKCHTHOTO ITUKJIA SIBJISETCS BHYTPUMOJIEKYIISIpHAS [TUKIM3AIMsI TaJOTCHTHAPUHOB 110 BUIbsIMCOHY B TIpH-
CYTCTBUH OcHOBaHul [36] (puc. 1).

. _©

Puc. 1. Mexanu3m BHYTPUMOJICKYJISIPHOW [IUKJIM3AIMU TaJIOT€HTUAPUHOB

Fig. 1. Mechanism of intramolecular cyclisation of halohydrins

HcxonHple raloreHruApuHBl MOTYT OBITH ITOYYEHBI PA3TUMYHBIMEI CIIOCOO0aMHU, Cpeld KOTOPBIX Hamboee
pacrpoCTpaHEHHBIMU SIBIISIOTCS aIKWINPOBAHNE apOMaTHUECKUX HITH alu(aTnuecKkux cyocTparos 1-ranoreH-
2,3-3MOKCcHUIIponIaHaMHu B 00paboTKa aimkeHoB N-rajoreHCyKImHUMuIaMu [36]. B pamkax HacTosmeir paboTh
M3y4eHa BO3MOKHOCTb UCTIONB30BAHUSI 3THX TTOIXOIO0B JUISl OJyYESHUsI TETPA30JICOAEPKAIINX aJIOreHTHIPUHOB
Y TIpeBpaIlleHus TIOIYISHHBIX COSAMHEHNH B COOTBETCTBYIOIINE SITOKCH/IBI.

B pe3synbrare nzyueHus npoueccoB ankuiupoBanus NH-He3aMenIeHHBIX TETPa30IoB dSIUXJIOPTHIPUHOM
YCTaHOBJIEHO, YTO peaKLus M IKo poTekaeT B npucyTcTun ocHoBanuil (Et;N, NaOH, K,CO;) ¢ o6pa3zoBanu-
€M cMecH U30MepHBIX 1-x1op-3-(5-R-terpazon-2-un)nponan-2-om08 (2) u 1-xmop-3-(5-R-terpazon-1-um)mpo-
naH-2-07108B (3). Crexyer OTMETUTh, YTO TPHU 3TOM B 3aMETHBIX KOJMYECTBAX 00pa3yroTcs Ouc-TeTpa3oiuii-
MPOTIaHOJBI (4) — TPOAYKTHI JIKWIUPOBAHMUS UCXOTHBIX TETPA30JIOB IIETIEBBIMH XJIOPTUAPHHAMHE. Peakius mpo-
TEKaeT P KOMHATHOH TeMITeparype ¢ CyMMapHBIM BBIXOJIOM IPOAYKTOB askuiupoBarus oomnee 90 % (puc. 2).

[Mockonbky ankuiupoBanue NH-He3aMeNmeHHBIX TETPA30JI0B SMUXIOPTUAPHHOM B YCIOBHIX OCHOBHOTO
KaTaJn3a CONPOBOXKAACTCS 00pa30BaHUEM OUC-TETPA3OIUIIPONAHOIIOB (4), HATMYHE KOTOPBIX B PEAKLIMOHHON

1
[IpuBeneHbI TOTBKO CUTHAIIBI, OTHOCSIIHECS K 1-(OKcupaH-2-miMeTH)TeTpasony (14).
2Cwm. ipumen. 1.
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CMECH CYIIECTBEHHO 3aTPYIHSCT BBIJICIICHIE U OYHCTKY LIEJIEBBIX XJIOPTHIPUHOB, HAMH OCYIIECTBIICH TIOMCK
YCIIOBUHM MPOBEJICHUS ATON PEaKIuK, HCKIFOYAIONINX MOJTy4YeHHe TTOOOUHBIX MPOAYKTOB. B pesynbrare ObL10
00HapyKEHO, YTO PeaKkIus MPOTEKAEeT 1 0e3 KaTaTUTHYECKOTO JICHCTBHSI OCHOBAHWI MPH MCIIOIH30BAHIH J1TH-
XJIOPTUAPUHA KaK B Ka4eCTBE pearcHTa, Tak U B KauecTBe pacTBoputelisi. [Ipu aToM 0Opa3oBaHus MOOOYHBIX
OUC-TIPOITyKTOB HE HAOJIOATOCH, a IIeJIeBbIe CMECH M30MEPHBIX XJIOPTHIPHHOB, KaK U B IIPUCYTCTBUH OCHO-
BaHUi1, ObUIN BBIAETICHBI ¢ BBIXOAOM Ooisiee 90 % (cM. puc. 2). Borienuts HHANBUAYaTbHBIE COSTUHEHNS U3
MOJTYYEHHBIX CMecel XJIOPTHIPHHOB CTAHJAPTHBIMH METOJIAMU OPTaHMYECKON XMMHUU HE YIacTCsl.

H < 3c—3e R
N o & 2¢—2e
R N
;o
N—N R
cl
la-1e 7 R
NN =N
R = H (@), -Bu (b), 2-Py (), (S N
+ N7
4\ N
N=\
OH
OH
cl cl
2a —2c, 2e 3a—3c, 3e

Puc. 2. Cxema ankunpoBanusi NH-He3aMeIIeHHBIX TETPA30JIOB AUXJIOPTHIPUHOM
Fig. 2. Scheme for alkylation of NH-unsubstituted tetrazoles with epichlorohydrine

B ananornuHeix YCIIOBUAX B PCAKIUIO AJIKWIIMPOBAHUA STUXJIOPIrUAPUHOM BCTYHNAIOT U 1-3aMeIlICHHI)Ie
S-mepkanTorerpa3onsl. [1pu 3ToM, Kak 1oka3aHo Ha npumMepe 1-heHun-5-mepkanrorerpasona (5) u 1-ammui-5-
MepKanToTeTpaszona (7), peakius IpoTeKaeT M0 THOIHHOU TPYIINE, TPUBOMIS K IOJIYICHHIO COOTBETCTBYIOIINX
WHJIMBUIYaIIbHBIX XJIOPTUAPUHOB 6 U 8 ¢ MpaKTUYECKH KOJIMYEeCTBEHHBIM BBIXOIOM (pHc. 3). OOpa3oBaHUsI
OuC-TIPOJIYKTOB B MpoOIIecce He HAOII0IaeTCsl.

HS
= BN
t
N A _ BN NN
N cl aIeToH //\ N
./
c1/\/\s N
S OH
6
HS.
= \N . 0] N/I\{\
—_—
N\N// %Cl /K N
P 7 OH
8

Puc. 3. Cxemsl ankuimpoBanus 1-deHnn-5-Mepkantorerpasona
u l-anmuii-5-MepkanToTeTpasoia AMUXJIOPTHIPHHOM

Fig. 3. Schemes for the alkylation of 1-phenyl-5-mercaptotetrazole
and 1-allyl-5-mercaptotetrazole with epichlorohydrine
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[TosmyuenHsle TeTpazoycoaepKaine XJIOPTHIPUHBI IPU JSHCTBUHN IIIEIOYHU C BHICOKMMH BBIXOJIaMH TTPEBpa-
IIAIOTCS B COOTBETCTBYIOIINE AMOKCUABI (pHc. 4). IIpu 3ToM BBeZieHNE B PEAKIINIO CMeCcel M30MEPHBIX TeTpa-
30JICO/IEPIKAIINX XJIOPTHAPUHOB MIPUBOIUT K TOIYUYEHHIO COOTBETCTBYIOIINX CMECel SMOKCHI0B. M3MeHeHus
KOJIMYECTBEHHOI'O COOTHOLLICHUSI U30MEPOB B IIPOLIECCE PEaKIMU He HaOIonaeTcsl.

TTo
c1/\/\s N
OH 8
N—\
R—< \ OH KOH N
N"N cl TT'® unu aeton

Cwmech nzomepos 2a, 2b, 2e u 3a, 3b, 3e Cwmecsb nsomepos 10a, 10b, 10e

R = H (a), -Bu (b), CH, (e)

Puc. 4. CxeMbl cuHTE3a TETPA30JICOACPIKALINX ITOKCUIOB
Fig. 4. Schemes for the synthesis of tetrazole-containing epoxides

[TockonbKy OAHUM U3 METOMIOB IMOJIYYEHUS TAJIOTCHTUIPUHOB SIBJISIETCS TUAPOKCUTaJIOreHUPOBAHUE He-
MpenenbHbIX coeauHennit [36; 37], aTOT moaxon ObUT MCIONB30BaH HAMU ISl NIPEBPAICHUS S5-BUHUI-2-
metmirerpazona (11) u 1-ammunrerpaszona (13) B cooTBeTCTBYOIIME SMTOKCH LI, Ha rmepBoii craguu npoiiecca
u3 coequnaenuii 11 u 13 gevictBreM N-OpOMCYKITMHUMU/IA OCYIIECTBICH CHHTE3 TETPa30JICOACPIKAIINX TaIOTeH-
THJIPUHOB, KOTOPBIE 0€3 BBIJEIICHHS 13 PEAKIIMOHHOW CMECH TIOIBEPTaJICh BHY TPUMOJIEKYIIIPHOHN IIUKIIA3AIUH.
Taxkum 0Opa3zoM ObLTH MOTy4YeHbI OKcupanbl 12 1 14 ¢ y1oBIeTBOPUTEIBHBIMU BBIXOJaMU (pHC. 5).

- Br _ o
HO
=
z
z N N
NE R \
\{ = 2
/ 1 NBS : / : NaOH
l‘-BuOH/HZO Br N—N
Y P
N > \N
N OH
N (0)
N 14
N
| ¢
N—N

Puc. 5. Cxema cunTe3a Terpazoiicoepxaiiux snokcuos 12 u 14
Fig. 5. Scheme for the synthesis of tetrazole-containing epoxides 12 and 14

3akjouyenue

PazpaboTaHbl MOJXOIBI K CHHTE3Y IMPOKOTO KPYTa TETPa30sIcoeprKallnux dSNoKcHI0B. [TokazaHo, 4To ymno0-
HBIM METOJIOM WX IONYYCHUS SIBISETCS ankumupoBanne NH-He3aMelneHHbIX TETPa3oioB U 1-3aMeNeHHbBIX
S5-MepKanToTeTpa3oyioB AMUXIOPTHIPUHOM C MOCIESTYIONIMM JIETUAPOXIOPUPOBAHUEM 00PA3YIONIUXCS XJIOP-
THJIPUHOB. YCTAHOBIIEHO, YTO PEaKIus alIKWIMPOBAaHUS ¢ BbIxomoM Oomee 90 % mpoTekaeT Kak B MPUCYTCTBUN
OCHOBaHMI B Ka4eCTBE KaTajan3aropa, TaK U B UX OTCYTCTBHE MPH HCIOIb30BAHUHM U30BITOYHOTO KOJINYECTBA
snmxyopruapuHa. [Ipu aToM Gosee MpeArnoYTUTENbHBIM B TUIaHE 00pa30BaHMsI IIOOOYHBIX MTPOIYKTOB SIBISICTCS
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NPOBEJICHUE ATKIINPOBAHHUS SITUXJIOPTUIIPUHOM B OTCYTCTBHE OCHOBAaHHH B KadecTBe Karanu3aropa. Hempeners-
HbIE TPYIITIHI B BAHWIIBHBIX M aJUTHIIBHBIX 3aMECTUTEISIX B TETPA30JILHOM IIUKIIE MOTYT OBITh TPaHC(OPMUPOBAHEI
B TMIOKCH/IHBIE TPYTIIBI IeficTBHEM N-OpOMCYKITMHUMU/IA C ITOCIIENYIOIINM AETHIPOOPOMUPOBAHNEM TIPOMEXKY -
TOYHO 00pa3yIoNMXcsi OpOMIHAPHHOB.
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OF TITANIUM DIOXIDE — NICKEL HETEROPOLYMOLYBDATE
AND TITANIUM DIOXIDE — MOLYBDENUM TRIOXIDE
COATINGS UNDER NATURAL LIGHTING CONDITIONS
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Abstract. It has been shown that in passing from bare titania-based thin-film photocatalysts to photacatalytic coatings
based on TiO,: N1M06024H and TiO,/MoO, comp051tes the oxidation activity exhibits 9-fold increase under conditions
of the long-term (10 days) illumination with solar light in the day-to-night cycle. The observed effect results from the
increased photocharge separation efficiency at the heterojunctions, as well as from the generation of peroxo species as
the oxidation agent capable to ensure the post-exposure oxidation at the photocatalyst surface.
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BBenenune

KoMOuHMpOBaHUE B paMKaX KOMIIO3UTHOTO (POTOKATATUTHUCCKOTO MTOKPBITHSI HAHOMCIICPCHOTO JHOKCHIA
TUTaHa Kak (POTOTCHEPUPYIOIICH COCTABIISIONICH U PEIOKC-aKTHBHBIX OKCOCOCIMHEHHH (TeTepOIIoIMMOIN0 1aTa
00 TPHOKCH 1A MOTHO/IeHa) KaK aKKyMYJIHPYIOIIET0 KOMIOHEHTa OTKPBIBAET BOSMOYKHOCTh HAKOTIJIIEHHUS (hOTO-
TeHEPUPOBAHHOTO 3apsi/ia, KOTOPbIH B TATbHEHIIIEM HHIIYITUPYET 00pa3oBaHUe MEPOKCHIA BOIOPO/IA B POIIeccax
OITHOZJICKTPOHHOTO BOCCTAHOBJICHHSI MOJICKYJISIpHOTO Kuciopona [1; 2]. B pesynbrare HakoIIeHHS 3apsiaa Ha
TIOBEPXHOCTH OOITYYEHHOTO TeTEPOOKCHTHOTO (POTOKATAIN3ATOPA TIOSBIISETCS HABSICHHAS (T. €. IIPOSIBIISIOIIASICS
TIOCIIEe TTPEBAPUTENFHOTO SKCIIOHUPOBAHNS ) OKUCITUTEIhHAS 1 OMOIH/THAS AKTUBHOCTD, TPUYEM 3aMeICHHBIN
xapakrep renepanun H,O, MpUBOIUT K TOMY, UTO yKa3aHHAS aKTUBHOCTH COXPAHSIETCS B TCUCHNE AITUTEIBHOTO
BpemeHu (cBbiie 8 4 [3]). C omHOW CTOPOHBI, 3TO OTKPHIBAET BO3MOXKHOCTh CO3JIaHUs (DOTOOUOIMTHBIX IT0-
KPBITHI, 00T ar0INX TPOJIOHTUPOBAHHEIM JICHCTBUEM U COXPAHSIONINX MaTO(PH3HOIOTHICSCKYIO aKTHBHOCTh
B TEMHOBBIX YCJIIOBHSIX TIOCTIE TIPEABAPUTEIHLHOTO 00IydeHus [4], a ¢ Ipyroil CTOPOHBI, 00eCIIeunBaeT yCIOBUS
JUTSL TIOBBIIICHHUS OOIICH aKTUBHOCTH (DOTOKATATUTUYCCKOTO MOKPBITUS MPH HECTAIMOHAPHOM OOJIyUCHHH 3a
CUeT crocOOHOCTH YKa3aHHBIX (POTOKATATUTUYECKAX CUCTEM TPOSIBISITH «OTIIOKEHHYIO» OKHCIHTEIBHYIO aK-
THUBHOCTb.

Hacrosiiee nccrnenoBanie HanpaBieHO Ha YCTAHOBICHUE POJM aKKyMYJIHPYIOIIEH (YHKIINH, TPUCYIIEH
FeTEPOOKCHIHBIM KOMIIO3UTaM Ha OCHOBE JHMOKCH/A THTaHA, CIIOMCTBIX PEAOKC-aKTHMBHBIX OKCHUOB (B 4acT-
HOCTH, TeKkcaroHaiabHoro MoO,) u rereponoaumMonndaaTa HuKesns, B GOpMUPOBAHUHU UX (POTOOKUCIUTEIBHBIX
CBOMCTB ¥ CIIOCOOHOCTH K CAMOOYHIICHHUIO B YCJIOBHUSX €CTECTBEHHOTO (COTHEYHOT0) 00TyUeHHS TEPEMEHHOM
WHTEHCHUBHOCTH (ITUKJI JICHb — HOYB ).

MaTepHaJ'lbl U METOAbI UCCJICAOBAHUA

Hanonucnepcusiii TiO, B BUe BOZHOTO KOJUIOWAHOTO PACTBOPA ObLT CHHTE3UPOBAH METOIOM KOHTPOJIMPYEMO-
ro ruaponusa [5] myremM MeAIeHHOIo TUTPOBaHMs BOAHOTO pacTtBopa 2,5 Moib/1 TiCl, u 0,65 mons/n HCI (oxna-
xzeH 10 0 °C) pacrsopom NH,OH (12,5 %) B ycroBUsIX HHTEHCUBHOTO II€pEMELIMBaHUs 10 JocTkeHust pH 5.
Cpennuii pazmep nonmydenssix yactun TiO,, no ZIAHHbIM MIPOCBEYHBAIOIIEH 3JIEKTPOHHON MUKPOCKOITHH, COCTaB-
nsut 4 HM. [eTeporionumonnoaT HUKens N1M06024H (manee — Nil'TIM) ocaxnasics Ha IOBEPXHOCTh YACTHII
TiO, mytem agcopbunu B TeueHue cyTok u3 0,1 MoiIb/11 BOAHOTO pacTBOpa MpHU MEAJICHHOM HEepEeMELINBAHUH
C HoceayoIMUM (PUKCUPOBaHUEM Ha OKCHIHOM IOBEPXHOCTH 3a CUET IIEPEBOIAa B HEPACTBOPUMYIO LIMHKOBYIO
coJIb ocpencTBoM 00paboTku B pactBope ZnCl,.

JucnepcHblil TpOKcH MonHuOneHa (rekcaroHaabHasi MoIuUKaIys) ObUT TOIy4YeH C UCIOIb30BaHUEM
METO/1a TIOJTMKOHACHCAIIMOHHOTO cuHTe3a [6] myTem TepMooOpadoTku 0,5 MOIJIB/TT pacTBOpa MOINOIEHOBOMH
KHCIIOTHI (CHHTE3UpOBaHAa HOHOOOMEHHBIM MeTooM) Tipu Temmeparype 100 °C B Tedenue 4 MUH € TIOCIIETYIOIIAM
pa30aBiIeHUEM B COOTHOILICHUH | : 5 [71s TUCTIeprupoBaHmst 00pa3oBaBIICHCs OKCUAHON (a3bl ¢ popMHUPOBAHHEM
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OOJTBIIIOTO YHCIIa 3apOJIBIIIIEH, TOPAIMBAEMbIX 3aTeM 10 cpeiHero pazmepa 200 HM mocpeIcTBOM HHKYOUPOBAHUS
pactBopa mipu Temreparype 100 °C na mporsixenuu 4 4. [11eHouHbie hoTOKaTaIH3aTOPI OBUTH TIOTYYICHEI ITyiTh-
BepH3aIMel KomtonaHbIX pacTBopos Ti0,, TiO, : Nil'TIM u cmecu komutonnos TiO, u MoOj; (conepxanne MoO,
coctaBisuio 16 Mo %) Ha CTEKISTHHYO TIOJIOKKY, Harpetyro 1o 200 °C, ¢ mocnexytromtim nmporpesom mpu 400 °C.

HccnenoBanue poTokatanuTuyeckoi akrupHoctH mieHok TiO,, TiO, :NiI'TIM u TiO,/MoO; BbInonHs-
JIOCh B YCJIOBHSIX OOTYYEHUS COTHEYHBIM CBETOM NP YEPEAOBAHNN CBETOBBIX IMIEPHOJIOB JNTUTEIBHOCTHIO 1 4
Y TEMHOBBIX IIPOMEKYTKOB MPOJOKUTENBHOCTRIO 12 1 1 6osiee. OKUCINTENbHAS aKTUBHOCTD ONpeIeNsiach
0 CTETICHH JIeTPaJIalliy 30HJ0BOTO KpacuTtess (pogamMuH 6G), KOTOpBIH HAHOCHIICS Ha TIOBEPXHOCTH (DOTOKa-
TaIM3aToOpa W3 BOXHOTO PAacTBOpa B KomudecTse 2 - 10™° Monb/cM”. 3a H3MeHeHHEM MOBEPXHOCTHOI KOHIICH-
Tparyy KpacuTeNs CIEIIIN TyTeM n3Mepenus qud@ysHoro orpaxenus (R) Ha amuae BonHb! 530 HM; BeTMUUHA
OTpa)KCHUsI 3aTeM MePECUUTHIBANIACH B BETHMUNHY, TIPOITOPIIHOHATILHYIO TOBEPXHOCTHOH KoHIIeHTparwmu (1), mo
tdhopmyne Kybenku — Mynka [7]. @OTOITEKTPOXUMUYECKIE H3MEPECHISI BBITIOTHSUTUCH JIJIS TICHOYHBIX (hOTO-
karanuzaropoB TiO,, TiO, : Nil'TIM, TiO,/MoO;, HaHEeCEeHHBIX Ha HOBEPXHOCTb MPOBOAAIICH MIEHKH OKCHIA
WHJIMS 1 OJIOBA Ha CTEKIIE, C UCTIONIb30BaHKueM roreHirocTara Autolab PGSTAT204 (Metrohm Autolab, Hunep-
naHpl). ICTOYHUKOM W3ITydeHH s IPU 3TOM CITyKuiia JTuHus 365 uM pryTHO# nammsl Philips HPK 125W (Hu-
AepraHjbl). DIeKTpoxuMHudeckue cBoiicTa komnosutos TiO, : Nil'TIM u TiO,/MoO; nccnenoBaauch ¢ TOMOLIBIO
YTOJIBHOTO MAaCTOBOTO 3JIEKTPO/a, MPEACTABIABIIEro co00il cMech MUPOYIVIepoa U TUCIIEPCHOTO KOMITO3UTA
B cootHomenun 10 : 1 ¢ qo6aBkoi auOyTudTanara B kKauecTse miacTuukaropa. Bee moreHnmas nmpuBeieHbl
OTHOCHTEJIBHO HACBIIIIEHHOTO XJI0POCEPEOPSTHOTO 2IEKTPO/Ia CPAaBHEHHUS.

Pe3yabTarhbl 1 UX 00Cy:KIeHHE

Kunertnueckue KpuBble, IPeICTaBICHHBIE HA pUC. 1, CBUAETENBCTBYIOT O TOM, YTO B YCIOBUSIX €CTECTBEHHO-
ro oOnmy4eHust HaOmogaeTcst MeUICHHOE BhILBETaHKE ((POTOOKUCICHUE) 30HI0BOTO KPACHUTENISI HA TOBEPXHOCTH
mwieHok Ti0,, npuyem oblee najeHre NOBEPXHOCTHON KOHIIEHTPALNH ITOCIEAHETO 3a BCE BPEeMsl SKCIIEpPUMEHTa
MIPONOILKUTENFHOCTHIO 243 9 (TIpU 9TOM UTUTEILHOCTH CBETOBOTO OOTYUEHUS COCTABIISUIA S 1) HE MPeBbImaio 5 %.

Kaxk ciiegyert u3 puc. 2, Ha KOTOPOM IIPUBEIEHBI KHHETHYECKHE KPUBBIE, OTpasKalolIe MapluaIbHbIM BKIa
B olliee MajieHue MOBEPXHOCTHOW KOHLEHTpaUru pogaMuHa 6G CBETOBBIX M TEMHOBBIX BPEMEHHBIX MPOMe-
KYTKOB, HAOJTIOAAIOMIAsCS B XO/I€ SKCIIOHUPOBAHHS COJTHEYHBIM CBETOM JIETpaJalrs 30HI0BOIO KPACUTENS Ha
noBepxHocTu MieHoK TiO, cBsi3aHa ¢ IpsAMbIM (POTOOKUCIEHHEM KpacuTes (IIPOsIBJICHUI HaBeICHHOI OKUCIU-
TEJILHOW aKTMBHOCTH IIPH 3TOM He 3aUKCUpoBaHO). OTMETHM, YTO CPaBHUTEILHO HeOoMbast 3PPEeKTUBHOCTh
(boTOOKHUCIIEHNST KpAaCUTENS B Cllydae MCHONIb30BaHUs IIeHOK 110, 00ycioBieHa HU3KOM MHTEHCUBHOCTBIO
CBETOBOT0 00Ny4YeHus Ha mupote Pecnyonuku benapych B oceHHe-3UMHUE MEPUOJ U HE3HAYUTEIBHOM T0JeH
AKTHHUYHOTO YD-HM31IyueHHs B 00IEeM CBETOBOM MOTOKE.
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Bpems

Puc. 1. Kuneruka gerpagainuu pogamuHa 6G
B YCJIOBUSIX 0OJIy4eHUs MIEHOYHBIX poTokaTannzatopoB TiO, (1), TiO,: Nil'TIM (2),
TiO,/Mo0O; (3) CONHEYHBIM CBETOM NEPEMEHHONW MHTEHCHBHOCTH. BpeMeHHast 11Kaa HelTMHeiiHas.
TeMHOBBIE TIPOMEKYTKH BPEMEHH 0003HAUCHBI CEPIM 1[BETOM.
O0mas mpoaoKUTEIBHOCTD IKCTIEpHMEHTa 243 4

Fig. 1. The Rhodamine 6G degradation kinetics under illumination of TiO, (7),
TiO,:NiHPM (2), TiO,/MoO; (3) with solar light of variable intensity.
The time scale is non-linear. The dark periods are shown by gray colour.
The total length of the experiment was 243 h
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Puc. 2. OTHOCUTENBHOE N3MEHEHHE TIOBEPXHOCTHOW KOHIIEHTPAIMU pogaMuHa 6G
Ha CBETOBBIX (@) M TEMHOBBIX (0) BPEMEHHBIX ITPOMEKYTKaX Ha puc. 1
Ju1st eHouyHsIX (orokaranusaropos TiO, (1), TiO,: Nil'TIM (2), TiO,/MoO; (3)

Fig. 2. Relative change in the surface concentration of Rhodamine 6G
in the light () and dark () periods in fig. 1 for TiO, (7), TiO,:NiHPM (2),
TiO,/MoO; (3) thin-film photocatalysts

KomOuHnpoBaHue AMOKCHUATUTAHOBOTO (hOTOKATAIN3ATOPA C FeTEPONOIMMOINOIATOM HUKENS U TPHOK-
CHJIOM MOJHO/JeHA TeKCarOHAIBHON Moau(UKanui 00eCTIeunBaeT MOTyYeHHE TeTePOOKCHIHBIX CUCTEM, CIO-
COOHBIX HAaKarTUBaTh (POTOTCHEPUPOBAHHBIN 3apsia. Kak BUIHO U3 MOSPU3AIIMOHHBIX KPUBBIX, PUBEICHHBIX
Ha puc. 3, 3pPeKTUBHOCTH KaTOJHOTO BOCCTAHOBICHHUS (T. €. CIOCOOHOCTH K HAKOIJICHUIO 3apsijia) B Cllydyae
ucnosnb3oBanus komnosuta TiO,/MoO; oka3piBaeTCsi IPUMEPHO B 2 pa3a BBIIIE, YEM B CIIy4ae UCIIOIb30BAHUS
xommnosuta TiO, : Nil'TIM.

[Ipunanve MIEHOYHBIM TUOKCHATUTAHOBBIM (POTOKATATN3aTOPaM aKKyMYJIUPYIOIIUX CBOMCTB 3a CYET KOM-
ounuposanus TiO, (GpoToreHepupyolIas COCTaBIAIOMAs) C PEAOKC-aKTUBHBIM OKCHIOM CIIOUCTOTO CTPOCHHUS
(h-Mo0O;) mubo rerepononumonudaarom Nil'TIM npuBoauT k pe3koMy yBEINYEHHIO OKHCIUTEIBHOH cro-
COOHOCTH TICHOYHBIX (POTOKATAIM3ATOPOB B YCIOBUSAX OOMYUYCHHUS! COJTHEYHBIM CBETOM TEPEMEHHON UHTEH-
CHBHOCTH: CKOPOCTb J€CTpYKIUH popamuHa 6G B ciaydae ucnonb3oBanus mieHok TiO,: Nil'TIM Bo3pacraer
NpUOIU3UTENBHO B 5 pa3, a B caydae Hcnonb3oBaHus mieHok Ti0,/MoO, — Gonee uem B 9 pa3 (cm. puc. 1).
[Ipu 3TOM mapunanbHble KAHETHYECKUE KPUBBIC OKUCIICHNS 30HA0BOTO KPACUTEIS HEITOCPEICTBEHHO IPH 00-
JMy4eHUH (CM. pHUC. 2, @) U B TEMHOBBIX YCIOBHUSAX MOCIIE SKCIIOHUPOBAHUS (CM. pHC. 2, 6) CBHUICTEIbCTBYIOT
Kak 00 yBeIMYEHUH (POTOOKUCIUTEIBLHON CIOCOOHOCTH (JOTOKATATIM3ATOPOB, TAK U O MOSBICHUN HaBEICHHOM
OKHCJIMTEJIbHON aKTUBHOCTH, IPHUYEM TOCIEAHNN (PaKTOp BHOCUT CYIIECTBEHHBIN BKJIAJ B CHIKEHHE MTOBEPX-
HOCTHOM KOHIIEHTPAIMK 30HJ0BOTO KpacuTess (CM. puc. 2).
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Tok, MA/cMm

|
(o)
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0

0,5

[Torennman, B

Puc. 3. luknudeckue moasipu3alliOHHbIE KPUBbIE [Tl yTOJIBHOTO ITACTOBOTO JIEKTPO/A,
coaepxaero TiO, : Nil'TIM (/), TiO,/MoOs; (2). CxopocTs pa3epTku notenimana 20 MB/c.
Onexrponut — 0,1 mons/n H,SO,

Fig. 3. Cyclic voltamograms for carbon paste electrodes
containing TiO, : NiHPM (7), TiO,/MoO; (2). Potential scan rate is 20 mV/s.
Electrolyte — 0.1 mol/L H,SO,
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Hab6monaromuecs 0co0eHHOCTH (POTOKATATMTHYECKOTO MOBEAECHHS TeTepPOOKCHHBIX MeHok Ti0,/MoO,
u TiO, : NiI'TIM o06ycnoBneHs! feiicTBreM ciienyomux 1ByX (Gaktopos. C 0fHON CTOPOHBI, HEPEXO K FeTepo-
OKCHJIHBIM (DOTOKATAIM3aTOPaM CO3JIaeT YCIIOBHS JUIS JIATEPAIIbHOTO paszielieHus: (oToreHeprupoOBaHHBIX 3apsi-
JI0B 3a cueT 3axBara (oTod1ekTpoHos u3 TiO, dazoit ~--MoO, nmubo rerepononumonudarom. O MOBIIICHUH
3 PEKTUBHOCTH pa3ieieHus] POTOreHEPUPOBAHHBIX 3aPsIIOB CBUACTEILCTBYIOT PE3YIBTAThl (POTOIICKTPOXH-
MHYECKHX U3MEPEHHH: Kak BUIHO U3 puc. 4, nepexon ot mieHkH TiO, k menkam TiO, : Nil'TIM u TiO,/MoO,
COTIPOBOXKIACTCS pocTOM (POTOTOKA (B MOCIEAHEM clTydae Oojiee ueM B 2 paza).

C npyroii CTOpOHBI, ClIeICTBHEM 3axBaTa (poToaIeKTpoHOB (azoit 1-MoO, mu6o Nil' TIM sBistieTcst HakorIe-
HUeE 3aps/a B popMe BOCCTaHOBIICHHBIX cOcTostHUE Mo(V), criocOOHBIX B JaibHEHIIIEM OKHUCIISTHCS KUCIOPOJIOM
BO3IyXa C 00pa3oBaHUEM MepoKcocoenuueHui [1].

A Ti0,MoO,
i 4_+hvl

8 ? l 3
K
= ‘ 2
£ 1 i
9
g 4F
2
o -
S]

2_

0 Il 1 Il Il 1 Il 1 >

1 1
-0,2 0 0,2 0,4 0,6
ITorenmuan, B

Puc. 4. 3aBucumMocTh (HOTOTOKA OT MOTSHIHATA
Just eHo4yHbIX (oroxaranuszaropos TiO, (1), TiO,: Nil'TIM (2), TiO,/MoO; (3)
B pactBope 0,25 mons/n Na,SO, u 0,1 mons/n CH;COONa.
Ha Bpe3ske moka3ano m3MeHeHHe (GoToToka Bo Bpemenu s porokaranusaropos TiO, u TiO,/MoO,
Fig. 4. Dependence of photocurrent on potential
for TiO, (1), TiO, : NiHPM (2), TiO,/Mo0; (3) thin-film photocatalysts
in 0.25 mol/L Na,SO, and 0.1 mol/L CH;COONa. The time dependence of photocurrent
for TiO, and TiO,/MoOs is given in the insert

B oTnume oT KOPOTKOKUBYIINX THAPOKCHIIBHBIX PAAMKAJIOB U CYTIEPOKCHI-MOHOB, 00pa3yroIuXcsl Ha MO~
BepxHocTH TiO, pu 00JIydeHUN U OTBETCTBEHHBIX 32 €0 (POTOOKUCIUTENBHYIO aKTUBHOCTh (BpEMEHA KU3HU
panukanos OH u O, na nosepxnoctu TiO, coctaBnsioT 3 u 50 ¢ cOOTBETCTBEHHO [§]), TEPOKCOCOSTUHEHUS
OTHOCHUTEIILHO CTa0MIIBHBI M CIIOCOOHBI K TU(Qy3UH 110 OKCUIHOI MoBepXHOCTH. Bee 310 o0ecneunBaet 3¢-
(heKTHBHOE UCTIONB30BaHUE 3aPAI0B, TCHEPUPOBAHHBIX B (POTOKATATN3ATOPE, B PEAKIINN OKUCICHHUS aIcCOPOH-
POBaHHBIX OPTaHUUYECKUX coeAnHeHHH. Kak ciemyeT u3 pe3ynbraToB H3MEPEHHUS! KPaeBOTro yIiia CMauiBaHMs,
MPEACTABICHHBIX B TabIHIE, THAPOPUILHOCTD UCCIICTOBAHHBIX TUIGHOYHBIX (POTOKATANN3aTOPOB (a 3HAUMT,
U CIIOCOOHOCTH MOBEPXHOCTH COPOUPOBATH BOLY, YTO HEOOXOAMMO /sl PYHKIMOHHUPOBAHUS (OTOKATAIIUTHU-
4eCKOro NOKphITUs) CHIKaeTcs npu nepexope ot TiO, k TiO, : Nil'TIM u TiO,/MoO;.

3HayeHUd KPaeBoOro yrja cCMaYuBaHHs (BOASHAS KAILIs)
A1 I1eHok ¢orokaranuzaropos TiO,, TiO, : Nil'TIM, TiO,/MoO,
110 U 1ocJie 00/1y4eHust

The values of contact angle
for TiO,, TiO, : NiHPM, TiO,/Mo0O; thin-film photocatalysts
measured before and after illumination

Kpaepoii yros cmauuBanus, rpaj
dotokaranuzarop
Jlo obmy4eHust [Mocne oOmyueHns
TiO, 14 2
TiO,:NiI'TIM 25 15
Ti0,/MoO, 50 31
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CrenoBareinbHO, pOsib TaKuX (HaKTOPOB, Kak 00pa3oBaHKe B (DOTOKATAIUTHYECKOM ITpoliecce CTaOMIbHBIX
(hopM aKTHBHOTO KHCIIOPOJIa ¥ MIPUHYIUTEIFHOE pa3/ielieHre TeHePHPOBAHHBIX HEPABHOBECHBIX HOCHTEICH
3apsja ¢ y4aCTHEM CO3JIaBaeMbIX FETePOCTPYKTYP, OKa3bIBACTCS IOCTATOYHO OOJIBIION, YTOOBI 00ECIEUNTh
CYIIECTBEHHOE (MHOTOKPATHOE ) TIOBHIICHNE (DOTOKATATUTHYIECKON aKTHBHOCTH TP €CTECTBEHHOM OOTyUeHUH
[IepEeMEHHOM HHTEHCUBHOCTH, HECMOTPS Ha CHIDKEHUE CIIOCOOHOCTH IOBEPXHOCTH (DOTOKaTanu3aropa copoupo-
BaTb BOAY. B T0 )€ BpEMsI YMCHBIICHUC KPac€BOIro yrjiia M, COOTBETCTBCHHO, IMOBBLINICHUEC FI/IIIpO(bI/IHI)HOCTI/I,
HaOroaronIeecs B pesysabrare o0ydeHus (CM. TabIHILy), JOJDKHO CIIOCOOCTBOBATH BBHITTOTHEHHIO TUICHOYHBI-
MU (hoToKaTanIM3aTopamMu CBOMX (QyHKIMH. BMecTe ¢ TeM paciiupeHue crieKTpaibHoi 001acT (pOTOUyBCTBH-
TEJIBHOCTH TeTEPOOKCUIHOTO (OTOKATANIN3aTOPa B pe3ysbTaTe UCIoib30BaHusl MoO; ¢ MeHbLIeH MUPUHON
3anpelieHHol 30Hbl, ueM y TiO,, He ABIfeTcs CyIeCTBEHHBIM ()aKTOPOM, BIUSIOIIUM Ha aKTUBHOCTB (HOTO-
karanu3aropos Ti0,/MoO; B yCIIOBHAX COTHEUHOTO OOIy4€HHUs, IOCKOJIbKY COOCTBEHHAs (POTOKATAIUTHYECKAs
akTUBHOCTb M0Q;, Kak 10Ka3a/lu BbIIOJIHEHHbIE UCCIEA0BAHNS, OKa3bIBACTCA HA NOPAJOK MEHbIIIE TaKOBOM
B ClIy4a€ NpUMCHCHUA AUOKCHUA TUTAHA.

3akjaroueHmne

HpOBCI[CHHOC HCCJICAOBAHUC CBUACTCIBLCTBYCT O TOM, YTO KOM6I/IHI/Ip0BaHI/Ie B paMKax IreTepoOKCUIHOTO
(hoTOKATATUTHUECKOTO IMTOKPHITHS (DOTOTCHEPUPYIOIICH COCTABIIIONIEH (IMOKCHIa THTAHA) U PEIOKC-aKTHBHOTO
KoMIoHeHTa (A-MoO, nubo rereponoauMonnbdaaTa) AaeT BO3MOKHOCTD CYILECTBEHHO MOBBICUTH (DOTOOKHC-
JINTCJIbHYIO aKTUBHOCTD ITPU IMTPOAOIKUTCIIBHOM COJITHCYHOM OGHy‘IeHI/II/I HepeMeHHOﬁ MHTCHCHBHOCTH 34 CUECT
CO3JIaHUs YCIOBUH 17151 (HOTOTeHEPAIH AKTUBHBIX (POPM KHUCIOPO/a C BBICOKOH MPOJOIDKUTEIBHOCTBIO JKU3HH
(TIepoKcocoeTMHEHUH), KOTOPbIE HAYMHAIOT BBICTYINATh B KAY€CTBE OCHOBHOTO (DakTOpa, OTBETCTBEHHOTO 3a
OKHCJIMTEbHYIO0 aKTHBHOCTD (hOTOKATAIM3aTOPa B LIEJIOM. boubiioe Bpemst su3HU 1 U Gy3nOHHAS TTOJBIIK-
HOCTh yKa3aHHBIX COEAMHEHHH MO3BOJISIOT UM MPONOIDKATh OKUCIIATH aIcOPOUPOBAaHHBIE HA MOBEPXHOCTH
(hoTokaTamm3zaTOpa OPraHMIECKUE BEIIECTBA YKE ITOCTIE MpeKpareHus oorydeHus. Takum 00pa3om, HATHIHe
y dotokaranuszaropos TiO,/MoO; u TiO, : Nil'TIM akkymynupyromieil GpyHKIMN oOecrieunBaeT HHTErPUpPOBa-
HHE SHCPTHUKU CBETOBOI'O ITOTOKA B IMPOLECCE UBMCHCHU A €T0 NHTCHCUBHOCTH (B TOM YHUCJIC B TUKJIIC ICHDb — HO‘-II)).
PaccMOTpeHHBIH MOIX0/ K CCHCUOMTH3AIINYT TUICHOYHBIX (POTOKATATM3aTOPOB HA OCHOBE JIMOKCH1a THTAHA OT-
KPbIBA€T HOBBLIC BO3BMOXKXHOCTHU JIs1 CO3aHUA CaMOOYHIIAIOIINXCA U CaMOHC3I/IH(1)I/IIII/IpyIOHII/IXC$I MaTtepuaaos,
CIOCOOHBIX (PYHKIIMOHUPOBATH B YCIOBUSAX €CTECTBEHHOTO OOTyICHHUS.
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IKCTPAKIINAA KAHHABMHOWAOB T'EKCAHOM
N3 ITOASAPHBIX OPTAHUYECKHNX PACTBOPUTEAEUN
N NX CMECEHN C BOAOAU

0. H. MUXHIOK", C. M. IEIIEB®, M. ®. 3441%, /. C. KYITYEHA,
A.J1. HHKAHJPOBA", P. A. OPYEHKO”

DTocyoapemeennviii unemumym nosviwenus Keanuguxayuu
U nepenoo2omosKi Kaopog mamodcenuvix opeanos Pecnyoauxu benapyco,
yi. Moeunéeckas, 45/4, 220007, e. Munck, berapyco
2>Eezzopyccz<uﬁ 2ocyoapcmeennbwlil ynusepcumem, np. Hezasucumocmu, 4, 220030, e. Munck, Berapyco
Tocyoapcmeennviti komumem cyoebHwix skcnepmus Pecnyonuxu benapycs,
ya. Kanveapuiickas, 43, 220073, o. Munck, berapyco

Annomayus. DKCICPUMEHTAIBHO OMPEICICHbI KOHCTAHTBI PACHIPEACICHUS KaHHAOM N0, KaHHAOMHOIA U TeTpa-
THIPOKAaHHAOMHOJIA B CHCTEMaX TeKCaH — MOJISIPHBIC OPraHUYCCKHE PACTBOPUTENN (METAHOII, STAHOJ, TPOMUIICHIIIUKOIb,
STHIICHIIIUKOIb, TUATHICHIINKOIb, 2-METOKCUITAHOI, AUMETHIICYIb(QOKCH], TUMETHI()OPMAMUI, AlICTOHUTPIIT) ¥ TCKCAH —
BOJIHO-OpraHuyeckue cMecu. J[iist onpeneneHust KOHIICHTPAIUI BEIECTB B PACTBOPAX HCIIOIL30BAJICS METO]] ra30BOM
xpoMarorpaduu ¢ Macc-CreKTpPOMETPHUUECKUM JIETEeKTUpOBaHHEeM. Ha OCHOBaHUHM MOMYYEHHBIX JaHHBIX MPEIOKEHA
METOAMKA MPOOOIIOIrOTOBKH MIPU OMpe/IelIeHUH KAHHAOMHOUIOB B 00BEKTaX PACTUTEIBLHOTO MIPOUCXOKICHHUSL.

Knrwuegvie cnosa: KaHHa6I/IHOI/I)1LI; KOHCTAHTBI pacClpeacJI€HUsA; OKCTPAKITUOHHAA r[p060r[oar OTOBKaA,; ra3oBast XpoMaro-

rpadus; Macc-CleKTPOMETpPHSL.
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EXTRACTION OF CANNABINOIDS
BY HEXANE FROM POLAR ORGANIC SOLVENTS
AND THEIR MIXTURES WITH WATER
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Corresponding author: M. F. Zayats (mikhail zayats@tut.by)

Abstract. Distribution constants of cannabidiol, cannabinol and tetrahydrocannabinol in systems hexane — polar organic
solvents (methanol, ethanol, propylene glycol, ethylene glycol, diethylene glycol, 2-methoxyethanol, dimethyl sulfoxide,
dimethylformamide, acetonitrile) and hexane — aqueous organic mixtures were determined experimentally. Gas chroma-
tography with mass spectrometric detection was used to determine the concentrations of substances in solutions. Based on
the obtained data, a sample preparation technique for determining cannabinoids in objects of plant origin was proposed.

Keywords: cannabinoids; distribution constants; extraction sample preparation; gas chromatography; mass spectrometry.

BBeaenue

KaHHaOWHOUIBI TPECTABIISIOT COOOH TPYIITY IPUPOAHBIX COSTMHEHH, COACPIKAIIMXCS B PACTCHHSIX KO-
vorutH (Cannabis sativa). OMTHAME U3 CAMBIX H3BECTHBIX M 9aCTO BCTPEUAIOIINXCS KAHHAOMHOMIOB SIBJISTFOTCS
nensra-9-rerparuapokannadunon (TI'K), kannaduauon (KbJ1) n xkarnadburon (KBH).

B nacrosimee BpeMst HaOII01aeTCS YBEMMYCHUE KOJTUYECTBA TOBAPOB, COJEPIKAITUX KOHOTLITIO M HCIIOINb-
3YIOLIUXCS B HEJICTAJIBHBIX 1ISJIAX, & TAK)KE B KAUECTBE MUIIEBBIX MPOJYKTOB UJIH JICKAPCTBEHHBIX CPE/ICTB.
K Takum TOBapaM OTHOCST 4au, KOHIUTEPCKHUE U3/IENN s, alIKOTOJIbHbBIE U 0€3aJIKOTOJIbHBIC HATUTKH, Pa3Iny-
HBIC pACTUTENbHBIC Maciia ¢ J00aBKamMu KOHOILTH. J{J1s1 0OHapy»KEHUS B MX COCTaBe KAHHAOWHOUIOB OOBIYHO
WCTOIB3YIOT XpOMaTOorpapuuecKre MEeTO/IbI TIOCIIe MPeABapUTEIbHOM pobomoaroToBku. [Ipodomoaroroska,
KaK MPaBUJIo, 3aKJIFOYAETCS B OMTHOCTAAMITHON AKCTPAKIINA METAHOJIOM, STAHOJIOM JTUOO CMECHIO METaHOT —
xiopodopM (9 : 1 mo 00beMy) ¢ MOCIEAYIOMNUM (PYIIFTPOBAHIEM HIIH IEHTPUPYTHPOBAHHEM O€3 JIOTIOTHH-
TEJIbHON OYUCTKU IKCTPAKTOB [1].

CTOUT OTMETHTB, YTO MPH aHAIN3E IUPOKOTO KPyra pasHOOOpa3HbIX 00bEKTOB, TAKHX KaK PACTUTEIbHBIH
MarepHal Ml OMOJIOTHYeCKUe 00pasIibl, colepKaluX KaHHAOWHOUIBI, HEPEJKO BCTPEUAIOTCS MTPOOIEMEI,
CBSI3aHHBIE C TX MHOTOKOMITIOHEHTHBIM COCTaBOM. [lepexo B AKCTpareHT COBMECTHO C I1eJIEBEIMHA KOMITOHEH-
TaMHd MaTPUYHBIX BEMIECTB PA3IUIHON MPHUPOJBLI MPUBOANT K MOSBIECHUIO HA XPOMATOTPAMMax SKCTPAKTOB
OO0JIBIIIOTO KOJMYECTBA ITMKOB, 3aTPYTHSIONNX HHTEPIIPETAIINIO ITOTyYaeMbIX IAHHBIX, 2 HHOT/IA K OITHO0YHBIM
pesynbraram. Kpome Toro, Hainuuue TepMOHECTa0OMIBHBIX KOMIIOHEHTOB B OKCTPAKTaX BhI3bIBACT 3arpsI3HCHIE
y3JI0B XpoMarorpada u COKpalaeT Me>KCEpBUCHBIM HHTEPBAJ.

Hcxonst u3 BBIMIEU3I0KEHHOTO, JIJIST HAJICKHOTO XpOMATOTrpagruecKkoro onpeieicHus KaHHAOMHOUIOB
B CJIOXKHBIX MAaTPHUIIAX aKTyaJbHOM MpEeACTaBIICTCS pa3padoTka A(h(HEKTUBHBIX METOIOB IMPOOOIOATOTOBKH,
BKJTFOYAFOIIINX M3BJICUCHNE W KOHIICHTPUPOBAHNE aHAJMTOB U UX OT/EJICHHE OT MAaTPUIHBIX KOMITOHEHTOB. Kak
Mmoka3aHo B paboTax [2; 3], 1 BEIOOpa YCIOBUN 3KCTPAKIIMOHHOTO BBIJICIICHUS, Pa3/Ie]ICHUS U KOHIICHTPH-
POBaHMsI KOMIIOHEHTOB LI€71€CO00pa3HO HCI0Ib30BaTh KOHCTAHTHI M KOO (GUIIMEHTHI PACIPEACTICHUS LIEIEBhIX
KOMITOHCHTOB B Pa3JIMYHBIX AKCTPAKIIMOHHBIX cHcTeMaX. JIaHHBII MPUHIMIT MOXKET ObITh IPUMEHEH U MPHU
aHaJM3e CIOKHBIX 00BEKTOB Ha CoJiepKaHNe KaHHAOMHOMIOB.

Taxum 06pazom, 1eNbI0 HACTOSIIEH PabOTHI SIBISETCS ONMpeesieHue KOHCTAHT pacrpeiefeHrst KaHHaOu-
HOMJIOB M@Ky Te€KCAHOM U TIOJIIPHBIMU OPTaHHYECKUMHU PACTBOPUTEINSIMU U X CMECSIMH C BOJIOW IJIS paz-
paboTKH HOBBIX 3(h(hEKTUBHBIX METOIUK MPOOOIIOATOTOBKH IPH T'a30XpOMaTOrpapuuecKoM aHAIIN3e OOBEKTOB,
CozIep KaIuX KOHOILIIO.

BKCHepHMeHTaJIBHaﬂ HacTb

PeaxTuBbl. B xXone npoBeneHus ncciaeoBaHUN UCTIONB30BaIN OpPraHMYeCKUe PacTBOPUTENN — H-TeKCaH
KBaJTM(HUKAIINN «X. 9.», AallETOHUTPHI B MeTaHou KBanupukanuu «mst BOXX», mumernndopmamun (JIMDA)
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KBATH(DUKAIHHN «X. 4.», TuMeTHICYabPokcu (JJMCO), 3STHICHIINKONb, TPONUICHIINKONb, A THICHITTHKOIb
U 2-METOKCHATAHOJ KBATH(DHUKAITNH «4. 1. a.», 3TaHo (96 00. %), a Taxke kannadmaouasl — KbJ1, KbH, TT'K.
CrpykTypHbIe (pOpMYIIBI H3yUEHHBIX BEIIECTB MTOKa3aHbl Ha pHc. 1. Bee nccnenoBannbie kKaHHAOMHOU B! OBIITH
MIPEBAPUTENIHLHO U3BIICYEHBI B MUKPOKOJIMYECTBAX METOOM dSKCTpakiuH [1; 4] n3 00beKTOB, KOTOPHIE TTOCTY-
NI Ha OKCIIEPTH3Y B TAMOXKEHHYTO JIabopaTopuio [0Cy1apCcTBEHHOTO MHCTUTYTA MTOBBIICHHSI KBATU(UKAIINT
U TICPETIOITOTOBKH Ka/IPOB TAMOKEHHBIX OpranoB Pecriyonuku benapyce. JlenoHH3UpOBaHHYIO BOILY ITOTYYaiIH
¢ moMoIkio cucteMbl ounctku Boabl Milli-Q (Millipore, CILIA). B kauecTBe raza-HOCHTEINS JJIsl Ta30BOW Xpo-
marorpadun uctonszosanu reauii (000 «HUM KMy, Poccust) uucroroid 99,9999 %.

ala o/b 6/c

(1

Puc. 1. CtpykTypHBIC GOPMYIIBI UCCICIOBAHHBIX KAHHAOMHOMIOB:
a—KBJl; 6 — KbH; 6 — TTK
Fig. 1. Structural formulas of the studied cannabinoids:
a — cannabidiol; b — cannabinol; ¢ — tetrahydrocannabinol

Anmnaparypa. KoHlleHTpalun KaHHaOMHOMJIOB B PACTBOPax OMPENeNSIIH METOJOM T'a30BOM XpoMarorpa-
(hnm ¢ OMHOKBAAPYTOIBHBIM Macc-creKTpomeTprudeckuM aerektuposanneM (I'X-MC) na npubopax «Kpu-
cramt 5000.2» ¢ macc-cniekTpomeTpudeckum nerekropom (MCI) «Xpomarak» (3AO «CKb “Xpomarik™y, Poc-
cust) u Shimadzu GCMS-QP2010 Ultra (Shimadzu Corporation, Sinonuns). Paznenenne BemecTB OCYIIECTRISLTH
Ha KalMWUIIPHBIX KoMoHKaX AauHON 30 M ¢ BHyTpeHHHM nuameTrpom 0,25 MM M HaHECEHHOW HETOABMIKHON
(hazoit DB-5MS TtommmaOoK 0,25 MM (Agilent Technologies, CIIA).

YcaoBusi xpomaTtorpaguyeckoro pa3aesienusi U ieTeKTHPOBaHus. B ncrnapurens BBoaM 1 MK 00pasia
B pexuMe ¢ aenenneM notoka (1 : 40). Temmnepatypy ucnapurens noaaepkuBaiu noctosaHou (280 °C).

JluneitHasi CKOpOCTH Ta3a-HOCHTEN A cocTaBisiia 37,2 cm/c. Temmeparypy TepMocTaTa KOJIOHKH MOAAEPIKH-
Banu Ha ypoBHe 100 °C Ha mpOTSHKEHUH 2 MUH TOCTIe HHXKEKIHH, a 3aTeM nogaumai 10 300 °C co ckopocThio
20 °C/mMuH u BeIIEpKHBAIN B TeueHHe 28 MuH. TemmepaTypa JWHAM TIepeaadu Macc-IeTEKTOpa COCTaBIIS-
na 280 °C. JlanHble morydain B peskume morHoro norHoro Toka (TIC) B qmana3oHe OTHOIIEHUH MacCH K 3a-
psany (m/z) ot 33 mo 550 a. e. m.

Onpene.ﬂenne KOHCTAHT pacnpeacjacHus

KoHcranTsl pacnipeienieHnsi KaHHAOMHOH/IOB B 9KCTPAKIIMOHHBIX CHCTEMAaX reKCaH — BOJIa, TeKCaH — METaHOI,
TeKCaH — JTaHOJI, TeKCaH — aleTOHUTpwI, rekcad — JIM®DA, rekcan — JIMCO, rekcaH — dTHICHIIMKOIb, TeK-
CaH — MPOIUIICHIVIMKOIIb, TeKCaH — IUATHIICHTIIUKOJIb, FeKCaH — 2-METOKCHATAHOI OTPEICIISUTH TIPH TEMITEpaType
(20 + 1) °C u paBHOBECHO# KOHIEHTPAIMH KAHHAOMHOMIOB B OPraHMdeckoi paze or 10~ 10 107 Moms/mv’.
J171s1 5TOr0 TOTOBUITH PACTBOPBI HCCIICAYEMbIX KAHHAOMHOK/IOB B TeKCaHe. 3aTeM reKCaHOBBIE PACTBOPHI JI00ABIISLIIN
K BOJIC, TIOJIIPHBIM OPraHUYECKUM PACTBOPHUTEIISIM WIIM BOJTHO-OPIaHUYECKUM CMECSM M OCYIICCTBISIIA JKC-
TPaKIHIO MIepEMEIIMBAHAEM Ha POTAIIOHHOM MHKCEpE IIPU CKOPOCTH BpalieHust 35 00/MUH B TeueHUe 3—5 MHH.
Jiist Bcex DKCTPaKIIMOHHBIX CHCTEM, 32 UCKITFOYCHUEM CHUCTEMBI TeKCaH — BOJIA, TIPOBOJMIIN IPEIBAPUTEIHLHOE
B3auMHOE HachlileHue (as. CooTHolIeHue 00beMOB (ha3 BRIOUPAIN TAKMM 00pa30M, 4TOOBI U3 TEKCAHOBOM (ha3bl
yxoauso He MeHee 30 % MCXOHOTO KOJMYECTBA BEIIECTBA.

Metomom I' X-MC ananu3npoBaiIn HCXOTHBIE (IO SKCTPAKITAN) U pABHOBECHBIE (ITOCIIC DKCTPAKIINHT ) TEKCa-
HOBBIC PACTBOPBI, ONPECIISIIH IIOLIA/H [IMKOB HCCIICAOBAHHBIX BEIUECTB (S,y U Sy, COOTBETCTBEHHO). BBHY
JMHEHHOHN 3aBUCHMOCTH ILIOMIAJICH MMMKOB Ha XPOMAaTOTPaMMe IeJIEBBIX KOMITOHEHTOB OT MX KOHIICHTPAIUU
B TEKCAHOBBIX PACTBOpaxX P pacdyere KOHCTAHT pacrpejelicHus (P) B ypaBHEHHH HCIIOIb30BAIN TLIONIA M
MTUKOB BMECTO KOHIICHTPAIHMIA BEIIECTB!

P= SPaBH Vrlon
- B
Sncx - SpaBH VreKc

rae V. 4 V,,, — 00bEMBI pABHOBECHBIX T€KCAHOBOM U MOJIIPHON BOAHO-OPraHUYECKOM MM OpraHu4eckoil as
IIPU SKCTPAKIHUU COOTBETCTBEHHO.
Kaxnpiii pacTBOp BeliecTBa B opranuueckoi (aze xpomarorpadupoBain He MeHee ABYX pa3. Mcxons u3

NOJIYYCHHBIX PE3YJIbTATOB MapaUICIbHBIX OIIBITOB, 3HAYCHUC CTAHAAPTHOTO OTKJIIOHCHU A Prue IIPCBLIIIAIO 15 %.
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Pe3yJII)TaTbI H UX oﬁcymnelme

PaccuntanHbie 110 9KCIIEPUMEHTAILHBIM JIAHHBIM 3HaueHUs 1g P Mccie/J0BaHHBIX KaHHAOMHOUIOB MEKITY
TeKCAHOM U TMOJSIPHBIMHU PACTBOPHUTEIISIMHU, TEKCAHOM M BOJHO-OPTaHUYECKUMH CMECSIMH, & TAKXKe 3HAYCHUS
nHKpeMeHToB (/) merunenosoit (—CH,—), ¢enmibnoit (Ph—), runpokcunpHoit (— OH) u npocroii 3¢up-
HoU (— O—) Tpynn Uit 3TUX DKCTPAKIIMOHHBIX CHCTEM MPEJCTABICHBI B TaOuIe. BeTnInHb HHKPEMEHTOB
YKa3aHHBIX TPYIIIT IPUBEICHBI JJIS1 WILTFOCTPAIHH DKCTPAKIIHOHHBIX CBOMCTB N3yUYEHHBIX CHCTEM U O0BSICHEHUS
HaOJTI01aeMOT0 PKCTPAKIIHOHHOTO MTOBEICHUS HCCIICIOBAHHBIX BEIICCTB.

3nauenns IgP KB/l, KBH, TT'K, a Tak:ke 3HaueHHs] MHHKPeMEeHTOB MeTHJICHOBOH U ()YHKIIMOHAJIBHBIX FPyNI
B CHCTEMAX reKCaH — NOJIsIPHbIC PACTBOPHTE/IM H IeKCAH — BOJHO-OPraHUYeCKUe CMeCH

Values of Ig P of cannabidiol, cannabinol, tetrahydrocannabinol, as well as values of increments
of methylene and functional groups in the systems hexane — polar solvents and hexane — aqueous organic mixtures

Pacteopurenn Conepxanne ! leP
BoBL, 00.% | —CH,— | Ph— | —OH | —O— | KB] KBH TIK
Bona 100 0,63 2,0 -3,0 -0,8 >3.20 >3.20 >3.20
5 0,14 0,2 -1,8 -0,8 -0,94 -0,61 -0,55
Meraron 10 0,18 0,3 -2,1 -0,8 -0,63 -0,32 —-0,45
20 0,24 0,6 24 -1,0 -0,23 0,03 -0,21
40 0,33 1,2 -3,0 -1,3 0,56 0,30 0,42
10 0,11 0,3 -1,4 - -0,72 -0,43 -0,16
OrtaHon 20 0,14 0,5 -1,8 - —-0,47 -0,16 0,41
40 0,25 0,8 -2,3 - 0,45 0,72 >1,60
[TponuneHrIuKoIbL 0 0,23 - -2,2 - -0,62 -0,40 -0,27
DTUIEHTIINKOIb 0 0,27 0,67 -2,9 -0,6 0,46 0,54 0,96
JIMATUIICHTIINKOITh 0 0,20 0,2 2.4 -0,4 -1,26 -1,11 -0,39
2-MeTOKCHITAHOJ 0 0,09 0 -1,5 -0,2 -0,39 -0,21 -0,05
0 0,11 -0,3 -2,0 -0,3 -2,38 -1,58 -1,42
5 0,15 -0,2 -2,2 -0,5 -2,03 -1,37 —-0,96
JIM®A 10 0,19 -0,1 -2,3 -0,6 -1,82 -1,12 -0,76
20 0,25 0,2 -2,6 -0,6 -1,11 -0,49 -0,15
40 0,35 0,8 -2,8 -1,0 0,20 0,19 0,36
5 0,23 0,1 -2,6 -0,5 -1,98 -1,33 -0,75
10 0,25 0,2 2,7 -0,5 -1,69 —-0,93 -0,53
JAMCO
20 0,29 0,4 -2,8 -0,6 —-0,68 -0,22 0,02
40 0,40 1,1 -3,0 -1,0 0,66 0,71 0,41
0 0,13 -0,16 | -1,6 -0,4 -1,17 -1,08 -0,72
0,17 -0,1 -1,8 -0,5 -1,11 -0,96 -0,55
ALIETOHUTPHIT 10 0,19 0,01 -2,0 -0,5 -1,01 -0,81 -0,38
20 0,22 0,15 -2,1 -0,5 -0,79 —-0,56 -0,14
40 0,26 0,56 -2,3 -0,6 -0,23 -0,10 0,31

Ipumeuanus: 1. MTHKpeMeHTH METHICHOBOH M (DYHKIMOHAJIBHBIX TPYIIT JUISl HCCIIEAOBAaHHBIX CHCTEM PACTBOPUTEINEH B3SITHI
n3 pador [5; 6]. 2. [l cucTeM TeKcaH — BOJa U TeKCaH — BOAHO-AIlCTOHUTPHIIEHBIE CMECH NPHUBECHBI HHKPEMEHTHI THPOKCHITBHOM
U IIPOCTO# 3UPHOI Py, CBS3aHHBIX C (EHUIBHBIM PaJUKaIOM, Ul OCTAIBHBIX CHCTEM — HHKPEMEHTBI THIIPOKCUIIBHOM 1 TPOCTON
9(UpPHOH IpyIII, CBI3aHHBIX ¢ ATH(YATHISCKUM PaIHKAIOM.

U3 nipejicTaBIeHHBIX B TaONIHIIE 3HAYCHUN KOHCTAHT pacipe/ielieHHs] KAHHAOWHOU/IOB B CHCTEME TeKCaH —
BOZa BUJIHO, YTO OHU SBJISIOTCS TOCTATOYHO THAPOGHOOHBIME BemecTBaMU. JlaHHBIH (akT MOKHO OOBSICHUTE
3HAYUTENLHBIM MPEBBIINICHUEM BKJIaJ]a MACCUBHBIX THIPOPOOHBIX YIIIEBOJOPOIAHBIX PAJIUKAIOB B Jorapud-
MBI KOHCTaHT PACIIPEICIICHIS BEIISCTB 10 CPABHEHHIO C BKIIAIOM THAPOPMIBHBIX (— O — 1 — OH) rpymm,
BXOJISIIUX B MOJICKYJIbI KAHHAOMHOUIOB. B cilydae Korna rupOKCHIBHBIC U TIPOCThIC dQUPHBIC TPYIIIIHI,

56



OpurnHajibHble CTATHH
Original Papers

BXOJISIIIUE B MOJICKYJIbI KAHHAOWHOUJIOB, CBSI3aHBI C (PEHUIIBHBIM PaJIUKAIOM, 3HAYCHUSI UX HHKPEMEHTOB OY-
nyT Ha 0,2—1,4 equHUIEI O0JIee MTONOKUTEITFHBIMHU, YTO HAOMIOMAeTCS B CUCTEMax TeKCaH — BOJIa U TEKCaH —
BOJIHO-AIICTOHUTPUIIbHBIE cMecH [6—8]. JlaHHOE 00CTOSTEILCTBO OO0YCIIOBIUBACT €Ille OOJIBIIECE TOBBIIICHUE
TuAPOo(OOHOCTH UCCIICTIOBAHHBIX COCTHHEHHUH.

[Ipu 3ameHe BOABI Ha MOJSIPHBIE OPTaHUYECKUE PACTBOPUTEIH [TPOMCXOJUT OcIablIeHue coIbBaTallluy MO~
JSIPHBIX TPYII U PE3KO MaaaeT coabBOGOOHBIN dPPEKT MONIpHOH (a3bl, HA YTO YKA3bIBAIOT BEJIMYNHBI HH-
KPEMEHTOB METHJIEHOBOH M TUIPOKCHIIbHOM rpyni. [l0ckoIbKy H3y4eHHbIE BEIIeCTBA COACPKAT MACCHBHBIN
YIJIEBOJIOPOJHBIN paauKall M JHIIb JIBE€ TOJsipHbIe Tpymmnsl (1Be Tpynnsl — OH wnu rpynny —OH u rpyn-
my —O—), TO B pe3ysbTare 3aMeHbI BOJIbI Ha MOJISIPHBIE pAaCTBOPHUTEIH YMEHbBIIIEHHE COTbBOPOOHOTO 3(pdexra
NPEBOCXOAUT OcnabiIeHue CoIbBaTalluy MOJSIPHBIX TPYNIL. B HTOTE 3TO MPUBOAMT K PE3KOMY MaICHHIO KOHCTAHT
pacripe/iesieHus NCCIIeTOBaHHBIX BEIIECTB, JOXOAAIIEMY A0 5 1 Ooree torapu(MUIecKiX eANHNUI], KaK B CIydae
ucnonb3oBanus cucreM ¢ yaactueM JM®PA u IMCO. IIpu 3ToM BenuuuHbl g P 4acTo NPUHUMAIOT OTPHLIA-
TEJIbHBIC 3HAUCHUS, U MOSIBIISCTCS BO3MOXHOCTh KOJIMYECTBEHHOTO (>95 %) u3BJcUCHHsI KaHHAOWHOU/IOB U3
reKcaHa nmpu 3HadeHusx Ig P, menbimmx —1,28.

Haubonee pe3koe najieHre KOHCTAHT pacIpe/ie/iCHHs BEIIECTB HAOMIOIaeTCs PH Mepexozie oT Boas! kK JIMDA
u IMCO. DT0 00CTOATEIHCTBO CBSI3aHO C COBOKYITHOCTHIO (DaKTOPOB, OTINYAIOIINX JTaHHBIC YKCTPArcHTHI
OT JIpyT'HX OPraHUYECKUX PacTBOpPUTENEH, a UMEHHO MaJlol BEJIMUYMHONW MHKpEMEHTa METUIIEHOBOM TPYIIIEL,
6ompmum cpoactBoM MDA n JIMCO K rHApPOKCHUIBHBIM MTPOTOHAM, YTO MPOSBISIETCA B BHJE JOCTATOYHO
HU3KOTO WHKPEMEHTA TUPOKCUIILHOM I'PYTIIEI, a TAKXKe MaJIOH BEIMYMHON HHKpeMeHTa (PeHUITHHON TPYIIIIBI,
00YCIIOBJICHHOM MTPOSIBJICHUEM TT—TT-B3aUMOJICHCTBHSI C MOJIEKYJIaMH JIAHHBIX SKCTpareHToB. CIIUPTHI 3aHUMAIOT
MPOMEKYTOUHOE noJiokeHue mexny JAM®DA u Bonoil.

Kak ciexyet n3 Tabnuipl, NPaKTUUECKH ISl BCEX HCCIIEIOBAaHHBIX AKCTPAKLIIMOHHBIX CHCTEM BEJTMYMHBI KOH-
cTaHT pacupenenenus ymeHbmaroTcs B psay TT'K > KbBH > KB/1, 9to 00bscHsAeTCS CIIeAYIOMUMI TPUIHHAMI:

1) cHmxenneM rupodoOHOCTH MOJIeKybl ipu AeruapupoBannu. Tak, KBH conepxwur Ha 4eThipe aroma
Bojioponia MeHblne, ueM TI'K, uro paBHOCHIIBHO MenbIIel TuapododHocTH Monekynbl KBH, kak eciiu Ob1 oHa
cojiepalia Ha JIBeé METHIICHOBBIE TPYIITBI MeHbIIe, yeM Molekyiaa TI'K. AHanorndnbie sBIeHMs XapaKTepHBI
U JJI BEIIECTB APYTrUX KiaaccoB [2; 5; 6; §8];

2) boree HU3KUM HHKPEMEHTOM THAPOKCHIFHON TPYIIITHI IO CPABHEHHIO ¢ MHKPEMEHTOM TIPOCTOH 3(pupHOIA
IpyINIIBL, 4TO nposiBisieTcs B 6osee Hu3kux 3Hauenusx lg P (Kb/1) ornocurensuo 3nauenuii 1g P (TT'K). [Ipu atom,
BBH/Iy TOTO YTO Pa3HUIIA MKy HHKPEMEHTaMH IPOCTON 3(DMPHOI U THAPOKCUILHON TPy OOJNbIIE, YeM HH-
KPEMEHT JIBYX METHJICHOBBIX rpyn, BeanuuHsbl Ig P (KbJ]) Taxke menbine Benmmuns Ig P (KBH) npaktnyecku
BO BCEX PACCMOTPEHHBIX IKCTPAKIIMOHHBIX CUCTEMAX.

3a c4eT OTHOCHTEIBHO BBICOKOH BETMYMHBI MHKPEMEHTA METHICHOBOW TPy M HU3KUX KOHCTAHT pac-
npeaenenust AMCO spnsieTcst HanbOosnee 3PPEeKTUBHBIM U OJHOBPEMEHHO CEJIEKTUBHBIM PACTBOPHUTEIECM JIJIs
M3BJICYCHNS KAHHAOWHOWIOB M OTACNICHUS UX OT THAPOPOOHBIX MATPIUIHBIX KOMIIOHEHTOB MPH ITPOOOTIOATO-
TOBKE 00BEKTOB, COAIEpKAIIUX JaHHbIe aHAMUTHI. OHaKo B HacTosmel padore JIMCO, tak xe kak u J[IMDA,
HE MPUMEHSUICS I TPOOOTIOATOTOBKH BBUY TOTO, YTO 3TH PACTBOPUTENN HEOOXOAMMO MOJIHOCTHIO YIAJATh
U3 DKCTPAKTOB Mepej] ra30XpoMarorpaduuecKuM aHaII30M H3-32 BOBMOXKHON IIOPYH XpoMaTorpaduiecKoi
KOJIOHKH BCJICJICTBHE PACTBOPCHUS WJIM CMBIBAHUSI MU HETIOJBMKHOM *xuakor dasel. Ho Tak xak JIMCO
u JIM®DA SBIAIOTCS TPYTHOJCTYIHUMH, TO yAaJEeHUE WX yITapUBaHUEM 0€3 MOTEPH aHATUTOB MPEICTABIIS-
eTcd CIIOKHOM 3anauyeil. Vcronb30BaHUIO K€ SKCTPAKIUU F€KCAHOM I BBIIEJICHUS aHAJIIUTOB U3 HEJETY-
YUX PACTBOPHUTENICH MOCIE MPEABAPUTEILHOTO pa30aBIeHs BOJOW MOXKET MPEMsITCTBOBAaTh 00Opa3oBaHue
SMYIbCUH.

B cBoto ouepenpb, nprMeHeHHe TIMKOJIEH B Ka4eCTBE KCTPAreHTOB, TIOMUMO HX €Ille MEHbIIEH JIeTYy4eCTH,
3aTPYIHEHO BBICOKOH BS3KOCTHIO, UTO TPeOyeT yBEIMUEHHS BPEMEHU SKCTPAKIINH TPU W3BICUEHUH IEIEBBIX
COCAMHEHHH U3 aHAIM3UPYEMBIX 0OBEKTOB U MPUBOIMT K MEAJICHHOMY pasZieleHnIo (a3 mocie SKCTPaKItu.
C mpaxTHYeCcKOi TOUKH 3peHHS MPEANIOYTUTEThHEE HCIIOIh30BaTh JIETyUHe PACTBOPHUTENH, KOTOPHIE MOXKHO JIeT-
KO YIapHUTh IIPU HEBBICOKOH TEMIIEpaType, — alleTOHUTPHII WIIK METaHOJI. ALIETOHUTPHII 32 CUET OoJiee BBICOKOH
BEJIMYMHBI MHKPEMEHTa METHIICHOBOW I'PYIIIBI U €r0 allpOTOHHOTO XapakTepa sIBIsieTCst 0oiiee CeIEKTHBHBIM
pactBopuTeneM, ueM MeTaHou. [1o 3Tol mpudrHe aleTOHUTPUIIBHBIN SKCTPAKT OyZIeT ColepKarh 3HAYUTEITLHO
MEHbIIE pUMeced Kak ruapohoOHON, Tak U TUAPOOUIBHON MpUpoabl (OENKOB, YIIEBOAOB, aMUHOKHCIIOT,
JKUPOB | T. 11.).

Ha ocHoBe monmy4yeHHBIX JaHHBIX pa3paboTaHa cieqylonas MeTOMKa OlpeeieHNs] KAHHAOWHOUIOB B 00-
pastax pacTUTENBHOTO MPOUCXOKICHUS.

1. Ha maGoparopHbix Becax B3emuBaroT 0,2 T 00pasiia, coaepKaiiero npoayKThl KOHOTUIH.

2. O0pa3serr OMEIIAT B IPOOUPKY, TOOABIISIFOT 2 MJI alleTOHUTPHUIIA, & 3aT€M HArpeBarOT JI0 KUIICHUS Ha
CITUPTOBKE.

57



ZKypnaa Besopycckoro rocyiapcrseHHOro yuusepeurera. Xumus. 2024;2:53—-60
Journal of the Belarusian State University. Chemistry. 2024;2:53—60

3. [Tomy4eHHBIH SKCTPAKT OXJIAXKIAIOT, IEPEHOCST B IPYTYI0 MPOOUPKY ¥ TPOMBIBarOT 0,5 MJI TeKcaHa myTem
BCTpsAxuBaHus B TedeHue 30 ¢ st ynaneHust ruapodoOHbix npuMecei. IIpu 3Tom norepu kaHHaOMHOMIOB
B COOTBETCTBMHU C UX KOHCTAHTAMU pacipeziesieHus He IPeBbIaioT 5 %. ALlETOHUTPUIBHBIN CIION OTIENSIOT,
MEPEHOCAT B JPYTYI0 NPOOUPKY U YIIapUBarOT A0CYXa.

4. K cyxoMy ocTaTrky J00aBJISIFOT BOLY M T€KCaH B COOTHOILIECHUH | : | M SHEPTUYHO BCTPSIXUBAIOT B TEUCHUE
2-3 muH. B BoiHBIIN cIOH NepexoasT ruipouiibHbIe MATPHYHBIE KOMITOHEHTHI, & B TEKCAHOBBIH CJIOH KoJTn4e-
CTBEHHO HepexosT KaHHAOMHOUABI. | eKcaHOBBIN ol oTOMpatoT 1 aHanu3upyoT metogom ' X-MC.

JHannas Metoauka ObUTa anpoOUpoBaHa Ha TOBApe, 3asBJICHHOM KaK CMECh 3€JICHOTO Yasi U KOHOIUIH. JTa
CMECh IOCTYIMIIA HA SKCIEPTHU3Y B TAMOKEHHYIO J1aboparopuio 1'0cy1apcTBEHHOIO HHCTUTYTA ITOBBIILICHUS
KBaJM(UKAMK U TIEPETIOATOTOBKU KaJlpoB TAMOXXEHHBIX opranoB Pecnybnuku benapyce.

Jl1s1 CpaBHEHMS CTEIIEHU U3BJICUEHNUSI KAHHAOMHOMIOB U3 YIIOMSHYTOI'O BbIIIE 00BEKTa U OUMCTKU SKCTPaK-
TOB OT MaTPUYHBIX KOMIIOHEHTOB Obljla MPOBEACHA aHAJIOTMYHAS BBIICHU3IOKEHHOW MPOOONOATOTOBKA C HC-
TI0JIb30BaHKEM B KauecTBe dKCTparenTa 95 % (1mo 06bemMy) BOTHOTO pacTBOpa METAHOJIA BMECTO aIlleTOHUTPHIIA.
[TomyuenHbIE XpOMAaTOrpaMMBI IIPEICTABIECHBI HA PHC. 2.
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ALCTOHUTPUIIBHBIN SKCTPAKT MeTaHONIBHBLI SKCTPAKT

Puc. 2. HanoxxeHHbIE XpOMaTOIPaMMBbl aLlETOHUTPHIIEHOTO U METAaHOJIBHOTO AKCTPAKTOB
CMeCH 3€JIEHOT'0 4asi ¥ KOHOILIH J0 SKCTPAKIIMOHHOM OYHCTKH (d) U TTOCIIe OYHCTKH ¥ IIEPeBO/Ia aHAIIUTOB B TEKCAaH
0 pa3paboTaHHOI METOIUKE MIPOOOIIONATOTOBKH (0)

Fig. 2. Overlaid chromatograms of acetonitrile and methanol extracts
of a mixture of green tea and hemp before extraction purification (@) and after purification
and transfer of analytes to hexane using the developed sample preparation method (b)

U3 puc. 2, a, u puc. 3 BUIHO, YTO HUCXOTHBIA AllETOHUTPHIIBHBIA IKCTPAKT «UHIIEY» METAHOIBHOTO, XOTS
W W3BJIEKAET MEHbIIEC M3y4YEHHBIX KaHHAOWMHOUIO0B. METaHOoI SKCTparupyer OoJbIIe cMOJ, XJI0pOoQHIIIa, Mo-
JISIPHBIX OPTaHWYECKUX COSTUHEHNH U3 HCXOJHOTO 00pasiia, 4To MPOSBIISeTCS Ha XpoMaTorpaMMe B Bue Ooree
MHOTOYHCIICHHBIX 1 UHTCHCHUBHBIX MIMKOB MAaTPUYHBIX KOMIIOHEHTOB. OYUCTKA KCTPAKTOB IO MPEAT0KCHHON
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METOIMKE TPOOOTIOATOTOBKH C IIEPEBOIOM KAaHHAOMHOUIOB B TEKCAH MO3BOJISIET CHU3UTH YUCIIO M HHTEHCUBHOCTh
MMMKOB MaTPUYHBIX KOMITOHEHTOB Ha XpoMaTorpaMme (cM. puc. 2, 6). [Ipu aTom coxpaHsieTcs BO3MOXHOCTh aHa-
JTU3UPOBATh SKCTPAKTHI UCCIIEYEMBIX O0ObEKTOB Ha COIepKaHNe KaHHAOWHOUIOB.

ala o/b

Puc. 3. Dotorpadun aeTOHUTPHIBLHOTO (a)
U METaHOJILHOTO (0) SKCTPAKTOB aHAIU3UPYEMOTO 00BEKTA

Fig. 3. Photographs of acetonitrile (@)
and methanol (b) extracts of the analysed object

3ak/aoueHue

Takum 00pa3oM, MpeACTaBICHHAS METOIMKA POOOMOrOTOBKY MO3BONISET 3P (HEKTUBHO OYMCTUTD HUCCIIE-
JIOBaHHBIW PACTUTEIBHBIN 00pa3el] 0T MaTPHIIb, YTO MOKa3aHo Ha puc. 2. Ha nmepBom 3Tane mpoObonoAroToBKA
C MCIIOJIb30BAHUEM CUCTEM I'eKCaH — alleTOHUTPUJI WK TekcaH — 95 % (110 00beMy) BOJIHBIN paCTBOP METaHOJIA
oT/eIsIIoTCS THAPO(OOHBIE COeTMHEHHSI, KOTOPBIE IEPEXOIsT B FeKCAaHOBBIH cioil. Ha BropoM atane npowncxo-
JIUT OTAETICHHE THAPOPMIEHBIX COSTUHEHHH C TIOMOIIBIO0 CHCTEMBI TeKCaH — Bozia. PaspaboTannas MeTouKa Mo-
JKET MPUMEHSITHCSI TSl IPOOOIIOATOTOBKH PACTHUTEIILHBIX 00PA3IOB MPH aHATIM3E Ha COJIepyKaHNe KAHHAOWHOMIOB.

3Ha4YeHUsT KOHCTAHT pacipeielieH s, TOydYeHHbIE B JAHHOW paboTe, MOTYT OBITh UCTIONB30BaHBI [Tl pa3-
PpabOTKH METOJMK OIpEe/e/ICHUs] KAHHAOMHOUIOB M B JAPYTUX 00BEKTaX, COACPKAIIUX OOJBIIOE KOJTHIECTBO
JKUPOB U TUAPOPUIBHBIX TPUMECEH.
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AHAAN3 CITEKTPOB UK-ITOTAOIIEHNA
KETOMMUWHATA BAHAAW(III)
N ALIETUAALIETOHATOB BAHAAUS(ITI) 1 BAHAAVIAA

H. H. KOCTIOK", T. A. JTUK", A. P. [[BITAHOB?

YBenopycckuii 2ocyoapemeennviii ynusepcumem, np. Hesasucumocmu, 4, 220030, 2. Munck, Berapyce
benopyccruii 20cy0apcmeennvlil mexHOI02UYeCKUll YHugepcumenn,
ya. Ceeponosa, 13a, 220006, 2. Munck, Berapyco

Annomayua. MeTooM 371eKTPOXUMHUIECKOT0 cuHTe3a noydens! keronmunar Banaausa(11l) [V(CH;C(N)C(H)C(O)CH,),],
anerwianeronar BaHagua(I1l) [V(CH,;C(O)C(H)C(O)CH,),] n anerunaneronar Banaauiaa [ VO(CH,C(O)C(H)C(O)CH,),].
Ha ocnoBanuu nanHbix MK-CIIeKTPOCKONMY YCTAHOBJICHO, YTO B PE3YJIBTATe AIEKTPOJIN3a MPOU30NLUIO0 (POPMUPOBAHKE
KBa3MapOMATHIECKOTO METALIOIUKIIA — OCHOBHOTO CTPYKTYPHOTO 3JieMeHTa Xenara. [lepudepuiiHpie METUIbHBIE TPYIIITbI
KETOMMHUHATA U alETUIIAIIETOHA HE MOIBEPIIIKCH TPAHC(HOPMAIIMH [10]] BO3ICHCTBHEM TEKTPUUECKOTO TOKA.

Knrouesvie cnosa: anerunaneton; keroumuHar Bananus(I11); anermmaneronar sanamusa(I1l); aneTunaneTonar BaHa-
muna; xenat; UK-criektp; momoca moronieHusI.
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Abstract. Vanadium(I1I) ketiminate [ V(CH;C(N)C(H)C(O)CHy),], vanadium(I1I) acetylacetonate [ V(CH,C(O)C(H)C(O)CH,)5]
and vanadyl acetylacetonate [VO(CH,C(O)C(H)C(O)CH,),] were obtained by electrochemical synthesis. Based on IR spect-
roscopy data, it was established that as a result of electrolysis, the formation of a quasi-aromatic metallocycle, the main structural
element of the chelate, took place. The peripheral methyl groups of ketiminate and acetylacetone did not undergo transformation
under the influence of electric current.

Keywords: acetylacetone; vanadium(III) ketiminate; vanadium(III) acetylacetonate; vanadyl acetylacetonate; chelate;
IR spectrum; absorption band.

BBenenue

B HacTosiiee Bpemsi coeiMHEHHs BaHAAWsl IIMPOKO NPUMEHSIOTCS B IPOMBIIIJICHHOCTH B KQUu€CTBE JIETU-
PYIOLIMX KOMIIOHEHTOB U3HOCO- U KOPPO3HMOHHO-CTOMKHX CTajJel U CIUIaBOB, CIOCOOHBIX (YHKIIMOHUPOBATH
B arpecCHUBHBIX Cpelax, a TakKe MPH BBICOKHUX TeMIleparypax. B TeXHOIOrHsIX MOpOLIKOBON MeTauTyprun
BaHAJIN{ UCTIONB3YIOT JJII M3TOTOBJICHUS MOCTOSHHBIX MarHuToB. [locnennue aBa necsaTuiieTus B MeTal-
JyPrUYEeCKOH, CyI0CTPOUTEIbHON, aBTOMOOUIIBHOM, a9POKOCMUYECKON U XMMUYECKOI MPOMBILIIIEHHOCTH,
B SIIEPHOI DHEPIETUKE IPU U3TOTOBIEHUN KaTaIU3aTOPOB, aBTOHOMHBIX HCTOYHHUKOB 3JIEKTPOIUTAHNUS, CUCTEM
BEHTHISIIUH W OTOIUICHUSI U JAPYTHX M3JENIMA Bce OoJbliee MpUMEHEHnEe HaxoauT ¢onbra u3 BaHaaus [1].
Ucnonp3oBanue (ponbru u3 BaHAAMs MO3BOJISET B 3HAYUTEILHONW CTETIEHW YKOHOMHUTH 3TOT TOCTAaTOYHO J0-
POTrOCTOSIINN METaLI.

lopaszno GonbmMM MOTEHIHATIOM Ui SKOHOMHH BaHAIMs 00JaAaroT MJICHKU U HOKPBITHS, TOTyYCHHBIE
METOJIOM XMMHUYECKOTO OCaXICHHUsI U3 Ta30BoU a3kl (chemical vapor deposition, CVD). Jlns cunTe3a BaHa-
TUEBBIX IUIEHOK U MOKphITH CVD-MeTonoM paHee HCroib30BaliCa TaOTeHUIHO-BOIOPOAHBINA METOT pa3-
JIO)KEHUSI TIPU TEMIIEpaType UCHapeHus UCXOAHBIX rajnoreHu10B BaHaaus 600—900 °C u HarpeBe MOAN0XKKU
10 1100-1300 °C. B nacrositiee Bpemst 60Jiee NepCHeKTHBHBIM CYUTACTCS KapOOHMIIBHBIH METO Pa3IOKEHUS
¢ mpuMeHenueM BakyyMma (1-10 I1a). B xauectBe ucxomnsix BemecTB sl peanu3anun CVD-meTona mei-
TaJMCh TaKXKe MCITOJIb30BATh ITUKJIONEHTAINEeHINIbHBIE 1 OMCapeHoBbIe coeanHeHus BaHaausa. OIHaKko Bce
METO/IbI UMEIOT OIpeie/ICHHbIE HEAOCTAaTKH. Tak, IPH rajJoreHnHO-BOAOPOIHOM METOIE PAa3IOKCHUS U IPU
WCIOJIb30BAHNHN LIUKIIOTICHTAAMCHWIBHBIX U ONCAPEHOBBIX COCTMHEHH BaHAIUS BBIICIISIIOTCS arpecCUBHBIC
ras3sl (MO M MOJJOBOJIOPO/T), MPOAYKTHI MTMPOJIM3a IMKIIONEHTaANeHa, OeH30I1a, ToJIyona u p. B pesynbsrare
TEPMUYECKOTO Pa3NIOKEeHUsI KapOOHMIIOB BaHAIMS BBIIEISETCA TaKkkKe yrapHbIil ras. [IoKphITHS U MIIEHKH
13 METaJUINYEeCKOTO BaHaAusl, OJyUYCHHbIC JaHHBIMA METOJaMHM, COAEPKAT MPUMECH OKCUIOB U KapOUI0B
Meramia [2].

AJBTepHATUBHBIMU MIPEKYPCOPAMH JIJIs TOTYUYSHHs BaHA/IMEBBIX MJIEHOK M MOKpeITHit CVD-MeTonom sB-
nstoTCs B-nukeToHaTs! BaHanus [2; 3]. OHM CIOCOOHBI MEPEXOANTD B Ta30BYIO (ha3y MPH YMEPEHHO BBICOKHX
temneparypax (1o 300 °C) 6e3 pas3yioxKeHus, a TakKe HEUyBCTBUTEIbHBI (B OTIMYUE OT KapOOHUIIOB, LIUKIIO-
MEHTAIMECHUIIOB U OMCAapEHOBBIX COCMHEHMI BaHaAMs) K Biare Bo3ayxa. Kpome Toro, 3-A1nkeTOHATH BaHAIUS
WCIOJIB3YIOTCA B KaUeCTBE KaTaJu3aTopoB MpH MOJMMEpHU3alMK MpOMNHIeHa MPU HU3KUX TemIieparypax (1o
—65 °C) [4]. C ux MOMOIIBI0 TAKXKE MPOBOAT COIOIMMEPU3AIINIO THIICHA C TIPOTTHIICHOM.

OnaumMu u3 Hanbonee 3G HEeKTUBHBIX METOAOB HOIYyUYCHHUS 3-TUKETOHATOB IEPEXOAHBIX METAJIIOB SIBJISIOTCS
OJTHOCTaAMHHBIN 21EKTPOXUMHUUYECKUHN CUHTE3 [5; 6], TO3BOJSAIOININ TOJTy4aTh XEJIaThl METAJIJIOB BBICOKOH CTe-
MIEHU YUCTOTHI [5], 1 roModa3HbIil MeTO/, 0A3UPYIOLIHUIICS HA PeaKIMIX OOMEHA JTUTaHIaMH B pacTBOpax [2].
CuHTe3 B-IUKEeTOHATOB METAJNIOB METOIaMU OOMEHHBIX PEaKIfii B pacTBOpax TpeOyeT TOTMOTHUTEIbHON OUUCT-
KM LIEJIEBOTO MPOJYKTa: JINO0 MHOTOKPATHON MEPEKPUCTAIIIM3ALMN €T0 U3 OPraHUYECKUX PacTBOPUTEIICH,
160 BakyyMHOH cyOnuManuu [3], 4T0 3HaUNTENLHO CHHMYKAEeT BBIXOJ IIEJICBOrO MpOoAyKTa. B To ke Bpems
ANEKTPOXUMHUUECKUI METOJI CHHTE32 MO3BOJISIET MOTYYaTh [3-TUKETOHATHI IEPEXOAHBIX METAILIIOB C BBIXOJOM I10
Metamty 6osee 100 % u rapaHTHPOBAHHO BBICOKOM CTEIEHBIO YUCTOTHI [5—7]. OqHAKO TPUMEHEHHUE YIICKTPO-
JIM3a 1711 IOJTyYEHHSI XeNIaTOB IIEPEXOIHBIX METAJIJIOB TPEOYET MOBBILICHHOT'O KOHTPOJIS 38 COCTOSTHUEM JIMTaH-
na (B-AMKeToHa) B CBS3M C TEM, YTO IO XOAY IMPOBEIACHUS AIIEKTPOIM3a BO3MOXKHA TpaHchopManus JIUrania
KaK 3a CUCT BOBJICUCHUS B JIEKTPOIHU3 MepuEpUIHBIX TPy, TaK U 332 CYET OTLICTIIICHUSI BTOPOTO MPOTOHA
B Y-TIOJIOKCHHH C TIOCIICAYIOIICH qumepm3aiueii B-nukerona [8]. B kauecTBe KOHTPOIHLHOTO METO/IA HCCIIE0-
BaHMsI COCTOSIHUS JIMT'aHJja MOYKHO Hcnonb30BaTh MK-criekTpanbHblii METON aHaIN3a, TO3BOJISIFOLIUH I10TyYaTh
MCYEPIIBIBAIOILY0 HHPOPMALIUIO Kak 00 00pa30BaHUM KBa3HAPOMAaTHYECKOTO METAJIIOLHKIIA, TAK U O COCTOSIHUH
nepudepuitHpIxX rpynmn B-aukerona [9—14].

Lenpro HacToAIIEH pabOTHI ABISETCSA AIEKTPOXUMUUECKOE monrydeHue keronmunara Banaaua(lll) u ame-
TunaneronaroB BaHaaus(111) n Bananmia, a Takke UX AeTanbHOE HccaenoBanue MertoaoM MK-cnekrpockonuun
JUIs1 KOHTPOJIS IIpoLiecca KOMITJIEKCO00pa3oBaHus: POPMUPOBAHUSI OCHOBHOTO KOOPAMHAILIMOHHOTO Y312 KBa3H-
apOMaTHYeCKOT0 METAJIOUKIIA U COCTOSIHUS MepruepuiHBIX METUIIBHBIX TPYIII JIMTaHI0B.
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MaTepua.m,l U METOAbI UCCJICAOBAHUSA

B kadecTBe HCXOAHBIX JIMTAHZI0B UCIIONB30BAIMCh aleTunaneroH (2,4-nenranauon, Hacac, C;HgO,) u xero-
uMuHar (2-umuHo-4-nenranoH, Hkimi, CsHgON) komnanuiit Merk (I'epmanus) unu Aldrich Chemical (CILIA),
KOTOPBIE TIEPETOHSUTHCH HETIOCPEICTBEHHO TIepe/1 TPOBEACHNUEM DIIEKTPOIN3A.

IIpu cuntese amermnarneTonara u kerommunata Banagusa(lll) u anerunaneTonara BaHaauia B Ka4eCTBE
pacTBOpHUTENEH MPUMEHSITH JUCTHILTUPOBAHHYIO BOLY T OMTUCTHILIAT, alleTOHUTPUIT KBATH(DUKAIIAN « IS
xpomarorpadum», 0eH30JI H TUXIOPMETAH KBATH(PUKAIINH «4. 1. a.». ATIETOHUTPHUIT JOTMOTHATEFHO MePETOHSITH
HaJ[ OCYIIUTENSIMU HETIOCPEICTBEHHO TIEpe]] IKCIICPUMEHTOM.

DJEKTPOIN3 POBOAMIIN B Oe3aradparMeHHON 3JEKTPOXUMHUIECKON STYeKe TP TIOCTOSTHHOM TOKE OT CTa-
OMIIM3MPOBAHHOTO UCTOYHNKA ITUTAHUS B MHEPTHOM aTMochepe (aproH) wiu mpu 6apOoOTHPOBAHIH OCYIIICHHBEIM
BO3IyXOM B MOTCHIIMOMETPUUYECKOM PEKHUMeE Tpu HampspkeHun 3 B. B kaduecTBe anekTpoiuTa MCIOIb30Ball
pactBop 0,1 MoJIB/T OpOMHIa TETPAITUIIAMMOHHMS U | MOJIB/IT alleTHIIAIIeTOHA MJTH KETOMMHHATA B al[ETOHUTPHIIE.
AHOIIOM CITy’KnITa TIacTHHA U3 BaHaaus Mapku BHM-2 (urctora metaiia 6omee 99 %), kKaTooM — miacTiHa U3
Hukess. Temnepatypa anekTponuTa noaaepxkupaiacsk papaoi (40 £+ 0,5) °C ¢ momorisio Tepmoctara U-15 (I'ep-
manust). [lomyuennsie anermnaneronarsl Banaaus(11l) n Banaguna, a taxke keroumunar Banaaus(111) mocne
yHapuBaHUs HA POTOPHOM HCTIAPUTETIE PEAKIIMOHHOW CMECH IKCTPAarupoBaiii OEH30JI0M FITH CMEChI0 OEH30I1a
U JUXJIOPMETaHa B COOTHOMIIEHUH | : 1 ¥ MOBTOPHO MEPEKPUCTATIIU30BBIBATIN U3 JUXIIOPMETAHA.

UK-criexTpsl B uHTEpBae yactot 4000400 cM ' peructpuposamy Ha criektpoporomerpe Specord 751R
(Analytik Jena, I'epmanus). O6pasmpl TOTOBIIA B BHJIE Ta0JIETOK ¢ OPOMHIOM KajIus U CYCIICH3UN B Ba3eld-
HOBOM Mace.

Coneprxkanue BaHAJWs B TIOTYYCHHBIX COSAMHEHUSX ONPENCISUIA TPaBUMETPUICCKIM MeTooM. BecoBas
¢dopma — V,0,. AHanu3 Ha cofepkaHue yriepoaa 1 BoLopoaa ocyiecTsisuin o Merony IIpers. [lomydyenHbie
JIAaHHBIC IPUBE/ICHBI B TA0M. 1.

Ta6numa 1

Pe3yjbTaThl 3;71eMEHTHOI0 AHAJIN3A AlleTHJIALIETOHATA
u ketoumuHara BaHaausa(11l) u anermiianeronara Banaguia

Table 1

Results of elementary analysis of vanadium(III) acetylacetonate
and ketiminate and vanadyl acetylacetonate

Conepxanue V, % Conepxanue C, % Conepxanue H, %
dopmyna xenara | bpyTtro-popmyna
Haiineno Breruucneno Haiigeno Brruncneno Haiigeno Brruncneno
V(acac), VC,H,,0, 14,57 14,63 51,37 51,73 6,69 6,08
V(kimi), VC,5sH,,0;N; 14,84 14,88 52,48 52,64 6,31 6,18
VO(acac), VC,,H,,05 19,15 19,21 45,84 45,30 5,47 5,32

Pe3yJ'[I)TaTI)I H UX 06cyﬁc)1elme

B Tabn. 2 npencrasnensl 3HaueHus KoneOarenbHbIX YyacToT MK-ciekrpoB anerunaneronaros BaHanusi(111)
n BaHaiw1a. OTHECeHre HaOMFOAaeMBbIX TIOJIOC MTOTTIONICHHUS TPOBOAMIOCH HA OCHOBAHHH JTAHHBIX, H3I0KEHHBIX
B pacueTHbIX cTarbsx [9—13]. B pabote [ 13] Obu1a n3yueHa posiib KHHEMaTH4eCKUX (PakTOpOB B POPMUPOBAHUHT
BasleHTHBbIX Konebanuii v(CO) u v(CC),, B B-AMKETOHATHBIX KOMILIEKcaxX. B uacTHOCTH, MOKA3aHO, YTO YacTo-
Thl Konebanuii v(CC),, oka3aluch caabouyBCTBUTENBHBIMU K H3MEHEHUIO JUIMHBI KOOPJMHALIMOHHOH CBS3H
METaJUT — KUCJIOPOJ XelaTa. AHAJIOTUYHBIA Pe3yIbTaT MOIYUeH MPU UCCICTOBAaHUH YacToT Konebanuii v(CO).
YcTaHOBJIEHO, YTO HE U3MEHSIOTCS TaKKe 4acTOThl KojebaHui nepudepuitupix rpynmn. Ha ocHoBanuu 3Toro
MOJKHO CJIENIaTh BBIBOJI O KOPPEKTHOCTH MCTIOIH30BAHUS TAHHBIX PACUETHBIX CTATeH, OMICHIBAIOIINX, HAIIPH-
Mep, CIEKTPajIbHOE IOBEJACHHUE XEIaTOB MEIH, 30J10Ta U Xpoma [9; 10; 14], 1i1st oTHECeHMsI 4acTOT KojicOaHu i
B UK-cnekrpax anermnaneronaros Bananus(11l) u Banaauna, a raxoke keroumunara Banagusi(I1l). OcHoBHBIM
CTPYKTYPHBIM y3JI0M [3-AHUKETOHATHOTO KOOPIWHAIIMOHHOTO COEIMHEHUS SBIISIETCS IECTHUICHHBI KBa3Hapo-
MaTH4YeCKUI METAJUTOIHKII, UMEIOIIUI CONPSKEHUE THIIA TT— T U XapaKTEPHU3YIOMIUHCS TEM, UTO IETOKAIN3aIU
00IIero AMEKTPOHA HE PacIpOCTpaHseTcs Ha atoM MeTaiia [15; 16].

Ha pucynke nzo0pakeHa 0000IIeHHAsI CTPYKTypHas (opMyia mpuc-alleTHIaeTOHaTa BaHa U Ha OCHO-
BaHWU JaHHBIX, PEACTABICHHBIX B padoTax [9-14].
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Tab6auna 2
3Havenns kojedaTenbHbIX YacToT B UK-cnekTpax
anernianeronaroB Banaausi(I1) u Banaguia u ux oTHeceHHe
Table 2
Values of vibrational frequencies in the IR spectra
of vanadium(III) and vanadyl acetylacetonates and their assignment
KonebarenbHble KonebarenbHble
yacToThl V(acac)s, OtHecenue gactotsl VO(acac),, OtHecenue
Vv, CM Vv, CM
2995 m. 3000 o. c.
2975 cn. V(CH)cy, 2973 o. cn. V(CH)cy,
2923 cn. 2928 o. ci.
- - 1585 . Vv(CC),, + V(CO) + 8(CH;)
1568 o. c. v(CC),, + V(CO) + 8(CHj;) 1560 m. S(CH,)
1556 1. 3(CH,) 1550 o. c. V(CC),, + v(CO) + 5(CH,)
1539 m. 1530 0. c.
1518 o. c. v(CC),, + V(CO) + 8(CHj;) - -
1505 1. 1505 m. v(CC),, + V(CO) + 8(CHj;)
- - 1455 1. O(CH,5)
1422 cn. Vv(CC),, + v(CO) + v(CC) + 6(CCHy) 1418 cp. Vv(CC),, + v(CO) + v(CC) + 6(CCHy)
- - 1390 n. 3(CHy)
1380 c. v(CC),,+ 8(CH;) + 6(CCH,5) 1373 c. v(CC),,+ 8(CH;) + 6(CCH,5)
1358 c. S(CH,) + 8, 1357 c. 8(CH,) + 8,
1274 cp. V(CC),, + V(CC) + 8, 1284 cp. V(CC),, + V(CC) + 8,
1180 o. c. v(CO) + v(CC) + 6(CCHy) 1190 ca. v(CO) + v(CC) + 6(CCHy)
1025 c. v(CC) + 8(CH,;) (xauanue) 1022 cp. Vv(CC) + 8(CH,;) (xauanue)
1020 . Vv(CC) + 8(CH,) - -
- - 999 o. c. v(VO) (Banaauni)
933 cp. v(CC),, + v(CO) + 3, 939 c. v(CC),, + v(CO) + 8,
801 cm. 800 c.
S(CHy) (Brem.) + &,
791 o. cm. O(CHy) (Buem.) + &, 791 cp.
773 cp. - -
690 m. v(VO) + v(CO) + 8(CCH,;) 687 c. v(VO) + v(CO) + v(CC) + 8(CCHy)
668 cp. v(VO) + §, (BHEmIL.) - -
660 . 8(CCH;) + 8, (BHEILIL) 660 ci. 8(CH,) + 3, (BHemIL.)
612 o. ci. v(VO) + 8(CCH,;) 612 cp. v(VO) + 8(CCH,;)
590 cm. O(CCH;) + 8, (BHeMIL.) - -
575 o. ci. 565 ci.
v(VO) + 8,
492 cn. v(VO) + 8, 489 o. c.
475 o. ci. - -
450 c. v(VO) + 6(CCH,) 467 o. ci. v(VO) + 6(CCH,)
442 cn. v(VO) + v(CC) + 8(CCHy) + &, - -
420 cm. v(VO) + 3§, 427 com. v(VO) + 8,

Mpumeuanue. O603HAYCHHE HHTEHCUBHOCTH: C. — CHJIbHASI, CP. — CPEIHSs, CII. — ci1abasi, 0. C. — OUYCHb CUIIBHAS, 0. CJI. — OYCHb
cnabast. O6o3HaueHUE KoJIeOaHUi: vV — BaJleHTHbIC, O — Je(GOpMAIMOHHbBIC, BHEII. — BHEIUIOCKOCTHBIC. JIpyrie 0003HAYCHUS: TIT. —

mie4o, ch — xenar.
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CrpykrypHas hopmyra mpuc-alueTHIaleToHaTa BaHaIust
The structural formula of #ris-acetylacetonate vanadium

B o6mnactu actor 3000-2920 cm ' (cm. Tabu1. 2) s arernnaneronaros Banamus(111) 1 BaHaMa HAGTIOMA-
eTCs PSIT Ca0BIX WIIH OYEHB CITA0BIX TI0JIOC MOTIIONIEHHS BAJIGHTHBIX KOJICOaHUH v(CH)CH JlanHble KomeOaHus
MMEIOT BBIPAKEHHYIO CTENeHb XapakTepucTuaHocTH (ot 99 mo 100 %) [10].

[Tosocs! moromnieHust BasieHTHbIX KoseOanuii CC- u CO-cBsizelt KBa3uapoMaTHYeCKOro METaJIJIOIUKIIA alle-
tunaneronaros Bananusi(I1]) n BaHaIHIa HAGTIODAIOTCS B HHTEpBaie YactoT 1585-1500 cM . Bee oHM HMeEIoT
CMEIIaHHBIN XapakTep: KpoMme BasleHTHbIX konebanuii v(CC),, u v(CO), coit BKJIa/l B HUX BHOCAT nedopmarm-
OHHBIE KOJ'IC6aHI/I$I O(CH,). 115 monoc NoroieHus ¢ Makcumymamu 1568 cm- ! (auerunaneronar Bananus(I1I))
u 1550 cM ' (amernnaneToHaT BaHaMIA) BKIA Ae(hOPMALMOHHBIX KOTeOaHHit S(CH;) MOXeT COCTaBIATh
40 %, a cymMMapHBbIi BKJIa] ):[e(bopMaLlI/IOHHLIX konebanuit v(CC) 1 v(CO) — 51 % [10]. ITonoce! mornomieHus
¢ MaKCUMyMaMH 4acToT 1556 cMm~ ! (anernnareronar Banaus(11l)) u 1560 cm™ ! (anernnareronar BaHAIMJIA)
SIBISIFOTCSL TPAKTUYECKH XapaKTePUCTHUECKUMHU, TaK KaK BKIIal ;[e(bopMauHOHHbe konebanuit §(CH;) cocras-
nsiet 82 % [Monmocs! mornomenus ¢ Mmakcumymamu 1518 u 1505 e~ ! (anermmaneronar Banaqus(111)) u 1530
u 1505 cM ' (areTnianeToHaT BaHAIMIA) IMEIOT CMEIIAHHBII XapaKTep, IPHUeM CyMMAPHBIH BK/Ia/l BAICHT-
HbIxX konebanuil v(CC) u v(CO) cocrasnset 34 %, a Bxiaa gegopmanuoHHbix konedbanuit 6(CH;) — 60 %.
B MK-cIeKTpe aueTHIaNeToOHaTa BaHAIMIa HAOIIOIAeTCs 11010Ca MOMIOMEH s ¢ MakcuMyMoM 1455 em ',
MOJHOCTBIO MpUHAJIEKaMas kK JeopmannoHHbM konebanusam O(CH,). Ananoruunas nonoca HONIOLIEHUS
B CIEKTPE alleTHIALETOHATa BanaausA(11l) ne Habmrogaercs (CM tab:1. 2) [10]. ITomocsl MOTIIONIEHNS C MAKCH-
mymamu 1422 cv ' (anernnaneronar sanagusi(IIl) u 1418 cM ' (aueTunaneronar Banaguia) Ha 43 % cOCTOAT
u3 BasneHTHbIX konebanuii v(CC),, u v(CO), Ha 18 % — n3 BaneHTHbIX Koaeb6anuil v(CC) METUIBHBIX Py
1 KBa3UapOMaTH4eCKOro METAIIONMKIIA, Ha 23 % — u3 nedopmanmoHHbix konedanuit 6(CCHYy).

Kak BuHO U3 peicTaBI€HHON CIIEKTPaIbHON KaPTHHBI, OCHOBHBIE TIOJIOCHI NIONIOLLEHH BATCHTHBIX KOJIE-
6anuit v(CC), u v(CO) KkBa3uapoMaTHYECKOro METaUIOLHUKIIA nexcaT Hike 1585 cM ', 4o CBUJETENBLCTBYET
0 HAJIMYUHU CUIIBHOTO 0aTOXpOMHOTO caBura 4actot (6osee 100 cm™ " B cBsI3H © O6pa30BaHI/IeM XEJaTHOrO KOOp-
JUHAMOHHOTO y3ia. [lonoc normomenus BaneHTHBIX konebanuii CO-cBsizelt anerunanerona B UK-cnekrpax
o0oux coeanHeHUi He HaOmomaercs. JJaHHBIN QakT MO3BOJSAET cAeNaTh BbIBOA 00 OTCYTCTBUHU B COCTaBe
MTOJTyYEHHBIX XEJIaTOB HEUTPaJILHOTO AUeTHIIALETOHA.

Ionoca noromenus ¢ Makcumymom 1390 cm ' B IK-CriekTpe aleTiialeronara Banamia xa 79 % 06yCJ'IOB—
neHa ehopMaOHHBIME KOJ'Ie6aHI/I$IMI/I 8(CH,). Kak u nonoca nomomeHus ¢ MakcuMyMoM 1455 M, monoca
MomIoIeHus ¢ MakcumyMoM 1390 cm™ '8 MIK- -CIEKTpe KOMILICKCA BaHAAUIa HEe uMeeT aHanora B K- ~CIIEKTpe
rxomriekca Banaausi(I11). B 6onee HU3K09aCTOTHOM 00IACTH CHIEKTPOB 000X COeAMHEHNH BILIOTH A0 400 cM™
XapaKTepUCTHYECKHX MOJI0C MOMIOLICHUsI He HabmoaaeTcs: 1uis anetuianeronara Banaausi(11l) xapakrepuctuy-
HOCTbh cocTaBisieT MeHee 13 %, a JJis arjeTuiarneTonara BaHauia — 9yTh ooiee 22 %.

B pesynbrare pacuera HOpMalIbHBIX KOIeOaHUH 1 pacnpeeTIeH s l'[OTeHL[I/IaJ'IBHOI/I SHEPrUH 110 ECTECTBEHHBIM
KOJ'Ie6aTeJ'ILHLIM KOOP/IMHATAM JUTSl [IOJIOC MONIOMEH s ¢ MakcumymoM 1380 cm ' (arerunaneronar Bamaus(IIL))
u 1373 cM ' (anerHnaneTosar BaHaMa) BKIAM Ae(hOPMAIHOHHBIX KONeOaHH it 8(CH,) cocraBnsier 52 %, BKI1ag
AehopMalMoHHBIX Konebanuii 8y, — 33 %, Bki1ag BaneHTHbIX konebanuit v(CC), — 13 % [12]. B nanbHelimem npu
MPOJBMKEHUH B HU3KOUACTOTHYIO 00IaCTh CIIEKTpa BKIaJ BasleHTHbIX konebanuii v(CC) , u v(CO) 3ameTHO yMEHb-
maetcs. Tak, B UK-cnekrpe anetunaneronara Banaaus(I1l) ams monocs! momiomienus: ¢ MakcumyMom 1274 cm™
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BKi1az konebanuii v(CC), magaet 1o 13 %, a Bkinax konedanuit v(CC) Bo3pacraet 10 51 %. [lns monocs! norio-
mermst ¢ MakcumyMoMm 1180 em ™! BKyiaz BaeHTHBIX Konebanmii v(CO) coctaBmser 14 %, B TO BpeMs Kak BKIIAT
nedopmaronnsix koinebanuit O(CCHYy) nocturaet 74 %. AHanorn4nasi CieKTpajibHasi KapTHHA HaOII0AaeTCst
JUTSI alleTUJIAeTOHATa BaHAAUIIA IS TOJIOC MOMIOoNIeHus ¢ MakcumyMmamu 1284 u 1190 cMm ! cooTBeTCTBEHHO.

B moocsl noriomieHust ¢ Makcumymamu 1025 u 1020 cv ' (anernmaneronar sanamgus(I1D)) m 1022 cm '
(aeTuianeToHaT BaHaAMIIa) OCHOBHOM BKIax (10 95 %) BHOCAT nedopmanronssie konedanus O(CH,) [10].

B cniexTpe anerniamneronara BaHaAwiIa IPUCYTCTBYET OYSHD CHITbHAS TTOJIOCA ITOTIIOICHHUS ¢ MAKCHMYMOM
999 cM !, KOTOpast OTHOCHTCS K BaJeHTHBIM KoneOanuaM v(VO) Banamia [3].

[Tomocs! mornmomenus s anerwianetonara Banaaus(I1l) n anermnaneronara BaHauia ¢ MaKCHMyMaMi
933 1 939 ¢M ' COOTBETCTBEHHO HOCST CMEIIAHHbIIT XapaKkTep W COCTOAT TIIAaBHBIM 00pa30M W3 BaJICHTHBIX
konebanuit v(CO) (1a 23 %) u v(CC),, (Ha 43 %) [10].

Cepuu 10710C MOIIOMIEH)s B HHTepBae 4acTot 800—770 cM ' 1 06OHX XeIaToB TAaKke HOCAT CMEIIaH-
HBI XapaKTep U COCTOST M3 BHETUIOCKOCTHBIX AeGopManoHHbIX Kojebanuit S(CHY) u nedopmanmoHHbIX
KoJ1e0aHuH O y,.

B HH3KOYACTOTHOMN 06/IACTH CIIEKTPa, HauMHas ¢ 670 cM ' i HIKe, HAGIONACTCS CEPHS MTOJIOC, IPHHAUICKA-
LIMX B TOM YHKCTIE K BaJeHTHBIM KoneOanusim v(VO). Tak, Bknaa konedanuid v(VO) B OIOCH MOIVIOIICHHUS C MaK-
cumymoM 690 cv ' (anerrnareronar Banamusi(I11)) u 687 cv ' (anermmareronar Banaauia) cocrasmser 17 %.
[Ipu npoaBMWKeHNN TIO CTIEKTPY B O0JIee HU3KOYACTOTHYIO O0JIACTh MX BKJIA[ BO3pacTaeT. Tak, HarmpuMmep, s
0JIOC MOTIOLIEHUS ¢ MakcuMyMaMu 450 u 442 Y (anermnaneronar Banaaus (I111)) Bkiamx BaIeHTHBIX KOJIe-
6anmii v(VO) nocturaet 49 u 45 % COOTBETCTBEHHO.

B tabn. 3 npencrasnensl 3HadeHns kojebaTensHbIX yacToT B MK-cnekTpe ketonmunara Bananusa(I1l) n ux
otHecenue. B o6nacti wactor 3005-2850 cm ™' MPUCYTCTBYIOT MATh XapaKTEPUCTUUECKUX TI0JI0C, U3 KOTOPBIX
JIBE TIEPBBIE TIOJIOCHI OTHOCSTCS K BaJieHTHBIM KoneOanusim V(CHY). Tpu npyrre moaockl MOTIONEHsI IPUHA/I-
JIeKaT K BAJICHTHBIM KOJICOaHUSIM v(CH)CH3. B UK-cnekrpe keronmuHara BaHanus(11l), kxpome ynomsiHyThIX
BBIIIIE MTATH MTOJIOC TTOTIONIEHHS, XapaKTePUCTUYECKOH ABIISETCS ellle TOIBKO O/IHA M0JI0CA MOTIONIESHHS ¢ MaK-
cumymoM 1374 em ', Ona otHOCHTCS K edhopmanonabiM koneGanmsm S(HCH) MetniasHbIx rpymL. [Ipu oTom
CTETICHb €€ XapaKTepPUCTUIHOCTH cocTaBisier 95 % [14]. B nenom B K-cniektpe ketonmunara Banausi(111)
KOJJMYECTBO XapaKTEPUCTHUECKUX MOJIOC mornoeHus He npessimaet 20 % (cm. taom. 3).

Tabnuma 3

3HavyeHHs KoJiedaTebHBIX YACTOT
B UK-cnexrpe keroumunara panagus(11I) u ux ornecenne

Table 3
Values of vibrational frequencies in the IR spectrum
of vanadium(III) ketiminate and their assignment
Kone6arensHbie
gactotsl V(kimi)s, OTtHeceHne
Vv, cM
3003 c.
2975 o. ci. vCHY)
2965 o. ci.
2925 o. ci. v(CH)CH3
2860 ci.
1590 . v(CC),, + V(CO) + v(CN) + v(CCC), + 8(CH,)
1565 .
555 0.c. V(CC)y, + V(CO) + v(CN)
1533 0. c. Vv(CC),, + 8(CHy) + 8(CH,)
1518 .
1504 o V(CC)y, + V(CO) + v(CN)
1418 cp. S(CHY) + 5,
1413 .
1374 o. c. O(HCH)
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OkoHuyaHue Tabnm. 3
Ending of the table 3

KonebarenbHbie
gactots! V(kimi)s, OtHeceHue
vV, CM

1359 o. c. 3(CH;) + 8,

1340 . v(CC),, + 8(HCH) + 6(CCH)
1287 c. v(CC)y, + V(CC) + 8(HCH) + &,

1189 o. c. v(CC),, + V(CC) + v(CO) + 8(HCH) + 8(CCH) + 6(CHy)
1026 c. v(CC) + 8(CCH) + &, (Bremi.) + 8(CH,) (xauanue)
1000 c. V(CC) + v(CC),, + 8, + 6(CH,) (xauanue)

945 1. V(CC), + V(CO) + V(CN) + 3,
939 cp. v(CC),, + v(CO) + v(CN)
800 c. Vv(CC) + 8(CCH) + 6(CCH,)
792 cp. S(CCH) + 6(CHy)
687 c. v(VO) + v(VN) + 6(CCH) + &,
662 c. 8(CH,) + 6(CHy) (BHem1.) + J;, (BHEILL.)
613 cp. v(VO) + 3, + 8(CCH,) + 8(CH;) + 8(CCH)
565 o. ci. v(VO) + 3, (Brem1.) + (CCH)
489 o. c. v(VO) + 8(CCH,)
467 o. ci. v(VO) + v(CC) + v(CC),, + 6, + 8(CH;)

B unrepBane yactor 1600-1500 em ! MIPUCYTCTBYET CEpPHsl MOJIOC MOTIIOIIEHUS, ChOpMUPOBAHHAS TIPEU-
MyIIecTBeHHO BaneHTHbIMU Konebanusamu v(CO), v(CN) u v(CC),, KBa3uapoMaTH4eCKOro MeTaJIOLHKIA.
IIpu 5TOM TOJOCHI TIOTIOLICHNMS ¢ MakcHMyMamu 1565; 1555; 1518 u 1504 cM™' MeroT cocTaBHOIT Xapakrep
Y IPUHAJIKAT K YIIOMSHYTBIM BBIIIE TPEM TUIIAM KOJIeOaHUN. 3HAUYSHUSI BKJIAJIOB Pa3HBIX TUIIOB KOJICOAHUN
B TIOJIOCHI TIOTJIOIICHUS C TIEPEUUCICHHBIMA MaKCUMyMaMH YacTOT BaPBUPYIOTCS B CIACAYIOMNX Ipenemax:
v(CO)—-or 11 1037 %, v(CN)—ot 17 10 47 %, v(CC) 4, — ot 31 10 47 %. AHanorI/IqHaﬂ cepusi OJIOC NOMIOIIEHMS,
c(OpPMHUPOBAHHAS STHMHU TPEMsI THITAMH KONeOaHHii, IeXKHT B 061acTi 950-930 ¢M ', mpr 9TOM BKIIa1 KoneGaHuit
Vv(CC), cocraisier 40 %, Bxian konedanuii v(CO) — 14 %, Bknan konedanuii v(CN) — 13 %. Hannune cnoxsoro
KOHTYpa TI0JIOC MOTIONIECHHS, KOTOPBIH MPOSBIISICTCS JIOTIOIHUTEIILHO B BUJIE TICYEH, MOXKET ObITh 00YCIIOBJICHO
MIPUCYTCTBHUEM Pa3TUYHBIX HAIMONEKYIISIPHBIX CTPYKTYP, (POPMHUPYEMBIX B pe3yJbTaTe JATHBHOTO B3aUMOJICHCTBHS
BaHaJIMsI C aTOMaMHU KHCIIOPOJIa M a30Ta, PUHAIICIKAIIMHI KOOPAWHAIMOHHEIM y3l1aM, 00pa30BaHHBIM COCEIHUMH
atomamu Metajia [14].

CornacHo pacueTHbIM 1aHHbIM [ 14] Huoxe 705 cm | B GONBIIMHCTBO HaAOTIOIAEMBIX TIOJIOC TIOTIIOIIEHHS Oy Iy T
BHOCHTb CBO¥ BKJIaJ] BasieHTHbIe KojicOanus V(VN) u v(VO). OHako OICHUTh KOJTMYSCTBEHHO 3TOT BKJIA/I HE
TIPEJICTABIACTCS BOSMOXKHBIM, TaK Kak Mpy (OPMHUPOBAHNN JTaHHOTO THIIA CBSI3W MPEUMYIIECTBEHHYIO POIb
OyJeT urpaTh He pacrpeeiiCHHe MOTCHIMAIBHON 3HEPTUHU 110 €CTECTBEHHBIM KOJICOATEIIbHBIM KOOPIMHATAM,
a COOTHOIIICHNE CKJIOHHOCTH METaJlIa-KOMILIEKCOO0pa30oBaTe/si K )KECTKOMY MJIM MSTKOMY THITY B3aUMOJICH-
CTBUS C TUTaHAaMu B paMkax koHIenuu JXMKO (kecTKuX ¥ MATKHAX KHCIOT U OCHOBaHHN).

Takum o0pazom, B UK-cniekrpax anerusaneronara u keroumunara sananusi(111) u arierunaneronara BaHainia
HaOJTIOMAIOTCSI BCE THITHI TIOJIOC, XapaKTePHBIE IS alleTHIIAIIETOHATOB MEIH, 30510Ta B Xpoma [9—12; 14]. O6 obpa-
30BaHHM KBA3HAPOMATHHECKOTO METAIIOUUKIA CBUCTENbCTBYET 0aToXpOMHBIH CAIBUT HaCTOT v(CO) amerumi-
alleToHa, KOTOPBI cocrapisier Gomee 100 cM . B uuTepBane gacror 1570—1410 cM ' BaneHTHBIC KOTeOaHHS
KBa3UapOMAaTHUYECKOTO METAJUIOLUKIIA IPEACTABICHBI CEPUSAMU MOJIO0C MOMVIOLICHHS, OCHOBHON BKJIA]l B KOTOPBIE
BHOCST NposiBILsitoluecs nonapHo BajieHTHble konebanus v(CC)y u v(CO), a 11 KeTouMUHaTa BaHa sl elle
u BayieHTHBIe KoneOanus V(CN), 9To SBIseTCS XapaKTePHBIM JUIS alleTHIIAlleTOHATOB TIEPEXOIHBIX METaILIoB
[3; 9—12]. Hannume BaJleHTHBIX KOIeOaHUI \/(CH)CH , IPOSIBIISIONIXCS B HHTEpBaie yactor 3000—2900 cM ', cBu-
JIETETCTBYET 00 OTCYTCTBUU KAaKOK-JINOO MX Tpchq)opMam/H/I OJT ACUCTBUEM BJIEKTPUUECKOIO TOKA. )IOHOJI-
HEHHUEM U NOATBEPKACHUEM JJIs1 JaHHOTO BBIBOZIA CIIYKUT IposiBlIeHNE AehopMalnoHHbIX konebanuii O(CHj;),
KOTOPBIE HE TOJILKO BHOCAT BKJIaJ B 00pa3oBanue psaa nonoc nornomienus B UK-crnexrpe, HO U MPUCYTCTBYIOT
B Ka4€CTBE XapaKTePUCTHUECKHX ITOJIOC B CIIEKTPaX BCEX TPEX COCAMHEHUH.
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3aKjaoueHune

B pesynbrare geranpHoro paccmorpenus MK-cnektpoB keroumuHata Banaaus(I1l) u anerunanetronaro
Bananus(lll) m BaHaauima MOXHO cenaTh BEIBOI 00 00pa30BaHWU KBa3MAPOMATHUCCKUX XEJIATHBIX ITUKJIOB.
OCHOBHOI1 KOOPIMHAIIMOHHBIH y3en /i aneTrnaneronara BaHaausa(11) coctout u3 Tpex KkBaznapoMaTuiecKux
METaJUIOLUKIIOB (CM. PUCYHOK), a JUIS alleTUIAlleTOHATa BaHAIMIA — U3 ABYX KBa3HapOMAaTUUECKUX METaJIO-
mkioB. [TokazaHo, 9To 1Mo AeCTBHEM IEKTPUYECKOTO TOKA HE HAOMOMaeTCsl KaKuX-1r00 TpaHchopMannii
nepudepuitHbIX METHIIBHBIX TPYIIIL.
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IOBI/IJIEI/I

J UBILEES

Ucnomaunock 70 €T co THA POXKICHUS TJIABHOTO
Hay4YHOTO COTPYIHHWKA JIADOPaTOPUU XUMHUH KOHJICH-
CHPOBaHHBIX cpesl HayuHo-ncceienoBaTenbCkoro HHCTH-
TyTa pU3NKO-XUMHIecKkux mpodnem BI'Y, akanemuka
HAH benapycu, noxropa xumudecknx Hayk Omera
AmnarosnpeBrnya lBamrkeBruya.

[Tocne oxoHuanust xummveckoro Qaxymasrera bI'Y
B 1976 . O. A. MBanrkeBUY HauaI CBOIO TPYIOBYIO JCsI-
TENBHOCTh WH)KEHEPOM OT/IENa BHICOKOMOJICKYIISIPHBIX
peakuuii BI'Y 1 01HOBpeMEHHO MMOCTYNHJI B 320YHYO
acTIMpaHTypy NpH Kadeape HEOPraHMIECKOH XUMUH.
3aremM paboTas B IOJDKHOCTH CTapIIeTo WHXKEHEPA,
MJIJIIIETO, CTapIIero M BEAYIIETr0 HAYYHOTO COTPY/I-
HUKa, 3aBEIyIOIIET0 HAyYHO-UCCIIET0BaTEIhCKOM J1a-
Ooparopueii obmieit xumuu BI'Y. B 1993 1. mepeBenex
B Hayuno-mccrenoBarensCkuii HHCTUTYT (DU3MKO-XUMU-
yeckux npodnem BI'Y, roe crHauana sBisics 3aMecTu-
TeJeM TUpEeKTopa 1o HaydHOU padote, a B 1997 1. Obin
Ha3HaveH aupektopoM nHetuTyTa. B 2009 I mepesenen
B bI'Y Ha momKHOCTH TIpopeKTopa Mo HaydIHOH padoTe,
aB 2015 1. — Ha JOMHKHOCTE TIEPBOTO TIPOPEKTOPA YHUBEP-
cuteta. C 2020 r. mo HacTosIIIEe BPEMSI SBIISIETCS ITIABHBIM
HayYHBIM COTPYJHUKOM JJa00paTopuu XUMUH KOHAECHCH-
poBaHHBIX cpen HayuHo-HMccneoBaTen-ckoro MHCTUTYTa
¢uzuko-xumuueckux npodnem bI'Y. B 1981 r. sammrun
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—_——

Oner AHaTOABEBHY
NBAIIKEBNY

Oleg Anatol'evich
IVASHKEVICH

—_—

KaHIUIATCKyTo0, a B 1998 . — MOoKTOpCKyIo AmccepTa-
1ro. B 2004 1. Op11 M30paH 4ieHOM-KOpPECTIOHAESHTOM
HAH benapycwu, B 2009 r. — akanemuxom HAH benapycu
T0 CIICTTHATTBHOCTH «(hHU3HUecKast XuMus», B 2012 1. —mmo-
4eTHBIM JIokTopoM Cubupckoro otaenenus Poccuiickoit
aKaJIeMH1 HayK.

O. A. VBamkeBHY — KPYIHBIA CIEIUAINCT B 00-
nacTu GU3UKOXUMHUH a30TCONIEPIKAIINX T€TEPOIHKIIN-
YEeCKUX COCTUHCHHH, a TakkKe (PU3MICCKONH XUMUH
MIPOIIECCOB TEPMUIECKOTO PA3TIOKEHHSI K TOPEHUS KOH-
JIEHCUPOBAHHBIX cucTeM. COBMECTHO C MPOQeccopoM
I1. H. I'amornkoM oH pa3pabotain mpocTsie U dhdhek-
TUBHBIE METOIBI M TEXHOJIOTHH MTOJYYEHUS psifia TeTpa-
30JICOIEPKAIIMX TOIMMEPOB ITyTEM TOJMMEpaHaIoT Hd-
HBIX MPEBPAICHUH MOJMAKPUIOHUTPHTIA, HA OCHOBE
KOTOPBIX CO3[aHO WX MPOMBIIIJICHHOE TPOU3BOICTBO.
Bwmecre ¢ akanemukom A. U. JIecCHUKOBHUYEM HU3yqHIT
KWHETHKY ¥ MEXaHU3M TePMHYECKOTO Pa3I0KEHHS TET-
pas3ona u psiaa ero mMpoM3BOIHBIX, pa3padboTaT HOBOE
MOKOJIEHHE KOMITOHEHTOB H PETIETITYP KOMIO3HITHH JITS
9HEPTeTUYECKNX YCTPONUCTB, MCTIOIH3YEMBIX B CIICIIH-
aJbHON TEXHHUKE, a TaKke OOHAPYKHUI M MUCCIIETOBAI
HOBBIM BUJ TOPCHHUS, TTOTYIUBIITNI HA3BAHHUE JKHUTKO-
IIaMeHHOTO TopeHus. B Hagame 1990-x rr. mox py-
koBozcTBOM O. A. MBamkeBru9a Hava M pa3BUBATHCS

5
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KBaHTOBO-XMMHUYECKHE HccleoBaHus. B mocneanue
robI OBLT TPOBE/ICH IIUKJI UCCIICIOBAHU, HAPABJICH-
HBIX Ha pa3pabOTKy METOJ0B CUHTE3a, N3yUEeHUE CTPYK-
TYPBI, PU3UKO-XUMHUYECKHUX CBOMCTB M OMOJIOTHYECKOM
AKTUBHOCTH KOMITJICKCHBIX COCIMHEHUH OMOTeHHBIX
METAaJUIOB C a30TCOAEPIKAIIMHU TeTePOIUKINIECKUMHU
JUTaHJaMU; BBIABIICH PSIJi COEAMHEHUH, 00JIaaronx
BBICOKOH MPOTHBOOITYXOJIEBOM aKTMBHOCTBIO B COYE-
TaHUHU C OTHOCUTEIHFHO HU3KOW TOKCHYHOCTBIO.

Omner AHarospeBHY ABJSAETCS OHUM U3 HHUIIUATO-
POB M aKTHBHBIX CTOPOHHUKOB ()OPMHPOBAHHSI THHOBA-
IIMOHHOTO TTO/IX0/1a K Pa3BUTHIO HAYYHO-TEXHIUUECKOM
cepstr Pecrrybnuku benapyce. [lpu ero Hemocpen-
CTBEHHOM YYaCTHHU CO37[aHbl JIBa HOBBIX HaIpaBiie-
HUSA, B paMKaX KOTOPBIX pa3paboTaHbl TEXHOJIOTHH
nepepadoTKH MPOMBIIIIIEHHBIX OTXO/I0B, COEPKAIINX
JIparolieHHbIe METAJLIBI, U BBITYCKa MPOIYKIMY CHIETIH-
aJIbHOTO Ha3HAUEHMsI, @ TaK)Ke TEXHOJIOTUH HEeTIPEePhIB-
HOTO U TIEPHOAMYECKOTO MPOU3BOJICTBA JU3EIHHOTO
OHOTOIUINBA U3 BO30OHOBIISIEMOTO CHIPHSL.

O. A. UBamrkeBnd OATOTOBUI 4 TOKTOpa M 5 KaH-
IUATOB XMMHUYECKUX HayK. OH ABIISIETCS aBTOPOM
okoJio 500 HayuHbIX paboT (U3 Hux Oonee 180 padot
OITyOJIMKOBaHBI B BBICOKOPEUTHHTOBBIX HHOCTPAHHBIX
KypHanax), 49 aBropckux cBugetenscTB CCCP na
n300peTenns, 3apy0eKHbIX, PETHOHAIBHBIX U HALINO-
HaJIbHBIX TTATCHTOB Ha N300PETEeHUSI, a TAKKE YICOHBIX
nocobuii «lIpuknannas kBanToBas XuMusH» U «Ctpoe-
HUE BEIIeCTBa» JJIS CTY/IEHTOB YUpEKJICHUI BBICIIIe-
ro 0O6pa3oBaHUs MO XUMHUYECKUM CIEHHUATBHOCTAM
¢ rpucdom MunmCcTepcTBa 00pa3zoBanus Pecryommku
benapyce. UeTsipe pasa momydan mpaBo HobeneBcko-
ro KOMUTETa 110 XUMHUU HOMHUHHUPOBATH KaHAUIATyPHbI
YYEHBIX JJIs IpUcykaeHus uM HobeneBckoil mpemun
M0 XHUMHH.

Hayunyto un nemarormyeckyto padoty O. A. MBam-
KEBUY COYETaeT C HAyYHO-OpraHU3aI[MOHHOM 1 0011e-
CTBEHHOM JIeATeNTbHOCTRI0. Ha MPOTSKEeHNN MHOTUX JIET
OH SIBJISUICS HAYYHBIM PYKOBOJIUTEIIEM FOCYAaPCTBEHHBIX
Y TOCY/IapCTBEHHBIX HAyYHO-TEXHUYECKUX MPOrpamMm,
9KCTIEPTHBIX COBETOB | OCYIapCTBEHHOTO KOMUTETA I10
Hayke 1 TexHosnorusm Pecrryonuku benapycs n Beicueit
arTecTanMoHHoON Komuccun Pecryonmku benapyce mo
XUMHUYECKUM HaykaM, dieHoM [Ipesunmyma Beicuei
arTecTarmoHHON koMmuccuu Pecrryomuku benapych.

3a GoJIbIIION BKIIA/ B pa3BUTHE HAyYHBIX HCCIIEI0Ba-
HHH, OPraHU3aTOPCKYI0 M MHHOBAIMOHHYIO JIESITEEHOCTD
O. A. VBamkeBud HarpaxeH opaeHoM Oteuectna 11 cre-
nienu (2021), menansio @panrmcka Cropunsl (2009), emy
TIPUCBOEHO TOYETHOE 3BaHUE «3acTy>KEHHBIN JesTerb
Hayku Pecryonuxu bemapyce» (2016) u «3acmy>keHHBIN
paborauk BI'V» (2013), «BbinarHik agykaiibii» MunucTep-
cTBa obpasosanms Pecrryormiku benmapycs (2014). B2013
3a UK HaydHbIX padot O. A. MBarkeBud ymnocToeH
I'ocynapcrBennoit npemnu Pecrry6nriku benapychb B 00-
JIACTH HayKH M TeXHUKH (coBMecTHO ¢ M. B. Aprembe-
BEIM U A. U. JlecauxoBudem). Takke oH Harpaxmaics
MoYeTHBIMH rpamMoTamu HartmonassHoro cobpanust Pec-
nyoiukn benapych u CoBeta MunuctpoB PecryOnuku
Benapyce, MHOTHX pecITyOiIMKaHCKUX OPTaHOB Tocy/iap-
CTBEHHOTO YTPaBJICHHSL.

[Mpodeccopcko-npenoaaBareibCKHii KOJIEKTHB U Ha-
yuHble coTpyaauku BI'Y u HayuHo-1ccie1oBarensekoro
WHCTUTYTa PU3UKO-XUMHIYECKUX 1podnem BI'Y, pemkoi-
serust u3nanus «OKypaan benopycckoro rocynapcTseH-
HOTO YHHMBEPCUTETa. XUMHUSD» CEPACIHO TIO3APABISIOT
Ornera AHaronbeBUYa ¢ I0OUIIEEM H KETAI0T eMy Kper-
KOTO 37I0POBbSI, CHaCThsl 1 HOBBIX TBOPYECKUX YCIIEXOB.

E. B. I} pumox]

' Eseenuii Banepvesuy Ipuiiok — KaHIIIaT XHMHUECKHX HAYK, JOIIEHT; IHpeKTop HaydHo-HeCTeI0BaTeIbCKOro MHCTHTYTA (H3HKO-
XUMHYECKUX MpobieM bemopycckoro rocynapcTBeHHOrO YHHBEPCHTETA.
Yauheni V. Hryniuk, PhD (chemistry), docent; director of the Research Institute for Physical Chemical Problems, Belarusian State

University.
E-mail: hryniuk@bsu.by
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B cents6pe 2024 r. ucnonusercs 70 jeT co nHA
poxaenust Anaronust Mocugosuya Kymaka, BugHOTO
0EIOPYCCKOr0 YUEHOTO B 00JIaCTH (PU3UYECKOM U He-
oprannueckoil xumuu, akanemuka HAH benapycu,
JOKTOpa XUMHYECKHX HayK, mpodeccopa, JUPEKTopa
WucrutyTa 001weii n Heoprannueckord xumun HAH be-
JapycH.

A. W. Kynak okoHumn xumuueckuit haxynsret BI'Y
B 1976 1. 1 Hauan 3aHUMAThCS HAYYHOH AEATENbHOCTHIO
Ha Kadeape HEOPraHMIECKOH XUMHUH MOl PyKOBOJI-
cTBoM akaaemuka B. B. Ceupunosa. Ero uccnenoBanus
B 001acTH (POTOXMMUHM TBEPOTO TeJa MO3BOIMIIH MPEA-
JIO)KUTH SIEKTPOXUMHYECKYIO MOZIENb (hOpMHUPOBaHHS
CKPBITOTO N300paKeHus! B (POTOUYBCTBUTEIBHBIX TO-
JTYTIPOBOJHHUKAX, 0a3UPYIOLIYIOCS Ha PEICTABICHUIX
0 pacuieruieHuu ypoBHsi depMu Ha SHEPreTHYECKUX
HEOJHOPOAHOCTSAX B aMOP(HO-KPHCTAIITMYECKUX Ma-
Tepuanax u Haaumduu 3QpQeKToB narepasbHOro 3apsiio-
BOro oOMeHa B cuctemax Takoro poga. A. M. Kymaky
TaK)Ke yIaJoCh BIEPBbIE SKCIEPUMEHTAIBHO HCCIIe-
JIOBaTh YHEPTETUYECKYIO CTPYKTYPY MOBEPXHOCTHBIX
COCTOSIHMH B 3allpelieHHON 30He IHUPOKO30HHBIX OK-
CHJIOB U TPOCIIEAUTD 32 €€ 3BONIOLMEN B pe3ynbTare
MOAM(UIIMPOBAaHUS MOBEPXHOCTH MOIYIPOBOIHUKOB
YaCTHLAMH TEKTPOAKTUBHBIX METAIIOB. DTU PabOTHI
3aJI0KWJIM Hay4dHbIE OCHOBBI JUIsl TalIbHEHUIIErO Co-
BEPIICHCTBOBAHUS MIEPEIOBBIX (POTOTUTOrpahUIECKIX
MaTepHuasoB, CO3/1aBaBIINXCA B Te roasl B HayuHo-
HCCIIEIOBATELCKOM HHCTUTYTE (PU3UKO-XUMHUYECKIX
npo6nem BI'Y, n no3sonmmu A. Y. Kynaky cdopmupo-
BaTh HOBOE OPUTHHAILHOE HAyYHOE HampasiieHue — (o-
TO3JIEKTPOXUMHUIO MTOJTYTTPOBOJHUKOBBIX TETEPOCTPYK-
TYp ¥ CTPYKTYPHO-HEOAHOPOIHBIX MOTYTIPOBOTHUKOB.
PazBuThie koHIenIIK ObUTH 00001IeHbI A. U. Kynakom
B MOHOTpadH « INEKTPOXUMHS TOTYPOBOJHUKOBBIX
retepocTpykTyp» (1986), nosiBineHne KOTopoit okas3ano
OoJbIIOE BIMSIHAE HA pa3BUTHE (HOTOINEKTPOXUMHUH
Y CHCTEM NPe0Opa30BaHus COHEYHON SHEPTUH HA BCEM
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npoctpanctse ObiBiiero CCCP u cienano ee aBropa
NPU3HAHHBIM aBTOPUTETOM B 3TOM obnactu. B 1990 1.
B Bo3pacte 36 net A. 1. Kynak 3amuTii 10KTOPCKyo
JIUCCepTAaLHIO.

MHTEeHCHBHYIO Hay4YHO-HMCCIIEI0BATENbCKYIO Jes-
TenbHOCTB A. M. Kynak Ha poTsikeHHH 10roro BpeMe-
HH COYEeTaJl C MPENoiaBaHueM Ha XMMUYECKOM (aKyIib-
Tere BI'Y. UM moATroTOBJIEH HE MMEIOLINN aHAJIOIOB
ABTOPCKUH Kypc « XMUMHsI KOHIEHCHPOBAHHOTO COCTOSI-
HUSI», TAK)KE OH BBICTYITUIT OJHUM U3 COaBTOPOB yueO-
HHKa « XuMUst TBepAoro Tenay (cepus «Knaccnueckuit
YHUBEPCUTETCKHH Y4eOHUK»). B kauecTBe npeacenare-
JIs CeKIMM XMMHK HaydHO-MeToIMuecKoro coBeTa npu
MunucrepctBe obpasoBanust Pecnyonuku benapych
A. U. Kynak MHorO€ chenan sl OpraHu3aluu npe-
MoJlaBaHNUs XMMHUU B IIKOJIE HA COBPEMEHHOM YpPOBHE.
He mMeHee BaKHBIM SIBISIETCSI U TO OOCTOSITETIBCTBO,
YTO TBOPUYECKAs DHEPTHS, CIIOCOOHOCTH FEHEPUPOBAThH
HOBaTOPCKUE WACH, TUYHOE 00asHUE W XapU3MaTHy-
HocTh A. U. Kynaka crienanu ero uccienoBareiabeKyro
TpyMITy HEHTPOM MPUTSHKEHUsS! U1l OOJBILIOTO Yuciia
TaJaHTIMBBIX CTY/IEHTOB, @ yCIIEIIHbIE HCCIIEJOBAHUS,
MPOBOANMBIE TTOJ] pyKOBOACTBOM AHartonus Mocudo-
BHYa, MPOJIOKUIN UM IyTh B HayKy. Becero A. 1. Ky-
JIAKOM ITOITOTOBJIEHO 9 KaHIU/1aTOB XUMHUECKUX HayK.
JIBoe ero y4eHHKOB CTalM JOKTOpPAaMHU HayK U BEIyT
CaMOCTOSITEIbHBIE HCCIIEOBaHUS B 00JacTH XUMUHU
MOJYTIPOBOTHUKOB M MOJIEKYJIIPHO-OPTaHU30BaHHBIX
CHUCTEM.

Eme onny rpans cBoux TanantoB A. 1. Kynak npo-
SBUJ B HAy4YHO-OPTraHM3allMOHHOM NESITEeNbHOCTH.
B 1996 1. oH cTaHOBUTCS 3aMECTUTENIEM JTUPEKTOPA T10
Hay4yHOU pabote MHCTHTYTA 0011IeH M HeopraHMYecKOr
xumun HAH benapycu, a B 2017 1. Bo3m1aBisieT HHCTH-
TyT. B 2014 . A. U. Kynak u3bupaercst 4ieHOM-KOp-
pecnonyientoM HAH benapycu, a B 2021 . — akane-
mukoM HAH Benapycu. On aBnsieTcs npenceaarenem
9KCIEPTHOTO coBeTa Bricieli artrecTalinoHHON KOMHMC-
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cun Pecriy6onuku benapych 1o TeXHHUECKHM HayKaM,
YJICHOM PEJAaKIMOHHBIX KOJUJIETUM KypHAJIOB «XH-
MUYecKasl 0e3011acHOCThY, « TeopeTrueckas u dKcIie-
pumeHTanbHas xumus», «M3sectuss HammonanbHoi
akagemuu Hayk bemapycu. Ceprs XUMHYECKUX HAYK»
u u3nanust «Kypnain benopycckoro rocyaapcTBEHHOTO
yauBepcurera. Xumus». B 20162023 rr. A. 1. Kynax
OBIT TIpeacenareneM KCIepTHOro coBeTa locynap-
CTBEHHOTO KOMUTETa 0 HayKe M TeXHOIorusm Pecrry6-
nukn benapych «OTKpbBITbIE KOHKYPCBHI OTAEIBHBIX
IIPOEKTOB HAYYHBIX UCCIICJOBAHUID.

A. W. Kynaka oTIM4aroT MIMpOTa HayYHbIX WHTEpe-
COB, CITIOCOOHOCTH HaWTH HECTaHJAPTHBIE PEIICHUs Ha-
yuHBIX TipoOsieM. ToNbKo 3a TOCIeAHNE TOIBI MO €r0
PYKOBOJZICTBOM pa3paboTaHbl HOBbIE OMOKepaMIYECKUEe

MaTepuabl sk KOCTHBIX B OTAIBMOJIOTHYECKUX UM-
TUIAHTOB HA OCHOBE HAHOCTPYKTYPHBIX (POPM THIPOKCH-
araruTa, He UMEIOIIe aHaJI0TOB ONTHYECKU CEITeKTHB-
HbIE MaTepHaJIbl JJI COTHEYHOM SHEPreTHKU, HOBbIC
(oToKaTaM3aTOPhI JIsl IITyOOKOH OUMCTKU BOJIBI M T30~
BbIX cpen. Hayunsle noctwxkenus A. U. Kynaka orme-
yeHbl Menaibio Poccuiickoil akagemun Hayk «Ilamsitu
akagemuka H. M. Omanyams» (2013).

Penaxkuusa uzganus «XKypuan benopycckoro rocy-
JApPCTBEHHOTO YHUBEPCUTETA. XUMUS) MO3APABISIET
Amnaronusa MocudoBuya ¢ robuiieeM M KelaeT emMy
3JI0pPOBBA, a TaKKe HOBBIX yCIIEXOB B Hay4dHOU jes-
TEJIHHOCTH.

JI. B. Ceupuoos'

I,ZIMumpuﬁ Baoumosuu Ceupuoos — TOKTOp XUMHUECKHUX HayK, wieH-koppecrionneHT HAH Benapycu, npodeccop; 3aBemyromuii
kadepoit HeOPraHMYECKOH XUMUH XUMHYECKOro (BakynbsTeTa benopycckoro rocy1apcTBEHHOIO YHUBEPCHTETA.

Dmitry V. Sviridov, doctor of science (chemistry), corresponding member of the National Academy of Sciences of Belarus, full
professor; head of the department of inorganic chemistry, faculty of chemistry, Belarusian State University.

E-mail: sviridov@bsu.by
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JKypuan exmouen Bvicuweti ammecmayuontou komuccueti Pecnyonurku berapyce 6 [lepeuensy Hayunvix
u30anutl 0151 ONYONUKOBAHUSA PE3YILIMAMO8 OUCCEPMAYUOHHBIX UCCTEO0BAHULL NO XUMUUECKUM HAYKAM.
JKypnan exniouen 6 bubnuozpaduueckyio 6azy 0annwix Hayunwvix nyonuxkayuil « Poccutickuti unoexkc nayu-

Ho2o yumupoganusy (PUHL]).
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